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Abstract

A series of novel isoflavone analogs were desigagathesized, and evaluated as
multitarget-directed ligands for the treatment ofzlfeimer’s diseaseln vitro
evaluations revealed that some ligands had muttifonal profiles, including potent
blockage of histamine 3 receptor (H3R), excelleibition of acetylcholinesterase
(AChE), neuroprotective effects and anti-neuromitaatory properties. Among these
derivatives, compounélb exhibited the highest ability to block H3R (& 0.27uM)
and good inhibitory activity against AChE ¢g¢= 0.08uM). Additionally, compound
9b showed obvious neuroprotective effect on SH-SY5Y Ipreventing
copper-induced neuronal damage and potent antbimglammatory activity by
inhibiting the production of inflammatory factorsn oBV-2 cells. A molecular
modeling study revealed thd&b acts as a mixed-type inhibitor that interacts
simultaneously with H3R and AChE. Moreovar,vivo data revealed that compound
9b did not cause acute toxicity in mice at dosesaup@00 mg/kg, and had desirable
pharmacokinetic properties, as well as a good blwagh barrier (BBB) permeability
(log BB = 1.24 £ 0.07). Further studies demonsttdtat chronic oral treatment with
9b significantly improved cognitive dysfunction inggmlamine-induced AD mice in
the step-down passive avoidance test. Taken tagetiee present study showed that
compound9b is a promising multifunctional drug candidate ftwe treatment of
Alzheimer’s disease.
Key words: Alzheimer's disease;soflavone analogs; histamine 3 receptor;

acetylcholinesterase; neuroprotection; multifunwicagents

1. Introduction

Alzheimer’s disease (AD) is the most common caufedementia, and is
characterized by progressive memory loss and dggninpairment. It affects more
than 24 million people worldwide, with an increasgitrend in case numbers [1].
Although the exact etiology of AD is not fully knowthere are diverse factors that
seem to play vital roles in the pathophysiologythe disease, including neuron loss,

B-amyloid (AB) deposits, tau protein hyperphosphorylation, metaldyshomeostasis,

2



oxidative stress, neuroinflammation, and neurotratier system dysfunction [2-4].
Since the pathogenesis of AD is complicated, antiphelfactors are involved in the
pathological process of AD, the underlying mechana AD progression remains
unclear and there is no current effective treatnfenthe disease. To date, there are
only four acetylcholinesterase (AChE) inhibitorsdanne N-methyl-D-aspartate
(NMDA) receptor antagonists approved to treat AD thg US Food and Drug
Administration (FDA). These drugs can improve tlogrative function symptoms,
but fail to reverse or delay the progression of AD.

Considering the complex pathogenesis of AD, multtional agents that
simultaneously interfere with two or more pathogeAD factors might be good
candidates for treating AD. Thus, multitarget-dieecligands (MTDLS) that take into
account multiple biological factors of AD are a nstrategy in the drug discovery for
AD [5, 6]. Based on this strategy, a number MTDLsrevdeveloped by modifying
commercial drugs or optimizing structure of natupbduct to simultaneously
modulate multi-targets and exert multiple benefi@ativities against AD [7-9].
Among targets related to AD, AChE is considerecagwimary target. It could be
combined with other targets to design and synthesisMTDLs, such as AChE
combining with BUuChEk [10], AChE combing with BACHE11], AChE combing with
calcium channel [7], AChE combing with Monoaminadase [8].

Histamine and acetylcholine (ACh) are importantrogansmitters in the central
nervous system (CNS) that are associated with meamad cognitive function in AD
through the histamine 3 receptor (H3R) and AChBpeetively [12, 13]. H3Rs are
primarily found in the CNS, and mainly expressedthe globus pallidus, basal
ganglia, hippocampus and cortex [14]. It contrdie tsynthesis and release of
histamine and other neurotransmitters including Adtipamine, glutamate, serotonin,
y-aminobutyric acid and norepinephrine [15]. Cousitle H3R activation leads an
inhibition of neurotransmitter release and influesmicbrain disorders like AD,
schizophrenia and epilepsy. Selective H3R antagosisch as ABT238, GSK-239512
and MK-3134 (Fig.1), have been linked to increasesognition and spatial memory

in numerous animal experiments. Currently, fourgkrtargeted AChE inhibitors
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(donepezil, tacrine, rivastigmine, and galantamare)the main clinical drugs for the

treating AD.
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Fig. 1. Structures of H3R antagonists in clinical trials.

Increasing evidences indicate that neuronal injamng neuroinflammation play
important roles in the progression of AD [16, 17Neuroprotection and
anti-neuroinflammation are also valuable toolsltwsdown the progression of AD.
Therefore, the successful protection of neurons deom damage and inhibiting
inflammatory response of microglial cells may paiaty prevent the development of
AD. Consequently, strategies such as simultaneotaigeting H3R and AChE,
protecting neuronal cells from damage, inhibitihg inflammatory response of the
nervous system have been envisaged for AD treatment

Our previous studies have shown that isoflavondogsaexhibit cholinesterase
inhibitory activity [18, 19]. Inspired by these daveries, we aimed to create a new
family of MTDL molecules that can inhibit AChE adgty, block H3R, or possess
other biological activities. More than twenty comopds [18, 19] with inhibitory
activity towards AChE were selected to evaluater thetagonistic activity on H3R.
Encouragingly, four compound#\( B, C, and D, Table 1) showed simultaneous
antagonistic activity on H3R. Preliminary structadivity relationship (SAR)
analysis indicated that the introduction of piperedor N-ethyl-N-methyl-alkylamine
at the 7-position generates good H3R antagonistitgcfcompoundA, B, or D). The
four-carbon chain between the amino group andasofie core seems to be better
than three-carbon chain (compour®l vs D). However, the introduction of
N-ethyl-N-methyl-alkylamine at the 7-position seems to redine inhibitory activity

of BuChE In addition, the di-substitution at the 7, 4'4tios of isoflavone appears to



be helpful for exerting multitarget inhibitory agties (compoundC). These findings
could aid us to develop new promising multifuncibn agents that target H3R, and
AChE, and possess other activities, such as neategion, anti-neuroinflammation,
and so on.

We did the rationale design following these fowings. Firstly, different amine
groups were introduced to the 7-position of isafla& core beyond piperidine or
N-ethyl-N-methyl-alkylamine, for example, primary aminesc@®lary amines, or
amide, to test the effect on the activities. Setond order to find optimal linker
between the amino group and isoflavone core, wigaes two- or four-carbon chain
or changed alkyl to alkoxy chain. Thirdly, tacrimegood AChE and BuChE inhibitor,
was introduced into the 7-position of isoflavone®valuate whethétr contributed to
the multitarget inhibition activity. Besides, oné the important H3R antagonists
reported in the literature is the diamine-basedndy[20-22]. Those diamie-based
antagonists contain an aromatic ring and two béasictional groups flanking a
lipophilic core. Encouraged by the results and discoveries, we reasoned that
incorporation of the isoflavone scaffold with théamine groups could furnish a
viable platform for the development of H3R, AChEBdather functional effects.

In the current study, we have reported on the dessgnthesis and biological
evaluation of 11 new isoflavone analog@a{99 based on our previous developments.
After evaluating all compounds for the inhibitiod GhE (including AChE and
BuChE) and antagonistic activity towards H3R, tlhstanding compoundb, was
selected for further evaluation. We investigated neuroprotective effecis vitro,
anti-neuroinflammatory effectsn vivo acute toxicity effects and pharmacokinetic
profile, including BBB permeability and cognitivarfction. The ability oBb to cross
the BBB was also predicteth silico by the “ADMET Descriptors” module
implemented in DS2016. Furthermore, molecular madedtudies were performed to
investigate the binding mode and the structuresagtirelationships of9b with

targets.

Table 1.The results of first-round screening.



ICs0 (LM)*

Comp. Chemical structures

H3R AChE® BuChE
NSO O
A O L ) 073:001 3.98:0.02 8.83:0.02
o] O/
/\N/\/\/OO‘
B | O 0.43+0.002 9.47+0.04 n.a®
(0] 0/
C a O‘ ~ [ 2073001 0.71#0.02 4.55:0.02

D e 0.52t0.008 22.66:0.05 n.a’

#1Csp values represent the concentration of inhibitguieed to decrease enzyme activity or H3R
activity by 50% and are the mean of three independgperiments, each performed in triplicate
(SD = standard deviation).

® AChE was extracted from mouse brains.

¢ BUChE was derived from mouse plasma.

9n.a.= no active. Compounds defined “no active” msea percent inhibition of less than 5.0% at a
concentration of 10 uM in the assay conditions.

2. Results and discussion
2.1. Chemistry

The synthetic route of the new isoflavone analegdepicted in Schemes 1 and 2.
The bromo-substituted intermediatéa and 1b were prepared using commercially
available formononetin and dibromodiethyl ether doetone in the presence of
potassium carbonate. Thereafter, with various anmtermediates available, target
molecules oRa-2ewere synthesized in the presence of potassiunocate [19]. In
addition,compound3 was obtained by removal of tert-butoxycarbonylugp® from
compound2e in the presence of hydrochloric acid. Compouhavas obtained by
reaction of compoun@ with 9-chloro-1,2,3,4-tetrahydroacridine the presence of
phenol and sodium iodide. The synthesis of stammagerialsA, B, andE shown in
Scheme 2 has been reported previously by our t&é8n The demethylation d&, B,
and E in the presence of 40% hydrobromic acid providethgounds/a-7c, which



were then reacted with 1,2-dibromoethane in acetorthe presence of potassium
carbonate to producga-8c. Finally, reaction oBa-8c with piperidine produced the
target compoundSa-9c. The structures of all target compounds were co&d by
high-resolution mass spectroscopy (HRMS) dtl and **C nuclear magnetic

resonance (NMR) spectroscopy.
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Scheme 1.The synthesis of target compounda-2e 3, and 6. Reagents and
conditions: (I) kCO;, acetone, Br(Ch),Br or Br(CH,),O(CH,),Br, 60°C; (Il) amines,
K>COs;, DMF/acetonitrile, 100°C, 3 h; (lll) 30-40% HCIEH, RT, 20 min (fronRe);
(IV) Pd/C, H, CH;OH, RT, 8 h; (V) POG| cyclohexanone, refluxing, 1 h; (VI) Nal,
PhOH, Ag, 180°C, 2 h.
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Scheme 2The synthesis of target compoun@sand9a-9¢ Reagents and conditions:
() 40% HBr, 120°C, 3 h; (Il) KCO;, acetone, Br(CH.Br, 60°C; (lll) piperidine,
acetonitrile.

2.2. Inhibition of the histamine H3R

Compounds2a-9c were evaluated for H3R antagonistic activity byalgming
U20S cells stably expressing human recombinant H8fh a LiveBLAzer
FRET-B/G loading Kit (Invitrogen, USA). The H3R agbnist thioperamide was
used as a positive control agent. The antagorpstiencies of tested compounds are
presented in Table 2. It was clear that compo@ad8cshowed antagonistic activity,
with 1Cso values of 0.41, 0.27 and 1.94 uM, respectivelye T@so values were
compared with the thioperamide as a positive comagent. The SAR study indicated
that N-ethyl-N-methyl-alkylamine at the 7-position of isoflavoeghibited apparent
higher H3R antagonistic activity than piperidinebstitution (compound vs A;
compound9b vs 9a). Regarding the linker length between the aminougrand
isoflavone core, the optimal carbon number seenitiour (compoun@ vs D). In
addition, the di-substitution at the 7,4'-positiea to a clearly increase in activity;
when compared to corresponding mono-substitutedpoomds (compoundda vs A;

9avs7a; 9bvsB).



Table 2 Biological evaluation of the inhibitory activity &fa-2e 3, 6, 7a,and9a-9c
against H3R, AChE, and BuChE activity.

Inhibition (%) at 10uM? ICs0 (LM)P

Comp.

H3R AChE  BuChg H3R AChE BuChE
2a 30.32  35.03 12.41 >50 >50 >50
2b 4712  78.49 80.31 >50 4.50+0.02 5.98+0.01
2c -15.63  11.19 -9.87 na. >50 n.a
2d 41.02  73.71 66.00 >50 5.00+0.03 21.59+0.12
2e -197.9  -0.17 0.12 na. n.af n.a‘
3 -6.69 16.95 4.82 na. >50 n.a
6 60.49  85.80 97.12 >10 0.96+0.01 0.38+0.01
7a 6.88 63.38 50.25 >50 26.79+0.14  24.77+0.11
%a 72.36  85.07 86.37 0.41+0.01 0.20+0.003  2.49+0.01
9b 75.24  92.75 81.30 0.27+0.004 0.081+0.0002 2.89+0.02
9c 71.45  82.79 91.55 1.94+0.01 0.35+0.01 2.92+0.01
Thioperamide 71.12  NT NT' 1.03+0.01  NT NT'
Donepezil NT' 88.99 NT NT' 0.084+0.0003 NT
Rivastigmine NT' NT' 93.15 NT NT' 0.058+0.001

®Data are presented as the mean of three indepesxgariments

®|Cs values represent the concentration of inhibitguneed to decrease enzyme activity or H3R
activity by 50% and are the mean of three independgperiments, each performed in triplicate
(SD = standard deviation).

¢ AChE was extracted from mouse brains.

4 BUChE was derived from mouse plasma.

®n.a.= no active. Compounds defined “no active” msea percent inhibition of less than 5.0% at a
concentration of 10 M in the assay conditions.

"NT = not tested.

2.3. Cholinesterase (ChE) inhibitory activity
The cholinesterase inhibitory activities of compdsiBa-9cwere determined using
Ellman’s assay on AChE and BuChE [23]. The wellskndChE inhibitors Donepezil

and rivastigmine were selected as reference congsowi AChE and BuChE,



respectively. The results are summarized as \'@lue and percentage of inhibition at
10 uM in Table 2.

The data in Table 2 indicates that the activityrdased to almost zero after the
alkyl chain between the amino group and isoflavaoee of compoundA was
substituted with the same length of alkoxy cha&g).( This indicates that the alkyl
chain is essential for the retention of inhibit@mtivity. The optimal carbon number
between the amino group and isoflavone core seeins tour (compoun® vsD; 9a
vs 90).

In addition, the terminal groups NR, of the side chain exerted significant effects
on ChE inhibitory activities. Several amine-contagn compounds, including
secondary amines and amide were introduced to foometin Ra, 2b, 2c, 2d, 2e, 3
and 6) to optimize ChE inhibitory activities. The resulshow most compounds
decrease in activity in comparison with compoukavhich contains the piperidine
group. As expected, compounél, bearing 9-amino-1,2,3,4-tetrahydroacridine,
exhibited more potent inhibition of AChE @§&= 0.96 uM) and BuChE (kg = 0.38
pHM) than compound\. 9-amino-1,2,3,4-tetrahydroacridine, known as ifegris an
FDA-approved acylcholinesterase inhibitor that lisically used to treat AD (now
discontinued) N-ethyl-N-methyl-alkylamine at the 7-position of isoflavoaghibited
apparent higher AChE antagonistic activity tharepigine substitution (compouril
VSA; 9bvs9a).

Three bi-substituted compound3af99 were synthesized. Encouragingly, these
compounds exhibited pronounced dual-inhibitory @feon AChE and BuChE
activity, and their inhibitory activities were veisimilar at the micromolar level.
Compounddb exhibited the highest inhibitory activity on ACHEE 5o = 0.081uM),
with moderate inhibitory activity on BUChE (@#6= 2.89uM). The inhibitory activity
of 9b on AChE was equivalent to the positive control ejoewil (0.084uM). Those
results also confirmed that the di-substitutiorthet 7, 4'-position contributed to the
increase in ChE inhibitory activity compared to regponding mono-substituted

compounds.
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2.4. Antioxidant activity

Oxidative stress can induce cellular damage andnpi® neurodegenerative
diseases [24]. Antioxidant activity is thereforenbefcial for AD treatment. The
antioxidant activities of compounds were evaludigdhe oxygen radical absorbance
capacity assay method using fluorescein (ORAC-RbE) R6];the vitamin E analogue
trolox was used as a standard. All the isoflavonalags exhibited potent peroxyl
radical absorbance capacities, ranging from 0.00L&8 trolox equivalents, as shown
in Table 3. Most compounds presented moderatexadéint activity, with an activity

of 0.11 trolox equivalents.

Table 3 Antioxidant activity of isoflavone analogsD, 2a-2¢, 3, 6, 7a, and9a-9c.

Comp. Trolox equivalefit Comp.  Trolox equivalerft
A 0.070.001 2e 0.050.001

B 0.11+0.002 3 0.08:0.001

C 0.14+0.002 6 0.0:+0.0003

D 0.12+0.003 7a 0.88t0.003

2a 0.01£0.0001 9a 0.11+0.002

2b 0.01+0.0002 9b 0.01+0.0001

2c 0.0+0.0004 9c 0.14t0.004

2d 0.01+0.0004 Trolox ~ 1+0.0001

® Results are expressediad of Trolox equivalentiM of tested compound and data are presented
as the mean x SD of three independent experiments.

2.5. Molecular modeling studies

To further elucidate the binding interactions betweompoun®b and AChE or
H3R, a molecular modeling study was performed ushg Gold 3.0.1 software
package [27]. AChE (PDB: 1EVE) or homology model 3R in complex with
compound9b were pretreated by the Discovery Studio progran©{BA Inc, San
Diego, CA). The Discovery Studio 2016 and PyMolgreons were used to display

2D and 3D models from the molecular docking andwslioe different interaction
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types between compoudd and AChE or H3R.

Figures 2 and 3 shows compoudidllocalizes in the long tunnel of the active site,
which occurs through intermolecular hydrophobic d&ydrophilic interactions. Our
studies showed compouBt bonds to key amino acid residues Tyr70 and Glyda7
hydrogen bonding. The aromatic ring structure aihpound9b also displayst-n
overlap interactions with Tyr34 and Phe331 in tlaalytic cleft. Significantly,
Trp279 was found to bind to the nitrogen atomshengiperazine group of compound
9b by n-cation interactions. These results show compekiviglence that compound

9b can stably combine with AChE (Fig. 2).

‘FPHE
¢ A:331
"' oH |
' T “H
: " S
- ' fAHT
< Iy A%
. = TRP
. A4
TRP A0
A:279 -
Interactions
I Conventional Hydrogen Bond [ Pi-Cation
] Carbon Hydrogen Bond [0 Pi-Pi T-shaped

Fig. 2.(a) The predicted binding mode of compowdtadwith AChE; () the binding
pocket of AChE by the surface representatiop2D schematic diagram of potential
interactions between compoufid and AChE.
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The homology model of H3R was built based on tlystat structure of the human
histamine 1 receptor (PDB:3RZE) in complex with thaxepin antagonist [19]. As
shown in Fig. 3, the isoflavone core structure wfab molecule ligands bind to
Trp371, Tyrll5, and Tyr374 by-n interaction. Additionally, a salt bridge with
Glu206 also contributes to the stabilization oftpno-ligand interaction. Again, these
interactions contribute to small molecule ligandsging the appropriate orientation

to bind effectively to the active site.

ASP
R TYR
s _A274
c A / J'A'L ol
‘4‘ ¥IA" ‘s . ."'
{ { — °
4 2 \er? -2 :
v H
‘ A S
GLU RE . 2N
L Azos Az e ','
2l A:401 ’
5 Mz
ILE P
A:135 »

Interactions
[ Attractive Charge I Pi-Pi Stacked
[] Carbon Hydrogen Bond [ Pi-Pi T-shaped
B Unfavorable Positive-Positive 1 Alkyl
[0 Pi-Anion [ Pi-Alkyl

Fig. 3. (a) The best homology model of H3R generated by DSDYCER; () the
binding pocket of H3R by surface representatiar); ZD schematic diagram of
potential interactions between compo@idand H3R.

2.6. ADMET in silico prediction
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As shown in Table 4, all compounds appeared to vave poor solubility in
agueous media and have high hydrophobicity, whetkag possessed adequate
absorption except compourtd Fortunately, three compounds with greater inbilyit
activity (9a-99 were predicted to penetrate the BBB, which ieairdble property for
the treatment of AD. These compounds also may mat to CYP2D6, which is
beneficial for ensuring therapeutic efficacy andiding side effects. In this prediction,
however, most compounds exhibit hepatotoxicity, refee further biological
experiments are required to obtain additional é&téesting this.

Table 4 Predicted pharmacokinetic properties of isoflavanalogsA~D, 2a-2e 3, 6,

7a, and9a-9c.
Solubility ~ Absorption BBB )

Comp. AlogP98. PSA-2D PPB CYP2D6 Hepatotoxic
Level Level Level

A 4532 47.443 2 0 1 true true false

B 3.963 47.443 2 0 1 true true true

C 3.433 47.443 2 0 1 true true true

D 3.889 47.443 2 0 1 true true true

2a 3.758 56.373 2 0 1 false true false

2b 3.838 56.901 2 0 1 true true true

2d 4.295 56.901 2 0 1 true true true

2c 4.039 82.045 2 0 2 true false true

2e 3.6 83.132 2 0 2 true false true

3 2.004 70.631 3 0 3 true false true

6 5.997 68.162 1 1 4 true false true

7a 4.306 59.328 2 0 1 true true false

%9a 5.588 50.796 2 0 0 true false true

9b 5.019 50.796 2 0 1 true false true

9c 4.945 50.796 2 0 1 true false true

AlogP98: Lipophilicity descriptor.

PSA-2D: Polar surface area.

Solubility Level: (0, good; 1, moderate; 2, poory8ry poor).

Absorption Level: (0, good; 1, moderate; 2, pogoey poor).

BBB Level: (0, very high blood—brain barrier pemitvn; 1, high; 2, medium; 3, low).

PPB Prediction: The classification describing wketh compound is highly bound (>= 90%
bound) to plasma proteins using the cutoff Bayes@ore of -2.209 (obtained by minimizing the
total number of false positives and false negalives

CYP2D6 Prediction: The classification describingettter a compound is a CYP2D6 inhibitor
using the cutoff Bayesian score of 0.161 (obtaibgdminimizing the total number of false
positives and false negatives).

Hepatotoxic Prediction: The classification deserjpowhether a compound is hepatotoxic using
the cutoff Bayesian score of -4.154 (obtained bgimizing the total number of false positives

and false negatives).
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2.7. Cytotoxicity and neuroprotective effects of 9b

Cytotoxic activity of the9b was tested using human neuroblastoma cells,
SH-SY5Y. The results showed that 9b has a low oytoity (CCso > 100uM) and
high antagonism effect for H3R @&= 0.2°4uM), inhibition activity for AChE (1Go =
0.081uM) and BuChE (IG, =2.89 uM), resulting in a high selectivity index (Sl,
CGCs¢/ICs50) of > 370.37, > 1234.56 and > 34.6, respectivégb(e 5).

Table 5In vitro cytotoxicity, H3R antagonism activity, AChE and GE inhibitory

activity and selectivity index of compousd.

Comp. SH-SY5Y H3R AChE BUChE
CCso (uM)*  1Cs0(uM)” Sr ICs0(1M) S ICs0(uM) S
9b >100 0.27+0.004 >370.37 0.081+0.0002 >123456 D& >34.6
Thioperamide 85.79+0.9  1.03x0.01  83.29 NT - NT
Donepezil  25.0620.4 NT - 0.084+0.0003  298.33 NT
Rivastigmine  67.82+0.7 NT - NT - 0.058+0.001 1169.3

& CGCsp 50% cytotoxic concentrations, values representedvarage of at least triplicate measurements (miean
SD).

® 1C5, 50% inhibitory concentration, values representdbiecentration of inhibitor required to decreaseyere
activity or H3R activity by 50% and are the mearthoke independent experiments, each performedpiicaite
(mean + SD).

¢ Sl (selectivity index) = C&/ICx.

4NT = not tested.

To further assess the therapeutic potential@bffor AD, the neuroprotective
activity of 9b was assessed by measuring copper induced celilityiakhgainst
SH-SY5Y-APPsw cell line, which is a useful AD modbgi overexpresses the Swedish
mutant form of human APP [17]. As shown in Fig. @a,did not affect cell viability
up to the concentration of 1Qd/. The results suggest that compoun®lbexhibits a
wide therapeutic safety range when it was admirggtéo SH-SY5Y-APPsw cells.
Moreover, these preliminary results could encourhgther studies to explain the
neuroprotective mechanismsai.

The human neuroblastoma cell line SH-SY5Y-APPsw leayhly express the
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APP gene after exposure by copper or other metal iand this model can imitate the
cytotoxicity of AB aggregation [17]. As shown in Fig. 4b, incubatiar
SH-SY5Y-APPsw cells with copper caused signifidaxicity, and cell viability was
approximately 46% lower than that of the contradup @ < 0.005). Compoun@b
(10 uM) treatment significantly prevented copper-induckfl aggregate toxicity,
9b-treated cells displayed significantly greater iligbthan the cells treated only by
copper p < 0.01). The positive control donepezil did notyent the cytotoxicity of
AP aggregates induced by copper. Overall these arpats clarified the ability of
compound9b to protect SH-SY5Y-APPsw cells from toxicBAspecies induced by

COpper.
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Fig. 4. MTT measurement of cell viability of compour®th in SH-SY5Y-APPsw
cells. @) Cell viability was assessed by MTT assay, SH-SYPsw cells were
treated with compoun®b at a different concentration of 0-1QM for 72h, the
results are expressed as the percentage of viable ¢) Protective effect of
compounddb and donepezil from copper-induce Aggregation neurotoxicity. The
data are shown as the mean + SD from three differeperiments?*p < 0.005 vs.

control group, *p < 0.01 vs. the copper model group.

2.8. In vitro anti-inflammatory activity evaluation
Neuroinflammation is one of the hallmarks of AD hpagenesis. Therefore,

suppression of neuroinflammatory processes may gawd potential as a therapeutic
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approach against AD [28-30]. Thus, compoudid was evaluated for itgn vitro
anti-inflammatory effects. Cell viability assay waerformed to determine the
cytotoxicity of 9b on BV-2. The result indicated th@b (0 - 100uM) did not show
any significant effect on the proliferation of naimcultures of BV-2 in 72 h
incubation time period (Fig 5a). After pretreatiBy-2 cells for 1 h with9b and
lipopolysaccharide (LPS) for 24 h, the productidrinterleukin-6 (IL-6) and TNFe
were determined by ELISA. As shown in Fig. 5b-c,SLihduced a significant
increase in pro-inflammatory IL-6 and TNF{p < 0.005), wherea®b clearly
suppressed the production of IL-6 and Tl LPS-stimulated BV-2 microgligo(<
0.005). Donepezil did not display the anti-inflantorg effect.
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Fig. 5. Effects of9b on the expression of pro-inflammatory factors PS-stimulated
BV-2 microglia. @) Cell viability was assessed by MTT assay, BV-2Asceere
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treated with compoun@b at a different concentration of 1-1QM for 72 h, the
results are expressed as the percentage of vigie €or the anti-inflammatory
effects of9b, cells were pre-treated wib at 10uM for 1 h, and then subjected to
treatment with LPS (100 ng/mL) for 24 h. The amsuot IL-6 (b) and TNFe (C)
were measured by ELISA™ The data are shown as the mean + SEM from three
different experimentg) < 0.005, vs. control group. *F< 0.005, vs. model group.

2.9. Acute toxicity of 9b

Safety is a primary concern in the developmentes Wlrugs. The acute toxicity
of compoundb, the most promising multifunctional anti-AD agewias determined
in ICR mice by orally administering doses of 0, 1200, 500, or 1000 mg/kg (n =5
per group) [31]. After 14 days monitoring, all micemained alive and no acute
toxicity phenomena were observed, including sigaift abnormal behavior, altered
water or food consumption, or marked body weighanges. All animals were
euthanized on the 14th day and no macroscopic abties of the heart, liver, and
kidneys were detected. These results indicatetligatreated animals did not develop

acute toxicity symptoms, and tolerated compo@in@at doses up to 1000 mg/kg.

2.10. Pharmacokinetic profile and log BB value

To further understand the pharmacokinetic®mfa preliminary pharmacokinetic
analysis was performed in mice. Results in TabtBsplay the plasma concentration
of 9b vs the time following a 30 mg/kg dose. The maximpi@sma concentration
(Cmaxy Was 51.95ug/L at 0.65 h (fay after of oral administration. After Gy there
was a slow decline and elimination beyond 48 h.(B)g The approximate ;£ was
13.89 h. The area under curve until the last mesadeirconcentration (AUgy), and
area under curve to infinite time (AWC) were 324.69ug/L*h and 352.15u9/L*h,
respectively. Interestingly, the level 8b was 47.24ug/L in the plasma and 762.10
ug/L in the brain after 40 min, which displayed ada/brain partitioning (log BB)
value of 1.24 + 0.07. The log BB value indicatesnpound9b penetrated the BBB
and could therefore be liable to having anti-ADeet§s. Overall, thesen vivo
pharmacokinetic results facilitate the evaluatidndoug-like properties 0Bb as a

potential AD treatment.
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Table 6 Pharmacokinetic parametersaiif.

p.o’ Taz(h) Tmax (h) Crnax (ng/L) AUC o (ng/L*h) AUC o) (ng/L*h)

9b 13.89+2.51 0.65+0.08 51.95+12.20 324.69+31.57 352.15+32.16
p.o.IO plasmagg/L) brainug/L) log BB
9 47.24+7.80 762.10+£31.56 1.24+0.07

The data are expressed as me&EM.
@p.o., oral administration, dose is 30 mg/kg, n = 6
®40 min after oral administration, dose is 30 mgfkg; 6.
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Fig. 6. Mean plasma concentration-time profile9bf(30 mg/kg, p.o.) in ICR mice
(n = 6). The data are expressed as meaBM.

2.11. In vivo assay

Cognitive improvement is the utmost criterion fmakiating anti-AD drugs. The
ability of 9b to improve scopolamine-induced cognitive impairtmenCR mice was
determined using a step-down passive avoidancg32stAs shown in Fig. 7, in the
training test there was no difference regardingdbency among the different groups.
During the test stage, the latency of step-dowmick treated with scopolamine was
significantly less (5 s) than that of control midd6 s) p < 0.005). Compoun@b

significantly prolonged the scopolamine-induceeaty in a dose-dependent manner
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(Fig. 7a). Especially, the latency of mice treawgdth 30 mg/kg compoun®b was
markedly greater than control mice, with latencgres of 53 seconds and 5 seconds,
respectively. This indicates compou@d was clearly linked to improved memory in
mice experiencing scopolamine-induced cognitiveampent.

Our data reveals that compoufid, as a multifunctional agent, might be a good
potential candidate for treating AD. Our resultsoashowed that the positive control
agent donepezil demonstrated a strong therapefiéct dor scopolamine-induced
mice.

The index of error time is widely used to evaluttte ability of learning and
memory in animal models. Our results indicate thate was no difference regarding
the error times between the different groups dutiregtraining stage. However, in the
subsequent retention trial, the error times of ntieated with scopolamine alone (1
mg/kg, model group) were significantly greater thiaose of the vehicle-treated mice
(control group) < 0.01). Compared to the model mice, the mice iveug 9b
treatment showed the less error times in a doserdlgmt manner (10 mg/kg, <
0.05; 30 mg/kgp < 0.01; Fig 7b). These results indicate that cammg®b might
have decreased the cognitive deficit induced byalemine, which could be linked

to an increase in brain-cholinergic activity.
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Fig. 7. Effects of compound9b on scopolamine-induced memory deficit by
step-down passive avoidance test in mizering the training period, no significant
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differences were observed in latency and errorginfanice among groups. In the test
stage, the mice were pretreated with compoudllg10 and 30 mg/kg, p.o.) or
donepezil (5.0 mg/kg, p.o.) for 1 h, then scopofae(3 mg/kg, i.p.) were orally given
for another 30 min. Latencya) and error timesh) were measured by step-down
passive avoidance was tested. The data are shothe azean + SEM (n = 15§ <
0.005 vs. control groupp*< 0.05, **p < 0.01 and ** < 0.005 vs. the model group.

3. Conclusion

In the present work, a series of novel isoflavonal@ys2a-9c were designed,
synthesized and evaluated as multifunctional agagésnst AD by their targeting of
H3R and AChE, and protecting neuronal cells frommage, suppressing
neuroninflammatory response. The most interestggntaiwithin our 11 compounds
was 9b, which showed an obvious multifunctional profile blocking H3R with an
ICso value of 0.27 uM and significantly inhibiting adgties against AChE with an
ICs0 value of 0.08uM, but weakly inhibiting effect for BUChE (Kg value of 2.89
uM). Molecular docking results provided an explapatfor mix-type inhibition, as
9b could bind simultaneously to H3R and AChE. Moregp@ompounddb displayed
a modest antioxidant activity and obvious anti-o@ftammatory property, exhibited
a low toxicity and strong neuroprotective effects ®H-SY5Y-APPsw cells. More
importantly, ourin vivo study revealed that compouft does not exhibit any acute
toxicity in mice at doses up to 1000 mg/kg; alsat®@b oral treatment (10 and 30
mg/kg) significantly prevented scopolamine-induaaémory deficits in mice by
prolonging the latency and reducing the error timesthe step-down passive
avoidance test. It also possessed reasonable pt@iimetic properties, with
substantial metabolic stability {£# = 13.89 hin vivo) and salient log BB values (log
BB = 1.24) for penetration of the CNS in mouse.r€fare, the current study suggests
that compounddb is a reliable and promising multifunctional drugndidate for

treating AD and deserves further investigation itkonechanisms of action.

4. Experimental
4.1. Chemistry

Unless otherwise indicated, all solvents and oagagents were obtained from
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commercially available sources and were used wittfartther purification. The
reaction process was monitored using ultra-perfoeadiquid chromatography-mass
spectrometry (UPLC-MS). Yields were not optimiz&d.NMR spectra was recorded
on a Varian Mercury-400 or 500 MHz instrument, whiC NMR was recorded on a
Varian Mercury-400 or 600 MHz instrument using DM#8§) CDCkL, CD;OD, or
CD;COCD; as a solvent and tetramethylsilane (TMS) as arrriatestandard 't
NMR and**C NMR were recorded at different times). High-region mass spectra
(HRMS) were recorded on an Agilent Technologies MED TOF spectrometer.
Thin-layer chromatography (TLC) analysis was caroet on silica gel plates GF254
(Yantai Chemical Research Institute, China). Colwhromatography was performed

on silica gel (90-150 mm; Qingdao Marine Chemical.).

4.1.1. General procedure for the preparation of intermediates (1a, 19

Formononetin (5.0 g, 18.6 mmol), finely groundedhyrous KCO; (30 g, 217
mmol) and 1,2-dibromoethane (16.0 mL, 186 mmol)2¢t'-dibromodiethyl ether
(23.4 mL, 186 mmol) were added to 500 mL acetoie. mixture was refluxed for 10
h. The residues were then added into 100 mL waigséirred for 1 h then filtered by
suction. The filter was then washed three timek WitnL water. Finally, the solid was

dried in a vacuum at 50 °C to gita andlb without further purification.

4.1.1.1. 7-(2-(2-Bromoethoxy)-ethoxy)-3-(4-methoxyphenyl )-4H-chromen-4-one (1a)
White solid, 93% yield. mp 112.1-113.7 &l NMR (400 MHz, CDCJ): § 8.21

(d,J = 8.8 Hz, 1H), 7.92 (s, 1H), 7.50 (¥i= 8.8 Hz, 2H), 7.03-6.96 (m, 3H), 6.87 (d,

J=2.0 Hz, 1H), 4.24 ({] = 4.8 Hz, 2H), 3.95-3.89 (m, 4H), 3.84 (s, 3HRB(t,J =

6.0 Hz, 2H);**C NMR (100 MHz, CDGJ): § 175.9, 163.1, 159.7, 157.9, 152.2, 130.3,

128.0, 125.0, 124.3, 118.8, 114.9, 114.1, 101.1,8D.4, 68.1, 55.5, 30.3. ESI-MS

(m/z): 419.13 [M+H].

4.1.1.2. 7-(2-Bromoethoxy)-3-(4-methoxyphenyl)-4H-chromen-4-one (1b)
White solid, 93% vyield, mp 177.7-179.6 °C. Data tbis compound were in
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agreement with those reported in the literaturg.[18

4.1.2. General procedure for the synthesis of compounds 2a-2e

To a mixture of intermediatea (1.25 g, 3.0 mmol) oib (1.13 g, 3.0 mmol) and
K2CGOs; (13.8 g, 100 mmol) in 100 mL GEN, the corresponding amines (6.0 mmol)
and DMF (30 mL) were added, and the resulting smiutvas refluxed and monitored
by UPLC-MS. When the reaction was finished, thectiea solution was poured into
ice water and extracted with GEl,. The combined organic layers were washed with
water and dried over N8O,. After concentratech vacuo, the residue was purified by
column chromatography using @El,/MeOH (97:3) as eluents to yield the pure

compoundfa-2eand3.

4.1.2.1. 3-(4-methoxyphenyl)-7-(2-(2-(piperidin-1-yl)ethoxy)ethoxy)-4H-chromen
-4-one (2a)

Light yellow solid, 164 yield. mp 138.0-139.9 °CH NMR (400 MHz, CDCJ):
$ 8.20 (d,J = 8.8 Hz, 1H), 7.91 (s, 1H), 7.49 (@ = 8.8 Hz, 2H), 7.02-6.95 (m, 3H),
6.86 (d,J = 2.4 Hz, 1H), 4.22 (] = 4.8 Hz, 2H), 3.86 (] = 4.8 Hz, 2H), 3.83 (s, 3H),
3.71 (t,J = 6.0 Hz, 2H), 2.60 (t) = 6.0 Hz, 2H), 2.45 (m, 4H), 1.62-1.56 (m, 4H),
1.45-1.39 (m, 2H) ¥%c NMR (100 MHz, CDdJ): 6 175.9, 163.3, 159.7, 157.9, 152.2,
130.2, 127.9, 125.0, 124.4, 118.6, 115.0, 114.1,(069.5, 69.3, 68.2, 58.6, 55.5,
55.2, 26.0, 24.3. HRMS: &H30NOs [M+H] *: m/z Calcd: 424.2124; Found: 424.2124.

4.1.2.2. 7-(2-(cyclopentylamino)ethoxy)-3-(4-methoxyphenyl)-4H-chromen-4-one (2b)
Light yellow solid, 17% yield. mp 110.5-112.7 °&&1 NMR (400 MHz, CROD):
§ 8.23 (s, 1H), 8.13 (d] = 8.8 Hz, 1H), 7.48 (d] = 8.4 Hz, 2H), 7.13-7.11 (m, 2H),
6.99 (d,J = 8.4 Hz, 2H), 4.23 (t) = 4.2 Hz, 2H), 3.83 (s, 3H), 3.20-3.13 (m, 1H),
3.04 (t,J = 4.2 Hz, 2H), 2.00-1.92 (m, 2H), 1.78-1.70 (m,)2H.64-1.55 (m, 2H),
1.45-1.36 (m, 2H)*C NMR (100 MHz, CDGJ): & 176.0, 163.4, 159.7, 158.0, 152.2,
130.3, 127.9, 125.0, 124.4, 118.6, 114.9, 114.0,8/068.6, 59.9, 55.5, 47.4, 33.4,
24.2. HRMS: G3H26NO,4 [M+H]+: m/z Calcd: 380.1862; Found: 380.1861.
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4.1.2.3. 2-(2-((3-(4-methoxyphenyl)-4-oxo-4H-chromen-7-yl)oxy)ethyl)isoindoline-1,
3-dione (2¢)

White solid, 82% yield. mp 170.8-172.5 °& NMR (400 MHz, DMSO-g): §
8.40 (s, 1H), 7.99 (d] = 8.8 Hz, 1H), 7.90-7.83 (m, 4H), 7.51 = 8.8 Hz, 2H),
7.17 (d,J = 2.4 Hz, 1H), 7.02-6.98 (m, 3H), 4.39 Jt= 5.6 Hz, 2H), 4.02 (t} = 5.6
Hz, 2H), 3.78 (s, 3H)**C NMR (100 MHz, DMSO-¢): & 174.6, 167.7, 162.3, 159.0,
157.3, 153.5, 134.5, 131.5, 130.1, 127.0, 124.3.4.2123.2, 117.8, 115.1, 113.6,
101.2, 65.5, 55.1, 36.7. HRMS:,dE,0NOg [M+H]+: m/z Calcd: 442.1291; Found:
442.1282.

4.1.2.4. 7-(2-(cyclohexylamino)ethoxy)-3-(4-methoxyphenyl )-4H-chromen-4-one (2d)
Light yellow solid, 744 yield. mp 119.2-121.7 °CH NMR (400 MHz, CDCJ):

$ 8.20 (d,J = 8.8 Hz, 1H), 7.91 (s, 1H), 7.50 (@z= 8.4 Hz, 2H), 7.01-6.96 (m, 3H),
6.85 (d,J = 2.4 Hz, 1H), 4.17 (] = 4.2 Hz, 2H), 3.84 (s, 3H), 3.09 Jt= 4.2 Hz, 2H),
2.55-2.48 (m, 1H), 1.95-1.92 (m, 2H), 1.79-1.75 (&), 1.66-1.63 (m, 2H),
1.34-1.07 (m, 4H)=C NMR (100 MHz, CDGJ): & 176.0, 163.4, 159.7, 158.0, 152.2,
130.3, 127.9, 125.1, 124.4, 118.7, 114.9, 114.0,9.068.8, 56.9, 55.5, 45.7, 33.8,
26.3, 25.2. HRMS: §H2gNO4 [M+H]™: m/z Calcd: 394.2018; Found: 394.2012.

4.1.2.5. Tert-butyl (2-((3-(4-methoxyphenyl)-4-oxo-4H-chromen-7-yl)oxy)ethyl)
carbamate (2€)

White solid, 96% yield. mp 98.6-101.9 °&4 NMR (400 MHz, CRCOCDy): &
8.23 (s, 1H), 8.11 (d] = 8.0 Hz, 1H), 7.57 (dJ =7.6 Hz, 2H), 7.08 (dJ = 7.6 Hz,
2H), 6.99 (d, J = 8.0 Hz, 2H), 4.24 (t, J = 5.6 BH), 3.84 (s, 3H), 3.56-3.52 (m, 2H),
1.42 (s, 9H),’13C NMR (100 MHz, CRCOCDs): 6 175.6, 164.2, 160.5, 158.7, 156.8,
153.6, 131.0, 128.1, 125.4, 125.1, 119.2, 115.4,411101.7, 79.0, 68.5, 55.6, 40.5,
28.6. HRMS: G3H26NOg [M+H]": m/z Calcd: 412.1760; Found: 412.1747.

4.1.3. 7-(2-aminoethoxy)-3-(4-methoxyphenyl)-4H-chromen-4-one hydrochloride (3)
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Compound 2e (0.41 g, 1.00 mmol) was stirred in hydrochloridéhamol
solution (30ml, 30-40% ) at room temperature for 20n. The mixture was
evaporated to dryness under reduced pressure.ebitue was washed with acetone
twice to give the title compound as a white soi@d% vyield. mp>250 °C'H NMR
(400 MHz, CRROD): 6 8.24 (s, 1H), 8.17 (dl = 9.2 Hz, 1H), 7.49 (d] = 8.8 Hz, 2H),
7.19-7.16 (m, 2H), 7.00 (d, = 9.2 Hz, 2H), 4.39 (t) = 5.2 Hz, 2H), 3.83 (s, 3H),
3.44 (t,J = 5.2 Hz, 2H):**C NMR (100 MHz, CROD): § 177.9, 164.1, 161.3, 159.5,
155.1, 131.4, 128.6, 126.1, 125.2, 119.8, 116.2,911102.5, 66.1, 55.8, 40.1. HRMS:
C1gH1sNO4 [M+H]™: m/z Calcd: 312.1236; Found: 312.1235.

4.1.4. 2-aminobenzoic acid (4)

A solution of 2-nitrobenzoic acid (8.00 g, 47.9 m)rio methanol (120 mL) was
added to Pd/C, and the resulting mixture was stitneder hydrogen atmosphere at
room temperature for 8 h. The resulting mixture itiered and the filtrate was
concentratedn vacuo to give the desired produdtas a light yellow solid in yield of
43%. mp 140.8-142.8 °CH NMR (400 MHz, CROD): 6 7.80 (dd,J = 6.4, 1.2 Hz,
1H), 7.24-7.20 (m, 1H), 6.72 (d,= 6.4 Hz, 1H), 6.58-6.55 (m, 1H)C NMR (100
MHz, CD;OD): 6171.7, 152.8, 134.9, 132.7, 117.7, 116.6, 11ESI-MS (m/z):
138.04 [M+HJ.

4.1.5. 9-chloro-1,2,3,4-tetrahydroacridine (5)

A mixture of4 (2.06 g, 15 mmol) and cyclohexanone (1.55 mL, Yoty was
added to phosphorus oxychloride (15 mL, 164 mmolan ice bath for 2 min, then
the mixture was refluxed for 1 h. After evaporatiminthe solvent, the residue was
dissolved in dichloromethane (10 mL). The combieganic phases were washed
with potassium carbonate solution and saturateé@ggisodium chloride, dried over
sodium sulfate, and filtered. The filtrate was ewaped to dryness under reduced
pressure. The residue was recrystallized from aeeto give thé as a yellow solid
in yield of 57%. mp 67.0-68.0 °GH NMR (400 MHz, CDCJ): § 8.16 (d,J = 8.4 Hz,
1H), 7.98 (d,J = 8.8 Hz, 1H), 7.68-7.64 (m, 1H), 7.55-7.51 (m,)1B.14-3.11 (m,
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2H), 3.04-3.01 (m, 2H), 1.98-1.92 (m, 4HJC NMR (100 MHz, CDGJ): & 159.6,
146.8, 141.6, 129.4, 129.0, 128.7, 126.6, 125.8,8184.3, 27.6, 22.8, 22.8. ESI-MS
(m/z): 218.16 [M+H].

4.1.6. 3-(4-methoxyphenyl)-7-(2-((1,2,3,4-tetrahydroacridin-9-yl )Jamino)ethoxy)-4H-
chromen-4-one (6)

The compound3 (1.40 g,4.04 mmol) was dissolved in water and queaus
solution of sodium hydroxide (10%) was added draewio the mixture until the
agueous solution became basic. The mixture wasagtt with dichloromethane (20
mL). The combined organic phases were washed vathrated aqueous sodium
chloride (30 mL), dried over sodium sulfate, aritefed. The solvent was evaporated
to dryness under reduced pressure. The residueddesd to compoun8 (0.88 mg,
4.04 mmol), phenol (2.30 g, 24.4 mmol) and Nal Q0rig, 0.67 mmol). The reaction
mixture was warmed to 180-185 °C and stirred fdr @nder an argon atmosphere.
When the reaction was over (TLC analysis), ethglt@e was added and the organic
layer was washed with aqueous sodium hydroxiderwdéten saturated aqueous
sodium chloride, then dried over sodium sulfate ditteéred. The solvent was
evaporated to dryness under reduced pressure e§ltrie was purified on a silica gel
chromatography using dichloromethane/ethyl acgiel) as eluent to produce the
light yellow solid in the yield of 52%. mp 149.748 °C.'H NMR (400 MHz,
CD;0OD): § 8.18-8.15 (m, 2H), 8.06 (d,= 8.8 Hz, 1H), 7.79 (d] = 8.4 Hz, 1H), 7.58
(t, J= 7.6 Hz, 1H), 7.47 (d] = 8.4 Hz, 2H), 7.40 (t) = 7.6 Hz, 1H), 6.99 (d] = 8.4
Hz, 2H), 6.93-6.93 (m, 2H), 4.25 (= 4.8 Hz, 2H), 3.98 () = 4.8 Hz, 2H), 3.83 (s,
3H), 2.99 (t,J = 6.0 Hz, 2H), 2.81 (t) = 6.0 Hz, 2H), 1.90-1.85 (m, 4H)°C NMR
(100 MHz, CQXOD): 6 175.9, 162.7, 159.8, 159.0, 157.9, 152.2, 147,95l 130.2
(2C), 129.1, 128.6, 128.2, 125.1, 124.5, 124.2,3,2221.1, 119.0, 118.6, 114.7,
114.1 (2C), 101.0, 68.2, 55.5, 48.1, 34.2, 24.81,222.9. HRMS: GiH29N,04
[M+H]*: m/z Calcd: 493.2127; Found: 493.2115.

4.1.7. General procedure for the synthesis of A—E
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CompoundsA—-E were synthesized according to our previously reggbmethod

and the spectral data were matched with our prevooiblication [18].

4.1.8. General procedure for the synthesis of 7a—7c¢

CompoundA (4.08 g, 10 mmol)B (3.81 g, 10 mmol) oE (3.79 g, 10 mmol)
was added into 60 mL 40% hydrobromic acid. Aftemrisig at 120 °C for 3 h, the
reaction mixture was cooled to 0 °C and filterebeTiltered residue was purified by

recrystallization with methanol to give pure inteaimte7a—7c.

4.1.8.1. 3-(4-hydroxyphenyl)-7-(4-(piperidin-1-yl)butoxy)-4H-chromen-4-one
hydrobromide (7a)

Off-white solid, 81% yield. mp 225.3-228.5 °CH NMR (400 MHz,
D,O/CD;0D): & 8.15 (s, 1H), 8.02 (d] = 8.8 Hz, 1H), 7.38 (dJ = 8.0 Hz, 2H),
7.06-6.94 (m, 4H), 4.10 (] = 4.8 Hz, 2H), 3.54 (m, 2H), 3.16 (m, 2H), 2.94Jt,
=10.8 Hz, 2H), 2.00-1.72 (m, 10H}*C NMR (100 MHz, RO/CD;OD): & 178.6,
164.7, 159.3, 157.4, 155.3, 131.4, 127.9, 125.4,312118.4, 116.6, 116.3, 101.9,
69.0, 57.6, 54.2, 26.7, 23.9, 22.3, 21.6. HRMS;HggNO,; [M+H]™: m/z Calcd:
394.2018; Found: 394.2019.

4.1.8.2. 7-(4-(ethyl (methyl)amino)butoxy)-3-(4-hydroxyphenyl)-4H-chromen-4-one
hydrobromide (7b)

White solid, 76% yield. mp 234.4-236.8 °& NMR (500 MHz, DMSO&): &
8.38 (s, 1H), 8.02 (d] = 9.0 Hz, 1H), 7.39 (d] = 8.5 Hz, 2H), 7.14 (d] = 2.0 Hz,
1H), 7.10 (dd,J = 9.0 Hz,J =2.0 Hz, 1H), 6.84 (d] = 8.5 Hz, 2H), 4.14 (t) = 6.5 Hz,
2H), 2.31 (m, 4H), 2.12 (s, 1H), 1.79-1.73 (m, 28)59-1.53, 0.97 (t) = 7.5 Hz,
3H) ; °C NMR (125 MHz, DMSOdg): 6 175.4, 163.7, 158.1(2C), 153.8, 130.7 (2C),
130.3, 127.6, 124.3, 122.8, 118.1, 115.7 (2C),@1201.6, 69.1, 56.8, 51.5, 41.8,
27.0, 23.8, 12.8. HRMS: 5H,6NO,4 [M+H] *: m/z Calcd: 368.4530; Found: 368.4525.

4.1.8.3. 3-(4-hydroxyphenyl)-7-(2-(pi peridin-1-yl)ethoxy)-4H-chromen-4-one
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hydrobromide (7¢)

White solid, 60 mg, 21% yield. mp 241.2-246.5°¢H NMR (400 MHz,
DMSO-dg):5 8.39 (s, 1H), 8.04 (d] = 8.8Hz, 1H), 7.40 (dJ = 8.0Hz, 2H), 7.21 (s,
1H), 7.10 (dJ = 8.8Hz, 1H), 6.82 (d] = 8.0Hz, 2H), 4.34 () = 4.2Hz, 2H), 3.03 (t,
J=4.2Hz, 2H), 2.77 (m, 4H), 1.64-1.58 (m, 4H) ,4.(f, 2H) :**C NMR (100 MHz,
DMSO-dg): 6 178.7, 163.4, 159.2, 157.4, 155.5, 131.5, 1282%.6, 124.2, 119.1,
116.4, 116.4, 102.4, 63.3, 56.4, 54.7, 23.7, 2BRMS: GHxNO, [M+H]™: m/z
Calcd: 366.1705; Found: 366.1694.

4.1.9. General procedure for the synthesis of intermediates 8a—8c

The suspension of intermediata (2.37 g, 5.0 mmol) orb (2.24 g, 5.0 mmol) or
7c¢(2.23 g, 5.0 mmol) was stirred at 70 °C for 2 gotassium carbonate (4.15 g, 30
mmol) and 1,2-dibromoethane (2.16 mL, 25 mmol).rTtiee solvent was evaporated
under vacuum. Water (50 mL) was added to the resifibe precipitate was filtered
and washed twice with water. The crude productaveed in an oven and used in the

next step without further purification.

4.1.10. General procedure for the synthesis of target compounds 9a-9¢

The suspension of compouBd (1.00 g, 2.0 mmol) 08b (0.95 g, 2.0 mmol) or
8¢ (0.94 g, 2.0 mmol) was stirred at 100 °C for 2hhwabtassium carbonate (2.76 g,
20 mmol) and piperidine (1.82 mL, 20 mmol) in acetide (50 mL). Then the
reaction mixture was poured into ice water and thkered. The filtered residues
were dried in an oven and purified by column chrtmgeaphy using DCM/MeOH

(20:3) as eluent to yield target compouBdsOc.

4.1.10.1 7-(4-(pi peridin-1-yl)butoxy)-3-(4-(2-(piperidin-1-yl )ethoxy)phenyl )-4H-
chromen-4-one (9a)

Light yellow solid, 75% yield. mp 127.6-130.6 >t NMR (400MHz, CDC}): &
8.19 (d,J = 8.4 Hz, 1H ), 7.91 (s, 1H), 7.48 (= 8.4 Hz, 2H), 6.97 (m, 3H), 6.83 (d,
J=2.0 Hz, 1H), 4.14 (t) = 8.4 Hz, 2H), 4.08 (] = 8.4 Hz, 2H), 2.79 (i} = 8.4 Hz,
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2H), 2.52 (m, 4H), 2.39-2.35 (m, 6H), 1.89-1.82 (BH), 1.73-1.66 (m, 2H),
1.64-1.56 (m, 8H),1.48-1.41 (m, 4H}°C NMR (100 MHz, CDGJ): § 176..0, 163.6,
159.0, 158.1, 152.1, 130.2 (2C), 127.8, 125.0,3,2418.4, 115.0, 114.8 (2C), 100.7,
68.7, 66.2, 58.1, 58.1, 55.2 (2C), 54.8 (2C), 22632, 26.1, 24.7, 24.3, 23.6. HRMS:
C31H41N>O4 [M+H]™: m/z Calcd: 505.3066; Found: 505.3065.

4.1.10.2. 7-(4-(ethyl (methyl)amino)butoxy)-3-(4-(2-(pi peridin-1-yl )ethoxy) phenyl )-
4H-chromen-4-one (9b)

White solid, 71% yield. mp 127.6-130.6 *t& NMR (500 MHz, CDCJ): 6 8.19
(d, J = 9.0Hz, 1H), 7.91 (s, 1H), 7.48 (ddl= 7.0 Hz,J = 2.0 Hz 2H), 6.98-6.96 (m,
3H), 6.83 (dJ = 2.5 Hz, 1H), 4.15 () = 6.0 Hz, 2H), 4.08 (] = 6.5 Hz, 2H), 2.80 (t,
J = 6.0Hz, 2H), 2.52 (m, 4H), 2.42-2.49 (m, 4H), 2(86 1H), 1.84-1.88 (m, 2H),
1.73-1.67 (m, 2H), 1.64-1.60 (m, 2H), 1.47-1.42 pH), 1.09 (tJ = 7.0 Hz, 3H)*C
NMR (125 MHz, DMSO€k): 6 175.8, 163.4, 158.8, 157.9.1, 152.1, 130.1 (2€7,14,
124.8, 124.3, 118.3, 114.8, 114.6 (2C), 100.6, 68640, 57.9, 56.8, 55.1 (2C), 51.4,
41.5, 27.0, 26.0 (2C), 24.1, 23.8, 12.22. HRMS¢HaN,O4 [M+H]™: m/z Calcd:
479.2910; Found: 479.2902.

4.1.10.3. 7-(2-(piperidin-1-yl)ethoxy)-3-(4-(2-(pi peridin-1-yl )ethoxy)phenyl )-4H-
chromen- 4-one (9¢)

Whitesolid, 54% yield. mp 148.7-152.2 °&4 NMR (400 MHz, CDCJ): § 8.19
(d,J=9.2 Hz, 1H), 7.91 (s, 1H), 7.48 (@ 8.8 Hz, 2H), 7.00-6.96 (m, 3H), 6.86 (d,
J=2.4 Hz, 1H), 4.20 () = 6.0 Hz, 2H), 4.15 (t) = 6.0 Hz, 2H), 2.84-2.79 (m, 4H),
2.53 (m, 8H), 1.65-1.59 (m, 8H), 1.46 (m, 4HC NMR (100 MHz, CDGJ): § 176.0,
163.3, 158.9, 158.0, 152.2, 130.2, 127.9, 125.@.412118.6, 115.1, 114.8, 100.9,
66.9, 66.1, 58.0, 57.8, 55.3, 55.2, 26.1, 26.08,224.3. HRMS: GoHz7N,04 [M+H]™:
m/z Calcd: 477.2753; Found: 477.2743.

4.2. Molecular modeling

The X-ray structures of AChE (PDB: 1EVE) was dovaded from the PDB.
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Firstly, all the water molecules and irrelevanthgs were removed from the crystal
structures. Then the structures were prepared tgh“Clean Protein” module of
Discovery Studio 2016. As a result, hydrogen aterase added, chain termini were
modified, incomplete residues were repaired andwthele protein structure was
protonated at the pH of 7.0. All the water molesuleere removed from the crystal
structures. The previously built homology modelH8R [19] was directly used for
molecular docking. GOLD (version 3.0.1, Cambridggstallographic Data Center,
Cambridge, UK) was the program for molecular dogkimthis study. The settings for
all the three docking simulations were the same Bimding site was defined as a
sphere centered on the cognate ligand with a ramfid®A. The times for molecular
docking were set to 20. The scoring function todmteprotein-ligand affinity was
GoldScore. The binding poses generated by GOLD wistaally inspected and the

plausible binding pose was retained.

4.3. Biology
4.3.1. Invitro assay on histamine 3 receptor (H3R)

The cell-based histamine 3 receptor (H3R) assay pexformed based on
B-lactamase complementation technology accordirthedit protocol. H3-bla U20S
cells (Invitrogen, USA) stably express two fusiamtpins as well as A-lactamase
(bla) reporter gene under the control of an upsitretivation sequence (UAS)
response element. The first fusion protein is hurhi@R linked to a Gal4-VP16
transcription factor via the TEV protease site, dhne other is thg-arrestin/TEV
protease fusion protein. U20S cells were seedetl 384-well format plate (10000
cells/well) to culture with FreeStyle Expressionden (Invitrogen, USA) for 18 h.
Cells were exposed to gL of tested compounds and the control compound of
thioperamide (Sigma-Aldrich, USA) for 30 min, theA uL of 400 nM
methylhistamine (Sigma-Aldrich, USA) was addedtimalate the cells. After 5 h, 8
uL of LiveBLAzer-FRET B/G Substrate (Invitrogen, UpAvas added to cells for
another 2 h before fluorescence detection. Flueresz values were measured at 460

nm excitation with 530 nm emission using a BioTek&gy H1 microplate reader,
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and the inhibition percentage was plotted agaihset ihdicated concentrations of
compounds. Each concentration was analyzed inicaigl, and 16, values were

graphically determined from log concentration—intiim curves.

4.3.2. In vitro inhibition of AChE and BuChE

AChE and BuChE were obtained from the mouse bnathpdasma, respectively.
Cholinesterase inhibitory activity was measuredoatiog to Ellman’s method with
slight modifications [23]. The compounds were digsd in DSMO (final reactive
concentration of DMSO less than 0.1%) and dilute8 serial concentrations in 0.05
M phosphate buffer (PBS, pH 8.0). The reaction persormed in 96-well plates, and
in each well of the plate, 80L of DTNB (Sigma-Aldrich, USA), 2QuL of 0.05 M
PBS (pH 8.0) and2QL of AChE or 20uL of BUuChE were incubated with 20 of
tested compounds at their diluted concentratior® &C for 30 min. After incubation,
60 puL of 3.75 mM acetylthiocholine iodide (Sigma-Aldnic USA) or
S-butyrylthiocholine iodide (Sigma-Aldrich, USA) waadded as the substrate to
initiate reactions, and the absorbance intensitg wanitored at 412 nm using a
microplate reader (Synergy H1, BioTek, USA). Dormpand rivastigmine were used
as reference compounds for AChE and BuChE, respedetilCsy values were

graphically determined from log concentration—intiim curves.

4.3.3. ORAC-FL assay
The antioxidant capacity was performed using angeryradical absorbance

capacity-fluorescein (ORAC-FL) assay according tpraviously described method
[25, 26] with the following modifications. Brieff?BS (75 mM, pH 7.4) was used as
reaction buffer and diluent in the experiment. Tasted compounds (20L) and

fluorescein (FL, 2QuL, 20 nM, final concentration) were mixed and poeibated for

15 min at 37 °C. Then, 140uL of 2,2-azobis(2-methylpropionamidine)
dihydrochloride (AAPH) solution (18 mM, final conaeation) was rapidly added and
the fluorescence was recorded every two minute$680rmin (460 nm excitation, 520

nm emission) by a microplate reader (Synergy HbTBk, USA). All the reaction
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mixtures were prepared in duplicate, and at lehstet independent assays were
performed for each sample. Antioxidant curves (fsoence versus time) were
normalized to the curve of the blank. The area unikle fluorescence decay curve

(AUC) was calculated as the reference described.

4.3.4. Cytotoxicity evaluation and Cell viability assay

Human neuroblastoma cells (SH-SY5Y) and SH-SY5Y-&WRoverexpressing
the Swedish mutant form human APP) were selecte@tiermine the cytotoxicity and
cell viability of the compounds by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazabiu ~ bromide  (MTT)  assay,
respectively. As previously described [17], ceB$(SY5Y or SH-SY5Y-APPsw, 1 x
10°/mL/100 uL/well) were incubated with test compounds (0 - 100) at 37 °C in a
CO, incubator. After 72 h of incubation, 10 of MTT reagent (5 mg/mL) in PBS
medium was added to each well and incubated fothend h. Then, the medium was
discarded and replaced with 150 DMSO to solubilize the formazan crystal. The
absorbance at 490 nm was measured using a micaplatder (Synergy H1, BioTek,
USA). The selectivity index (SI) for each compouwds calculated as the ratio
between cytotoxicity (C&g, 50% cytotoxic concentration) in SH-SY5Y and iritoby
activity (ICso) against H3R, AChE or BUChE.

4.3.5 Neuroprotective assay

SH-SY5Y-APPsw cells, as an AD cell model by usingpmer trigger the
neurotoxicity of A3, were cultured to determine the neuroprotectionomhpoundb.
Cells were treated witBb (10 uM) and donepezil (1M, positive agent) for 2 h,
then the CuS® solution (250uM, final concentration) was added to culture for

another 24 h. The cell viability was measured byTMiE above described [17].

4.3.6. LPS-induced inflammation
The immortalized mouse BV-2 microglial cell linegerm used to investigate the

anti-inflammatory effect o®b as previously described [33]. The BV-2 cells (1%10
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cells per well in a 48-well plate) were pretreaveth 9b (10 uM) and donepezil (10
uM, positive agent) for 1 h, and then LPS (100 ng/mlas added to stimulate for
another 24 h. The cultured supernatants were tetleio determine the contents of
IL-6 or TNF-a by enzyme-linked immunosorbent assay (ELISA), adiog to the

procedure recommended by the supplier (BD BioseigndSA).

4.3.7. Pharmacokinetic analysis and log BB value studies

Preliminary pharmacokinetic properties @ were studied in ICR mice, which
were purchased from the laboratory animal centeBeifing Huafukang Biological
Technology Co., Ltd. With a body weight of 20-224ale mice (n = 6) were fasted
overnight and received a single dose (30 mg/kglofdissolved in 5% DMSO and
95% sodium carboxyl methyl cellulose) by oral gaaglood samples (50L) were
obtained from orbital venous sinus at 0 min, 5 rmin, 20 min, 30 min, 45 min, 1
h,2h,4h,6h,8h, 10 h, 12 h, 24 h and 48dr diie compound administration. The
concentration of the corresponding compound in dbleas analyzed by LBAS/MS
(8050, Shimadzu, Japan), and pharmacokinetic paeasnaere processed by the
software DAS 3.0 through inputting each time poemd its corresponding
compound's concentration. For the log BB value isgydICR mice (n = 5) were
administrated orally with a single dosagedf (30 mg/kg). 40 min after the oral
administration of compoun@b, the mouse was sacrificed, the plasma and bragns w
collected, and the concentration of the correspandompound in blood and brain
was analyzed by LC-MS/MS. Log BB value was caladaby log the ratio of

concentration in the brain to concentration inllood.

4.3.8. Acute toxicity of compound 9b

A total of twenty-five ICR mice (male, 22 days, 22-g), purchased from the
laboratory animal center of Beijing Huafukang Bugilcal Technology Co., Ltd., were
used to evaluate the acute toxicity of compoid Mice were fed standard
laboratory chow and wated libitum, and were kept under a 12 h dark/light cycle.

The experimental procedures were approved by theeiirental Animal Care and
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Use Committee of the Institute of Materia Medicdjire@se Academy of Medical
Sciences & Peking Union Medical College. Differenhcentrations of compourgib

were dissolved in a 0.5% carboxymethyl cellulosdism (CMC-Na) salt solution
and orally administered to different experimentaups (n = 5). After administration
of the compound, the mice were continuously obseree the first 4 h for any
abnormal behavior and mortality changes, intermilyefor the next 24 h, and
occasionally thereafter for 14 days for the ondedrty delayed effects. All animals

were euthanized on the 14th day after drug admatish.

4.3.9. Step-down passive avoidance test
The step-down passive avoidance test was usedalaagtg the cognitive ability

of tested compounds on scopolamine (Sigma, USAluded animal memory
dysfunction [32]. A total of 75 ICR mice (six weeskl, 18-22 g, either gender, n = 15)
were used to perform the assay and fed as desanb@.8. section. The apparatus
consisted of a box with electric grid and a cehtriaicated wooden platform as shock
free zone. An appropriate voltage, current and {ig@/, 0.5 mA, 2 s) for foot shock
was selected, the mouse was put on the electdcagrl the experiment was started.
The mice underwent two separate trials includirigaaning trial and a test trial 24 h
later. For the training trial, each mouse was a#ldwo get familiar with the chamber
for 5 min. The power was then switched on and tbesea was placed on the platform.
Once the mouse stepped down, it would receive eatral shock, which caused it to
return to the platform. Compoun@b (10 and 30 mg/kg, p.o.) or donepezil (5.0
mg/kg, p.o., positive control drug) were orally adistrated 2 h before each training
trial. 30 min before the trial, scopolamine (1 ngy/kp.) was administered to induce
memory impairment. The latency to step down toghd for the first time and the
error times that number of shocks received withimif were measured to evaluate
the cognitive ability. All data are expressed asriean + SEM. Differences between
groups were examined for statistical significancgng one-way ANOVA with
Student'st-test. A P-value less than 0.05 denoted the presefca statistically

significant difference.
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Highlights

Compound 9b was a satisfactory H3R/AChE inhibitor (ICso= 0.27 uM for H3R,
|Cso =0.081 HM for AChE).

Compound 9b possesses good neuroprotective effect against copper-induced
SH-SY5Y -APPsw cell injury and potent anti-neuroinflammatory activity on
BV-2.

Compound 9b displayed desirable pharmacokinetic properties, as well as good
blood-brain barrier (BBB) permeability.

Compound 9b  significantly improved cognitive  dysfunction in
scopolamine-induced AD mice.

Compound 9b was identified as a novel promising drug prototype candidate for
the treatment of AD with innovative structural features and multifunctional
profiles.



