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Highlights
* We synthesized,2-dihydropyridine-2-oxo-3-carboxamide with mudttivity on ECS
* Some derivatives showed cytotoxic activity on Uaiphoblastoid cell

* Molecular docking on 3D structures of CBRs and ARH suggested their binding mode
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ABSTRACT

The endocannabinoid system (ECS) represents otie @hajor neuromodulatory systems involved
in different physiological and pathological processMulti-target compounds exert their activities
by acting via multiple mechanisms of action andespnt a promising pharmacological modulation
of the ECS. In this work we report 4-substituted drb-disubstituted 1,2-dihydro-2-oxo-pyridine-
3-carboxamide derivatives with a broad spectrunafbhity and functional activity towards both
cannabinoid receptors and additional effects onntlaén components of the ECS. In particular
compoundB3 showed high affinity for CB1RK| = 23.1 nM, partial agonist) and CB2R; = 6.9
nM, inverse agonist) and also significant inhibjtaactivity (ICso = 70 nM) on FAAH with
moderate inhibition of ABHD12 (I§g = 2.5 uM). CompoundsB4, B5 and B6 that act as full
agonists at CB1R and as partial agoni&S and B6) or antagonistB4) at CB2R, exhibited an
additional multi-target property by inhibiting ardamide uptake with sub-micromolarsiGralues
(0.28-0.62 uM). The best derivatives showed cytotoxic activity @837 lymphoblastoid cells.
Finally, molecular docking analysis carried outtbe three-dimensional structures of CB1R and
CB2R and of FAAH allowed to rationalize the struetactivity relationships of this series of

compounds.

Keywords: Endocannabinoid system; Cannabinoid tecep Polypharmacology;Molecular

docking; U251MG glioblastoma cell line; U937 lymyiastoid cells;



1. Introduction

The endocannabinoid system (ECS) consists of twprdein-coupled receptors, the type-1
(CB1R) and type-2 (CB2R) cannabinoid receptor, a@as<l of lipids mediators called
endocannabinoids (ECs) which are produced on-derfrand membrane phospholipid precursors
and several enzymes involved in the biosynthesisdmgradation of ECs. So far, the most well-
studied ECs ardl-arachidonoylethanolamine (anandamide, AEA), whéch member of the large
family of N-acylethanolamines (NAEs) and 2-arachidonoylglycé®AG) that belongs to the
monoacylglycerol family [1]. The biological actiigs of these lipid mediators are terminated upon
cellular re-uptake and subsequent metabolism. Thi® endocannabinoid degrading enzymes are
fatty acid amide hydrolase (FAAH) [2] for AEA andomoacylglycerol lipase (MAGL) [3] for 2-
AG. Two serine hydrolases,3-hydrolase domain-6 (ABHDG6) and,3-hydrolase domain-12
(ABHD12) were recently identified as complementasxG-degrading enzymes in the brain [4,5].

The ECS is involved in different physiological apdthological processes including cancer,
appetite, memory, neuropathic and inflammatory jpaiobesity, neuroprotection and
neurodegenerative diseases [6]. Numerous CB1R @®Rdigands have been developed and
tested in vitro and in vivo in the context of drdigcovery, but none of them reached an advanced
stage of clinical development due to central oigberal side effects that are mainly associated to
chronic activation or blocking of CB1R [7-9]. Alteative strategies to modulate the ECS are
focused on the increase of AEA and 2-AG levels rihyikiiting their enzymatic degradation thus
preserving the beneficial effects derived from diivect activation of cannabinoid receptors (CBRS)
by their endogenous ligands [10]. These effortsttethe generation of many potent and selective
inhibitors of the main enzymes involved in AEA a&d\G metabolism (FAAH, MAGL, ABHDS)
[11-13]. However in preclinical animal models, trepeated administrations of covalent MAGL

inhibitors rapidly induced CB1R desensitizatiorthe brain [14], while chronic ablation of FAAH



activity may be associated to potential side effemt the cardiovascular and metabolic system
[15,16].

Recent findings highlighted the emerging role afretarget of the ECS to control symptoms and
progression of several diseases [17,18]. Multigampmpounds exert pro-cannabinoid activities by
means of more than one mechanism of action [1%9ledd, it is reasonable to assume that the
simultaneous modulation of more targets within E@S may offer a safer and more effective
pharmacological strategy to tackle the complexitthe ECS [19]However, a proper evaluation of
the different multi-target approaches as compavetie¢ classic modulation of a single target needs
to be further investigated. Therefore, the develepnof different multi-target compounds could get
a foothold to better explore the polypharmacolodgytime ECS and to assess its potential
pharmacological advantages for the treatment émift pathologies.

Previously, in a research program aimed at obtgi@iB2R selective ligands [20-23], a series of
1,2-dihydro-2-oxo-pyridine-3-carboxamide derivasveiith general structurd, (Figure 1) was

developed [24,25].
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Figure 1. General structure of 1,2-dihydro-2-oxo-pyridine&@+moxamide derivative&, B andC.



These compounds showed a broad spectrum of affmitioth CB1R and CB2R. Furthermore,
the functional activity of this series is contrallby the presence of a substituent at the postioh
the 2-oxo-pyridine nucleus [25]. The significanfirafy and selectivity towards CB2R displayed by
some derivatives oA make this new scaffold useful as initial buildibpck for designing new
CB2R ligands. For this reason and to further ingast the structure-activity relationships (SAR)
of this series of compounds, in this study the ergcaffold A was modified by insertion of a
methyl group B1-B4, Figure 1) or an aryl moiety (compoun@4-C6, Figure 1) at the 4-position
of the 1,2-dihydro-2-oxo-pyridine ring to obtainsdbstituted or 4,5-disubstituted-1,2-dihydro-2-
oxo-pyridine-3-carboxamide derivatives (Table 1lheTnew compounds are characterized by the
presence of p-fluorobenzyl moiety at the N-1 position of the -Hihydro-2-oxo-pyridine ring (R1)
and aN-cycloheptyl carboxamide group at the 3-positioat tvere chosen on the basis of the best
results obtained with the previous series. Furtloeemthe substituent in the N-1 position was
shifted to the oxygen in position 2 of the hetemicynucleus B5 andB6, Table 1).

The new 1,2-dihydro-2-oxo-pyridine-3-carboxamideiiivesB andC were evaluated for their
binding affinities K; values) for both CB1R and CB2R. Subsequently, dbmpounds which
showed the most potent CBRs affinity values wess ahvestigated for their functional activity
using a {°S]JGTH/S assay. All the synthesized compounds were testeithe main targets of the
ECS (MAGL, FAAH, ABHDs and AEA cellular uptake). €lbest compounds were also tested for
their capability to inhibit viability of U251MG gbblastoma cell line and that of U937
lymphoblastoid cells. Finally, to rationalize theperimentally observed SAR, a molecular docking
analysis of the synthetized compounds was carugdhto the three-dimensional structure of CB1R

and CB2R and of FAAH.



2. Results and discussion

2.1 Chemistry

The synthesis of 1,2-dihydro-2-oxopyridine derivas B1-B4 and C1-C6 and 2-substituted
pyridinesB5 andB6 was accomplished as depicted in Schemes 1-4.pg&stesl in Scheme 1, 1,2-
dihydro-4-methyl-2-oxo-pyridine-3-carbonitrild)( synthesized as reported in literature [21] from
4,4-dimethoxyl-2-butanone with cyanoacetamide, tfwadrolyzed to the corresponding carboxylic
acid derivative2 by heating at 120 °C with 50%,80, (w/v). Treatment oR with concentrated
H,SO, in MeOH, carried out under microwave irradiation 190 °C for 50 minutes or under
conventional heating at 85 °C for 12 h, gave theesponding methyl est& The treatment 08
with cycloheptylamine under microwave irradiatidril80 °C for 30 minutes or under conventional
heating at 150 °C for 48 h provided the carboxandigievative4. Finally, compound! was treated
with CsF in anhydrous DMF and then wighfluorobenzyl chloride to afford the desirddt
alkylated derivativeB1 together to theO-substituted derivativB5, analogously to previously
reported for compoundsA [24,25]. The two structural isomers were purified by flash

chromatography.

Scheme 1. Synthesis of the 1,2-dihydro-4-methyl-2-oxo-pynelB1 and 2-substituted pyridirig5.
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Reagents and conditions: (i) NH,OAc, AcOH, toluene, 116 °C, 8 h; (ii) conc,$0,, 50 °C, 3 h;
(iii) 50% H,SQOy, 120 °C, 8 h; (iv) MeOH, conc.80,., MW, 110 °C, 50 min, (200 W, 100 psi) or
85 °C, 12 h; (v) cycloheptylamine, MW, 130 °C, 3dhn(140 W, 100 psi) or 150 °C, 48 h; (vi) 1)

CsF, dry DMF, rt, 1 h; 2p-fluorobenzyl chloride, rt, 12 h.

The synthesis of the 4,5-disubstituted derivatiB@sB4 and B6 was carried out starting from
compound4 (Scheme 2), which was treated with a solution minbne in CHC} affording the
corresponding 5-bromo derivative The desiredN-alkylated derivativeB2 was obtained by
treatment of5 with p-fluorobenzyl chloridevia a procedure similar to that previously used for
compoundB1. Also in this case, thé&-substituted derivativeB6 was obtained. The 5-aryl

derivativesB3 and B4 were obtained starting from the 5-bromo derivaB®2via a Suzuki cross-



coupling reaction with the suitable boronic acidgdry toluene by generating situ Pd(PPR), as

the catalyst and with anhydrous potassium carbamathe base, refluxing at 100 °C, for 12 h.

Scheme 2. Synthesis of 4-methyl-1,2-dihydro-2-oxo-pyridiB@-B4 and 2-substituted pyridirig6.
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fluorobenzyl chloride, rt, 12 h; (iii) 1) anhydroumluene, PPf Pd(OAc), rt, 15 min; 2) KCO;,

suitable arylboronic acid, 100 °C, 12 h.

Initially, the synthesis of 4-aryl substituted coropds C1-C6 (Table 1) was planned as
described in Scheme 3, starting from acetophenonep-methoxyacetophenone which by
Knoevenagel condensation with ethyl cyanoacetdtedsd the ethyl 2-cyano-3-arylbut-2-enoate
derivatives6 or 7 respectively [27]. The reaction of compour@lsr 7 with dimethylformamide-
dimethylacetal (DMF-DMA), at room temperature gdkie enaminonitrile8 and9, respectively
[27]. Finally, the cyclization of the enaminonies8 or 9 with p-flurobenzylamine, at 90 °C led to

the desired 3-cyano-2-pyridon&6 or 11 (see Supporting Information for experimental dsjai
10



Unfortunately, several attempts made to hydrolyme 3-cyano-2-pyridones to the corresponding

carboxylic acid derivatives have not been succéssfu

Scheme 3. Attempt for the synthesis of 4-aryl-1,2-dihydraRe-pyridine.
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Reagents and conditions: (i) TiCl,, pyridine, CHCI,, 0 °C to rt., 12 h; (ii) DMF-DMA, solvent-

R

free, 24 h; (iii)p-fluorobenzylamine, solvent-free, 90 °C, 2 h.

For this reason, we focused the attention on antgu®cedure to obtain the 2-pyridone scaffold
with an aromatic substituent in position 4 [28F described in Scheme HM-alkylation of the
commercial available 2-hydroxynicotinic acid wighfluorobenzyl bromide in presence of NaH,
followed by hydrolysis with 10% NaOH at reflux atfien acidification, afforded the carboxylic
acid derivativel2. The condensation reaction &2 with cycloheptylamine in presence of TBTU,
andN,N-diisopropylethyl amine (DIPEA), gave the desiregboxamide derivativé3. Compound

13 was treated with the proper Grignard’'s reagenteifghmagnesium bromide oip-

11



methoxyphenylmagnesium bromide) using copper(lidednd lithium bromide in dry THF, at -40
°C to obtain the 4-substituted 1,2-dihydro-2-oxoipynesC1l andC2. These compounds were then
treated with a solution of bromine in CHQb afford the desired compoun@3 and C4. To
obtained compoundS5 andC6, derivativesC3 andC4 were submitted to a Suzuki cross-coupling
reaction with the suitable arylboronic acid, in dojuene by generatinm situ Pd(PPB), as the

catalyst and with anhydrous potassium carbonatieealsase, refluxing at 100 °C.

Scheme 4. Synthesis of 4-aryl-1,2-dihydro-2-oxo-pyridiné%-C6.

C5: Rle,RzzH C3: Ri=H
Cé6: Rl =H. R2 = OCH3 . C4: Rl = OCH3

Reagents and conditions: (i) 1) NaH, p-fluorobenzyl bromide, dry DMF, 50 °C, 12 h; 2) 10%
NaOH, reflux, 100 °C, 4 h; (i) 1) anhydrous DMF,IHEA, TBTU, 0 °C, 30 min, 2)

cycloheptylamine, 0 °C to rt, 12 h; (ii) Cul, LiBrphenylmagnesium bromide op-

12



methoxyphenylmagnesium bromide, THF, -40 °C, 6i\); Br,, CHCL, rt, 12 h; (v) 1) anhydrous

toluene, PP§) Pd(OAc), rt, 15 min; 2) KCO;, suitable arylboronic acid, 100 °C, 12 h.

2.2. Biological evaluation

2.2.1 CB1R and CB2R affinity

The binding affinitiesK; values) of target compounds were evaluated in etitnge radioligand

displacement assays again$t]CP-55,940 using membrane preparations obtaindwirse from

stable transfected CHBEB; and CHORCB: cells. The results are summarized in Table 1.

Table 1. Data of 1,2-dihydro-2-oxopyridine- and pyridine-&oxamide derivativeB1-B6 and

C1-C6.2
O a0
| H | H
=
N (6] N (o]
B1-B4, c1-csKQ\ BS, BGK©\
F F
K; value (mean + SD, ICao (Mean + SDyM)
nM)
Cmpd R1 R2 CBIR  CB2R FaaH  MAG  agpups ABHDL - AEA
L 2 uptake
B1 H CH, 11.7+36 59+15| 88426  >10 >10 >10  1.8%0.
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B2

B3

B4

C1

C2

C3

C4

C5

C6

B5

B6

Br CH, 23+16 35%46)| 23=x09 >10 >10 21+12 093+0.33
phenyl CH, 231+42 69+38 | 0.07+£0.06 >10 >10 2511 n.d.
p-OCH,pheny! CH, 30.7+95 7.9+21 | 13+11 >10 >10 >10  0.28+0.17
H Phenyl >10000 187 + 65 >10 >10 >10 >10 >10
H p-OCH,phenyl |  >10000 >10000 >10 >10 >10 >10 >10
Br Phenyl >10000 437 +117 >10 >10 3.0+0.5 >10 >10
Br p-OCH,phenyl| >10000 >10000 >10 >10 >10 >10 >10

phenyl Phenyl >10000 >10000 >10 >10 >10 >10 >10
p-OCH,phenyl Phenyl >10000 >10000 >10 >10 >10 >10 >10
H CH, 131426  46.3+19.7 >10 >10 >10 >10 0.58+£0.19
Br CH, 113+63 606 + 305 >10 >10 0.53+0.21 >10 0.62120

®Results are expressed as mean + SD calculated dtdemast 3 experiments each performed in
triplicate.

The results reported in Table 1 indicate that tiwedme-3-carboxamide derivatived1-B6, C1
andC3, showed nanomolar or submicromolar binding aff#sito CB2R and/or CB1R, unlike their
analogsC2 and C4-C6. Generally, all ligands tend to show higher affinfor CB2R, with a
selectivity factor in the range of 2 to 54. Thihaeior is in agreement with that previously repdrte
for A derivatives [24,25]. The only exceptions were BAeromo-4-methyl-derivativeB2 andB6
that showed &;(CB1R)K;(CB2R) ratio of 0.65 and 0.18, respectivel)-\WIN55,212 was used as
positive control for both CB1R and CB2R binding exments and showed, value of 2.5 £ 0.9
nM for CB1R and 1.6 = 0.5 nM for CB2R.

The compound® possess a broad spectrum of affinibyvards both CBR subtypes, wit
values ranging from 2.3 nMB@) to 131 nM B5) for CB1R and from 3.5 nMB2) to 606 nM B6)
for CB2R. The results showed that the insertioa sfnall substituent, like the methyl group at the

4-position of the 1,2-dihydro-2-oxo-pyridine ringofnpoundsB1-B4), does not alter the binding

14



properties at both CBRs as also shown by the pusvieported 5-monosubstitutédderivatives
[25]. Indeed, these compounds generally shotGedalues in the low nanomolar range (Table 1).
On the contrary, the insertion of bulkier substiiige like a phenyl or @-methoxyphenyl group
(C1-C6), led to a significant decrease of the affinitywéwds both CBR subtypes independently of
the type of substituent at position 5 of the pyredcore. Moreover, when the substituent at the 1-
position was shifted to the oxygen at the 2-positibthe pyridine ring (compouri8s andB6), the
binding affinity for both CBRs decreased by a fac0 for the 4-methyl-2-substituted derivative
B5 as compared to the corresponding 1-substitutegpoandB1, and by a factor 50 for CB1R and
200 for CB2R in the case of 5-bromo-4-methyl-2-¢iled derivativeB6, as compared to the 5-
bromo-4-methyl-1-substituted derivatia2 (Table 1) These data are in agreement with the results
previously reported on the binding affinity of tltsemical scaffold [24,25].

Altogether, the results obtained for these new cmmgs suggest that either the type or the
position of the substituent on the pyridine ringyph key role for the binding interactions to the

cannabinoid receptors.

2.2.2. CB1R and CB2R functional activity

Compounds that showed the best results in terninding properties on CBRs were tested for
their functional activity, using the’l8]GTP/S assay. The results are summarized in Table 2 and
showed that the new compounds work as full ago@sSB1R, with the exception &3 which
behaved as partial agonist. Compouids B2, B5 and B6 behaved as partial agonist at CB2R,
compoundC3 as full agonist, compound&3 andC1 acted as inverse agonists and compdsrhds
an antagonist. These data indicate that while dinebination of substituents in positions 4 and 5 do
not modify the agonist behavior at CB1R, they hampacts on CB2R activation. In agreement
with what we previously observed with a series afréubstituted 1,2-dihydro-2-oxo-pyridine-3-

carboxamides, the type of substituent in positiofiRd) dictates the functional behavior at CB2R

15



generating agonism, antagonism and inverse agof#8in The presence of a methyl group in
position 4 (R2) combined with a bulky substituenposition 5 leads to antagonisB¥j or inverse
agonism B3) at CB2R. The increase of the substituent sizpasition 5 in combination with a
phenyl group in position 4 led to a significantdad CB2R binding activity (HK; = 187 nM; BrK;

= 437 nM; phenyl ang-methoxyphenylK; > 10 uM). Interestingly, while the unsubstituted 4-
phenyl-derivative €C1) behaved as an inverse agonist, the 5-bromo-4ypheerivative C3)
showed an opposite effect, thus behaving as CBRRdonist (Table 2). These results suggest that
the nature of the substituent in position 5 ofgligdine ring is responsible for the functional sk

in accordance to what was previously reported [2B§ that the combination with the substituents
in position 4 can also play a role in determining &ctivity of the ligand at CB2R.

CB2R pharmacology is quite versatile and both agerand inverse agonists showed beneficial
effectsin vitro andin vivo [29,30]. CB2Rs have a relatively high ligand-indiegent (constitutive)
activation which makes certain classic receptoagumists/inverse agonists (e.g. AM630) behaving
as agonists and vice versa (e.g. AM1241) depenatinthe conditions [31,32]. Furthermore, many
of the CB2R ligands, including the endocannabindieé and 2-AG behave as functional selective
(biased) ligands at CB2R, thus activating onlyaersignaling pathways, while being inactive or
even hindering other pathways [33]. In our experite@ve measured the recruitment of G-proteins
([**S]GTR/S assay) as functional assay and compd@®endB4 behaved as inverse agonist and
antagonist at CB2R, respectively. Additional stads@éould be performed to fully characterize the
receptor pharmacological profile of this new serads4-substituted and 4,5-disubstituted-1,2-
dihydro-2-oxo-pyridine-3-carboxamide derivativeddanay highlight different behaviors at other

CB1R- and CB2R-mediated signaling pathways (e.¢4EAroductionf-arrestin, ion channels).

16



Table 2. Summary of functional activity JS]GTR/S assay) of compoun@®i-6 andC1-6 at
CB1R and CB2R. Data are express as mean * SDnebtdrom at least three experiments

performed in triplicate.

B1-B4, c1-r:.6\“u/“

134,

e

L m K
LL7T T
|

/\\ R, O

/,
o]
o
o
[=1]

e
F

CB1R CB2R
EC, value Emax EC, value Emax
Crmpd Rl R2 (mean + SD) (% of control) | (mean = SD) (% of control)
227 + 56 128 +31
CH
B1 H 5 69 +15nM (Full Ago) 1.9+25nM (Part Ago)
198 +35 134 + 28
CH
B2 Br 5 1.4+1.5nM (Full Ago) 1.1+1.8nM (Part Ago)
131 +42 39+15
CH
B3 phenyl X 287£440M oo agoy | 12%100M (Inv Ago)
205 + 26 99+6
-OCH_phenyl CH
I e | PRI R Ago) nc. (Antago)
n.d. n.d. 134 +35
¢l H Phenyl 501£1430M  ooi
C2 H p-OCH,phenyl n.d. n.d. n.d. n.d.
n.d. n.d. 176 £31
C3 Br Phenyl 316 + 96 nM (Full Ago)
C4 Br p-OCH,phenyl n.d. n.d. n.d. n.d.
c5 phenyl Phenyi n.d. n.d. n.d. n.d.
C6 p-OCH,phenyl Phenyl n.d. n.d. n.d. n.d.
218 + 28 127 +25
CH
% " s [ 229502M muage) | 3120 (part ago)

17



193 + 30 125 + 28

CH
Be Br : 182:510M LR | es7x183nM o RS
212 +33 196 + 21
CP55940 . . 55:39 M ZO0 S | s5x30 M ia
SR1 - - 36 +12 nM (Iﬁz i;g) n.d. n.d.
AM630 ] ] n.d, n.d. torempmy | 3512
(Inv Ago)

%In brackets the behavior on CB1R and CB2R is regoftom the {°S]GTR/S assay: Part Ago:
partial agonist; Full Ago: full agonist; Inv Agonverse agonist; Antago: antagonist. n.d.: not
determined; n.c.: not calculated.

2.2.3. Polypharmacology in the ECS.

In order to further characterize the pharmacoldigghese new compounds, we tested their effects
on the main components of the ECS. Our resultstifiemh interesting polypharmacological
properties among the tested compounds. g-feaorobenzyl N-1 substituted derivatives bearing a
methyl group in position 4B(1-B4) inhibited the main AEA hydrolytic enzyme fattyid@amide
hydrolase (FAAH) (Table 1), with increasing poteagcin correlation with the presence of a bulkier
substituent in position 5. Indeed, while the unsitlted 4-methyl-deriativativ81 inhibited FAAH
with an 1G; value of 8.8uM, the 4-methyl-5-phenyl derivatii®3 blocked AEA hydrolysis with an
ICs50 value of 70 nM (see Fig. 2). The 4-methyl derivesi where the-fluorobenzyl group was
shifted to the oxygen in position 2 of the hetemicynucleus B5 andB6) were completely inactive
on FAAH (ICso> 10uM) (Table 1).

In our small compound library, the potency of 1liBydro-2-oxo-pyridine-3-carboxamides to
inhibit FAAH was associated with the combined preseof a methyl group in position 4, a bulky
substituent in position 5, and thdluorobenzyl group in the N-1 position of the H¢ydro-2-oxo-

pyridine ring (Table 1, Fig. 2).
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Figure 2. Impact of the substituent in position 5 to thegoaty for FAAH inhibition.

None of the compounds showed significant effectthenrmain 2-AG hydrolytic enzyme MAGL,
while B2, B3, B6, and C3 exhibited a moderate low micromolar inhibition tble minor 2-AG
hydrolytic enzymes ABDH6 and ABHD12. Compou@® selectively inhibited ABHD6 without
affecting ABHD12, whileB2 andB3 inhibited ABHD12 without exerting any effects orBAD6
up to 10uM. The 4-methyl-5-bromo derivatii@6 resulted the most potent ABHD6 inhibitor §C
value of 530 nM). Interestingly, its anal®@® bearing thep-fluorobenzyl substituent at the N-1
position of the 1,2-dihydro-2-oxo-pyridine ring wasactive up to 1QuM. The unsubstituted 4-
methyl derivative®1 andB5 were both inactive. Altogether, these data sugtpastl,2-dihydro-2-
oxo-pyridine-3-carboxamides are versatile moleculésat can selectively inhibit the
endocannabinoid degrading enzymes FAAH, ABHD6 aBHR12. Finally, we also investigated

the effects of our compounds on the inhibition &AAcellular uptake. Compoundgl, B2 andB4
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inhibited AEA uptake with a moderate potency. Nbtwedtss, due to their significant activity as
FAAH inhibitors, a partial FAAH-dependent contrimut in AEA uptake inhibition cannot be ruled
out. Indeed, due to the tight interplay between HAWhibition and AEA uptake [34-36], it is
impossible to undoubtedly differentiate between FAdependent and FAAH-independent AEA
uptake inhibition in our assay format. Thereforee Wwave not tested the most potent FAAH
inhibitor B3 for AEA uptake. However, compoun@&® andB6 showed sub-micromolar potencies
in inhibiting AEA cell uptake without affecting FAA up to 10uM, thus representing potential
selective AEA uptake inhibitors as compared to FAAH

Altogether, our results show that the 1,2-dihydfox®-pyridine-3-carboxamide is a flexible
scaffold that can be further exploited to desigrtrtarget compounds in the ECS. Interestingly,
the combinations of substituents that generate CBiReds also lead to the interaction with
endocannabinoid degrading enzymes and/or AEA qeHdke. In agreement, compounds that were
inactive at CBRs did not exhibit any effect on tiker targets (Table 1,2). Our results thus suggest
that the combination of a bulky substituent in giosi 4 with any substituent in position 5 have
detrimental effects for the interactions with EQ8tpins measured here. The presence of a methyl
group in position 4 generated potent CB2R ligandsrly selective over CB1R, which also
inhibited FAAH (Table 1 and Fig. 3). This type adlppharmacology was recently reported for a
class of functionalized beta-caryophyllene derixedi[37]. Interestingly, the presence of a bromine
atom or phenyl group in position 5 led to the matieinhibition of ABHD12 which was selective
over the other 2-AG hydrolytic enzymes ABHD6 and GIA (Table 1 and Fig. 3). This
combination of pharmacological effedtsvivo could lead to an increase of AEA levels combined
with a mild and cell-specific augmentation of 2-AGncentrations, which was shown to avoid
CBI1R tolerance in brain [36,38,39]. Other multigietr properties were shown by the 5-bromo-4-
phenyl derivativeC3, which behaved as moderately potent CB2R agonistABidD6 inhibitor

(Table 1,2). Interestingly, compouri8s and B6 bearing thep-fluorobenzyl on the oxygen in
20



position 2 of the heterocyclic nucleus rather tharthe N-1 of the 1,2-dihydro-2-oxo-pyridine ring
exhibited two additional multi-target propertiesey®nd the moderate interaction with CB1R and
CB2R, B5 inhibited AEA uptake with a sub-micromolars{3ralue without affecting FAAH up to
10 uM, similarly to compoundB6. The latter showed also a selective inhibitioABHD6 without
affecting the other degrading enzymes up touM (Table 1, Fig. 3). The correspondiri
substituted compound&l andB2 inhibited AEA uptake and FAAH with similar potersi Despite
the small number of compounds tested, our dataestidgat the shift of thp-fluorobenzyl group
from nitrogen to the oxygen in position 2 of thednecyclic ring generates relatively potent AEA

uptake inhibitors which are at least 20-times ns@lective over FAAH.
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Figure 3. Summary of the most interesting polypharmacologgperties observed with 1,2-

ABHD12
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dihydro-2-oxo-pyridine-3-carboxamides.

Overall, our study showed that the introductioracdmall substituent as methyl in position 4 of
the 1,2-dihydro-2-oxo-pyridine ring does not sigrahtly affect the binding affinity and functional
behavior at CB2R of 1,2-dihydro-2-oxo-pyridine-3Hoaxamides as compared to the unsubstituted
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analogs [25]. However, the new molecules exhibiteshexpected and interestingly
polypharmacology effects on endocannabinoid deggaenzymes and AEA cell uptake, suggesting

interesting SAR properties of this scaffold whiaed to be further investigated (Fig. 3).

2.2.4. Céll viability assay

The 4-methyl derivativeB1-B6, that showed the best results in terms of bindirgperties on
both CB1R and CB2R were tested to assess whetbehiberved activity on CBRs, would result
into their different biological behavior. The sdige CB2R inverse agonist 4-phenyl substituted
compound C1 and the CB2R neutral antagonist N-Cycloheptyl-5-(4-methdxgpyl)-1-(4-
fluorobenzyl)-pyridin-2(1H)-on-3-carboxamid®1C21) previously reported by us [25] were also
assessed. First, we tested the compounds for dtagability to inhibit viability of U251MG
glioblastoma cell line, which mainly expresses CH2B], and that of U937 lymphoblastoid cells
where, on the contrary, CB2R is predominantly espee [41]. To this end, U251MG and U937
cells were incubated with the compounds. After d8rk, the viable cell number was determined by
MTT assay. Overall, the results showed that exmodor the compounds in a 0.6-40 uM
concentration range led to a significant reductiothe number of viable U937 cells (Fig. 4, lower
panel) but not of U251 cells for which a certainrgase in cell proliferation was instead detected
(Fig. 4, upper panel) in responseBa, B2, B5 andB6 treatment. As U937 cells exhibited CB2R
but not CB1R, these results suggest that even thoug different extent, the cytotoxic activity of

all tested compounds was mediated through the di2Rot CB1R.
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B1-B6 and C1 on cellular viability of human GBM (U251MG) and

Figure 4. Effect of MC21

human lymphoblastoid U937 cells. U251MG cells @ppanel) and U937 cells (lower panel) were

cultured for 48h in the presence of the indicatedcentrations (0—-4Q@M) of the individual

before the assessment of MTT assayltiRase expressed as means = SD of five

substances,

independent experiments performed in triplicate r@pdrted as percentage vs. the untreated control

Then, the collected data were analyzed for staditsignificance using ANOVA followed by

**P<0.01 and **P<0.001 vs.

Bonferroni correction for multiple comparisons. (BNA *P<0.05

control).

We recently reported the new concept of CB1R betmpas a modulator both of cell proliferation

and immune escape in glioma [42]. In particulag tse of the CB1R inverse agonist SR141761
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suggested that CB1R blockage mediates both arpeviiferative action and an immunomodulatory
capacity, in terms of up-regulation of immunogesignals on glioma cell surface [42]. Taking all
these in account, we asked whether the residuaRC&itivity of tested compounds might induce
the expression of the NKG2D ligand MICA/B on thefage of U251MG glioma cells. Indeed,
while the anti-proliferative action is related toBTR-blocking, we cannot exclude that the
immunogenic potential might be related at leagparnt to CB1R activation. So, by FACS analysis
we monitored the cell surface expression of the RHRGigand MICA/B on untreated and
compounds treated U251 glioma cells after 24 hnotibation to exclude that the possibility of
observed effects were linked to the stress of dgelts. We specifically found that the incubation
with CB1R agonist82, B4 andB6, resulted in a significant up-regulation of MICA&pression
on U251 cells in terms of Mean Fluorescence Intgn®iFl) (Fig. 5). These results could help
clarifying some aspects of the effects shown bgeheew ECS modulators, which may be able to
exert both cytostatic effects through CB2R and imagenic activity mainly through CB1R

modulation.
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Cell surface expression of MICA/B on U251MG glioma cells
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Figure 5. Effect of MC21, B1-B6 andC1 on cell surface expression of MICA/B on U251 gleom
cells. Representative example for cytofluorimetistogram profiles of MICA/B protein levels at
the U251 cell surface of control (black long dash ldnes) or cells treated with compound for 24 h
(empty grey profiles) (upper panel). The mean #scence intensity (MFI) of U251 positive cells
for MICA/B was calculated based on 3 independepeerents. Bar graphs report mean values +
SD (lower panel). Then, the collected data werdyard for statistical significance using ANOVA
followed by Bonferroni correction for multiple compsons (ANOVA, (*P < 0.05, ***P < 0.001

compared with untreated cells).
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2.3. Insilico ADME profiling

In order to get a preliminary picture of the compdsi ADME profile, some of the most relevant
physicochemical properties were predicted for thestnactive ligands. For instance, the software
QikProp from Schrodinger suite [43] was used tacwale the octanol/water partition coefficient
(expressed as logP), which is commonly used asdicator of molecular lipophilicity, the aqueous
solubility (expressed as logS) and the apparenngability of the ligands through Caco-2 and
MDCK (Madin-Darby canine kidney) cells, which arensidered to be a good mimic of the gut-
blood barrier and the blood-brain barrier, respetyi [44]. Such properties are reported in Table 3,
together with the Lipinski and Jorgensen rulesatiohs.

As expected, all ligands showed high values of Jag#l low values of logS, which are both in
agreement with the substantial lipophilic charactethe compounds that can be deduced by their
chemical structure. Accordingly, very high permdégbito both Caco-2 and MDCK cells was
calculated for all ligands. Compoumgl was unsurprisingly predicted to be the most selwdid
the least lipophilic of the series, bearing onljmethyl group and a hydrogen in position 4 and 5 of
the oxopyridine core, respectively. InterestinglgmpoundB5, which is a structural isomer &f1,
presented similar values of logP and logS but &drigpermeability. The presence of a bromine
atom in position 5 of the core determines an irseddipophilicity and a decreased solubility8a
andB6, with respect to their non-brominated analogBésandB5. Interestingly, the presence of
the bromine substituent seems to confer a partiladast to the MDCK apparent permeability of
B2 andB6 and this is a highly desirable effect considetiihgt the two ligands showed the best
activity in inducing the expression of MICA/B oretBurface of U251MG glioma cells. Compounds
B3 andB4, where the 4-methyl group was replaced by an atioreabstituent, showed the highest
lipophilicity and the lowest solubility values. Qadl, the physicochemical properties predicted for
the compounds should be suitable for the activitghe ligands on the central nervous system.

However, although all compounds have logP valuabenrange of 95% of known drugs, a lower
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lipophilicity would be desirable for a good bioakaility and a low toxicity risk. In fact, all ligeds

but B1 violated a Lipinski rule, having a logP value hegithan 5. Moreover, derivatives with
higher water solubility would be required in ordeerform in vivo studies on this series of
compounds. Indeed, five ligandB2-B4, B6 andC1), violated a Jorgensen rule, presenting a logS
value lower than -5.7, whilB3, B4 andC1 showed solubility values that fall outside thegarof
95% of known drugs (-6.5 < logS < 0.5). Based as¢hconsiderations, the series of compounds
could be expanded introducing derivatives bearimyemhydrophilic substituents, such as the
morpholine ring of the recently reported CB2 ligandl5 [45], with the aim of improving ADME

profile and developing better candidates for irowstudies.

Table 3. Predicted lipophilicity (logP), water solubilityo@S), Caco-2 and MDCK cell apparent

permeability, as well as rules violation of compdsB1-B6 andC1.

Cmpd logP logS CAL2 MDCK _RoF* : ROTb
(nm/s) (nm/s) violations  violations
Bl 4.7 -5.6 2664.5 2573.3 0 0
B2 5.2 -6.4 2677.4 6182.6 1 1
B3 6.3 -7.5 2727.3 2638.9 1 1
B4 6.3 -7.6 2723.2 26345 1 1
B5 51 -5.4 4379.0 4281.1 1 0
B6 5.6 -6.1 4304.2 9848.6 1 1
C1 6.0 -6.7 3140.9 3073.9 1 1

3 ipinski rule of Five,”Jorgensen rule of Three.

2.4. Molecular Modeling Sudies
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To rationalize the structure-activity relationshf®ARs) experimentally observed, a molecular
docking analysis of the synthetized compounds vaased out into the three-dimensional structure
of CB1R and CB2R.

Recently, the crystal structure of CB1R in compleith the antagonist AM6538 has been
determined (PDB code: 5TGZ) [46]. To date, the CB2RBtype has not been crystallized yet. Thus,
a homology model of this target has been develdyeaasing CB1R structure as template, since the
two receptors are endowed with a good sequencéasityi(44% of amino acid sequence identity).
Starting from the alignment shown in Figure S1 (&uping information), an initial model of CB2R
was created and subjected to a simulated annegttgcol by means of the software Modeller
[47]. The model was inserted into a membrane bilayel water environment and subjected to 100
ns of MD simulation with AMBER14 [48]. Before thénaulation, geometry optimization of the
CB2R model has been performed with a position camgtof 10 kcal/(mdh) applied to the
proteina carbons, employing a total of 20'000 steps of gneninimization. The same analysis was
applied to the CB1R-AM6538 complex in order to slate the procedure. The synthesized
compounds were docked using AUTODOCK 4.2 into tBdR and CB2R. For each ligand, a total
of 200 different docking poses were generated &ustared with an RMSD threshold of 2.0 A. For
each compound, the top-scored pose was considagrae 6A shows the docking results obtained
for compoundB2 into the CB1R and CB2R binding sites. Among adl tompounds of this series,
compoundB2 revealed the highest CB1R and CB2R affinity. In @#&1LR model the compound is
localized between the transmembrane domain (TM3,Z and 7 and shows a large number of
lipophilic interactions. The-fluorobenzyl substituent is directed towards theacellular side of
the receptor and interacts with V196 and L387 wherde cycloheptyl group is inserted into a
lipophilic cleft mainly delimited by T197, F268, WQ, W356, L359 and M363. Finally, the 5-
bromo-4-methyl-2-oxopyridine central core of thelewolle shows additional lipophilic interactions

with F102, M103, F268 and F379. The analysis ofdbeking results into the CB2R highlights that
28



this compound shows the same binding mode andaime snteraction present in the CB1R (see

Figure 6B). This result is in agreement with thalgsis of the non-conserved residues around the
compound. By applying a threshold of 4 A aroundhiggothesized binding disposition B2, there

are only three non-conserved residues and theiationt does not affect the interactions of the

compound, as the CB1R G166, L193 and S199 are eldanghe CB2R with A83, 1110 and T116,

respectively (see Figure S1).
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Figure 6. Top-scored poses of compoud docked into CB2R (A) and CB1R (B).

As shown in Figure S2, the replacement of the Srmme atom with a bulkier group such as the
phenyl ring as for compourid3, does not determine important modifications in biheding mode
of the compound into both receptors as the phenglfulfils the binding site cavity near the TM1,
2, 7 region (see Figure S2). The higher affinity @B2R with respect to CB1R showed by this

compound (3-fold selectivity) could be probably doethe interaction of the phenyl ring with the
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F94 residue in the CB2R that is far away from tlmding site in the CB1R. Differently, the
substitution of the 4-methyl with a bulkier groupch as the phenyl ring of compour@s,
determines the total loss of affinity for both rptes. As shown in Figure S3, this substitution
prevents, into both receptors, the maintenancéebinding disposition showed by the other two
active compounds and this finding could be the aeagf the low affinity of compoundC3.
Compound®1-B4 differ only for the R1 substitution and among thBfis the most active against
CB1R. With respect t®1, the bromine atom dB2 shows positive lipophilic interactions with the
receptor, whereas its substitution with the phemgdp-OCHsphenyl fragment (compound3 and
B4) determines a slight decrease of activity probatilye to the larger dimension of these
substituents and the fact that they are directe@itds the water exposed region of the binding site
cavity. In CB2R, the presence of F94 near the TRI1Y region of the binding site limits the
exposure to the solvent; this may explain why tiffer@nt R1 substituents iB1-B4 have a smaller
impact in the affinity of the ligands for CB2R. Cparing the disposition d3 to that predicted for
B2 andB3 it is possible to underline that the ligand leattes lipophilic cleft in the TM3, 5, 6
region and moves towards the TM1, 2, 7 region.

CompoundB3 also shows a nanomolar inhibition activity agaifR&AH. The docking results for
this compound suggest that thpefluorobenzyl interacts with the catalytic S241 asdows
lipophilic interactions with M191 (Figure 7). Thgatoheptyl ring is directed towards the entrance
of the binding site and does not show importargraxttions, whereas the 5-phenyl ring appears to
have an important role as it is inserted in a Ilpbp cleft delimited by F192, L380, F381 and F388.
The replacement of the 4-methyl with a phenyl groepermines the total loss of activity of the
compound; as shown in Figure 7 the binding siteoregurrounding the 4-methyl group B8, is
very small and cannot allow the presence of a bulkubstituent. The docking analysis ©%
clearly supports this hypothesis: as shown in Edsd, this compound is not able to interact with

the catalytic S241 and occupies a binding sitetgaampletely different from that occupied Bg.
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Figure 7. Top-scored pose of compouB@& docked into FAAH.

3. Conclusion

The ECS represents one of the major neuromodulagystems involved in different
physiological and pathological processes and thegeit is a promising drug target. However,
despite several attempts to pharmacologically madduhe main components of this system have
been performed, the results obtained in pre-clinasal clinical settings were not completely
satisfying in terms of safety or efficacy. Alterivat pharmacological approaches have been
explored with the aim of modulating two or more gmments of the ECS [49-51]. The present
study describes a series of new 4-substituted gbdlidubstituted-1,2-dihydro-2-oxo-pyridine-3-
carboxamide derivatives that showed a broad spactfuaffinity and functional activityowards
both CBRs and interesting effects on the other @aomapts of the ECS. In particular, the
combination of a methyl group in position 4, a bulkubstituent in position 5 and the
fluorobenzyl group in the N-1 position of the 1,Pyliro-2-oxo-pyridine ring B3 and B4

derivatives) determine a high affinity for both C8Rnd high potency to inhibit the main AEA
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hydrolytic enzyme, fatty acid amide hydrolase (FAAHurthermore, in one casB4 derivative),
these activities were associated to moderate lowramolar inhibition of the minor 2-AG
hydrolytic enzymes and ABHD12. Interestingly, tlienpounds that bear tipefluorobenzyl on the
oxygen in position 2 of the heterocyclic nucleB% @ndB6), beyond the moderate interaction with
both CBRs, showed to inhibit AEA uptake with a suleromolar IGy value without affecting
FAAH activity up to 10uM and one of themB6 derivative) displayed also a selective inhibitain
ABHDG.

Moreover, the 4-methyl derivativé®l, B2, B5 andB6 that showed the best results in terms of
binding properties and agonist/partial agonist beltaon both CBRs displayed a significant
reduction of U937 cell viability where CB2R is pogdinantly expressed, but not of U251 cells,
which mainly express CB1R. Furthermore, the CB1R dgonistsB2, B4 and B6 showed a
significant up-regulation of MICA/B expression on28&l cells. These results indicated the
polyhedral effects of these compounds, which carteboth cytostatic effects through CB2R and
immunogenic activity mainly through CB1R modulation

Altogether, this new series of 4-substituted artdisubstituted-1,2-dihydro-2-oxo-pyridine-3-
carboxamide derivatives present diverse and intriggmulti-target profiles in the ECS, despite the
limited number of compounds that have been asse$beiscaffold may represent a useful starting
point to generate more derivatives in order tohfertexplore the different multi-target approaches
and assess their potential pharmacological advastagd disadvantages as compared to the single
target approach. Moreover, novel chemical probatsdliferentially target this complex network of

lipid pathways may be useful to better understambeannabinoid function.

4. Experimental
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4.1. Chemistry

Commercially available reagents were purchased f&agma Aldrich or Alfa Aesar and used
without purification.'H NMR and**C NMR were recorded at 400 and 100 MHz respectj\aiya
Bruker AVANCE I[II™ 400 spectrometer. Chemical sh{f}) are reported in parts per million
related to the residual solvent signal, while cowyplconstants (J) are expressed in Hertz (Hz).
Microwave-assisted reactions were run in a Bidtagécrowave synthesizer. All final compounds
were analyzed by HPLC, showing a purt¥5%. A Bechman HPLC instrument equipped with a
System Gold Solvent Delivery module (Pumps) 125t&y Gold UV/VIS Detector 166, Detector
set to 278 nm, was employed. Analyses were perfdrme a reverse phase C18 column
(Phenomenex 250 x 4.6 mm, 5 mm patrticle size, Ggnlihe mobile phase was constituted by a
mixture of HO/AcOH (0.1% v/v) (eluent A) and ACN (eluent B).gkadient starting from 50% of
B, changing to 100% of B over 20 min., and retugnia the initial conditions over 10 min., was
used for compounds The flow rate was 1.0 ml/mirga@rc solutions were dried over anhydrous
NaSO,. Evaporation was carried out in vacuo using atirggaevaporator. Silica gel flash
chromatography was performed using silica gel 6(0440-0.063 mm; MERK). Reactions was
monitored by TLC on Merck aluminium silica gel (6@54) plates that were visualized under a UV
lamp QA = 254 nm). Melting points were determined on a Kiofhot-stage apparatus and are

uncorrected.

4.1.1. 2-Hydroxy-3-cyano-4-methylpyridine (1)

A mixture of 4,4-dimethoxyl-2-butanone (2.0 g, 1%.hmol), cyanoacetamide (1.6 g, 18.92
mmol), ammonium acetate (79.3 mg, 1.03 mmol), ecstid (0.6 mL) in anhydrous toluene (12.4
mL) was refluxed under stirring for 8 h, removirige tproduced water by Dean-Stark apparatus.

When this step was finished, the reaction mixtuis vevaporated under reduced pressure, the
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residual oil was cooled to room temperature andH=@0 mL) was added under stirring at 25 °C.
After that, HSO, 50% (2.6 mL) was added slowly and the mixture waated at 50 °C under
stirring for 3 h. The reaction mixture was then ledoto 5 °C, and water (1.3 mL) was added
slowly. The obtained brown solid was purified bystallization in EtOH to obtain 2-hydroxy-3-
cyano-4-methylpyridind. (0.900 g, yield: 45%); mp: 233-236 °&4-NMR (400 MHz, DMSO):3
12.58 (bs, 1H, NH), 8.04 (d,= 7.4 Hz, 1H, H6 Py), 6.24 (d,= 7.4 Hz, 1H, H5 Py), 2.31 (s, 3H,

CHy).

4.1.2. 4-Methyl-1,2-dihydro-2-oxo-pyridine-3-carboxylic acid (2)

4-methylpyridinel (1.0 g, 7.46 mmol) was heated in30; 50% (1.4 mL) at 120 °C for 8 h.
After that, the reaction mixture was cooled at raemperature and few drops of water were added
at 0 °C. The formed precipitate was filtengbler vacuum, washed with water and dried to afford
compound?2 (0.740 g, yield: 65%) as white solid which wasduséthout purification."H-NMR
(400 MHz, DMS0):5 13.33 (bs, 1H, COOH), 11.88 (bs, 1H, NH), 8.30)(d,7.6 Hz, 1H, H6 Py),

6.57 (d,J = 7.6 Hz, 1H, H5 Py), 2.41 (s, 3H, GH

4.1.3 Methyl 4-methyl-1,2-dihydro-2-oxo-pyridine-3-carboxylate (3)

A solution of 4-methyl-1,2-dihydro-2-oxo-pyridine€arboxylic acid2 (0.120 g, 0.78 mmol) in
MeOH (0.5 mL) and concentratedb$0D, (0.2 mL) was refluxed at 85 °C for 12 h or heatec
microwave reactor at 100° C for 50 minutes (pow@08 W, pressure = 100 psi). After cooling to
room temperature, the mixture was treated withdshigCOs until pH = 7-8 and extracted with
CH.CI,. The organic layer was dried over anhydrous3{, filtered and evaporated under reduced
pressure to giv8 (83.3 mg, yield: 80%) as a white solftH--NMR: (CDCL) & 8.20 (d,J = 7.6 Hz,

1H, H6 Py), 6.28 (dJ = 7.6 Hz, 1H, H5 Py), 3.90 (s, 3H, COOgH.48 (s, 3H, CH).
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4.1.4. N-Cycloheptyl-1,2-dihydr 0-4-Methyl-2-oxo-pyridine-3-carboxamide (4)

The 1,2-dihydro-2-oxo-pyridin8 (0.187 g, 1.13 mmol) was suspended in cyclohepthiyle (0.5
mL, 3.67 mmol) and heated at 150° C for 48 h oa microwave reactor at 130° C for 30 minutes
(power = 140 W, pressure = 100 psi). After cooliagoom temperature, the reaction mixture was
kept in an ice-water bath and treated with 10% @il pH = 1-2. The precipitated solid was
collected by filtration, washed with water and drignder vacuum to afford the pure amidé (80.0
mg, yield: 31%) as a white solitH-NMR (400 MHz, CDCJ): & 12.96 (bs, 1H, NH Py), 9.63 (bd,
1H, CONH), 8.55 (dJ = 7.6 Hz, 1H, H6 Py), 6.36 (d,= 7.6 Hz, 1H, H5 Py), 4.25-4.23 (m, 1H,

NCH), 2,45 (s, 3H, CkJ, 1.51-1.98 (m, 12H, cycloheptyl).

4.1.5. General procedure for the synthesis of Nj-substituted B1, B2 and O-substituted B5, B6

pyridine-3-carboxamide derivatives

Cesium fluoride (0.30 mmol) was added to a solutibthe 3-carboxamide derivativieor 5 (0.3
mmol) in anhydrous DMF (0.9 mL). After 1 psfluorobenzyl chloride (0.90 mmol) was added, and
the resulting mixture was left under stirring at Z5 for 12 h. After cooling to room temperature,
the reaction mixture was concentrated under redymedsure, treated with water, and then
extracted with dichloromethane. The organic layaswried over anhydrous MO, filtered, and

evaporated under reduced pressure to give a regidich was purified by flash chromatography.

4.1.5.1. N-cycloheptyl-1,2-dihydro-1-(4-fluorobenzyl)-4-methyl -2-oxo-pyridine-3-carboxamide (B1)
and N-cycloheptyl-2-(4-fluor obenzyl oxy)-4-methyl -pyridine-3-carboxamide (B5)

Purified by flash column chromatography on silieh @etroleum ether/ethyl acetate from 8:2 to
5:5). B1: yield 53%.'*H NMR (400 MHz, CDCY): § 9.72 (bd, 1H, CONH), 8.45 (d,= 7.6 Hz, 1H,

H6 Py), 7.11-6.99 (m, 4H, Ar), 6.30 (@= 7.6 Hz, 1H, H5 Py), 5.35 (s, 2H, N-GH4.14-4.11 (m,
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1H, N-CH), 2.35 (s, 3H, C#), 1.48-2.03 (m, 12H, cyclohepty°C-NMR (100 MHz, CDCJ): &
162.50 (d,J = 245.0 Hz), 163.44, 163.07, 150.59, 143.35, 1B{d4J = 3.2 Hz), 128.29 (d] = 8.4
Hz), 119.36, 116.28 (d] = 22.1 Hz), 108.38, 50.72, 47.40, 35.27, 28.445@421.42. HPLC
analysis: retention time =11.94 min; peak area7®3(280 nm)B5: vyield: 30%.'"H NMR (CDCk)

$ 8.39 (d,J = 8.0 Hz, 1H, H6 Py), 7.90 (bd, 1H, CONH), 7.48Z (m, 2H, Ar), 7.13-7.07 (m, 2H,
Ar), 6.90 (d,J = 8.0 Hz, 1H, H5 Py), 5.43 (s, 2H, O-@H4.17-4.08 (m, 1H, N-CH), 2.50 (s, 3H,
CHs), 1.85-1.34 (m, 12H, cyclohepty)’C NMR (100 MHz, CDGJ): § 163.00 (dJ = 246.0 Hz),
162.79, 159.49, 159.44, 142.06, 132.48, 130.89 &8.4 Hz), 117.49, 115.77 (d,= 22.1 Hz),
113.53, 68.19, 50.07, 34.85, 28.39, 24.24, 23.83.Eanalysis: retention time = 12.10 min; peak

area, 99.15% (280 nm).

4.15.2. 5-Bromo-N-cycloheptyl-1,2-di hydr o-1-(4-fluor obenzyl )-4-methyl - 2-oxo-pyridine-3-
carboxamide (B2) and 5-bromo-N-cycloheptyl-2-(4-fluorobenzyl oxy)-4-methyl-pyridine-3-
carboxamide (B6)

Purified by flash column chromatography on silie (petroleum ether/ethyl acetate 9:BY:
yield 32%.'H NMR (400 MHz, CDCJ): 5 9.61 (bd, 1H, CONH), 8.66 (s, 1H, H6 Py), 7.03L37.
(m, 4H, Ar), 5.43 (s, 2H, N-C}), 4.11-4.17 (m, 1H, N-CH), 2.53 (s, 3H, H1.51-2.05 (m, 12H,
cycloheptyl).**C NMR (100 MHz, CDGJ): & 162.45 (d,J = 245.0 Hz), 162.17, 161.52, 148.43,
146.63, 130.82 (d) = 2.8 Hz), 128.13 (dj = 8.4 Hz), 120.21, 116.26 (d,= 22.1 Hz), 101.97,
50.70, 48.81, 35.01, 28.25, 24.32, 20.93. HPLC ymml retention time = 11.53 min; peak area,
98.5% (280 nm)B6: yield 41%.'H NMR (400 MHz, CDCJ): 5 8.57 (s, 1H, H6 Py), 7.81 (bd, 1H,
CONH), 7.49-7.43 (m, 2H, Ar), 7.14-7.08 (m, 2H, AB)42 (s, 2H, O-Ch), 4.17-4.09 (m, 1H, N-
CH), 2.61 (s, 3H, CH), 1.86-1.37 (m, 12H, cyclohepty’C NMR (100 MHz, CDGJ): § 163.03

(d, J = 246.0 Hz), 161.36, 158.01, 157.60, 144.82, IB{HJ = 3.2 Hz), 130.85 (d] = 9.0 Hz),
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115.81 (dJ = 21.9 Hz), 115.53, 113.55, 68.67, 50.16, 34. 832, 24.57, 23.75. HPLC analysis:
retention time = 11.89 min; peak area, 99.0% (280.n

4.1.6. General procedure for the preparation of 5-bromo-3-carboxamide derivatives 5, C3 and C4.

To a solution of the suitable 1,2-dihydro-2-oxoigyre-3-carboxamide4( C1 or C2) (1.78
mmol) in CHC} (3.0 mL) was added dropwise a solution of bromi@d mL, 1.78 mmol) in
CHCI; (1.8 mL) and the mixture was left under stirriig@m temperature for 12 h. The reaction
mixture was then treated with an agueous solutiosodium bisulfate and extracted with CHCI
The organic layer was washed with water, dried audnydrous Ng&O, and evaporated under
reduced pressure. The obtained residue was tethnatth high boiling point petroleum ether to

afford the pure desired compound.

4.1.6.1. 5-Bromo-N-cycl oheptyl-1,2-dihydr 0-4-methyl-2-oxo-pyridine-3-carboxamide (5)
Yield 99 %.'"H NMR (400 MHz, CDGC},): 8 13.40 (bs, 1H, NH Py), 9.45 (bd, 1H, CONH), 8.65

(s, 1H, H6 Py), 4.21-4.18 (m, 1H, NCH), 2.53 (s, 8HH;), 1.88-1.57 (m, 12H, cycloheptyl).

4.1.6.2. 5-Bromo-N-cycloheptyl-1,2-di hydr o-1-(4-fluor obenzyl )-2-oxo-4-phenyl -pyridine-3-
carboxamide (C3)

Yield 63%."H NMR (400 MHz, CDCJ) § 7.60 (s, 1H, H6 Py), 7.43-7.37 (m, 5H, Ar), 7.249
(m, 2H), 7.12-7.06 (m, 2H), 6.75 (bd, 1H, CONH)5(s, 2H, NCH), 3.90-3.87 (m, 1H, NCH),
1.36-1.74 (m, 12H, cyclohepty)>*C NMR (100 MHz, CDGJ): § 162.99 (d,) = 245.0 Hz), 162.75,
159.80, 152.98, 137.65, 137.44, 131.07)¢&; 3.2 Hz), 130.73 (d) = 8.4 Hz), 128.74, 128.17,
127.88, 127.41, 116.27 (d~= 21.0 Hz), 102.06, 52.10, 50.49, 34.75, 28.15024HPLC analysis:

retention time = 11.46 min; peak area, 97.8% (280.n
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4.1.6.3. 5-Bromo-N-cycloheptyl-1,2-dihydr o-1-(4-fluor obenzyl )-4-(4-methoxyphenyl ) - 2-oxo-
pyridine-3-carboxamide (C4)

Yield 95%.*H NMR: (400 MHz, CDCJ) § 7.59 (s, 1H, H6 Py), 7.40-7.36 (m, 2H, Ar), 7.185
(m, 2H, Ar), 7.10-7.06 (m, 2H, Ar), 6.93-6.91 (H,2Ar), 6.55 (bd, 1H, CONH), 5.11 (s, 2H, N-
CH,), 3.95-3.92 (m, 1H, NCH), 3.81 (s, 3H, O§H1.80-1.21 (m, 12H, cycloheptyf’C NMR
(100 MHz, CDC}): & 163.23, 160.03, 159.70, 152.59, 137.60, 131.1D,723(d,J = 8.4 Hz),
129.51, 129.42, 128.50, 127.63, 116.25J(d,22.1 Hz), 113.66, 102.57, 55.36, 52.03, 50.807/ B,

28.19, 24.06. HPLC analysis: retention time = 11186; peak area, 98.5% (280 nm).

4.1.7. General procedure for the synthesis of 5-substituted 3-carboxamide derivatives B3, B4, C5

and C6

A mixture of PPh (67.8 mg, 0.26 mmol) and Pd(OAq)L1.7 mg, 0.049 mmol) in 1.7 mL of
anhydrous toluene was stirred at room temperataoderunitrogen flux. After 15 minutes, the 5-
bromo derivativeB2 for B3 andB4, or C3 for C5 andC6 (75.0 mg, 0.17 mmol), anhydrous®0O;
(0.26 mmol) and suitable arylboronic acid (0.34 myme@re added to the mixture. The reaction was
heated at 100 °C under stirring for 12 h. Afterlogpto room temperature, the reaction mixture
was treated with water and extracted with,CH The combined organic layers were washed with
brine, dried over anhydrous P8O, and evaporated under reduced pressure. The eesids

purified by flash chromatography.

4.1.7.1. N-Cycloheptyl-1,2-dihydr o- 1-(4-fluor obenzyl )-4-methyl -2-oxo-5-phenyl-pyridine-3-
carboxamide (B3)
Purified by flash chromatography on silica gel (pktum ether/ ethyl acetate 7:3). Yield 96%.

'H NMR (400 MHz, CDCJ): & 9.82 (bd, 1H, CONH), 8.51 (s, 1H, H6 Py), 7.4227(8, 3H, Ar),
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7.23-7.20 (m, 2H, Ar), 7.16-7.12 (m, 2H, Ar), 7.004 (m, 2H, Ar), 5.46 (s, 2H, N-GH 4.14-
4.11 (m, 1H, N-CH), 2.30 (s, 3H, GH 2.02-1.52 (m, 12H, cycloheptyl}°C NMR (100 MHz,
CDCly): 5 162.31 (d,) = 245.0 Hz), 162.73, 162.60, 147.45, 145.20, 188181.37 (dJ = 4.0 Hz),
129.73, 128.76, 128.08 (d,= 8.4 Hz), 127.82, 122.07, 118.65, 116.12)& 21.8 Hz), 50.54,
47.88, 35.08, 28.26, 24.33, 18.69.HPLC analysienten time = 12.01 min; peak area, 98.7%

(280 nm).

4.1.7.2. N-Cycloheptyl-1,2-dihydr o-1-(4-fluor obenzyl )-5-(4-methoxyphenyl )-4-methyl - 2-oxo-
pyridine-3-carboxamide (B4)

Purified by column chromatography on silica gelt{pleum ether/ethyl acetate 8:2). Yield 54%.
'H-NMR (400 MHz, CDC},): § 9.80 (bd, 1H, CONH), 8.50 (s, 1H, H6 Py). 7.3616(f, 8H, Ar),
5.48 (s, 2H, N-Ch), 4.18-4.14 (m, 1H, N-CH), 3.84 (s, 3H, OgQH2.30 (s, 3H, Ch) 2.05-1.43 (m,
12H, cycloheptyl)}*C NMR (100 MHz, CDG): § 162.73, 159.23, 147.08, 145.60, 141.30, 131.20,
130.88, 130.00, 129.50, 128.04 (ds 8.4 Hz), 116.36 (d) = 22.1 Hz), 114.73, 116.15, 114.16,
55.47, 50.90, 35.10, 28.29, 24.35, 23.00, 18.73.GiBnalysis: retention time = 11.89 min; peak

area, 97.9% (280 nm).

4.1.7.3. N-Cycloheptyl-1,2-dihydro-4,5-diphenyl-1-(4-fluor obenzyl)-2-oxo-pyridine-3-carboxamide
(C5)

Purified by column chromatography on silica gehygtacetate/petroleum ether 7:3). Yield 91%.
'H NMR (400 MHz, CDCJ): § 7.44-7.40 (m, 2H, Ar), 7.34 (s, 1H, H6 Py), 7.2047(m, 10H, Ar),
6.85-6.82 (m, 2H, Ar), 6.39 (bd, 1H, CONH), 5.19 28, N-CH,), 3.94-3.88 (m, 1H, NH-CH),
1.74-1.17 (m, 12H, cyclohepty)>*C NMR (100 MHz, CDGJ): § 164.29, 162.81 (d] = 246.0 Hz),

160.09, 151.82, 136.69, 136.63, 136.28, 131.90,723(d,J = 3.2 Hz), 130.66 (dJ = 8.4 Hz),
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129.71, 128.70, 128.13, 127.91, 127.15, 126.85,2622116.06 (dJ = 21.0 Hz), 52.00, 50.40,

34.76, 28.18, 24.03. HPLC analysis: retention il .88 min; peak area, 97.8% (280 nm).

4.1.7.4. N-Cycloheptyl-1,2-dihydr o-1-(4-fluor obenzyl )-5-(4-methoxyphenyl )-2-oxo-4-phenyl -
pyridine-3-carboxamide (C6)

Purified by by column chromatography on silica ¢gthyl acetate/petroleum ether 6:4). Yield
70%.'H NMR (400 MHz, CDCJ): § 7.46-7.41 (m, 2H, Ar), 7.31 (s, 1H, H6 Py), 7.239(m, 3H,
Ar), 7.11-7-06 (m, 4H, Ar), 6.78-6.75 (m, 2H, AB.,71-6.66 (m, 2H, Ar), 6.43 (bd, 1H, CONH),
5.18 (s, 2H, N-Ch), 3.92-3.89 (m, 1H, N-CH), 3.75 (s, 3H, OQH1.72-1.12 (m, 12H,
cycloheptyl).**C NMR (100 MHz, CDGJ): & 162.82, 162.37, 162.30 (d,= 244.0 Hz), 158.64,
150.22, 145.97, 133.58, 132.64 {d+ 4.1 Hz), 130.93, 130.01, 129.95, 129.54, 128d/38 = 8.4
Hz), 128.60, 122.11, 120.65, 115.66 Jd+ 22.1 Hz), 113.69, 55.40, 50.81, 49.40, 35.284428

24.55. HPLC analysis: retention time = 11.85 meglparea, 98.4% (280 nm).

4.1.8. 1,2-dihydro-1-(4-fluor obenzyl)-2-oxo-pyridine-3-carboxylic acid (12)

Commercial available 2-hydroxynicotinic acid (1.51.78 mmol) was dissolved in anhydrous
DMF (20.0 mL) and then NaH (650.0 mg, 27.08 mmo§svslowly added. After 1 h at room
temperaturep-fluorobenzyl chloride (1.5 mL, 12.52 mmol) was addnd the reaction mixture was
heated under stirring at 50 °C for 12 h. After @aglto room temperature, the reaction mixture was
evaporated under reduced pressure affording a wsblié that was treated with a solution of 10%
NaOH (20.0 mL) and heated at reflux for 4 h. THamixture was cooled at room temperature and
acidified with concentrated HCI until pH = 1-2. Tlebtained solid was filterednder vacuum,
washed with water and dried to afford pure compal®(R.6 g, yield: 96%)*H NMR (400 MHz,
DMSO): § 12.02 (bs, 1H, COOH), 8.42-8.47 (m, 2H, , H4 arl ) 7.22-7.50 (m, 4H, ArH),

6.83-6.80 (M, 1H, H5 Py), 5.34 (s, 2H, N-gH
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4.1.9. N-Cycloheptyl-1,2-dihydro-1-(4-fluor obenzyl)-2-oxo-pyridine-3-carboxamide (13)

To a solution of the 1,2-dihydropyridine-3-carbagycid12 (3.40 g, 13.76 mmol) in anhydrous
DMF (40.0 mL) were added DIPEA (7.2 mL, 41.28 mmeotd TBTU (4.40 g, 13.76 mmol) at 0 °C
and under nitrogen flux. The reaction mixture wdsrexli at 0 °C for 30 minutes. Then
cycloheptylamine (1.8 mL, 13.76 mmol) was adde@ &€, and the reaction mixture was stirred at
room temperature for 12 h. After evaporation of Hudvent under reduced pressure, the crude
residue was purified by flash column chromatographysilica gel using ethyl acetate/petroleum
ether (6:4) as eluent, to obtain the amid€3.30 g, yield 71%) as a brown diH NMR (400 MHz,
CDCls,): 6 9.73 (bd, 1H, CONH), 8.53 (m, 1H, H4 Py), 7.4847(fn, Hz, 1H, H6 Py), 7.03-7.29
(m, 4H, Ar), 6.42-6.39 (m, 1H, H5 Py), 5.18 (s, ZBH,), 4.15-4.12 (m, 1H, NCH ), 1.53-2.02 (m,

12H, cycloheptyl).

4.1.10. General procedure for the synthesis of 4-aryl-1,2-dihydro-2-oxo-pyridine-3-carboxamides

Cland C2

To a solution ofN-Cycloheptyl-carboxamidd3 (3.86 mmol) in anhydrous THF (28.2 mL),
copper(l) iodide (0.75 mmol) and lithium bromide.7® mmol) were added under nitrogen
atmosphere. The solution was cooled to -40 °C &edsuitable arylmagnesium bromide (6.18
mmol) was added dropwise. The reaction mixture stissed at -40 °C for 6 h, warmed up to room
temperature and then a 20% solution of ammoniuraricd (19.0 mL) and diethyl ether (24 mL)
were added. The organic phase was separated andatbe layer was extracted two times with
diethyl ether (2 x 24 mL). The organic layers weotlected and washed with 20% solution of

ammonium chloride (45 mL), water (45 mL), with &48olution of hydrochloric acid (2 x 45 mL),
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water (45 mL) and finally with brine. Afterwardsettorganic layer was dried over anhydrous

NaSOy, evaporatedinder vacuum and purified by flash chromatography.

4.1.10.1..  N-Cycloheptyl-1,2-dihydro-1-(4-fluorobenzyl)-2-oxo-4-phenyl -pyridine-3-carboxamide
(C1).

Purified by column chromatography on silica gelléme/ethyl acetate 3:7). Yield 92%H
NMR (400 MHz, CDCJ): & 7.46 (bd, 1H, CONH), 7.40-7.33 (m, 8H, Ar, H5 P§))9-7.03 (m, 2H,
Ar) 6.23 (d, 1HJ = 7.2 Hz, H4 Py), 5.15 (s, 2H, N-GH3.99-3.96 (m, 1H, N-CH), 1.89-1.25 (m,
12H, cycloheptyl)>*C NMR (100 MHz, CDGJ): § 163.94, 163.81, 161.50, 154.32, 139.41, 136.87,
131.71, 130.40 (d] = 9.0 Hz), 128.70, 128.40, 127.40, 123.85, 116dl3 = 22.1 Hz), 109.93,
51.97, 50.52, 34.93, 28.18, 24.18. HPLC analystention time = 12.03 min; peak area, 98.6%

(280 nm).

4.1.10.2. N-Cycloheptyl-1,2-dihydro- 1-(4-fluor obenzyl )-4-(4-methoxyphenyl ) - 2-oxo-pyridine-3-
carboxamide (C2).

Purified by column chromatography on silica gehygtacetate/petroleum ether 7:3). Yield 13%.
'H NMR: (400 MHz, CDC},): 6 7.35-7.28 (m, 6H, CONH, H6 Py and Ar), 7.08-7.68 @H, Ar),
6.91-6.88 (m, 2H, Ar), 6.23 (d,= 6.8 Hz, 1H, H5 Py), 5.14 (s, 2H, N-@H4.02-3.98 (m, 1H, N-
CH), 3.82 (s, 3H, OCH), 1.93-1.40 (m, 12H, cycloheptyffC NMR (100 MHz, CDG)): § 164.27,
161.35, 160.19, 162.71 (d= 246.0 Hz), 153.41, 136.74, 131.76 ¢ 4.0 Hz), 131.22, 130.26 (d,
J=9.1 Hz), 129.02, 123.55, 116.01 @+ 21.0 Hz), 113.88, 109.75, 55.36, 51.77, 50.3683

28.13, 24.14. HPLC analysis: retention time = 11188; peak area, 98.4% (280 nm).

4.2. CB1R and CB2R binding assays.
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Receptor binding experiments were performed withmim@ane preparations as previously
reported [37]. Briefly, clean membranes expres$i@g, or hCB, were re-suspended in binding
buffer (50 mM Tris-HCI, 2.5 mM EDTA, 5 mM MgG| 0.5% fatty acid-free bovine serum
albumin (BSA), pH 7.4) and incubated with vehictecompounds and 0.5 nM oH{]CP55,940 for
90 min at 30 °C. Non-specific binding was deterrdime the presence of 1M of WIN55,512.
After incubation, membranes were filtered throughre-soaked 96-well microplate bonded with
GF/B filters under vacuum and washed twelve timéh W50 pL of ice-cold binding buffer. The

radioactivity was measured and the results expiess€H]CP55,940 binding.

4.3. Functional activity at CB1R and CB2R

Assays were performed as previously described [Biefly, hCB;- and hCB,-expressing
membranes (fg) were diluted in binding buffer (50 mM Tris-HGA,mM MgChb, 0.2 mM EDTA,
and 100 mM NacCl at pH 7.4 plus 0.5% fatty acid-fB&2A) in the presence of 1M of GDP and
0.1 nM of P°S]GTP/S. The mixture was kept on ice until the bindingatéon was started by adding
the vehicle or compounds. Non-specific binding wessasured in the presence of il of GTPyS.
The tubes were incubated at 30 °C for 90 min. Haetron was stopped by rapid filtration through
a 96-well microplate bonded with GF/B filters prewsly pre-soaked with washing buffer (50 mM
of Tris-HCI pH 7.4 plus 0.1% fatty acid-free BSAe filters were washed six times with 180
of washing buffer under vacuum. The radioactivigswneasured, and the results were expressed as

[**S]GTR/S binding.

4.4, Enzymatic assays.
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FAAH, MAGL and ABHDs activity assays were performeg previously described [36].
Briefly, FAAH and MAGL activity assays were perfoeoh using U937 cell homogenate (1,09)
which were diluted in 20QL of Tris—HCI 10 mM, EDTA 1 mM, pH 8 containing Q4 fatty acid-
free BSA. Compounds were added at the screeningeotration of 1QuM and incubated for 30
min at 37 °C. Then, 100 nM of AEA containing 1 n¥l[ethanolamine-PH]AEA as a tracer for
FAAH or 1 pM of 2-OG containing 1 nM of [glycerol-1,23H]AEA was added to the
homogenates and incubated for 15 min at 37 °C.réhetion was stopped by the addition of 400
pL of ice-cold CHC} : MeOH (1:1), samples were vortexed and rapidiytrteiged at 16000 x g
for 10 min. at 4 °C. The aqueous phases were tetleand the radioactivity was measured for
tritium content by liquid scintillation spectrosgog=or AEA uptake assay 0.5 x°16f intact U937
cells were suspended in 5QQ of serum-free medium in silanized glass tubes praincubated
with a screening concentration (tM) of the compounds for 20 min at 37 °C. Then, ¢b#s were
incubated for 5 min at 37 °C with 100 nM of AEA aadmall tracer (0.5 nM) of [ethanolamine-1-
®H]AEA was added. The uptake process was stoppetahgferring the tubes on ice and by rapid
filtration over UniFilter®-96 GF/C filters pre-soat with PBS supplemented with 0.2% BSA.
Cells were washed three times with 1,00 ice-cold PBS supplemented with 1% fatty acid free
BSA. After drying, 50uL MicroScint 20 scintillation cocktail was added tbe wells. The
radioactivity was measured using a Trilux MicroB&#b0. hABHD6 and hABHD12 activity was
determined using cell homogenates fisABHD6 andhABHD12 stably transfected HEK293 cells.
Compounds were pre-incubated with 4§ of cell homogenate for 30 min at 37 °C in assafjen
(Tris 1 mM, EDTA 10 mM plus 0.1% BSA, pH= 7.6). DM@Swas used as vehicle control and
WWL70 10 uM or THL 20 uM as positive controls. Then, 1M of 2-OG was added and
incubated for 5 min at 37 °C. The reaction was @dpby the addition of 40QL of ice-cold

CHCI3;:MeOH (1:1). The samples were vortexed and cemgeifu (16000 x g, 10 min, 4 °C).
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Aliquots (200uL) of the aqueous phase were assayed for tritiuntecd by liquid scintillation
spectroscopy. Blank values were recovered from stubentaining no enzyme. Basal 2-OG

hydrolysis occurring in non-transfected HEK293 gelias subtracted

4.5. AEA uptake.

AEA uptake inhibition was measured in U937 cellspasviously described in detail [36,53].
Briefly, 0.5 x 16 U937 cells per sample were incubated with thecatgid compounds in RPMI, 37
°C for 15 min. A mixture of [ethanolamine®H]AEA (1 nM) and unlabeled AEA (final 100 nM)
was added for 15 min. The uptake process was sidppeapid filtration and washing with ice-cold
PBS 1% BSA fatty acid free. All experiments weref@ened at least three times in triplicate and

data are reported as mean values = SD.

4.6. Cdllsline culture and treatment

The human glioma cell line U251MG was obtained fr@hS Cell Lines Service GmbH

(Eppelheim, Germany) and was cultured in EMEM (l@nsupplemented with 10% heat-
inactivated fetal bovine serum (Euroclone), 1% Wi@mine, 1% antibiotic mixture, 1% sodium
pyruvate, 1% non-essential aminoacids (Euroclofeg. human lymphoblastoid lung U937 cell line
(used for cell viability assays) was kindly prowidey Dr. Michelina Festa (University of Salerno,
Italy) and cultured in RPMI 1640 (Invitrogen, Sare@o, CA, USA) supplemented with 2 mM L-
Glutamine, 50 ng/ml streptomycin, 50 units/ml péhig and 10% heat-inactivated fetal bovine
serum (Hyclone Laboratories, Logan, UT, USA). Adlliccultures were maintained at 37°C in

humidified 5 % CO2 atmosphere.
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4.7. mAbs and cytofluorimetric analysis

The following mAbs was used for immunostaining alRACS analysis: anti-MICA/B/PE,
purchased from R&D Systems (Minneapolis, MIRpr the evaluation of MICA/B expression,
U251MG cells were plated into p60 tissue culturates at a density of 2xi@ells/cnf and were
allowed to grow for 24h. Afterwards, cells were tvag with PBS and treated with vehicle or test
substance in complete medium respectively and pseckas previously described [54]. Following
24h of incubation, immunofluorescence staining wasormed. Briefly 2x10 tumor cells were
stained with the indicated MICA/B- specific mAbs thie respective isotype controls followed by
flow cytometric analysis. Then, cells were staineith the mouse indicated antibodies for 20
minutes at 4°C. Cells were fixed in 1% formaldehyoedata analysis. Sample fluorescence was
measured by using the BD FACSVerse™ Flow Cytom@ecton Dickinson, USA) and flow data
were analyzed by using the BD FACSuite softwarec(Bn Dickinson, San Jose, CA). Data are

expressed as logarithmic values of fluorescenensity.

4.8. Determination of cells viability, MTT assay

Glioma U251MG or lymphoblastoid U937 cells (4A@ell), were cultured for 24h into 96-well
plates before addition of the individual substaraethe indicated concentrations and cultured for
additional 48 at 37°C. To examine cells’ viabilityras been used the reduction of tetrazolium salts
The yellow tetrazolium MTT (3-(4, 5-dimethylthiazblR)-2,5-diphenyltetrazolium bromide) is
reduced by metabolically active cells, in part bg iction of dehydrogenase enzymes, to generate
reducing equivalents such as NADH and NADPH. Tiseilteng intracellular purple formazan was

solubilized and quantified by spectrophotometricange at 595 nm. All experiments were
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performed in triplicate, and the relative cell gtbwvas expressed as a percentage comparison with

the untreated control cells.

4.9. Satistical analysis

Statistical analysis was performed in all the expents shown by using the GraphPad prism
6.0software for Windows (GraphPad software). Fahdgpe of assay or phenotypic analysis, data
obtained from multiple experiments are calculatednaean + SD and analyzed for statistical
significance using the 2- tailed Student t-test, ifependent groups, or ANOVA followed by
Bonferroni correction for multiple comparisons. &ues less than 0.05 were considered significant.

*P<0.05, *P<0.01 and ***P<0.001.

4.10. Calculated ADME properties

Octanol/water partition coefficient (logP), wateudility (logS), Caco-2 and MDCK apparent
cell permeability, Lipinski and Jorgensen paranseterere calculated using QikProp software
within Schrodinger suite [43]. Prior to the ADMEoperties calculation, the ligands were subjected
to torsional sampling conformational search (MCMiid energy minimization, which were

performed using the Macromodel module included aebtro modeling package [55].

4.11 Homology Modelling

The primary amino acid sequence of the human CB&pter was acquired from the SWISS-PROT
protein sequence database (code P34972) [56], wihdecrystal structure of the human CB1
receptor was obtained from the Protein Data BanRB(Rcode 5TGZ) [46]. The sequential

alignment was performed by means of CLUSTAL W, eplg the Blosum series as a matrix,
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with a gap open penalty of 10 and a gap extensemalpy of 0.05. The TM helices and the
extracellular and intracellular loops of the CB2aptor were created directly from the coordinates
of the corresponding amino acids in the CB1 reaelpganeans of the Modeller program [47]. The
presence of a disulfide bridge between C174 and® @& taken into account, since it seemed to be
essential for the receptor function and activitg][4Starting from this first model, 10 structures
were generated through the “very slow MD annealirgfinement method, as implemented in the
Modeller software. Based on the DOPE (discretentipd protein energy) assess method, the best

human CB2 receptor model was selected.

4.11 MD simulations

All the simulations were performed using AMBER148]J4The simulation protocol, described
below, was set up employing as reference the Xstaycture of the human CB1 receptor (PDB
code 5TGZ). The CB2 model was embedded into a @uely stabilized phospholipid bilayer
membrane made up of DPPC molecules [57]. The sireictvas manually inserted into the
phospholipid bilayer membrane in a way that dheelices of the receptor were oriented in parallel
to the carbon chains of the DPPC molecules. Afiat,tall the phospholipids within a radius less
than 1A around the receptor were deleted. The mystas solvated on the “extracellular’ and
“intracellular” side with a 20 A water cap; an eixjil solvent model was used for water (TIP3P).
Chlorine ions were added as counterions to nemérdifie system. Three steps of minimization were
carried out prior to MD simulation. In the firstage, the position of the water molecules was
minimized just keeping the protein and phosphosigided with a constraint of 100 kcal/mol; then,
in the second stage, the phospholipids-water systas1 minimized clamping the whole protein
with a constraint of 100 kcal/mol. Finally, in thest stage, a constraint of 10 kcal/mol was applied

only on thea carbons of the protein. The whole minimizationtpcol consisted of 20'000 cycles in
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which the first 4'000 were steepest descent (SO)evthe last 16’000 conjugate gradient (CG). MD
trajectories were run using the previously obtaimadimized structure as starting conformation;
particle mesh Ewald electrostatics (PME) and pécibdundary conditions were employed in the
simulations. A total of 100 ns of MD simulation werun employing a cutoff of 10 A for the
nonbonded interactions and the SHAKE algorithmeegkrigid every bond involving hydrogen. In
the first step, 1.5 ns of constant-volume simufatieere carried out to increase the temperature
from O to 300 K. The second step consisted of 88.6f constant pressure simulation, in which the
temperature was maintained constant at 300 K hygusie Langevin method. In the first 50 ns of
the simulation, the carbons of the receptor and all the heavy atontee@DPPC molecules were
fixed with a harmonic force constant, which deceedsring these 50 ns from 10 to 1 kcal/(Zyl
while in the last 50 ns there were no constraifite final structure of the CB2 model was obtained
as the average of the last 50 ns of MD minimizetthwhe CG method until a convergence of 0.05

kcal/(Amhol).

4.12 Docking of compound B1-6 and C1-6

Compound®1-6 andC1-6 were built through Maestro and then energy-minedinsing a water
environment model (generalized-Born / surface-anedel) by means of the Macromodel program
[55]. The minimization was performed employing tleenjugated gradient method until a
convergence value of 0.05 kcallfdol), the MMFFs as force field and a distance-depen
dielectric constant of 1.0. Compounds were subnohittea conformational search of 1'000 steps
with an energy window for saving structures of Inkol by means of Macromodel. The algorithm
used was the Monte Carlo method; the search wagedanut using the same force field and
dielectric constant employed for the minimizatiévil. the ligands were docked into the CB1 and

CB2 receptors binding pockets by means of AUTODOQRKB8]. The docking sites were defined
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superimposing the optimized CB2 model to the tetepstructure (CB1 receptor) and setting the
bound AM6538 as the center of a grid of 56, 56 &Qdpoints, respectively, in the y,andz
directions. A grid spacing of 0.375 A and a distadependent function of the dielectric constant
were used for the energy map calculations. Alldgbmpounds were subjected to 200 runs of the
AUTODOCK search as previously described [59]. GHustnalysis was carried out on the docked
results using an RMS tolerance of 2.0 A. For eamhpound, the best docking pose belonging to
the best-ranked and most populated cluster wasidayesl. The same docking procedure was
applied to dock compound&l-6 andC1-6 into the catalytic site of the FAAH enzyme (PDBleo

3QJ8) [60].
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Highlights
*  We synthesized 1,2-dihydropyridine-2-oxo-3-carboxamide with multi-activity on ECS
» Some derivatives showed cytotoxic activity on U937 lymphaoblastoid cell

* Molecular docking on 3D structures of CBRs and of FAAH suggested their binding mode



