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Highlights

» Aseries of piperine derivatives was synthesizeghtef which acted aSMAQO-B inhibitors.

» a-Cyano and benzyl ester substituents increaseddmaémcy and selectivity towardMAO-B.
» Compoundd5 and16 displayed slight P-gp inhibitory activity in Caocells.

» Compoundl5 is highlighted as a potent, selective and conipetitMAO-B inhibitor.

» Compoundl5 displayed favorable drug-like properties and & sgtotoxic profile.



Abstract

Piperine has been associated with neuroprotectiferte and monoamine oxidase (MAO)
inhibition, thus being an attractive scaffold tovelep new antiparkinsonian agents. Accordingly, we
prepared a small library of piperine derivatives astreened the inhibitory activities towards human
MAO isoforms fMAO-A and hMAO-B). Structure-activity relationship (SAR) stedi pointed out that
the combination ofu-cyano and benzyl ester groups increased both pptend selectivity towards
hMAOQO-B. Kinetic experiments with compounds10 and15 indicated a competitiveMAO-B inhibition
mechanism. Compoundks and 16, at 10 pM, caused a small but significant decréase-gp efflux
activity in Caco-2 cells. Compourth stands out as the most potent piperine-b&d&80O-B inhibitor
(ICso = 47.4 nM), displaying favorable drug-like propestand a broad safety window. Compousds

thus a suitable candidate for lead optimization tieddevelopment of multitarget-directed ligands.

Keywords. Parkinson’s disease, Piperine, Monoamine oxidaskoli®esterase, Structure-activity
relationship.

Abbreviations: BBB: Blood-brain barrier;CHI: Chromatographic Hydrophobic Index; CNS: Cehntra
nervous system; DMAP: 4-(dimethylamino)pyridine; BQ’,7’-dichlorofluorescein; DCFH-DA: 2',7'-
dichlorofluorescein diacetate; ED®I-(3-dimethylaminopropylN'-ethylcarbodiimide; HBA: hydrogen
bond atom acceptor; HBD: hydrogen bond atom doKgr;Michaelis constant;: inhibition constant;
MAO: monoamine oxidase; MW: molecular weight; NRitral Red; PD: Parkinson’s disease; P-gp: P-
glycoprotein; PyBOP: benzotriazol-1-yl-oxytripyridihophosphonium hexafluorophosphate; RB:
rotatable bonds; RHO 123: Rhodamine 123; RS: nemapecies; SAR: Structure-Activity Relationship;

Vmax Maximum velocity.



1 I ntroduction

Parkinson’'s disease (PD) is the second most commeurodegenerative disorder after
Alzheimer's disease [1]. PD is characterized by finegressive and selective loss of dopaminergic
neurons in thesubstantia nigra and by the presence of Lewy bodies [2], which eases interstitial
dopamine levels and leads to motor dysfunctio™]3PD is also associated with nhon-motor symptoms
such as cognitive decline, depression and sleepddiss, with some of them preceding the development
of the classical motor symptoms [5, 6]. Currentgdiceatment of PD almost exclusively focuses on
restoring the dopaminergic function and reducing geverity of motor handicap [7]. The main
pharmacological approaches include dopamine replact therapy with L-DOPA, inhibition of
dopamine metabolism and reuptake, or the use ettdagonists of post-synaptic dopamine receptars [4
7].

Monoamine oxidases (MAQOs, EC 1.4.3.4) are flavipatelent enzymes bound to the outer
mitochondrial membrane [8]. Two MAO isoforms (MAO-And MAO-B) may participate in the
regulation of dopamine levels in neuronal tissug [fowever, MAO-B is the main MAO isozyme
involved in dopamine metabolism in parkinsonianiisabecause MAO-B activity and expression are
increased in most brain areas while MAO-A activigmains unchanged [10]. Selective irreversible
MAO-B inhibitors, like selegiline and rasagilineseaused in PD monotherapy or in combination with
dopamine precursor L-DOPA to reduce dopamine céismhand thereby increase its half-life [11, 12].
More recently, safinamide, a reversible MAO-B intob, was approved in the European Union to treat
patients with mid- to late-stage PD [13].

Considering that the prevalence of PD is drasticaficreasing and no disease-modifying
treatment emerged over the last few decades [¥éhtgnterest remains in the development of new
antiparkinsonian  drugs.  Piperine  (1-[5-(1,3-benardi-5-yl)-1-0x0-2,4-pentadienyl]piperidine),
compound1, Figure 1), the pungent component of several pepper spddi&k presents several
biological properties with potential therapeutideirest for PD. Piperine displayed antioxidant, -anti
inflammatory and antiapoptotic activities in cuétdrneuronal cells [16] and in PD animal models [17-
19]. Moreover, piperine was reported as a competitieversible and non-selective rMAO inhibitor [20
Within this framework, we explored the piperineféald in a preliminary study, wherein the unequiabc
structural elucidation of five piperine bioisosteralong with theirhMAO inhibitory activities were
assessed [21]. The data acquired put forward threfisiance of piperidinyl amide group to modulate t

interaction of piperine derivatives wittMAOs [21].
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Figure 1. Rational design of the library based on piperirenjgoundl) scaffold.

 The promising results encouraged a second projeting to identify the most favourable
chemical modifications on the piperine scaffolduieed for the development of novel ligands
with potential application in PD. Herein, we reptite synthesis of a new library of piperine
derivatives (Figurel) and the establishment of new structure-actiétgtionships (SAR).
Following hMAO-B enzymatic and mechanistic studies, we ingegéd the cytotoxicity of the
best inhibitors in two different human-derived détles (neuroblastoma cells (SH-SY5Y) and
colon adenocarcinoma cells (Caco-2)). The compduatalBty to induce intracellular oxidative
stress in SH-SY5Y cells and to modulate the P-giyotein (P-gp) activity by piperine
derivatives in Caco-2 cells was also evaluatedalinwe studied the drug-like properties of the
best compounds. The compound’s lipophiliciy was lwatad by chromatographic
hydrophobicity index (CHI).

2. Results and discussion
2.1. Chemistry

Piperine-based compounds16 were synthesized following the strategies represknn
Schemes 1 and2. Several modifications were performed at the dietieer and at the piperidinyl amide
group to attain structural diversitiigure 1). Piperidinyl moiety was removed to obtain freebceylic
acids or replaced by lipophilic groups (phenyl, bhdror phenethyl) linked through ester or amide dxn
In addition, ani-cyano group was incorporated in the diene tether.

The hydrolysis of piperine in alkaline mediunscieme 1, step a) yielded piperic acid
(compound2, Scheme 1), which in turn reacted with the appropriate amime alcohols to afford the
corresponding amide3-5 and ester$-8, respectively. Accordingly, amides5 were synthesized via
benzotriazol-1-yl-oxytripyrrolidinophosphonium  héikmrophosphate (PyBOP)-mediated amidation
reaction, under alkaline conditions, between pipedcid and aniline, benzylamine or (2-
bromoethyl)benzeneS¢heme 1, stepb). Piperic acid este6 was obtained by a Steglich esterification

reaction, assisted by N-(3-dimethylaminopropylN-ethylcarbodiimide (EDC) and 4-



(dimethylamino)pyridine (DMAP), between piperic @@ and phenol$cheme 1, stepc). Esters7 and8
were synthesized from piperic acdby bimolecular nucleophilic substitution with behbyomide and

(2-bromoethyl)benzene, respectiveSelieme 1, stepd).
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(3) X = NH, R = CgHs

(4) X=NH,R= CH2C6H5
(5) X = NH. R = (CH,),CoHs
(6)X =0, R = CgHs

(7)X =0, R = CH,CqHs

(8) X =0, R =(CHy),CgHs

Scheme 1. Synthetic strategy pursued to obtain piperinevagikies 2-8. (a) Methanolic solution of NaOH 2 M,
reflux, 24 h; (b) 1. DMF, DIPEA, PyBOP, GHl,, 0 °C, 30 min; 2. Amine (aniline, benzylamine @ (
bromoethyl)benzene), rt, overnight; (c) 1. EDC.HCMA&P, CH,Cl,, rt, 30 min; 2. phenol, rt, overnight; (d) 1.
K,COs, DMF, rt, 30 min; 2. benzylbromide or (2-bromodjbgnzene, 80 °C, 8 h.

The synthetic route used to obtaircyanopiperic acid (compour@) and derivatived0-16 is
shown inScheme 2. The cinnamic derivative (compouid8) used as starting material waepared by a
Knoevenagel-Doebner condensation between piper@mthpound17) and mono-ethyl malonate in
pyridine and catalytic amounts of piperidirgcifeme 2, stepa). The reduction of compount8 with
lithium aluminum hydride (LiAIH) afford the 3,4-methylenedioxycinnamyl alcohol rfgmound 19)
(Scheme 2, step b) that was subsequently oxidized to the 3,4-metted@xycinnamic aldehyde
(compound20) with manganese dioxide (MnP(Scheme 2, stepc). a-Cyanopiperic acid (compourt)
was obtained by a Knoevenagel condensation betwempound20 and cyanoacetic acids¢heme 2,
stepd). Subsequent amidatioBgheme 2, stepe) or Steglich esterificationStheme 2, stepf) reactions

afforded compound$0-16.

o o) OH
0 a o) NN P 0 N
<z©*H—<z©M e
O (17) o (18) 0 (19)
c
eorf
‘—<
(20)

(10)R= NC5H10
(12) R= NHCH,CgHs  (15) R = OCH,CgHs
(13) R = NH(CH2)2CgHs (16) R = O(CHy),CeHs

Scheme 2. Synthetic strategy pursued to obta#CN derivative®-16. (a) mono-ethyl malonate, pyridine, piperidine,
70 °C, 9 h; (b) 1. Argon atmosphere, dry THF, -783C min; 2. LiAlH,, -78 °C to rt, 5 h; (c) Mn§) CH,CI,, rt,
overnight; (d) cyanoacetic acid, pyridine, pipenili 60 °C, 30 min; (e) 1. DMF, DIPEA, PyBOP, L1}, 0 °C, 30
min; 2. Amine (aniline, benzylamine or (2-bromod}hgnzene), rt, overnight; (f) 1. EDC.HCI, DMAP, GEl,, rt,
30 min; 2. Phenol, benzyl alcohol or 2-phenyletharipovernight.



2.2. M onoamine oxidase inhibition studies

The potential effects of piperine and its analog{emsnpoundsl-16) on hMAQOs activity were
studied by spectrophotometry, using kynuramineubstsate and recombinamlAO-A and -B isoforms
[21, 22] . ThehMAO-A and hMAO-B inhibitory potency (IGy) and selectivity (Sl) data obtained with
the compounds under study and standard inhibitolardgyline for (MAO-A and R)-(-)-deprenyl,
rasagiline, safinamide f&"MAO-B) are reported ifTable 1.

Table 1. hMAOQ inhibitory activities of compoundt-16 and standard inhibitors.

ICs0 (M)
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OO |, @ 14 2 0.215+0.038 >4y
"\°“© 15 a 0.0474+0.0042| >2f1
(;\OA/Q 16 a 0.0992+0.0082|  >101

(R)-(-)-Deprenyt . 20.11.9 0.0386+0.0043 522
Rasagiline _ 3.65+0.31 147.3+249 24
Safinamide . 3 0.023120.0026| > 433
Clorgyliné® — 0.00274-0.00047 2.21%0.26 0.00124

% Inactive at 1QuM;
®SI: hMAO-B selectivity index = 1G(hMAO-A)/IC s(hMAO-B).
¢ Not soluble in phosphate buffer at concentrathigher than 1QM.



dValues obtained under the assumption that the sporeding |G, value againshtMAO-A or hMAO-B is the highest
concentration tested (10M).
© Data from Chavarriat al.[21].

2.2.1. Structure-activity relationship studies

The results obtained show that the compounds tlessteptechMAOS inhibitory activity were
more selective towards the isoform B. As previousiyorted, piperine displayed moderate and sekectiv
inhibition towardshMAO-B (compoundl, ICsy = 1.05 pM, Sl = 10) in our experimental conditi¢a$].
Interestingly, the introduction of a-CN group at the diene tether improved tidAO-B inhibitory
activity (compoundLO: ICso = 143 nM).

Compounds containing a piperidinyl amide moiety evactive towardeBMAO-B (compoundsl
and 10). The replacement of the piperidinyl group by aboaylic acid (compound2 and9) completely
abolished hMAO inhibition. Primary amides were also unable itthibit both hMAO isoforms
(compounds3-5, 11 and 13) or have modest inhibitory activity towarMAO-B (compoundsl?). On
the other hand, except for compoutt] esterss-8, 15 and16 were more potent and selectinglAO-B
inhibitors than piperidinyl derivativesand14.

Concerning ester and primary amide substituentfizydederivatives displayed the most
promising results. Piperic acid benzyl ester preskan 1G, value similar to that of the phenyl derivative
and lower than the phenethyl analogue (compotintCs; = 167 nM; compound: ICsq = 156 nM;
compound3: ICso = 448 nM). Alla-cyanobenzyl derivatives acted l#dAO-B inhibitors. Compound?2
was the only primary amide efcyanopiperic acid acting d8VIAO-B inhibitor (compoundl2; I1C5y =
471 nM). Benzyl estet5 was more active than phenethyl est&r which in turn was more potent than
phenyl estefl4 (compoundl5: ICsq = 47.4 nM; compound6: ICsy = 99.2 nM; compound4: 1Csy = 215
nM). Therefore, we concluded that the combinatibthe benzyl group with a cyano group enhanced the
hMAOQO-B inhibitory properties.

In fact, with the exception of compourdd, compounds containing aaCN presented lower
ICsq values towarddMAO-B than their unsubstituted counterparts, withsliowing significanhMAO-

A inhibitory activity at 10 uM. This chemical modition also influenced the selectivity of the
compounds. The S| of compound8, 15 and 16 were 5 to 8.4-fold higher than that of piperinad an
compounds? and 8 (compoundl [SI = 10] vs compound10 [SI = 70]; compound?/ [SI = 25] vs
compound15 [SI = 211]; compoun® [SI = 22]vs compoundl6 [SI = 101]. Compound5 showed the
lowest 1G, value towardstMAO-B and the higheshMAO-B Sl (compoundl5: ICsq = 47.4 nM; Sl =
211).

2.2.2.  Evaluation of human monoamine oxidase-B inhibition mechanism

To further investigate thddaMAO-B inhibition mechanism of the bedtMAO-B inhibitor
(compoundlb), kinetic experiments were performed. The studg estended to compoundsand10 to
evaluate the influence of theCN or piperidinyl amide groups in the enzyme intidim mechanisms. We
measured the initial rates of tH@MIAO-catalyzed deamination of six different concatitns of
kynuramine in the absence or presence of threerdiit concentrations of the inhibitors. The results

obtained are depicted Figure 2. Kinetic parameters of Michaelis-Menten reactidichaelis constant,



Km and maximum velocityV,.,) were determined by the graphical analysis of dbable reciprocal
Lineweaver-Burk plots. The presence of increasimcentrations of compounds 10 and15 resulted in
an increase o, values and a maintenance\6f,,. The Lineweaver-Burk plot$-{gures 2A-C) of these
compounds remained linear and intersected at theisy-These observations indicate that the piperine

derivatives7, 10 and15 act as competitive inhibitors.
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Figure 2. Kinetic studies on the mechanismhdflAO-B inhibition by compoundd (A andD), 10 (B andE) and15

(C andF). (A-C) Double reciprocal plots of the initial velocitf bBMAO-B at increasing substrate concentrations
(10-100 uM) in the absence or the presence ofrthibitor. O-F) Secondary plots of the slope of each Lineweaver-
Burk (K./Vimay Versus the inhibitor concentration.

The data obtained from the Lineweaver-Burk werentheplotted as the slope against the
inhibitor concentrations to obtain the inhibitioanstants K;) of the mentioned compounds. The x-axis
intercept is K; (Figures 2D-F) Compounds, 10 and15 displayedK; values of 75.0 nM, 20.6 nM and
44.1 nM, respectively. The estimat&d values were well correlated with the inhibition ghanism

established from the kinetic experiments.



2.3. Cdlular studies
2.3.1. Evaluation of cytotoxicity profile

To study the cytotoxicity profile of the most prauimg piperine-based compounds$vViAO-B
IC50 < 200 nM), we performed cellular cytotoxicity agsan differentiated neuroblastoma (SH-SY5Y)
cells and in colon adenocarcinoma (Caco-2) cel$-SI5Y and Caco-2 cells are commonly used to
evaluate the safety of drug candidates [23, 24]this study, SH-SY5Y cells were treated with a
differentiation-inducing agent to obtain cells moopogically similar to mature dopaminergic neurons
[25]. Considering that PD mainly affects dopamimergeurons [26], differentiated SH-SY5Y cells are a
suitablein vitro model to study the neurotoxicity of drug candidatéth potential application in PD [27].

Differentiated SH-SY5Y cells and Caco-2 cells wieraubated with two different concentrations
(10 and 50 uM) of compounds 7, 10, 15 and 16 for 24 h. Piperine (compourt) was also tested to
study the effect of the structural modification piperine scaffold on the cytotoxicity profile of
compounds. Cellular cytotoxicity was evaluated gdgime resazurin reduction assay, which estimates th
metabolic activity of viable cells [28], and theutl red (NR) uptake assay, which relies on the
lysosomal accumulation of the dye NR in living s€R9]. The results are presentedFigure 3 and

expressed as mean (% of control) £+ SEM of threepeddent experiments € 3).
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Figure 3. Cellular viability of differentiated SH-SY5Y cellsA(B) and Caco-2 cellsQ-D) after incubation with

piperine ) and compounds, 7, 10, 15 and16 at two different concentrations (10 uM and 50 ftf)24 h. Cellular

viability was evaluated by measuring metabokic dnd C) and lysosomal activitiesB(and D) using the resazurin
reduction assay and the neutral red uptake assapgectively. Statistical comparisons were perforrasihg the

parametric method of two-way ANOVA, followed by tBrinnett's multiple comparisons test. In all cagesalues

lower than 0.05 were considered significantp(¥x 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001 vs untreated
cells).

The results obtained show that the treatment éémdifitiated SH-SY5Y cells with compountls

7, 10, 15 and 16 did not markedly decrease the resazurin reduaticgthe NR uptake when compared to



control cells (% resazurin reduction and NR uptakee always > 85 %)gure 3A and3B). However,
treatment with compouné at the highest tested concentration (50 uM) ledigoificant reductions in
both resorufin fluorescence (79.7 + 2.1 86 0.0001,Figure 3A) and in NR uptake (59.4 + 6.5 %<
0.0001, Figure 3B). In addition, both cellular metabolic and lysowd activities in Caco-2 cells
(Figures 3C and 3D, respectively) were not markedly affected by tleatment with any of the tested
piperine derivatives.

Overall, the acquired data suggest that piperinévatéves 7, 10, 15 and 16 present a safe
cytotoxicity profile in both human-derived neuroftama and adenocarcinoma cells (% resazurin
reduction and NR uptake were always > 85 %).

2.3.2. Evaluation of intracellular oxidative stress

The toxicity of numerous xenobiotics may be linkedthe increased levels of oxidative stress,
which are largely related to the formation of réactspecies (RS) [30]. Therefore, we evaluated the
intracellular oxidative stress levels in differeéid SH-SY5Y cells. After exposing the cells togpipe
(compoundl) and compounds, 7, 10, 15 and16 at two different concentrations (10 and 50 uM) Zdr
h, the intracellular RS levels were measured u#iieg2’,7’-dichlorofluorescein diacetate (DCFH-DA)
method. The results are expressed as 2’,7’-dicfilayescein (DCF) fluorescence (% of control) + SEM

(n=3) and are depicted Figure 4.
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Figure 4. Evaluation of intracellular oxidative stress levilsdifferentiated SH-SY5Y cells evaluated by th€P
fluorescence assay, after treatment with pipercmmpoundl) and compounds$, 7, 10 and 15 and 16 at two
different concentrations (10 uM and 50 pM) for 24Results are expressed as DCF fluorescence (% trfotos
SEM (n = 3). Statistical comparisons were performed usiigparametric method of two-way ANOVA, followed b
the Dunnett’'s multiple comparisons test.

Among the tested piperine derivatives, only commabl0 led to a slight but significant increase
in DCF fluorescence (111.1 + 3.5 #< 0.5) when compared to non-treated cefigire 4). Given that
compoundl0 did not exhibit cytotoxicity at the tested concatibns Figures 3A and 3B), the results
obtained suggest that the slightly increased R8dedid not inflict oxidative damage in SH-SY5Y Isel

2.3.3. Evaluation of P-glycoprotein (P-gp) transport activity
The delivery of therapeutic agents into the braistrongly hampered by the blood-brain barrier
(BBB) [31]. In fact, more than 98 % of all smallugis are unable to cross the BBB [32]. An important



gatekeeper of the BBB is P-gp, an ATP-driven efftusmp localized in the luminal membrane of brain
capillary endothelial cells [33]. P-glycoproteirstécts the access of a large number of prescrilvads

to the central nervous system (CNS) and contribtdehe poor success rates of CNS drug candidates
[33].

Considering that P-gp is highly expressed in Cacel, this cellular model is widely used not
only to screen the P-gp-mediated transport of df@d} but also to evaluate the influence of newgdr
candidates in P-gp expression and/or activity B, In addition, Caco-2 cells are commonly use as
surrogateBBB model to study drug permeation [37-39].

We evaluated the P-gp modulatory activity of piper{compound) and compoundg, 10, 15
and16 in Caco-2 cells, using Rhodamine 123 (RHO 123} Bsgp substrate and zosuquidar as a specific
third-generation P-gp inhibitor [40]. Increased [P-activity enhances RHO 123 efflux, leading to a
decrease in the intracellular fluorescence intgngitder normal conditions (f4). Therefore, the RHO
123 accumulation ratio (RVFIna) will be higher than the control experiments (segplementary
information, Equation S3). On the other hand, lower P-gp activity is assted with higher K,, as a
result of the decreased RHO 123 efflux and congsgqgnerease of RHO 123 intracellular accumulation.
Thus, the Fh/FIya ratio will be lower than the control experimented supplementary information,
Equation S3).

The results presented Figure 5 show that compound), 15 and 16, at 10 puM, significantly
affected the intracellular accumulation of RHO 1B8ulting in significant differences in P-gp trpog
activity. On the other hand, piperine (compoundcand compound did not significantly change P-gp-
mediated RHO 123 efflux.

Compound10 significantly increased P-gp activity in a shartubation period, resulting in a
decreased RHO123 accumulation and, consequentdyhigher Fh/Flya ratio. Therefore, compouri
demonstrated potential for P-gp activation. Gives $hort incubation period with both the P-gp salbst
and the test compounds, the effect observed withpoaind10 did not reflect the potential contribution

of an increased protein expressidrig(ire 5).

140+
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Figure 5. Evaluation of P-gp activity by fluorescence spestapy in Caco-2 cells exposed to compouhds 10,
15 and 16 (10 uM) only during the incubation period with the flescent substrate (RHO 123ubl). Results are
presented as mean + SEM from at least three indepenexperiments, performed in triplicate. Statadti



comparisons were made using the parametric metficch@way ANOVA, followed by the Dunnett’'s multiple
comparisons test (***p < 0.0001 vs. control cells).

Piperine derivatived45 and 16, at 10 uM, significantly reduced RHO 123 efflux, uking in a
decreased Rl/Flya ratio that indicates mild P-gp inhibition. Togetheith the data obtained inMAO
inhibition studies, these findings show that commsil5 and 16 are potenthMAO-B inhibitors with
mild P-gp inhibitory activity.

Mild P-gp inhibition can be advantageous in combtiara therapy of PD. Since several
antiparkinsonian agents such as L-DOPA are P-gptsatbs [41], mild P-gp inhibition may decrease the
drug efflux at the BBB, improve the drug delivenyd the CNS and provide a longer symptomatic relief
[42].

2.4. Evaluation of drug-like properties

We studied drug-like properties of piperine and thest promisinghMAO-B inhibitors
(compound¥, 15 and16) to predict their ability to attain the CNS. Conopd 10 was excluded because
it presented a positive modulatory effect on Pfggure5).

First, we determined the chromatographic hydrophafiex logD at pH 7.4 (CHI logh), a
parameter used to assess the compounds’ hydrojtyopi8, 44]. Overall, the tested compounds
presented CHI logp, values between 2.4 and 3Bable 2). Compound¥, 15 and 16 displayed higher
CHI values than piperine. These results indicaténarease in lipophilicity with the replacementtbgé

piperidinyl ring by benzyl or phenethyl ester greup

Table 2. Retention timestg) obtained by LC/UV at pH 7.4 and calculated CHI &idl logD, , parameters of
compoundd, 7, 15 and16

Compound | g(min) | CHF | CHILogD,
1 10.61 73.45 2.39
7 12.46 102.14 3.90
15 12.11 96.73 3.61
16 12.37 100.75 3.82

& CHI values were calculated using the equation obthin the linear correlation (see supplementargrinfition,
Figure S1).
b CHI logD; swere back-calculated using the equation CHI logB (0.0525%CHI)-1.467.

Other physicochemical properties were also estithatbese included molecular weight (MW),
topological polar surface area (TPSA in A), numbkhydrogen acceptors (HBA), number of hydrogen
donors (HBD) and number of rotatable bonds (RB)e Vhlues obtained were in line with the reported
limits of CNS-active drugsTable 3). Another parameter used to assess the abilisyrablecule to cross
the BBB by passive diffusion is the logarithm oéthatio of the concentration of the compound in the
brain and in the blood (logBB). Compounds with I&B -1 have low distribution into the brain and
thus are unlikely to act as CNS drugs [45]. Piperdmd compoundg, 15 and 16 showed estimated
logBB values above —1 suggesting that they maybleeta cross the BBB and reach the CN@le 3).



Table 3. Predicted drug-like properties of piperine and compls?, 10, 15 and16.

Compound MW TPSA | HBA? | HBD? RB? logBB?

1 285.3 38.77 3 0 4 -0.185
7 308.3 44.76 4 0 6 0.059
15 333.3 68.55 5 0 6 -0.194
16 347.4 68.55 5 0 7 -0.175

CNS' drugs | <500% | <90l | <741 | <34 | <g* | >.143

2 Properties predicted using the Stardrop softwaré/: Mholecular weight; TPSA: topological polar sudaarea;
HBA: number of H-bond acceptor atoms; HBD: numbeHehond donor atoms; RB: number of rotatable bonds;
logBB: logarithm of the ratio of the concentrationaofirug in the brain and in the blood.

3. Conclusion

We successfully obtained a small library of piperiterivatives and explored their inhibitory
activities toward$iMAO-A and hMAO-B. Piperine and derivatives thereligplayed selectivaMAO-B
inhibition. SAR studies indicated that the presen€en a-cyano group increaseMAO-B inhibitory
properties and that ester derivatives were conasldgmore active towardsMAO-B than amides and
carboxylic acids. Concerning the lipophilic groupuind to the ester/amide function, benzyl derivative
were the most potetitVIAO-B inhibitors, followed by phenethyl and phermdrivatives. Remarkably, the
combination of am-cyano group with ester groups enhanb®BRO-B inhibition potency and selectivity,
leading to an up to 22-fold decreaséhbfAO-B ICy, values in comparison to pipering (Compounds,

7, 10, 15 and 16 were the most potetMAO-B inhibitors, with 1G, values within the nanomolar range.
Kinetic studies indicated that the piperine derixed operated via a competitive inhibition mechamign
general, piperine and compoundslO, 15 and16 presented safe cytotoxicity profiles in human-aedli
neuroblastoma and colon adenocarcinoma cells. Sdemiteases of RIFlya ratios associated with
increased intracellular RHO 123 accumulation in&2aells were also observed for compoub@isnd
16 at 10 pM, indicating a slight P-gp inhibition.

Compoundl5 stands out as a non-cytotoxic, potent and sekebMAO-B inhibitor (ICso = 47.4
nM, SI = 211) with small P-gp inhibitory activitynd suitable physicochemical properties for BBB
permeation. Therefore, compoui8 is a valid candidate for lead optimization. Instldontext, the
modification of the benzyl ester group or the betiarole ring can be looked as a valid strategyltaim
new molecules with improved efficacy and potencgn€§idering that PD and other neurodegenerative
diseases result from the interplay between mulfgathological mechanisms, compouttican also be

fused or merged with other neuroprotective agemtsbtain drug candidates with a polypharmacological

profile.
4. Experimental section
4.1. Synthesis of piperine derivatives

4.1.1. Synthesis of (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoic acid (2). Synthesis and

structural analysis were previously reported [21].



4.1.2. General procedurefor the synthesis of amides. Piperic acid2 or cyanopiperic aci® (1 mmol)
were dissolved in DMF and DIPEA (1.01 mmol). Theximie was cooled at 0 °C on an ice bath, and a
solution of PyBOP (1.01 mmol) in dichloromethanesvedowly added. The mixture was stirred for 30
min, and the appropriate amine (phenyl amine, beamyine or phenethyl amine) (1.01 mmol) was
added. The mixture was stirred overnight at roompierature. Purification conditions are described in

literature [21, 48]. In the cases that differemditions were used they were reported.

(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-N-phenylpenta-2,4-dienamide (3). Synthesis and structural
analysis were previously reportgzil].

(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-N-benzylpenta-2,4-dienamide (4). Synthesis and structural
analysis were previously reportgzil].

(2E 4E)-5-(benzo[d][1,3]dioxol-5-yI)-N-phenethylpenta-2,4-dienamide (5). 1=82 %. H NMR
(CDCly-dh): & (ppm) = 2.871( J = 6.9 Hz, 2H, NHCHCH,Ph), 3.62 ifh, 2H, NHCHCH,Ph), 5.54{ J =
5.4 Hz, 1H, NH), 5.84d, J = 14.9 Hz, 1H, W), 5.97 6 2H, OCHO), 6.65 @d, J = 11.0 Hz, 15.2 Hz,
1H, Hy), 6.76 (n, 2H, H5, 1B), 6.88 (id, J = 1.6 Hz, 8.1 Hz, 1H, H6), 6.9@,(J = 1.6 Hz, 1H, H2), 7.23
(m, 3H, H3, H4', H5), 7.33 (, 3H, H2', H6', H3). ®*C NMR (CDCk-dy): & (ppm) = 37.7
(NHCH,CH,Ph), 40.7 (NHCHCH,Ph), 101.3 (OCHD), 105.7 (C2), 108.5 (C5), 122.6d)C123.0 (C6),
124.6 (G), 126.5 (C4’), 128.7 (C2’, C6'), 128.8 (C3', C5730.9 (C1), 139.0 (& C1), 141.1 (@),

148.2 (C3), 148.3 (C4), 166.0 (CONH). EI/MS m/z (@21.2 (M*, 48), 201.1 (100), 143.1 (19), 115.1
(73), 96.1 (26).

(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-2-(piperidine-1-car bonyl)penta-2,4-dienenitrile (10). n=70 %.

'H NMR (DMSO-dg): & (ppm) = 1.541f, 4H, NCHCH,CH,), 1.65 fn, 2H, NCHCH,CH,), 4.00 (n, 4H,

NCH,CH,CH,), 6.10 §, 2H, OCHO), 6.98 ¢, J= 8.2 Hz, 1H, H5), 7.03d¢l, J = 11.4 Hz, 15.2 Hz, 1H,
Hy), 7.13 €id, J = 1.5 Hz, 8.1 Hz, 1H, H6), 7.34n( 2H, H2, 1), 7.55 €, J = 11.4 Hz, 1H, B). °C

NMR (DMSO<d): & (ppm) = 24.3 (NCHCH,CH,), 25.9 (NCHCH,CH, NCH,CH,CH,), 102.2

(OCH,0), 105.8 (@), 106.9 (C2), 109.2 (C5), 116.0 (CN), 121.7 (CB®5.2 (G), 130.0 (C1), 146.2
(C3), 148.7 (C3), 149.9 (C4), 152.0 % 162.3 (CON). EI/MS m/z (%): 310.1 (W, 88), 225.0 (81),
197.0 (65), 159.0 (40), 140.0 (100), 113.0 (30)(BY.




(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-2-cyano-N-phenylpenta-2,4-dienamide (11). The crude product
was purified by flash column chromatography (sikigd, dichloromethane) =44 %.*H NMR (DMSO-
do): 3 (ppm) = 6.12¢ 2H, OCHO), 7.01 ¢, J = 8.1 Hz, 1H, H5), 7.12n¢, 2H, Hy, H3), 7.22 (id, J= 1.6
Hz, 8.2 Hz, 1H, H6), 7.35n¢ 2H, H2, H4), 7.43 1, 2H, H3', H5’), 7.66 (0, 2H, H2’, HE'), 10.18 §
1H, NH). *C NMR (DMSO4g): & (ppm) =_102.3 (OCHD), 107.1 (@), 107.2 (C2), 109.3 (C5), 115.8
(CN), 121.0 (C2', C6'), 121.7 (C6), 124.6 (C4'),8.8 (Cy), 129.2 (C3’, C5’), 129.9 (C1), 138.8 (C1),
148.1 (&), 148.8 (C3), 150.3 (C4), 152.6 (K 160.8 (CONH). EI/MS m/z (%): 318.1 (W, 55), 226.1
(100), 196.0 (30), 159.0 (42), 140.0 (54).

(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-N-benzyl-2-cyanopenta-2,4-dienamide (12). The crude product
was purified by flash column chromatography (sikigd, dichloromethane) =64 %.'H NMR (DMSO-
de): & (ppm) = 4.39¢, J = 5.9 Hz, 2H, NHCHPh), 6.11 § 2H, OCHO), 6.99 ¢, J = 8.1 Hz, 1H, H5),
7.06 @d, J = 11.5 Hz, 15.2 Hz, 1H, ), 7.18 (ld, J = 1.6 Hz, 8.2 Hz, 1H, H6), 7.3In( 7H, H5, H2, H2",
H3', H4', H5', H6), 7.96 @, J = 11.1 Hz, 14.8 Hz, 1H, B). 5.86 (, J = 5.9 Hz, 1H, NH)*C NMR
(DMSO-dg): & (ppm) = 43.4 (NHChPh), 102.2 (OCHD), 106.1 (@), 107.1 (C2), 109.2 (C5), 116.0
(CN), 121.6 (C6), 125.6 (€, 127.4 (C4’), 127.8 (C2’, C6’), 128.8 (C3’, C5729.9 (C1), 139.5 (C1’),
147.7 (), 148.7 (C3), 150.1 (C4), 152.3R 161.5 (CONH). EI/MS m/z (%): 332.1 (¥, 100), 241.1
(65), 227.1 (54), 198.1 (32), 140.0 (61), 113.1)(99.0 (98), 65.1 (20).

(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-2-cyano-N-phenethylpenta-2,4-dienamide  (13). The crude
product was purified by flash column chromatografsilica gel, dichloromethane).= 87 %.'H NMR
(DMSO-dg): o (ppm) = 2.811fn, 2H, NHCHCH,Ph), 3.42 ¢t, J = 6.1 Hz, 7.6 Hz, 2H, NHC}CH,Ph),
6.11 6, 2H, OCHO), 7.00 ¢, J = 8.1 Hz, 1H, H5), 7.05d¢, J = 11.5 Hz, 15.2 Hz, 1H, ¥}, 7.19 @d, J =
1.6 Hz, 8.3 Hz, 1H, H6), 7.22n( 3H, H2, H4', ), 7.32 (m, 2H, H2’, HE"), 7.38 n, 2H, H3’, H5’), 7.90
(d, J = 11.5 Hz, 1H, 1), 8.36 (, J = 5.6 Hz, 1H, NH).*C NMR (DMSO4dy): & (ppm) = 36.2
(NHCH,CH,Ph), 42.5 (NHCHCH,Ph), 103.1 (OCHKD), 107.1 (@), 108.0 (C2), 110.1 (C5), 116.8 (CN),
122.5 (C6), 126.5 (@, 127.5 (C4’),_129.7 (C2’, C6), 130.0 (C3’, C5330.8 (C1), 140.6 (C1’), 148.4
(CPB), 149.6 (C3), 151.0 (C4), 152.43C162.1 (CONH). EI/MS m/z (%): 346.1 (W, 100), 241.1 (24),
226.1 (100), 196.0 (21), 159.0 (27), 140.0 (35).

4.1.3. General proceduresfor the synthesis of esters

4.1.3.1. Method A (Steglich esterification). To a stirred solution of piperic aci@d (1 mmol) in
dichloromethane, EDC.HCI (1.2 mmol) and DMAP (0.inat) were added. The mixture was stirred at
room temperature for 30 min. Then, the phenol (hrRol) was added and the resulting mixture was

stirred, protected from the light, overnight. Pigation conditions are described in literature [29].

Phenyl (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoate (6). Synthesis and structural analysis

were previously reportel@1].



Phenyl (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-2-cyanopenta-2,4-dienoate (14). n=66 %. 'H NMR
(CDCls-dy): & (ppm) = 6.06 ¢ 2H, OCHO), 6.86 (, J = 8.0 Hz, 1H, H5), 7.10df, J = 1.6 Hz, 8.2 Hz,
1H, H6), 7.15 ¢, J = 1.6 Hz, 1H, H2), 7.2Anf, 4H, Hy, H3, H2", HE'), 7.27 M, 1H, H4") 7.42 (n, 2H,
H3',H5", 8.11 @, J = 11.0 Hz, 1H, ). **C NMR (CDCk-d,): & (ppm) =_102.0 (OChD), 102.2 (@),
106.8 (C2), 108.9 (C5), 114.6 (CN), 121.3 (C6),.82C2’, C6’), 126.0 (§), 126.3 (C4"), 129.2 (C1),
129.6 (C3', C5), 148.8 (C1"), 149.8 & 150.4 (C3), 150.9 (C4), 157.1/K 161.3 (COO). EI/MS m/z

(%): 319.0 (M*, 16), 226.0 (100), 196.0 (25), 159.0 (38), 1469)(

Benzyl (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-2-cyanopenta-2,4-dienoate (15). 1 =50 %. *H NMR
(CDCls-dy): & (ppm) = 5.31¢ 2H, OCHPh), 6.03 ¢ 2H, OCHO), 6.84 ¢, J = 8.1 Hz, 1H, H5), 7.06
(dd, J = 1.6 Hz, 8.2 Hz, 1H, H6), 7.14n( 3H, Hy, H3, H2), 7.38 (, 5H, H2’, H3’, H4’, H5’, H6"), 7.99
(dd, J=10.9 Hz, 1H, 18). **C NMR (CDCk-d,): & (ppm) =.67.6 (OCHPh), 101.9 (OCKD), 102.9 (@),
106.7 (C2), 108.8 (C5), 114.7 (CN), 121.3 (C6), .62&), 128.2 (C2', C6’), 128.5 (C4’), 128.7 (C3,
C5'), 129.3 (C1), 135.1 (C1’), 148.7 (C3), 149.3)C150.7 (C4), 156.0 (€, 162.4 (COO). EI/MS m/z

(%): 333.1 (M, 19), 242.0 (29), 175.0 (25), 91.0 (100).

Phenethyl (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-2-cyanopenta-2,4-dienoate (16). n=51 %.'H NMR
(CDCls-dy): & (ppm) = 3.041( J = 7.0 Hz, 2H, OCKCH,Ph), 4.46 { J = 7.1 Hz, 2H, OCKCH,Ph), 6.04
(s, 2H, OCHO), 6.84 @, J = 8.0 Hz, 1H, H5), 7.11nf, 4H, H6, H2, 1, Hy), 7.15 (M, 3H, H2’, H4',
H6"), 7.33 (m, 2H, H3', H5), 7.92 @, J = 10.9 Hz, 1H, i). *C NMR (CDCk-d;): & (ppm) = 35.1
(OCH,CH,Ph), 66.6 (OCHCH,Ph), 101.9 (OCKD), 102.9 (@), 106.7 (C2), 108.8 (C5), 114.7 (CN),
121.3 (C6), 125.6 (), 126.8 (C4’), 128.6 (C2’, C6'), 129.1 (C3’, C5729.3 (C1), 137.3 (C1’), 148.7
(C3), 148.8 (6), 150.6 (C4), 155.7 (§), 162.5 (COO). EI/MS m/z (%): 347.1 (M 34), 243.1 (21),
198.1 (31), 140.0 (37), 105.1 (100).

4.1.3.2. Method B (bimolecular nucleophilic substitution). Piperic acid2 (1 mmol) was dissolved in
DMF and KCGO; (1.2 mmol) was added. The mixture was stirrecbatr temperature for 30 min. Then,
the appropriate alkyl bromide (benzyl bromide ob(@moethyl)benzene) (1.2 mmol) was added and the
mixture was stirred, protected from the light, 8t°€ for 8 h. Purification conditions are described
literature [21, 50].

Benzyl (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoate (7). Synthesis and structural analysis

were previously reportel@1].



Phenethy! (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoate (8). n =84 %.*H NMR (CDCk-d,):

3 (ppm) = 2.991 J = 7.1 Hz, 2H, OCKCH,Ph), 4.381, J = 7.1 Hz, 2H, OCKCH,Ph), 5.93 ¢, J= 15.3
Hz, 1H, Hx), 5.98 6, 2H, OCHO), 6.79 (id, J = 10.8 Hz, 15.5 Hz, 1H, ), 6.79 (, 2H, H5, H5), 6.91
(dd, J = 1.6 Hz, 8.2 Hz, 1H, H6), 6.99,(J = 1.6 Hz, 1H, H2), 7.23, 3H, H2", H4", H6), 7.32 fn, 2H,
H3', H5), 7.39 ¢d, J = 10.7 Hz, 15.2 Hz, 1H, B. *C NMR (CDCk-d,): & (ppm) = 35.2
(OCH,CH,Ph), 64.8 (QCHCH,Ph), 101.4 (OCHD), 105.9 (C2), 108.6 (C5), 120.2 () 123.0 (C6),
124.5 (G), 126.5 (C4’),_128.5 (C2’, C6’), 128.9 (C3’, C5730.6 (C1), 138.0 (C1’), 140.2 § 144.9

(CP), 148.3 (C3), 148.6 (C4), 167.0 (COO). EI/MS n#4)( 322.1 (M*, 65), 218.2 (17), 173.1 (100),
143.1 (38), 115.1 (94), 91.2 (20), 77.2 (19), €4.D).

4.1.4. Synthesis of (E)-3-(benzo[d][1,3]dioxol-5-yl)acrylate (18). Aldehydel7 (1 mmol) dissolved in
anhydrous pyridine. Then, mono-ethyl malonate (irbol) and piperidine (0.35 mmol) were added. The
mixture was heated until the maximum aldehyde comgion was observed by TLC. Once the reaction
was complete, the product was purified by columrootatography (silica gel, dichloromethan&he
procedure was adapted from Teixadtal. [51] with some modifications) = 91 %.*H NMR (CDChk-d,):

0 (ppm) = 1.331% J = 7.1 Hz, 3H, OCKCHs), 4.25 @, J = 7.1 Hz, 2H, OCHKCHj), 6.00 §, 2H, OCHO),
6.26 @, J=15.9 Hz, 1H, H), 6.81 ¢, J = 8.0 Hz, 1H, H5), 7.00dfl, J = 1.5 Hz, 8.1 Hz, 1H, H6), 7.03
(d, J = 1.7 Hz, 1H, H2), 7.59d( J = 15.9 Hz, 1H, i). °C NMR (CDCk-d,): & (ppm) = 14.4
(OCH,CHj3), 60.4 (OCHCH,), 101.5 (OCHO), 106.5 (C2), 108.5 (C5), 116.3d)c 124.4 (C6), 128.9

(C1), 144.3 (), 148.3 (C3), 149.6 (C4), 167.2 (COO). EI/MS n#)(220.2 (M*, 100), 175.1 (58),
117.0 (31), 89.0 (64), 63.1 (41).

4.1.5. Synthesis of (E)-3-(benzo[d][1,3]dioxol-5-yl)prop-2-en-1-ol (19). Cinnamic ested8 (1 mmol)
was dissolved in dry THF under argon atmospherecanted to —78 °C. Then, LiAIH(1.5 mmol) was
added, and the mixture was stirred for 5 h. Oneeréaction was complete, the unreacted LiAWhSs
quenched with methanol until gas evolution stoppad] water (60 mL) was added. The mixture was
neutralized with HCI 6 M, then extracted with dictdmethane (3x30 mL). The combined organic layer
was washed with brine (20 mL), dried over anhydreaeslium sulfate, filtered and concentrated.
Purification by flash column chromatography (silgl, dichloromethane) yielded the cinnamyl alcshol
19. The procedure was adapted from Jirasell. [52] with some modificationsy =43 %.'H NMR
(CDCls-dy): d (ppm) = 4.29dd, J = 0.9 Hz, 5.8 Hz, 2H, C}DH), 5.95 §, 2H, OCHO), 6.19 ¢, J=5.9

Hz, 15.8 Hz, 1H, ), 6.52 @, J = 15.8 Hz, 1H, ), 6.75 ¢, J = 8.0 Hz, 1H, H5), 6.81df, J = 1.6 Hz,
8.1 Hz, 1H, H6), 6.93d( J = 1.7 Hz, 1H, H2)*C NMR (CDCk-dy): 5 (ppm) =_63.8 (CHOH), 101.1
(OCH,0), 105.8 (C2), 108.3 (C5), 121.2 (C6), 126.%)C131.0 (), 131.2 (C1), 147.3 (C3), 148.0

(C4). EI/MS m/z (%): 178.2 (M, 80). 135.1 (100), 122.1 (42), 91.1 (24).



4.1.6. Synthesis of (E)-3-(benzo[d][1,3]dioxol-5-yl)acrylaldehyde (20). Cinnamyl alcohol19 (1
mmol) was dissolved in dichloromethane, and M@ mmol) was added. The mixture was stirred
overnight at room temperature. Then, the mixture ¥ilkered through celite to remove the Mnénd
washed with dichloromethane. The filtrate was cotreged and purified by flash column
chromatography (silica gel, dichloromethane). Thecpdure was adapted from Jirdgtlal. [52] with
some modificationsy =62 %.*H NMR (CDCk-d,): & (ppm) = 6.04 § 2H, OCHO), 6.56 ¢d, J = 7.7
Hz, 15.8 Hz, 1H, K), 6.86 (I, J = 8.5 Hz, 1H, H5), 7.07nf, 2H, H2, H6), 7.38d, J = 15.8 Hz, 1H, 1),
9.05 @, J = 7.7 Hz, 1H, CHO)**C NMR (CDCk-d,): & (ppm) =101.8 (OCKD), 106.8 (C2), 108.8 (C5),
125.3 (@), 126.9 (C6), 128.5 (C1), 148.6 (C3), 150.5 (AH2.5 (), 193.5 (CHO). EI/MS m/z (%):

176.1 (M, 100), 147.1 (67), 118.1 (48), 89.2 (88), 63.1)(B4.1 (20).

41.7. Synthesis of (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-2-cyanopenta-2,4-dienoic  acid  (9).
Aldehyde 20 (1 mmol) was dissolved in anhydrous pyridine. Theyanoacetic acid (1.5 mmol) and
piperidine (0.35 mmol) were added. The mixture Wweaated until the maximum aldehyde consumption
was observed by TLC. Upon completion, the reactioxture was acidified with HCI 6 M and the solid
formed was isolated by filtration under reducedsptee.The procedure was adapted from Teixeiral.

[51] with some modifications) = 87 %.*H NMR (DMSO-ds): 5 (ppm) = 6.12¢ 2H, OCHO), 7.01 ¢, J

= 8.0 Hz, 1H, H5), 7.08dd, J = 11.7 Hz, 15.0 Hz, 1H,H, 7.19 €d, J = 1.4 Hz, 8.1 Hz, 1H, H6), 7.41
(m, 1H, H2), 7.56 ¢, J = 15.1 Hz, 1H, W), 8.03 ¢, J = 11.6 Hz, 1H, 1), 13.6 ps, 1H, COQH)."*C
NMR (DMSO-dg): & (ppm) =_103.2 (OCKD), 104.3 (@), 108.1 (C2), 110.2 (C5), 116.6 (CN), 122.3
(C6), 127.2 (§), 130.7 (C1), 149.7 (C3), 150.8R); 151.4 (C4), 157.0 &}, 164.8 (COOH). EI/MS m/z

(%): 243.2 (M*, 27), 198.2 (34), 140.1 (100), 113.1 (24).

4.2 Enzymatic assays
4.2.1. Evaluation of human monoamine oxidase (hM AQ) inhibitory activity
The inhibitory activity of piperine and the derives thereof orhMAO-A and hMAO-B was

studied using an experimental protocol describsevetere [21, 22] (see supplementary information).

4.2.2. Evaluation of human monoamine oxidases kinetics and human monoamine oxidase-B-
inhibitor kinetics

To determine the steady-state kinetic paramet€gs Michaelis constant, and., maximum
velocity) of hMAO-A and hMAO-B, the enzymatic activity of both isoforms wstsidied in the presence
six different concentrations of kynuramine (see $¢ evaluate the mechanismiAO-B inhibition of
compounds 7, 10 and 15, substrate-dependent kinetic experiments were alsdformed (see

supplementary information).

4.3. I'n vitro toxicology
4.3.1. Cadllinesand culture conditions

Human SH-SY5Y neuroblastoma cells and human emthedlorectal adenocarcinoma (Caco-2)
cells were obtained from the American Type Cult@alection (ATCC, Manassas, VA, USA). Cell



cultures and SH-SY5Y cell differentiation were penfied as previously described by Fernanetes.

[53] and in supplementary information.

4.3.2. Evaluation of cytotoxicity profile

Stock solutions of the test compounds (100 mM) wkeshly prepared in DMSO. Final
concentrations of the test compounds were obtdyediluting into culture medium immediately before
use, giving a final maximum concentration of 0. D¥SO.

In cytotoxicity studies, differentiated SH-SY5Y Iselvere exposed to the test compounds (10
MM and 50 uM) for 24 h. Controls were treated withiture media containing 0.1 % DMSO. Cell
viability was estimated using two different methodssazurin reduction assay and NR uptake assa&y. Th
cytotoxicity end-points were performed as describedliterature [40, 53] and in supplementary

information.

4.3.3. Evaluation of intracellular oxidative stresslevels
The formation of intracellular RS was evaluatedngsthe 2’,7’-dichlorofluorescein (DCF)

fluorescence assay as previously described by deaReest al. [53] and in supplementary information.

4.3.4. Evaluation of P-glycoprotein (P-gp) transport activity
The effects of the tested compounds on P-gp trahsgtivity was evaluated using rhodamine
123 (RHO 123) as a P-gp fluorescent substrate ao-Qacells as previously described by Fernaretiak

[40] and in supplementary information.

4.4, Statistical analysis

Data analysis for all the studies are specifiesuipplementary information.

45, Evaluation of the chromatogr aphic hydrophobicity index

Chromatographic hydrophobicity index logD at pH {CHI logD;,) values were determined using an
experimental protocol described elsewhere [43, 6ffomatographic hydrophobicity index logD at pH
7.4 (CHI logD 4) values were determined using the retention tiofeamples and a mixture of standard
compounds. The data was acquired on a Shimadhip@dormance liquid chromatograph SPD-M20A
system (Shimadzu, Kyoto, Japan) with a Luna C1&)mn (Phenomenex, CA, USA) 150x4.6 mm, 5
pm. The mobile phase A was 10 mM ammonium acet@ltgien (pH 7.4), and mobile phase B was
acetonitrile. The following gradient program wagkgd: 1 mL/min flow, rt, injection volume 2QL,
gradient 0—-6 min 0-100 % B, 6-14 min 100% B, 14+#1i6 100-0 % B.

A calibration plot was obtained using a mixture tbé following compounds: paracetamol,
theophylline, caffeine, benzimidazole, colchicinatbamazepine, indole, propiophenone, butyrophenone
valerophenone, and heptanophenone (see supplemémfiamation, Figure S1 and Table S1). Stock
solutions of the test compounds (10 uM) were preegamn DMSO and diluted in acetonitrile/water (1:1)
to obtain a final concentration of 250 uM. CHI logDralues were calculated as previously described
[43, 54].



4.6. Estimation of drug-like properties

The calculation of molecular weight (MW), topologiqolar surface area (TPSA), nhumber of
hydrogen bond donors (HBD) and acceptors (HBA), lneinof rotatable bonds (RB) and logarithm of the
ratio of the concentration of a drug in the braimd an the blood (logBB) was performed using the

StarDrop software.
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