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Abstract

In addition to amyloid cascade hypothesis, ferrsigte- a recently identified cell death pathway
associated with the accumulation of lipid hydrop@es — was hypothesized as one of the main
forms of cell death in Alzheimer's disease. Heranseries of hydroxylated chalcones were
designed and synthesized as dual-functional irdribitto inhibit amyloid3 peptide (48)
aggregation as well as ferroptosis simultaneoushyioflavin-T assay indicated trihydroxy
chalcones inhibited B aggregation better. In human neuroblastoma SH-SYé&eMls,
cytoprotective chalconesl4a-c with three hydroxyl substituents exhibited a digaint
neuroprotection against A4, aggregatiorinduced toxicity. In addition, chalcondsla-c were
found to be good inhibitors of ferroptosis indudeg either pharmacological inhibition of the
hydroperoxide-detoxifying enzyme Gpx4 usintS(3R)-RSL4 or cystine/glutamate antiporter
system X inhibition by erastin through lipid peroxidationhibition mechanism. Trihydroxy
chalconel4awas also able to completely subvert lipid perotiatainduced by 8;.4,aggregation

in SH-SY5Y cells indicating that they can reduce tieurotoxicity involved with oxidative stress.
Compoundl4a-c showed good ADMET properties and blood-brain leargenetration in silico
simulation software. From these data, a picture rgese wherein trihydroxy chalcones are
potential candidates for the treatment of Alzheimelisease by simultaneously inhibition of
ABi.4paggregation and ferroptosis.

Keywords: chalcone derivatives; amylgld-aggregation inhibition; ferroptosis inhibition;
Alzheimer’s Disease

1. Introduction
Alzheimer’s disease (AD) is a chronic, progressivel irreversible neurodegenerative disease
characterized by memory loss, language disordekgrs behavioral abnormalities and learning



deficits[1, 2]. Approximately 44 million people aaffected by AD worldwide, and this number is
expected to increase to 114 million by 2050[3]. & cause of AD remains unclear due to the
complicated nature and diversified factors involirethe mechanism of AD, making it difficult to
find an effective cure for AD. In the last threecddes, U.S. Food and Drug Administration (FDA)
have approved five drugs to enter the market fortAdatment. Most of them are cholinesterase
inhibitors including tacrine, donepezil, rivastigraiand galantamine[4]. The other FDA approved
drug to treat AD is memantine, an effectieémethyl-D-aspartic acid receptor (NMDA)
antagonist[5]. These drugs help improve the cogmiéind memory function in patients, but they
can't reverse the effects of deterioration. Thexefit seems likely that prevention of AD or halt
the progress of AD at the early stage may provédsonable strategies to help patients suffering
from AD.

The most recognized hypothesis of AD is amyloiccads hypothesis, which proposes that the
aggregation and accumulation of amyl@igApB) in brain causes neuronal cell death[6]. One of
the main features of AD is senile plagues, the pcodf AB aggregation. Amyloid- is generated
by cleavage of the amyloid precursor protein (ABYp-secretase (BACE-1) andsecretase[7].
Normally, AB peptide is a protein consisting of 39 to 43 amarids, which aggregates into
oligomers, protofibrils and plaques. It is suggddteat oligomers consisting offfi\4, peptides is
more neurotoxic than the othef Aoeptides[8]. This provides a therapeutic treatnfientAD by
directly inhibition of A3 aggregation or secretase.

Recent research has suggested a strong interplagdre Alzheimer’s disease and the recently
characterized cell death pathway ferroptosis[9, E@}roptosis, identified in 2012, is a form of
programmed cell death which is morphologically, diemically and genetically distinct from
other cell death mechanisms such as apoptosistopteagy[11, 12]. The features of ferroptosis
include the accumulation of lipid hydroperoxidesddron dysregulation, which also exists in
majority of neurodegenerative diseases[13, 14jetent years, ferroptosis has been revealed to be
associated with neurodegeneration disease, (i.ehehner’'s, Huntington’s, and Parkinson’s
diseases) [15] and it has been proved to be afgpigget for treating senile dementia patients[9,
16].

The progress of AD is accompanied by oxidativesstighich eventually drives neuronal cell
death in the brain of AD patients[17]. Numerousd&sa have confirmed that oxidative stress
precedes the main neuropathologic manifestatioAldfand may enhance the level of disease
hallmarks, such as the development of amyloid @aff8]. With the development of the concept
of ferroptosis in recent years, it is reasonableinfer that oxidative stress induces cellular
ferroptosis, which drives the progression of disfE3. The development of novel ferroptosis
inhibitors are currently considered as promisingatiments for neurodegenerative disease. In
particular, A induces lipid peroxidation leading to increased ylamogenesis through
up-regulating BACE-1[19, 20]. Accordingly, radida&pping antioxidants that inhibit lipid
peroxidation will be beneficial for the treatmeftd®[21, 22].

In the past decade, many researchers have devwcdcefforts to develop small molecules to
treat AD by either inhibiting the aggregation of Ar lipid peroxidation [23, 24]. Some of the
small molecules are polyphenolic natural productshsas epigallocatechin gallate (EGQ{;
resveratrol 2) and curcumin 3) (Figure 1), which have been shown to have neuroprotective
effect through protecting neurons from thg-ikduced damages or attenuating neuronal death by
oxidative stress[25]. Chalcones have been provedexobit a variety of pharmacological



properties including antioxidant activity, antideMhmatory, antitumor and neuroprotection
activity[26, 27]. Chalcone derivatives are the magredients in traditional Chinese medicine,
Dragon’s Blood, which has been proved to be a piaigherapeutic agent of neurodegenenerative
diseases [28, 29]. In addition, we have found thatextract of Dragon’s Blood could stimulate
neurogenesis and improve learning capacity in abor(lnpublished data). These results suggest
that chalcone derivatives are promising candidfmiethe prevention and treatment of AD, which
has yet to be studied.
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Figure 1. Literature reported p.aggregation inhibitor$-3 and chalcone

Given the essential role ofppApeptide aggregation and ferroptosis in the patholof AD,
herein, we synthesized a small library of chalcdeevatives in order to inhibit B\ peptide
aggregation and ferroptosis simultaneously, whigh tever been reported. Their ability to inhibit
ApB peptide aggregation in solution was assayed usirey Thioflavin-T method[30]. The
promising compounds were studied in human SH-SYé&Xoblastoma cell lines for their antBA
aggregation activity and cytotoxicity property. Tthéerroptosis inhibition activity was also
assayed in cells. The preferential compounds haoes better drug-like properties than the lead
compound EGCG and Curcumin in virtual simulatiorhich supports their potential to pass
through blood-brain barrier and perform bettevivo. To the best of our knowledge, it is for the
first time that the concept of inhibition ferropmand A3 aggregation simultaneously is brought
into the molecular design for the treatment of AIbmpared to other lead compounds, we expect
that these hydroxylated chalcone derivatives pewieétter cytoprotection of neurons for AD
treatment in animal models in the near future.

2. Result and Discussion
2.1 Synthesis of chalcone derivatives

We focused on a series of chalcone derivatba$, 10a-g 13a-c and 14a-c as the targeted
dual-functional compounds to inhibitBAaggregation and ferroptosis. The synthetic roates
shown in Scheme 1 The targeted compound®a-b in Scheme 1 (A)with one hydroxyl
substitution group were directly obtained from tlmrresponding acetophenones and
benzaldehydes through the Claisen—Schmidt condensataction[31]. The above-described
reaction was performed in 10 % KOH aqueous solutiitin good yields. To afford chalcones with
more hydroxyl groupsScheme 1 (B)and (C)), the hydroxyl groups were protected first by
reaction with methoxymethyl chloride before reattiwith the corresponding benzaldehyde



derivatives[32]. Methoxymethoxy (MOMO)-protectedetmpheonesd(and12) were then reacted
with the corresponding benzaldehydes in ethanabhtain the desired compoundda¢b and
13a-9. Deprotection of the MOMO group was performechgslO % HCI in refluxing methanol
to yield the targeted chalcones with two or thrgdrbxyl groups with good yieldslQa-b and
14a-9. These chalcones are stable at room temperature.
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Scheme 1.Synthesis of chalconeBa-b, 10a-b, 13a-c and 14a-c Reaction conditions: (a)
CH3;OCH,CI, K,COs, acetone, reflux, 4 h; (b) 10 % KOH aqueous, aihat, 48-96 h; (c) 10 %
HCI, methanol, reflux, 20-40 min.

2.2 Inhibition of self-mediated AB,.4> aggregation
Amyloid-p aggregation is one of the prominent pathologieaktdres of Alzheimer’s Disease.
The amyloid hypothesis suggests that accumulafi@agygregated A in brain causes neuronal cell



death [33]. Effectively inhibition of A aggregation plays key role in relieving and retagydhe
symptom of Alzheimer’s Disease. With the synthesizkalcone$a-b, 10a-b, 13a-cand14a-cin
hands, their ability to inhibit A aggregation in solution was first assayed usimgtktioflavin-T
(ThT) fluorescence method wherein EGCG and curcungre used as reference standards[25].
ThT is a benzothiazole salt which is widely usedvisualize and quantify the presence of
misfolded A3 protein aggregates. When ThT bindsptoich structures, such as those iff A
aggregates, it displays enhanced fluorescenge440 nm;ke,=485 nm).

Fluorescence of the aqueous solution @fpeptide in the presence and absence of the tested
chalcones at 23M was monitored. Inhibitory activities shown as thercent of fluorescence
compared to untreated samples are summarizeBigare 2. Compoundsl4a-c with three
hydroxyl substitutions in ring A exhibited highethibitory activity against A aggregation, with
percentages of inhibition ranging from 76.3 % ta37%, compared to EGCG at 52.9 % and
curcumin at 51.4 %, respectively. We also examihednhibitory activities of MOMO-protected
chalconesl3a-cto highlight the importance of additional hydroxgroups in chalcones. Results
indicated thafl3a-ccould barely inhibitA aggregation with only 16.4 % inhibition or lesdigh
indicated the key role of three hydroxyl groupgiimg A. Compoundd.0a-b with two hydroxyl
substitutions exhibited a tiny better inhibitiont@acy (with 27.2 % and 19 % inhibition,
respectively) than compounda-b having only one hydroxyl substitution. In summahg A3
aggregation inhibitory activities of compounds viedged follow the trend.4a-c> 10a-b > 6a-b
~ 13a-G which is consistent with the decreasing numbdryofoxyls in chalcones.
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Figure 2. Inhibition activities of compounds on self-media#eg} 4, aggregation tested using ThT
at 1:1 ratio with compounds (28v) at 371 for 2 days. The extent of aggregation is showa as
percentage of the untreate@.&,control. Data are reported as the mean + SD ofatIthree
independent experimentsg+) p < 0.01, ¢+*) p < 0.001 vs B1.4group; EGCG and curcumin
were assayed as positive controls.

Hydrophobicity,z-stacking and hydrogen bonding interactions arénglortant factors for the
anti-Af aggregation activities[34, 35]. Coplanarity of matic rings and rigid planar structure also
attribute to intercalate with A\ peptides[36]. We assumed that two aromatic ringd ane
hydrogen bond acceptor carbonyl group in chalcpmegided their potency to inhibit A\peptide
aggregation. Aromatic rings in chalcones could phevhydrophobic ana-stacking interactions



with Ap peptides. The hydroxyl groups in ring A and cagd@roups between two benzene rings
also provide hydrogen bonding interactions betwéencompounds andpApeptides. Our results
with ThT fluorescent probes supported that hydrogending between the compounds anfgl A
peptide is key in the inhibitory ability. More hyikyl groups in chalcones provide additional
hydrogen bonding donor positions, resulting in erea inhibition.

2.3 Neuronal cell protection activities

To transit results to cellular models, we furthgeamined whether chalcone derivatives could
protect cells from B;.4>induced toxicity in SH-SY5Y cells. EGCG and curéomvere again
used as reference compound$,; 4 (10 uM) was added to the growth medium and incubated
with SH-SY5Y cells for 2 days. As indicated fiigure 3A, cell viability was reduced to 60.4 %
compared to untreated cells upon treatment withp&ptide. Chalcone derivativd9a-b, 13a-c
andl4a-cat 20uM and 10uM (6a-bwas excluded due to their little activity shownTinT assays)
were added to the medium for 4 h prior to the aaldiof AB;.4>. Cell viability results indicated
that compoundd4a-c exhibited better inhibition of B aggregation than curcumin and EGCG
(76.0 % and 92.5 %, respectively), which protecurak cells almost completely from
AB14rinduced toxicity at 1M (106.2 % ~ 96.5 %). Compoundga-c provided much better
protection than other compounds, which were in Vinida the results of ThT experiments. Given
the foregoing results, it is concluded that compsud4a-c protected neural cells from
ABi4rinduced cytotoxicity by inhibiting the aggregatioof Ap;4. Compared tolda-g
compoundsl 3a-cwith three MOMO-protected hydroxyl groups mainedronly 72.0 % - 84.9 %
cell viability at 10uM, indicating the importance of hydroxyl groupshasirogen bonding donors
in the inhibition activities. Treatment of SH-SYX¢lls with compound4.0a-b provided less
neuroprotective activities compared ida-c with three hydroxyl groups, supporting the ThT
results.
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Figure 3. Neuroprotection of selected compounds at diffecamicentrations (range 20-0u.8/)
against A;.4-induced toxicity with 48 h incubation. The resudi® reported as a percentage of
vehicle-treated cells. Values are shown as the meaiD of at least three independent experiments,
(**) p < 0.01 vs vehicle-treated cells group; EGCG andcumin were assayed as positive
controls.

Since compound$4a-ccould completely protect neural cells frorfi,Azinduced toxicity at 10
uM, we tried to examine the protective activitiesldfa-c at lower concentrations. Compounds
1l4a-cat 1uM showed a moderate protection (with cell viabibty77.5 % ~ 70.8 %) compared to
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AP1.4treated group (with cell viability at 55.1 %), whiavas better than EGCG (with cell
viability at 63.0 %). When the concentration of gmundsl4a-cwas decreased to O/, the
protective effect declined slightly (with cell vitity at 66.7 % ~ 73.8 %). However, cell viability
of cells treated with EGCG at the same concentratias only 60.1 %Higure 3B). Micrographs
of cells demonstrated that compountida-c at 1 uM indeed protected neural cells from
AB1.4rinduced cytotoxicity Figure 4). Cells treated with By 4opeptide tended to aggregate which
indicated that f;.4,peptide aggregation induced cytotoxiciigure 4B). Cells treated with A
peptide but in the presence of compouhda-cprotected cells from aggregatioRigure 4C, D,
E).

Figure 4. Representative micrographs of cells incubated #ith4,alone or with both £;.4, (10
uM) andselected compounds (iM): (A) Vehicle, (B) AB1.42 (C) AB1.4, and14a (D) APi-42 and
14b, (E) AB]_.42 andl4c

To further investigate neurotoxicity of chalconegll viabilities of human neuroblastoma
SH-SY5Y cells exposed to each of compounds for 24 40uM or 10 uM were examined using
the MTS assay. To reference the cytotoxicity of lob@es, doxorubicin was chosen as an
anticancerdrug which exhibited higher cytotoxicity at 40 and 10uM with cell viability at
37.3 % and 36.6 %, respectively [37]. As showrFigure 5 mono-hydroxylateda had little
toxicity at both 40uM or 10 uM, with cell viability at 73.6 % ~ 77.4 %. All theest of tested
compounds did not exhibit observed cytotoxic effect
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Figure 5. Cytotoxicity of selected compounds at different@amrations (4@M and 10uM) with

24 h incubation. The results are reported as aptge of control cells. Values are shown as the
mean + SD of at least three independent experiméafsp < 0.01 vs vehicle-treated cells group;
EGCG and curcumin were assayed as positive controls

Although it has been shown that chalcones withettmgdroxyl groups could effectively inhibit
AP peptides aggregation, on the other hand, threeokydgroups may render the compound
more difficult to pass through BBB and enter int@ tbrain of patients[38, 39]. We used the
ADMET Tool of DS to predict the ability of the dgsied compounds to penetrate BBB[40]. As
shown in Table 1, compared to the lead compounds EGCG and curculmiel of BBB
penetration of most designed chalcones ranged froedium to high, which means the
Brain-Blood ratio was between 5:1 and 0.3:1. Initlt] all the designed compounds satisfy
Lipinsiki and Veber’s rule, indicating that theyffll the drug-like necessity.

Table 1.Physical properties and ADMET prediction of theesétd compounds.

Compound MW Clog® HBA®* HBD?® PSA Absorption  Solubility BBB

LeveP LeveP LeveP
EGCG 458.372 3.097 11 8 197.36 3 1 4

Curcumin 368.38 3.554 6 2 93.06 0 3 3
6a 238.281 3.946 2 1 37.29 0 2 1
6b 284.307 3.427 4 1 55.76 0 3 1
1l4a 270.28 3.462 4 3 77.76 0 3 2
13a 358.385 3.616 6 1 74.22 0 3 2
14b 286.279 2.959 5 3 86.99 0 3 3
13b 374.384 3.113 7 1 83.45 0 3 2
14c 290.698 3.64 4 3 77.76 0 3 2
13c 378.804 3.794 6 1 74.22 0 2 2
10a 254.281 3.704 3 2 57.53 0 3 1
10b 270.28 3.201 4 2 66.76 0 3 2

a MW: molecular weight; Clog P: calculated logarithoh the octanol-water partition coefficient; HBA:
hydrogen-bond acceptor atoms; HBD: hydrogen-bon@datoms; PSA: polar surface area;

b Absorption level (0: good, 3: very poor); Solitgillevel (0: extremely low, 3: good); BBB level(1:dghi, 2:



medium, 3: low and 4: undefined);
2.4 Inhibition of cellular lipid peroxidation and f erroptosis

The accumulation of lipid hydroperoxides (LOOH) haisg been implicated in cell death and
dysfunction, initiating or deteriorating neurodegmtive disease including Alzheimer’s
disease[19]. However, only recently has a novdulegl death form — ferroptosis been directly
linked to the accumulation of lipid peroxidatiorsasiated with neurodegenerative disease[41]. It
has been recently elucidated that ferroptosis & @inthe main pathogenic mechanism of AD.
Effective anti-ferroptotic molecules are protectimeanimal models to treat neurodegenerative
disease, and anti-ferroptotic iron chelator deferip is currently being tested in a phase 2
randomized controlled trial for AD[42].

Lipid peroxidation is a free radical chain reactionolving with initiation Scheme 2 Egland
propagation stepsS€heme 2 Eq 2-B The hydroxyl groups in chalcone derivatives dordact
with lipid peroxyl radicals by H-atom transfer tthibit lipid peroxidation through the mechanism
shown inScheme 2 Eq4-Bl3].
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Scheme 2Mechanism of lipid peroxidation and its inhibitiby chalcone (e.g., compoufé)

To provide more insight on the potencies of chadsoas lipid peroxidation inhibitors, we
carried out experiments to examine whether chakamith best B4, aggregation inhibitory
activities 14a-ccould inhibit lipid peroxidation in cellular modelWe chose compouridiaas an
example. To corroborate thatBAs-induced cells express higher rate of lipid perafiimh,
commercial available fluorescent probe C11-BODYPY®* was used as a lipid peroxidation
indicator[44]. Upon lipid peroxidation, the fluomsice of C11-BODIP¥Y**(he, = 488 NnMkem
=525 nm) is increase®¢heme 3.
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Scheme 3The reaction of C11-BODIPY***with peroxyl radicals.

As shown inFigure 6A, incubating cells with B4.42(10 uM) for two days induced higher level
of lipid peroxidation by 54.0 %. The fluorescen@eiased to untreated control level when the
cells were incubated with A.4> (10 uM) in the presence of compourida (10 uM) for 48 h,
indicating that increased level of lipid peroxidatiinduced by B aggregation was inhibited by
compoundl4a These results revealed thata can not only inhibit the aggregation oA, but
also inhibit lipid peroxidation derived therefrom.

We further replaced By.4, with (1S3R)-RSL3 to examine the ability of4a-c to inhibit
ferroptosis — a recently recognized cell death foassociated with lipid peroxidation.
(1S3R)-RSL3 stimulated cellular ferroptosis by pharmagidal inhibition of the
hydroperoxide-detoxifying enzyme Gpx4. The resuise in agreement with the above analysis.
When cells were treated with RSL3 (500 nM) for aeey, the fluorescence of the sample
increased indicating the level of lipid peroxidatiocreased compared to the untreated cells.
Whereas compoundbs4a-c could reduce the level of lipid peroxidation teethormal level as
untreated cellsRigure 6B). These results served as more direct affirmati@t 14a-c could
inhibit lipid peroxidation derived from ferroptosefectively.
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Figure 6. Histogram obtained from flow cytometry (3 x°1€&lls/ml; Aey = 488 NMAem = 525 +
25 nm; 10,000 events) following induction of oxiglatstress with g (15uM) in SH-SY5Y cells
(A) or RSL3 (5uM) in HEK-293 cells (B) grown in media containiiga-c(10 uM) for 24~48 h.
Cells treated with Vehicle were used as positivetrad (red).

Given that chalconeB4a-cwith three hydroxyl groups could inhibit lipid meddation revealed
by flow cytometry, we assayed their inhibitory &itji of ferroptosis in cellular models thoroughly.



Cellular ferroptosis was induced in HEK-293 cellg bither pharmacological inhibition of
glutathione peroxidase 4 (Gpx4) usiniSBR)-RSL3 or glutathione (GSH) depletion by the
system xcinhibitor erastin[45, 46]. The results shownTiable 2 demonstrated that compounds
14a-c were effective inhibitors of1§3R)-RSL3 induced ferroptosis. In contrast, EGCG didn’
show any ferroptosis inhibitory activity at conaations up to 2QuM. Compoundl4a (ICso=
0.45uM) exhibited the highest inhibitory activity thdmb and14c (ICso= 1.77uM ~ 0.86 uM).
Compoundsl4a-c also inhibited erastin-induced ferroptosis withsgl@t 3.15uM ~ 3.88 uM.
These results indicated th&#la is a better dual-functional inhibitor for ferropte and 4
aggregation simultaneously associated with AD.

Table 2. Inhibition of (1S3R)-RSL3 and erastin induced ferroptosis by the setecompounds

Compounds Inhibition of ferroptosis
ICs0+ SD (uM) for (1S3R)-RSL3 ICs0+ SD (uM) for erastin
induced ferroptosfs induced ferroptosfs

1l4a 0.45 £ 0.05 3.81+0.11

14b 1.77 £0.01 3.88+£0.15

1l4c 0.86 £ 0.01 3.15+£0.08

EGCG N [\

%Cell viabilities were determined 24 h post inductity MTS assay.

IDIC50: 50 % inhibition concentration. Results are shasnhe mean of at least three experiments.
‘N means no active. Compounds defined “not activeam that percent inhibition was less than
10 % at 2QuM.

3. Conclusions

Herein we have presented a series of chalconeati®gg functionalized with various number
of hydroxyl groups in ring A and different substituns in ring B, which were synthesized in a
expeditious manner in order to achieve the firsetreported candidates for the treatment of AD
by inhibition of A3 aggregation and ferroptosis simultaneously. Werdghed how systematic
changes in the number of hydroxyl groups and Suwitisin groups impact their inhibitory
activities of A3 aggregation and ferroptosis. It was found thatadrees with different number of
hydroxyl substitutions have a quite different irtoby activities of A3;.4, aggregation, with more
hydroxyl groups providing increasing activities.alitone derivatived4a-cexhibited low toxicity
and better neuroprotection againgi; A--induced neurotoxicity than the lead compounds EGCG
and curcumin in the SH-SY5Y cellular assays. In ity they also displayed potent
anti-ferroptotic cell death activities by lipid perdation inhibition in cellular assays. Among
them, compound4awith three hydroxyl groups in ring A and methybgp in ring B prevented
ferroptosis with the lowest kg values. Due the predicted good BBB permeability,axpect that
compoundl4ais a potent molecule for further evaluationvivo in the near future. Given the
recent hypothesis that ferroptosis is the main fofroell death in Alzheimer’s disease, our results
may indicate a novel idea using dual functionalibitbrs for A3 peptide aggregation and
ferroptosis in molecular design.

4. Experimental Section
Materials
Reagents and solvents were purchased from commesgiaces and used as received.



Reactions were monitored by thin layer chromatdgyapn precoated silica gel GF254 plates
under 254 nm UV light. Column chromatography wadgreed with silica gel (200-300 mesh).
'H and™C nuclear magnetic resonance (NMR) spectra wergded using Bruker Avance 11l 400
spectrometer at 700 MHz, 400 MHz and 175 MHz wétiamethylsilane (TMS) as the internal
standard at Analysis & Testing Center of Beijingtitute of Technology. High resolution mass
spectra (HRMS) were obtained with an Agilent 6520MS-Q-TOF mass spectrometer at
Analysis & Testing Center of Beijing Institute ofédhnology.

General procedure for the synthesis of intermediate8 and 12[32]

Hydroxyacetophenortel mmol )and KCOs( 3 mmol )were added to dry acetone (30 mL). The

reaction mixture was cooled on ice bath for 30 mmntil the solid was dissolved completely.
Methoxymethyl chloride (4 mmol) was added dropwiggen stirring, and the reaction mixture
was subsequently refluxed for 4 h. Upon completiérihe reaction as indicated by TLC, the
resulting solution was cooled to room temperaturd toen filtered to remove the precipitated
salts. Acetone was evaporated under reduced peeasdrthe crude product was purified by silica
gel column chromatography using ethyl acetate/pmtro ether (1:5) as eluent to afford the pure
product.

General procedure for the synthesis of intermediate9a-b, 13a-c and chalcones 6a-b
Acetophenone (0.5 mmol) was dissolved in ethan®In(i2), and an aqueous solution of KOH

(10 % wilv, 10 mL) was added. After the solid was dissolved completlyl aldehyde (0.6

mmol) was added to the mixture. The reaction mtwas then stirred at room temperature for
48-96 h. Upon completion of the reaction as indiddiy TLC, the mixture was acidified with HCI
(10 % v/v aqueous solution) to pH 7, and then ek with 3x50 mL ethyl acetate. The
combined organic layers were washed with brineedddver MgS@ filtered and concentrated to
yield crude product which was purified by silica | gehromatography (gradient ethyl
acetate/petroleum ether from 1/10 to 1/3).

General procedure for the synthesis of chalcones 4@ and 14a-c

Methoxymethoxy-protected chalcones (0.5 mmol) waded to methanol (20 mL), and HCI
(10 % v/v aqueous solution, 5 mL) was added dropwiben the mixture was refluxed for 20-40
min. After cooled down to room temperature, thetomi& was diluted with water (40 mL), and
extracted with 3x50 mL of ethyl acetate. The prdduas recrystallized from ethyl acetate in
petroleum ether (1:1) to yield the products asoyekolid.

(E)-1-(3-hydroxyphenyl)-3-(m-tolyl)prop-2-en-1-onéd)

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was isolated by silica gel chromatograpbingi ethyl acetate/petroleum ether (1:3) as
yellow powder with 74.2 % yield; mp 87 — 89 'H NMR (700 MHz, CDC})) § 7.82 (d,J = 15.7
Hz, 1H, H), 7.72 (ddJ = 2.3, 1.7 Hz, 1H, b}, 7.59 (dJ = 7.7 Hz, 1H, H), 7.52 (d,J = 15.7 Hz,
1H, H,), 7.44 (s, 1H, |, 7.43(dJ=7.7 Hz, 1H, H,), 7.39 (tJ=7.9Hz, 1H, H), 7.31 (tJ=7.7
Hz, 1H, H4), 7.24 (d,J = 7.4 Hz, 1H, H), 7.18 (ddJ = 8.1, 2.5Hz, 1H, b, 2.40 (s, 3H, Ch);



%C NMR (100 MHz, CDGJ) 5 191.54, 156.76, 146.06, 139.29, 138.61, 134.53,683 129.89,
129.28, 128.83, 125.82, 121.63, 120.86, 120.77,421521.28; HRMS (El) m/z calcd for
C1eH140, (MY 239.0994, found 239.1056.

(E)-1-(3,4-dimethoxyphenyl)-3-(3-hydroxyphenyl)proge8-1-one §b)

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was isolated by silica gel chromatograpbingi ethyl acetate/petroleum ether (1:2) as
yellow powder with 61.9 % vyield; mp 120 — 122 'H NMR (700 MHz, CDC}) & 7.75 (d,J =
15.5Hz, 1H, ), 7.67 (s, 1H, B, 7.54 (dJ = 7.6 Hz, 1H, H), 7.34(dJ = 15.3 Hz, 1H, i), 7.31
(d,J=7.7Hz, 1H, H), 7.16 (dJ= 8.2 Hz, 1H, Hy), 7.13 (dJ = 8.0 Hz, 1H, H), 7.10 (s, 1H, ),
6.84 (d,J = 8.3 Hz, 1H, Hy), 3.89 (s, 3H, OCH), 3.88 (s, 3H, OCH; *C NMR (175 MHz,
CDCly) 6 191.30, 156.83, 151.61, 149.18, 145.92, 139.59.8%? 127.69, 123.46, 120.69, 120.52,
119.80, 115.39, 111.16, 110.31, 55.99, 55.97; HREISm/z calcd for GH160,(M") 285.1049,
found 285.1113.

(E)-1-(3,5-bis(methoxymethoxy)phenyl)-3-(m-tolyl) pr@pen-1-one 4a)

Synthesis was completed according to the generdhsiic procedure mentioned above. The
product was isolated by silica gel chromatograpbing ethyl acetate/petroleum ether (1:10) as
yellow powder with 74.5 % vyield; mp 78 — 80, '*H NMR (400 MHz, CDCJ) & 13.31 (s, 1H,
OH), 7.83(d,J = 15.3 Hz, 1H, I§), 7.82 (d,J = 9.1 Hz, 1H, H), 7.53 (d,J = 15.5 Hz, 1H, ),
7.42 (d,J=6.1Hz, 2H, K, Hyp), 7.29 (t,J= 7.8 Hz, 1H, H,), 7.22 (dJ = 7.5 Hz, 1H, H), 6.63
(d,J=2.4Hz, 1H, H), 6.57 (ddJ = 8.9, 2.4 Hz, 1H, ¥}, 5.20 (s, 2H, ChH), 3.47 (s, 3H, OCH],
2.38 (s, 3H, Ch); **C NMR (175 MHz, CDG)) § 192.07, 166.25, 163.66, 144.84, 138.69, 134.69,
131.64, 131.40, 129.16, 128.90, 119.97, 114.97,240803.94, 94.03, 56.42, 21.36; HRMS (El)
m/z calcd for GoH»0s(M*) 343.1467, found 343.1518.

(E)-1-(3,5-bis(methoxymethoxy)phenyl)-3-(4-methoxypigprop-2-en-1-onedp)

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was isolated by silica gel chromatograpbing ethyl acetate/petroleum ether (1:10) as
yellow powder with 64.2 % yield; mp 221 — 223 '"H NMR (400 MHz, CDC}) § 13.28 (s, 1H,
OH), 7.81(d,J = 15.4 Hz, 1H, I§), 7.80 (d,J = 9.0 Hz, 1H, H), 7.52 (d,J = 15.4 Hz, 1H, ),
7.31 (t,J=7.9 Hz, 1H, Hp), 7.23 (dJ = 7.7 Hz, 1H, H), 7.12 (s, 1H, H), 6.95 (ddJ = 8.1, 2.4
Hz, 1H, Hy), 6.62 (d,J = 2.4 Hz, 1H, H), 6.57 (dd,J = 8.9, 2.4 Hz, 1H, K}, 5.20 (s, 2H, Ch),
3.83 (s, 3H, OCH), 3.47 (s, 3H, OCH); °C NMR (175 MHz, CDG)) § 191.97, 166.24, 163.70,
159.97, 144.51, 136.09, 131.40, 130.00, 121.17,482016.39, 114.92, 113.68, 108.27, 103.93,
94.02, 56.42, 55.34; HRMS (EI) m/z calcd fold,,06(M™) 359.1416, found 359.1497.

(E)-1-(3,5-dihydroxyphenyl)-3-(m-tolyl)prop-2-en-1-erfL0a)

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was isolated by silica gel chromatograpbingi ethyl acetate/petroleum ether (1:5) as
yellow powder with 67.4 % yield; mp 126 — 128 *H NMR (400 MHz, MeOD)s 7.94 (d,J =
8.9 Hz, 1H, H), 7.76 (d,J = 15.5 Hz, 1H, K), 7.70 (d,J = 15.5 Hz, 1H, &), 7.49 (s, 1H, K,
7.48 (d,J=8.7 Hz, 1H, Hy), 7.28 (t,J= 7.5 Hz, 1H, H,), 7.21 (d,J = 7.5 Hz, 1H, Hy), 6.42 (dd,
J=28.9, 2.4 Hz, 1H, ¥, 6.31 (d,J = 2.4 Hz, 1H, H), 2.36 (s, 3H, Ch); *C NMR (175 MHz,



MeOD) & 191.95, 166.24, 165.21, 143.97, 138.49, 134.88,183 131.03, 128.93, 128.51, 125.49,
120.13, 113.30, 107.89, 102.46, 19.95; HRMS (EB oallcd for GiH1405(M*) 255.0943, found
255.1020.

(E)-1-(3,5-dihydroxyphenyl)-3-(4-methoxyphenyl)proge8-1-one 10b)

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was isolated by silica gel chromatograpbingi ethyl acetate/petroleum ether (1:5) as
yellow powder with 73.4 % yield; mp 146 — 148 *H NMR (400 MHz, MeOD)s 7.92 (d,J =
8.9 Hz, 1H, H), 7.73 (d,J = 15.5 Hz, 1H, K), 7.67 (d,J = 15.5 Hz, 1H, K, 7.32 — 7.17 (m, 3H,
Hg, Hi1, Hip), 6.93 (ddJ = 7.8, 1.8 Hz, 1H, k), 6.41 (ddJ = 8.9, 2.4 Hz, 1H, §J, 6.31 (d,J =
2.4 Hz, 1H, H), 3.80 (s, 3H, OCH; **C NMR (175 MHz, MeOD)s 191.86, 166.22, 165.21,
160.10, 143.71, 136.22, 132.24, 129.58, 120.94,582016.12, 113.32, 113.12, 107.91, 102.48,
54.42; HRMS (EI) m/z calcd for @H1.0, (M) 271.0892, found 271.0946.

(E)-1-(2-hydroxy-3,4-bis(methoxymethoxy)phenyl)-3-(olyl)prop-2-en-1-onel3a)

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was isolated by silica gel chromatograpbingi ethyl acetate/petroleum ether (1.7) as
yellow powder with 70.7 % yield; mp 72 — 74 'H NMR (400 MHz, CDC})  13.34 (s, 1H, OH),
7.84 (d,J=15.5Hz, 1H, i), 7.65 (d,J = 9.2 Hz, 1H, H), 7.53 (d,J = 15.5 Hz, 1H, &), 7.44 —
7.40 (m, 2H, H, Hyp), 7.28 (t,J = 7.5 Hz, 1H, H,), 7.21 (d,J = 7.5 Hz, 1H, Hy), 6.73 (dJ=9.2
Hz, 1H, H), 5.28 (s, 2H, Ch), 5.22 (s, 2H, Ch), 3.65 (s, 3H, OCHJ, 3.50 (s, 3H, OCH}, 2.38 (s,
3H, CHy); *C NMR (175 MHz, CDG)) § 192.72, 158.63, 156.38, 145.18, 138.73, 134.62,023
131.73,129.21, 128.93, 126.12, 125.92, 119.97.1B1406.06, 98.04, 94.63, 57.31, 56.53, 21.37;
HRMS (El) m/z calcd for gH»,0s (M*) 359.1416, found 359.1492.

(E)-1-(2-hydroxy-3,4-bis(methoxymethoxy)phenyl)-34ffethoxyphenyl)prop-2-en-1-on&3b)

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was isolated by silica gel chromatograpbingi ethyl acetate/petroleum ether (1:5) as
yellow powder with 68.4 % vyield; mp 107 — 109 *H NMR (400 MHz, Acetone-d6j 13.59 (s,
1H, OH), 8.01 (dJ = 9.2 Hz, 1H, H), 7.89 (dJ = 15.4 Hz, 1H, i), 7.85 - 7.79 (m, 3H, K Hs,
Hi,), 7.03 (s, 1H, &), 7.01 (s, 1H, Hh), 6.80 (d,J = 9.1 Hz, 1H, H), 5.35 (s, 2H, Ch), 5.15 (s,
2H, CHp), 3.87 (s, 3H, OCH), 3.60 (s, 3H, OCH), 3.49 (s, 3H, OCH; **C NMR (175 MHz,
CDCly) 6 192.67, 161.96, 158.59, 156.20, 144.84, 134.02,508 127.42, 125.94, 117.68, 116.19,
114.51, 105.97, 98.04, 94.63, 57.30, 56.52, 55HRMS (El) m/z calcd for gH,;0; (M)
375.1366, found 375.1434.

(E)-3-(3-chlorophenyl)-1-(2-hydroxy-3,4-bis(methoxytiexy)phenyl)prop-2-en-1-oné o)
Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was isolated by silica gel chromatograpbingi ethyl acetate/petroleum ether (1:5) as
yellow powder with 65.0 % vyield; mp 85 — 87: 'H NMR (400 MHz, CDC}) & 13.18 (s, 1H,
OH), 7.79 (dJ = 15.5 Hz, 1H, Ig), 7.64(d,J = 9.2 Hz, 1H, H), 7.62 (s, 1H, i§), 7.54 (dJ=15.5
Hz, 1H, H), 7.49 (dJ = 7.0 Hz, 1H, Hp), 7.41 — 7.32 (m, 2H, K4, Hy1), 6.76 (d,J = 9.2 Hz, 1H,
Hs), 5.30 (s, 2H, Ch), 5.22 (s, 2H, Ch), 3.66 (s, 3H, OCH), 3.52 (s, 3H, OCH); **C NMR (100
MHz, CDCk) & 196.65, 161.94, 160.53, 146.71, 140.83, 138.60,513 134.09, 134.03, 131.91,



130.87, 130.66, 125.80, 119.64, 109.96, 101.6649%0.13, 59.40; HRMS (EIl) m/z calcd for
Ci19H14ClOs (MY) 379.0870, found 379.0940.

(E)-3-(m-tolyl)-1-(2,3,4-trihydroxyphenyl)prop-2-endne (4a)

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was recrystallized using ethyl acetatefpetim ether (1:1) as yellow powder with 89.6 %
yield; mp 153 — 1557; 'H NMR (400 MHz, Acetone-d6j 13.53 (s, 1H, OH), 7.93 (d,= 15.5
Hz, 1H, H), 7.84 (d,J=15.5 Hz, 1H, k), 7.73 (dJ = 8.9 Hz, 1H, H), 7.68 (s, 1H, I§), 7.62 (d,
J=7.6 Hz, 1H, H), 7.33 (tJ = 7.6 Hz, 1H, H,), 7.26 (d,J = 7.5 Hz, 1H, H,), 6.53 (d,J = 8.9
Hz, 1H, H;), 2.37 (s, 3H, Ch); *C NMR (175 MHz, Acetone-d6) 192.51, 153.44, 152.04,
144.12, 138.58, 134.95, 132.41, 131.40, 129.26,862826.15, 122.58, 120.55, 113.86, 107.59,
20.42; HRMS (EI) m/z calcd for @H140, (M") 271.0892, found 271.0951.

(E)-3-(4-methoxyphenyl)-1-(2,3,4-trihydroxyphenyl)pr@-en-1-one X4b)

Synthesis was completed according to the generdhsiic procedure mentioned above. The
product was recrystallized using ethyl acetategbetim ether (1:1) as yellow brown powder with
88.3 % yield; mp 151 — 153; 'H NMR (400 MHz, CDC}J) § 13.62 (s, 1H, OH), 7.87 (d,= 15.4
Hz, 1H, H), 7.62 (d,J = 8.7 Hz, 2H, H, Hy,), 7.47 (dJ = 8.9 Hz, 1H, H),7.39 (d,J = 15.4, 1H,
H,), 6.95 (dJ = 8.7 Hz, 2H, K, Hy1), 6.57 (dJ = 8.9 Hz, 1H, H), 3.87 (s, 3H, OCH; **C NMR
(175 MHz, MeOD)3 192.60, 161.94, 153.04, 151.96, 143.72, 132.30,203 127.51, 121.97,
117.80, 114.07, 113.76, 107.20, 54.49; HRMS (EB aalcd for GgH1405 (M*) 287.0841, found
287.0917

(E)-3-(3-chlorophenyl)-1-(2,3,4-trihydroxyphenyl)pr@sen-1-one 140

Synthesis was completed according to the generdhsijc procedure mentioned above. The
product was recrystallized using ethyl acetatefpetim ether (1:1) as yellow powder with 88.4 %
yield; mp 180 — 1827; *H NMR (400 MHz, MeOD)5 7.85 — 7.72 (m, 3H, H Hg, Hg), 7.66— 7.63
(m, 1H, Hy), 7.59 (d,J = 8.9 Hz, 1H, H), 7.41 (d,J = 5.0 Hz, 2H, Hy, H11), 6.49 (d,J = 8.9 Hz,
1H, Hs); *C NMR (175 MHz, MeOD) 192.20, 153.11, 152.44, 141.77, 137.05, 134.62,383
130.11, 129.84, 127.86, 126.67, 122.33, 122.15,6813107.40; HRMS (El) m/z calcd for
Ci15H1:CIO, (M) 291.0346, found 291.0569.

Inhibition of self-mediated Af;.4, aggregation assay

AB1.4> protein was pretreated with 1,1,1,3,3,3-hexafdqoropanol (HFIP) and was dissolved
in DMSO as a stock solution of 1 mM. Experimentgavperformed by incubating thepfs,
protein in 10 mM phosphate buffer (pH 7.4) contagni00 mM NacCl at 37 for 7 days at 25M
with or without inhibitors (25uM, Ap/inhibitor = 1/1). Blanks containing the tested ibitors
were also prepared and tested. After incubatiompses were diluted to a final volume of 2.0 mL
with 50 mM glycine-NaOH buffer (pH 8.0) containirlyg uM thioflavin T. Measurement of
fluorescence intensity was carried out using flaocemce microplate reader (spectra MAX
GeminiXS, Molecular Devices) on a 96-well plate €Ber bio-one, Germanyhd{=440 nm;
Aen=485 nm). Percentage inhibition of aggregation ealsulated using the formula (1) x
100 % in which IFand IR are the fluorescence intensities obtained in teegirce and absence of
inhibitors after subtracting the background, retipely. Each measurement was run in triplicate.



Cell culture

SH-SY5Y cell line (human neruoblastoma cells) waltuced in DMEM/F12 media with 10 %
fetal bovine serum (FBS), 1 % non-essential amgidsaand 1 % penicillin/streptomycin in a 37
incubator containing 5 % GMumidified atmosphere. HEK-293 cells were cultuiredMEM
media with 10 % FBS, 1 % penicillin/streptomycindah mM sodium pyruvate under the same
environment with SH-SY5Y. The culture media werarged every three days.

Determination of neurotoxicity in SH-SY5Y cells

SH-SY5Y cells were seeded into 96-well plates deasity of 2x16 cells/100uL/well. Cells
were allowed to adhere for 24 h. To test the toxiof the compounds, cells were treated with
different concentrations of compounds for 24 h loa hext day. Cell viability was determined
using the CellTiter 96 AQueous One Solution AssMT$ assay; Promega) following the
manufacturer’s instruction. Absorbance at 490 nns weeasured on a fluorescent microplate
reader 4 hours later. The cell viability was dikggtroportional to the absorbance of each well and
normalized by negative control group. Date are megoas the mean + standard deviation of at
least three independent experiments.

Determination of neuroprotective activities in SH-Y5Y cells

To measure the neuroprotective activities frorfi foxicity of the selected compounds,
SH-SY5Y cells were seeded into 96-well plates aeasity of 2x10 cells/100pL/well. Cells
were allowed to adhere for 24 hBA, (10 uM) was then added to the wells after addition of
different concentrations of compounds. After 48¢i| viability was determined using MTS assay
as mentioned above. Date are reported as the mestantard deviation of at least three
independent experiments.

ADMET prediction

ADMET prediction was carried out using the Discgv8tudio 3.1 (DS). The three-dimensional
structures of the selected compounds were consttucsing ChemBio3D Ultra 12.0 software.
The ADMET properties of compounds was predictedgi&iDMET Tool in DS.

Determination of ferroptosis inhibition activities in HEK-293 cells

HEK-293 cells (5000 cells in 106L media) were seeded in a 96-well plate and inad&ir
24 h. Ferroptosis was induced HWSER)-RSL3 (500 nM) or erastin (10M) after addition of
different concentrations of compounds for 4 h. @& ext day, cell viability was assessed using
the CellTiter 96 AQueous One Solution Assay (MTSags Promega) as mentioned above. Cell
viability was calculated by normalizing the datavéghicle group. Date are reported as the mean *
standard deviation of at least three independgréraxents.

Determination of cellular lipid peroxidation inhibi tion activities

SH-SY5Y (2x10 in 100puL media) cells were seeded in a 96-well plate acdbated for 24 h.
On the next day, the cells were incubated withtéiséed compounds ang3As, (20 uM) or RSL3
(500 nM) for another 48 h or 24 h, respectivelyliOaere treated with BODIPY-C13%%* (1 uM)
and incubated at 37 in dark for 30 minutes. Cells were then analyzedldw~ cytometry fex =



488 nM;kem = 525 = 25 nm). Cells treated with diethylmale@&M, 1 mM) alone but no By.4»
protein or RSL3 was used as a positive controllsGedated with 8; 4,0r RSL3 alone but no test
compounds were used as positive control as wells @®m untreated cultures were used as
negative control. Data were collected 10,000 everts sample and reported as the mean +
standard deviation of at least three independgréraxents.
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Highlights

 Hydroxylated chalcones were synthesized as dual-functional inhibitors.

« Chalcones 14a-c inhibited amyloid-f aggregation at micromolar concentrations.
» Chalcones 14a-c protected neural cells against Ap aggregation induced toxicity.
» Chalcones 14a-c protected cells from ferroptosis at micromolar concentrations.



