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ABSTRACT

The endocannabinoid system (ECS) represents one of the major neuromodulatory systems involved
in different physiological and pathological processes. Multi-target compounds exert their activities
by acting via multiple mechanisms of action and represent a promising pharmacological modulation
of the ECS. In this work we report 4-substituted and 4,5-disubstituted 1,2-dihydro-2-oxo-pyridine-
3-carboxamide derivatives with a broad spectrum of affinity and functional activity towards both
cannabinoid receptors and additional effects on the main components of the ECS. In particular
compound B3 showed high affinity for CBIR (K; = 23.1 nM, partial agonist) and CB2R (K = 6.9
nM, inverse agonist) and also significant inhibitory activity (ICso = 70 nM) on FAAH with
moderate inhibition of ABHD12 (ICso = 2.5 uM). Compounds B4, B5 and B6 that act as full
agonists at CB1R and as partial agonists (BS and B6) or antagonist (B4) at CB2R, exhibited an
additional multi-target property by inhibiting anandamide uptake with sub-micromolar ICso values
(0.28-0.62 uM). The best derivatives showed cytotoxic activity on U937 lymphoblastoid cells.
Finally, molecular docking analysis carried out on the three-dimensional structures of CB1R and
CB2R and of FAAH allowed to rationalize the structure-activity relationships of this series of

compounds.
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1. Introduction

The endocannabinoid system (ECS) consists of two G protein-coupled receptors, the type-1
(CBIR) and type-2 (CB2R) -cannabinoid receptor, a class of lipids mediators called
endocannabinoids (ECs) which are produced on-demand from membrane phospholipid precursors
and several enzymes involved in the biosynthesis and degradation of ECs. So far, the most well-
studied ECs are N-arachidonoylethanolamine (anandamide, AEA), which is a member of the large
family of N-acylethanolamines (NAEs) and 2-arachidonoylglycerol (2-AG) that belongs to the
monoacylglycerol family [1]. The biological activities of these lipid mediators are terminated upon
cellular re-uptake and subsequent metabolism. The main endocannabinoid degrading enzymes are
fatty acid amide hydrolase (FAAH) [2] for AEA and monoacylglycerol lipase (MAGL) [3] for 2-
AG. Two serine hydrolases a,p-hydrolase domain-6 (ABHD6) and a,B-hydrolase domain-12
(ABHD12) were recently identified as complementary 2-AG-degrading enzymes in the brain [4,5].

The ECS is involved in different physiological and pathological processes including cancer,
appetite, memory, neuropathic and inflammatory pain, obesity, neuroprotection and
neurodegenerative diseases [6]. Numerous CB1R and CB2R ligands have been developed and
tested in vitro and in vivo in the context of drug discovery, but none of them reached an advanced
stage of clinical development due to central or peripheral side effects that are mainly associated to
chronic activation or blocking of CBIR [7-9]. Alternative strategies to modulate the ECS are
focused on the increase of AEA and 2-AG levels by inhibiting their enzymatic degradation thus
preserving the beneficial effects derived from the direct activation of cannabinoid receptors (CBRs)
by their endogenous ligands [10]. These efforts led to the generation of many potent and selective
inhibitors of the main enzymes involved in AEA and 2-AG metabolism (FAAH, MAGL, ABHDs)
[11-13]. However in preclinical animal models, the repeated administrations of covalent MAGL

inhibitors rapidly induced CB1R desensitization in the brain [14], while chronic ablation of FAAH



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

Recent findings highlighted the emerging role of each target of the ECS to control symptoms and
progression of several diseases [17,18]. Multi-target compounds exert pro-cannabinoid activities by
means of more than one mechanism of action [19]. Indeed, it is reasonable to assume that the
simultaneous modulation of more targets within the ECS may offer a safer and more effective
pharmacological strategy to tackle the complexity of the ECS [19]. However, a proper evaluation of
the different multi-target approaches as compared to the classic modulation of a single target needs
to be further investigated. Therefore, the development of different multi-target compounds could get
a foothold to better explore the polypharmacology of the ECS and to assess its potential
pharmacological advantages for the treatment of different pathologies.

Previously, in a research program aimed at obtaining CB2R selective ligands [20-23], a series of
1,2-dihydro-2-oxo-pyridine-3-carboxamide derivatives with general structure A, (Figure 1) was

developed [24,25].
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Figure 1. General structure of 1,2-dihydro-2-oxo-pyridine-3-carboxamide derivatives A, B and C.



These compounds showed a broad spectrum of affinity for both CB1R and CB2R. Furthermore,
the functional activity of this series is controlled by the presence of a substituent at the position 5 of
the 2-oxo-pyridine nucleus [25]. The significant affinity and selectivity towards CB2R displayed by
some derivatives of A make this new scaffold useful as initial building block for designing new
CB2R ligands. For this reason and to further investigate the structure-activity relationships (SAR)
of this series of compounds, in this study the central scaffold A was modified by insertion of a
methyl group (B1-B4, Figure 1) or an aryl moiety (compounds C1-C6, Figure 1) at the 4-position
of the 1,2-dihydro-2-oxo-pyridine ring to obtain 4-substituted or 4,5-disubstituted-1,2-dihydro-2-
oxo-pyridine-3-carboxamide derivatives (Table 1). The new compounds are characterized by the
presence of a p-fluorobenzyl moiety at the N-1 position of the 1,2-dihydro-2-oxo-pyridine ring (R1)
and a N-cycloheptyl carboxamide group at the 3-position that were chosen on the basis of the best
results obtained with the previous series. Furthermore, the substituent in the N-1 position was
shifted to the oxygen in position 2 of the heterocyclic nucleus (BS and B6, Table 1).

The new 1,2-dihydro-2-oxo-pyridine-3-carboxamide derivatives B and C were evaluated for their
binding affinities (K; values) for both CB1R and CB2R. Subsequently, the compounds which
showed the most potent CBRs affinity values were also investigated for their functional activity
using a [P S]GTPyS assay. All the synthesized compounds were tested on the main targets of the
ECS (MAGL, FAAH, ABHDs and AEA cellular uptake). The best compounds were also tested for
their capability to inhibit viability of U251MG glioblastoma cell line and that of U937
lymphoblastoid cells. Finally, to rationalize the experimentally observed SAR, a molecular docking
analysis of the synthetized compounds was carried out into 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 derivatives B1-B4 and C1-C6 and 2-substituted
pyridines BS and B6 was accomplished as depicted in Schemes 1-4. As reported in Scheme 1, 1,2-
dihydro-4-methyl-2-oxo-pyridine-3-carbonitrile (1) synthesized as reported in literature [21] from
4,4-dimethoxyl-2-butanone with cyanoacetamide, was hydrolyzed to the corresponding carboxylic
acid derivative 2 by heating at 120 °C with 50% H2SO4 (w/v). Treatment of 2 with concentrated
H>SO4 in MeOH, carried out under microwave irradiation at 100 °C for 50 minutes or under
conventional heating at 85 °C for 12 h, gave the corresponding methyl ester 3. The treatment of 3
with cycloheptylamine under microwave irradiation at 130 °C for 30 minutes or under conventional
heating at 150 °C for 48 h provided the carboxamide derivative 4. Finally, compound 4 was treated
with CsF in anhydrous DMF and then with p-fluorobenzyl chloride to afford the desired N-
alkylated derivative B1 together to the O-substituted derivative BS5, analogously to previously
reported for compounds A [24,25]. The two structural isomers were purified by flash

chromatography.

Scheme 1. Synthesis of the 1,2-dihydro-4-methyl-2-oxo-pyridine B1 and 2-substituted pyridine BS.
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Reagents and conditions: (i) NH4OAc, AcOH, toluene, 116 °C, 8 h; (ii) conc. H2SO4, 50 °C, 3 h;
(ii1) 50% H2S04, 120 °C, 8 h; (iv) MeOH, conc. H2SO4., MW, 110 °C, 50 min, (200 W, 100 psi) or
85 °C, 12 h; (v) cycloheptylamine, MW, 130 °C, 30 min, (140 W, 100 psi) or 150 °C, 48 h; (vi) 1)

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

The synthesis of the 4,5-disubstituted derivatives B2-B4 and B6 was carried out starting from
compound 4 (Scheme 2), which was treated with a solution of bromine in CHCI3 affording the
corresponding 5-bromo derivative 5. The desired N-alkylated derivative B2 was obtained by
treatment of 5 with p-fluorobenzyl chloride via a procedure similar to that previously used for
compound B1l. Also in this case, the O-substituted derivative B6 was obtained. The 5-aryl

derivatives B3 and B4 were obtained starting from the 5-bromo derivative B2 via a Suzuki cross-



coupling reaction with the suitable boronic acids in dry toluene by generating in situ Pd(PPh3)s as

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

Scheme 2. Synthesis of 4-methyl-1,2-dihydro-2-oxo-pyridine B2-B4 and 2-substituted pyridine B6.
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Reagents and conditions: (i) Bro, CHCI;, rt, 12 h; (i1) anhydrous DMF, CsF, rt, 1 h, p-
fluorobenzyl chloride, rt, 12 h; (iii) 1) anhydrous toluene, PPhs, Pd(OAc),, rt, 15 min; 2) K>COs,

suitable arylboronic acid, 100 °C, 12 h.

Initially, the synthesis of 4-aryl substituted compounds C1-C6 (Table 1) was planned as
described in Scheme 3, starting from acetophenone or p-methoxyacetophenone which by
Knoevenagel condensation with ethyl cyanoacetate afforded the ethyl 2-cyano-3-arylbut-2-enoate
derivatives 6 or 7 respectively [27]. The reaction of compounds 6 or 7 with dimethylformamide-
dimethylacetal (DMF-DMA), at room temperature gave the enaminonitriles 8 and 9, respectively
[27]. Finally, the cyclization of the enaminonitriles 8 or 9 with p-flurobenzylamine, at 90 °C led to

the desired 3-cyano-2-pyridones 10 or 11 (see Supporting Information for experimental details).
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Unfortunately, several attempts made to hydrolyze the 3-cyano-2-pyridones to the corresponding

carboxylic acid derivatives have not been successful.

Scheme 3. Attempt for the synthesis of 4-aryl-1,2-dihydro-2-oxo-pyridine.
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Reagents and conditions: (i) TiCls, pyridine, CH2Cl,, 0 °C to rt., 12 h; (ii)) DMF-DMA, solvent-

R

free, 24 h; (ii1) p-fluorobenzylamine, solvent-free, 90 °C, 2 h.

For this reason, we focused the attention on a recent procedure to obtain the 2-pyridone scaffold
with an aromatic substituent in position 4 [28]. As described in Scheme 4, N-alkylation of the
commercial available 2-hydroxynicotinic acid with p-fluorobenzyl bromide in presence of NaH,
followed by hydrolysis with 10% NaOH at reflux and then acidification, afforded the carboxylic
acid derivative 12. The condensation reaction of 12 with cycloheptylamine in presence of TBTU,
and N,N-diisopropylethyl amine (DIPEA), gave the desired carboxamide derivative 13. Compound

13 was treated with the proper Grignard’s reagent (phenylmagnesium bromide or p-
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methoxyphenylmagnesium bromide) using copper(I) iodide and lithium bromide in dry THF, at -40
°C to obtain the 4-substituted 1,2-dihydro-2-oxo-pyridines C1 and C2. These compounds were then
treated with a solution of bromine in CHCI3 to afford the desired compounds C3 and C4. To
obtained compounds C5 and C6, derivatives C3 and C4 were submitted to a Suzuki cross-coupling
reaction with the suitable arylboronic acid, in dry toluene by generating in situ Pd(PPh3)4 as the

catalyst and with anhydrous potassium carbonate as the base, refluxing at 100 °C.

Scheme 4. Synthesis of 4-aryl-1,2-dihydro-2-oxo-pyridines C1-C6.
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Reagents and conditions: (i) 1) NaH, p-fluorobenzyl bromide, dry DMF, 50 °C, 12 h; 2) 10%

NaOH, reflux, 100 °C, 4 h; (ii)) 1) anhydrous DMF, DIPEA, TBTU, 0 °C, 30 min, 2)

cycloheptylamine, 0 °C to rt, 12 h; (iii) Cul, LiBr, phenylmagnesium bromide or p-
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methoxyphenylmagnesium bromide, THF, -40 °C, 6 h; (iv) Br,, CHCIls, rt, 12 h; (v) 1) anhydrous

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

2.2. Biological evaluation

2.2.1 CBIR and CB2R affinity

The binding affinities (K; values) of target compounds were evaluated in competitive radioligand

displacement assays against [°H]CP-55,940 using membrane preparations obtained in-house from

stable transfected CHO-ACB| and CHO-/ACB; cells. The results are summarized in Table 1.

Table 1. Data of 1,2-dihydro-2-oxopyridine- and pyridine-3-carboxamide derivatives B1-B6 and

C1-Cé6.¢
R2 O Rg O
N N X N
| H | H
=
N O N O
B1-B4, c1-cek©\ B5, B6K©\
F F
Ki value (mean + SD, |Cso (mean + SD, M)
nM)
Cmpd R1 R2 CBIR CB2R FAAH ~ MAG - agppe  ABHDL  AEA
L 2 uptake
B1 H CH, 117436 59+15 | 88+26  >10 >10 >10  18+05
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B2

B3

B4

C1

C2

C3

C4

C5

C6

BS

B6

Br CH, 23+16  35+4.6) 2.3+0.9 >10 >10 21+12 093+0.33
phenyl CH, 231+42 69+38 | 007+006 >10 >10 25+1.1 n.d.
p-OCH,phenyl CH, 30.7+95 7.9#21 1.3+1.1 >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%05 >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+19.2 >10 >10 >10 >10  0.58+0.19
Br CH, 113+63 606 * 305 >10 >10 053+021  >10  0.62+0.12

“Results are expressed as mean + SD calculated from at least 3 experiments each performed in
triplicate.

The results reported in Table 1 indicate that the pyridine-3-carboxamide derivatives B1-B6, C1
and C3, showed nanomolar or submicromolar binding affinities to CB2R and/or CB1R, unlike their
analogs C2 and C4-C6. Generally, all ligands tend to show higher affinity for CB2R, with a
selectivity factor in the range of 2 to 54. This behavior is in agreement with that previously reported
for A derivatives [24,25]. The only exceptions were the 5-bromo-4-methyl-derivatives B2 and B6
that showed a Kij(CB1R)/Ki(CB2R) ratio of 0.65 and 0.18, respectively. (R)-WIN55,212 was used as
positive control for both CBIR and CB2R binding experiments and showed K; value of 2.5 + 0.9
nM for CBIR and 1.6 + 0.5 nM for CB2R.

The compounds B possess a broad spectrum of affinity towards both CBR subtypes, with K;
values ranging from 2.3 nM (B2) to 131 nM (B5) for CB1R and from 3.5 nM (B2) to 606 nM (B6)
for CB2R. The results showed that the insertion of a small substituent, like the methyl group at the

4-position of the 1,2-dihydro-2-oxo-pyridine ring (compounds B1-B4), does not alter the binding

14



properties at both CBRs as also shown by the previous reported 5-monosubstituted A derivatives
[25]. Indeed, these compounds generally showed K; values in the low nanomolar range (Table 1).
On the contrary, the insertion of bulkier substituents, like a phenyl or a p-methoxyphenyl group
(C1-Co), led to a significant decrease of the affinity towards both CBR subtypes independently of
the type of substituent at position 5 of the pyridine core. Moreover, when the substituent at the 1-
position was shifted to the oxygen at the 2-position of the pyridine ring (compound B5 and B6), the
binding affinity for both CBRs decreased by a factor 10 for the 4-methyl-2-substituted derivative
BS as compared to the corresponding 1-substituted compound B1, and by a factor 50 for CBI1R and
200 for CB2R in the case of 5-bromo-4-methyl-2-substituted derivative B6, as compared to the 5-
bromo-4-methyl-1-substituted derivative B2 (Table 1). These data are in agreement with the results
previously reported on the binding affinity of this chemical scaffold [24,25].

Altogether, the results obtained for these new compounds suggest that either the type or the
position of the substituent on the pyridine ring play a key role for the binding interactions to the

cannabinoid receptors.

2.2.2. CBIR and CB2R functional activity

Compounds that showed the best results in terms of binding properties on CBRs were tested for
their functional activity, using the [**S]GTPyS assay. The results are summarized in Table 2 and
showed that the new compounds work as full agonists at CBIR, with the exception of B3 which
behaved as partial agonist. Compounds B1, B2, BS and B6 behaved as partial agonist at CB2R,
compound C3 as full agonist, compounds B3 and C1 acted as inverse agonists and compound B4 as
an antagonist. These data indicate that while the combination of substituents in positions 4 and 5 do
not modify the agonist behavior at CB1R, they have impacts on CB2R activation. In agreement
with what we previously observed with a series of 4-unsubstituted 1,2-dihydro-2-oxo-pyridine-3-

carboxamides, the type of substituent in position 5 (R1) dictates the functional behavior at CB2R
15



generating agonism, antagonism and inverse agonism [25]. The presence of a methyl group in
position 4 (R2) combined with a bulky substituent in position 5 leads to antagonism (B4) or inverse
agonism (B3) at CB2R. The increase of the substituent size in position 5 in combination with a
phenyl group in position 4 led to a significant loss of CB2R binding activity (H, K; = 187 nM; Br, K;
= 437 nM; phenyl and p-methoxyphenyl, K; > 10 uM). Interestingly, while the unsubstituted 4-
phenyl-derivative (C1) behaved as an inverse agonist, the 5-bromo-4-phenyl derivative (C3)
showed an opposite effect, thus behaving as CB2R full agonist (Table 2). These results suggest that
the nature of the substituent in position 5 of the pyridine ring is responsible for the functional switch
in accordance to what was previously reported [25], and that the combination with the substituents
in position 4 can also play a role in determining the activity of the ligand at CB2R.

CB2R pharmacology is quite versatile and both agonists and inverse agonists showed beneficial
effects in vitro and in vivo [29,30]. CB2Rs have a relatively high ligand-independent (constitutive)
activation which makes certain classic receptor antagonists/inverse agonists (e.g. AM630) behaving
as agonists and vice versa (e.g. AM1241) depending on the conditions [31,32]. Furthermore, many
of the CB2R ligands, including the endocannabinoids AEA and 2-AG behave as functional selective
(biased) ligands at CB2R, thus activating only certain signaling pathways, while being inactive or
even hindering other pathways [33]. In our experiments we measured the recruitment of G-proteins
([?>S]GTPyS assay) as functional assay and compound B3 and B4 behaved as inverse agonist and
antagonist at CB2R, respectively. Additional studies should be performed to fully characterize the
receptor pharmacological profile of this new series of 4-substituted and 4,5-disubstituted-1,2-
dihydro-2-oxo-pyridine-3-carboxamide derivatives and may highlight different behaviors at other

CBI1R- and CB2R-mediated signaling pathways (e.g. cAMP production, -arrestin, ion channels).
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Table 2. Summary of functional activity ([>>S]GTPyS assay) of compounds B1-6 and C1-6 at
CBIR and CB2R. Data are express as mean £ SD obtained from at least three experiments

performed in triplicate.

B1-B4, CH:BK@L
F

CBI1R CB2R
ECso value Emax ECso value Emax
Cmpd Rl R2 (mean+SD) (% ofcontrol) | (mean+SD) (% of control)
227 £ 56 128 + 31
CH
o " : 69£150M  (Fuiago) | 1925 (parago)
198 +35 134 +28
CH
> o o | MEIM Eliage) | MEELETM (part ago)
131+ 42 39 + 15
H
B3 phenyl CH, 287£440M oA 00) 12 +10 nM (v Ago)
205 + 26 99+ 6
-OCH_phenyl CH
o P | I il Ago) ne. (Antago)
n.d. n.d. 134 £ 35
C1 H Phenyl 501 + 143 nM (Part Ago)
Cc2 H p-OCH,phenyl n.d. n.d. n.d. n.d.
n.d. n.d. 176 £ 31
c3 Br Phenyl 316£960M  ¢iagg)
ca Br p-OCH,phenyl n.d. nd. nd. nd.
C5 phenyl Phenyl n.d. n.d. n.d. n.d.
Cé6 p-OCH_phenyl Phenyl n.d. n.d. n.d. n.d.
218 + 28 127 +25
CH
= " s | 229%820M  piiage) | STE2OMM (part ago)
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B6 Br CH, 182+ 51 nM (éﬁﬁ igg) 687 + 183 1M (;ift J-“Asg)
CP55940 . . 55439 nM (illjﬁ igg) 55+3.9 nM (égﬁ igi)
SR1 : . 36 + 12 nM (Ier/iA;%) nd. nd.
AM630 . . n.d. n.d. 167 + 82 nM (ﬁi/ iA;i)

“In brackets the behavior on CB1R and CB2R is reported from the [**S]JGTPyS assay: Part Ago:
partial agonist; Full Ago: full agonist; Inv Ago: inverse agonist; Antago: antagonist. n.d.: not
determined; n.c.: not calculated.

2.2.3. Polypharmacology in the ECS.

In order to further characterize the pharmacology of these new compounds, we tested their effects
on the main components of the ECS. Our results identified interesting polypharmacological
properties among the tested compounds. The p-fluorobenzyl N-1 substituted derivatives bearing a
methyl group in position 4 (B1-B4) inhibited the main AEA hydrolytic enzyme fatty acid amide
hydrolase (FAAH) (Table 1), with increasing potencies in correlation with the presence of a bulkier
substituent in position 5. Indeed, while the unsubstituted 4-methyl-deriativative B1 inhibited FAAH
with an ICso value of 8.8 uM, the 4-methyl-5-phenyl derivative B3 blocked AEA hydrolysis with an
ICso value of 70 nM (see Fig. 2). The 4-methyl derivatives where the p-fluorobenzyl group was
shifted to the oxygen in position 2 of the heterocyclic nucleus (B5 and B6) were completely inactive
on FAAH (ICso> 10 uM) (Table 1).

In our small compound library, the potency of 1,2-dihydro-2-oxo-pyridine-3-carboxamides to
inhibit FAAH was associated with the combined presence of a methyl group in position 4, a bulky
substituent in position 5, and the p-fluorobenzyl group in the N-1 position of the 1,2-dihydro-2-oxo-

pyridine ring (Table 1, Fig. 2).
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Figure 2. Impact of the substituent in position 5 to the potency for FAAH inhibition.
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None of the compounds showed significant effects on the main 2-AG hydrolytic enzyme MAGL,
while B2, B3, B6, and C3 exhibited a moderate low micromolar inhibition of the minor 2-AG
hydrolytic enzymes ABDH6 and ABHDI12. Compound C3 selectively inhibited ABHD6 without
affecting ABHD12, while B2 and B3 inhibited ABHD12 without exerting any effects on ABHD6
up to 10 uM. The 4-methyl-5-bromo derivative B6 resulted the most potent ABHD6 inhibitor (ICso
value of 530 nM). Interestingly, its analog B2 bearing the p-fluorobenzyl substituent at the N-1
position of the 1,2-dihydro-2-oxo-pyridine ring was inactive up to 10 uM. The unsubstituted 4-
methyl derivatives B1 and BS were both inactive. Altogether, these data suggest that 1,2-dihydro-2-
oxo-pyridine-3-carboxamides are versatile molecules that can selectively inhibit the
endocannabinoid degrading enzymes FAAH, ABHD6 and ABHDI12. Finally, we also investigated

the effects of our compounds on the inhibition of AEA cellular uptake. Compounds B1, B2 and B4
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inhibited AEA uptake with a moderate potency. Nonetheless, due to their significant activity as
FAAH inhibitors, a partial FAAH-dependent contribution in AEA uptake inhibition cannot be ruled
out. Indeed, due to the tight interplay between FAAH inhibition and AEA uptake [34-36], it is
impossible to undoubtedly differentiate between FAAH-dependent and FAAH-independent AEA
uptake inhibition in our assay format. Therefore, we have not tested the most potent FAAH
inhibitor B3 for AEA uptake. However, compounds BS and B6 showed sub-micromolar potencies
in inhibiting AEA cell uptake without affecting FAAH up to 10 uM, thus representing potential
selective AEA uptake inhibitors as compared to FAAH.

Altogether, our results show that the 1,2-dihydro-2-oxo-pyridine-3-carboxamide is a flexible
scaffold that can be further exploited to design multi-target compounds in the ECS. Interestingly,
the combinations of substituents that generate CBRs ligands also lead to the interaction with
endocannabinoid degrading enzymes and/or AEA cell uptake. In agreement, compounds that were
inactive at CBRs did not exhibit any effect on the other targets (Table 1,2). Our results thus suggest
that the combination of a bulky substituent in position 4 with any substituent in position 5 have
detrimental effects for the interactions with ECS proteins measured here. The presence of a methyl
group in position 4 generated potent CB2R ligands poorly selective over CBIR, which also
inhibited FAAH (Table 1 and Fig. 3). This type of polypharmacology was recently reported for a
class of functionalized beta-caryophyllene derivatives [37]. Interestingly, the presence of a bromine
atom or phenyl group in position 5 led to the moderate inhibition of ABHD12 which was selective
over the other 2-AG hydrolytic enzymes ABHD6 and MAGL (Table 1 and Fig. 3). This
combination of pharmacological effects in vivo could lead to an increase of AEA levels combined
with a mild and cell-specific augmentation of 2-AG concentrations, which was shown to avoid
CBIR tolerance in brain [36,38,39]. Other multi-target properties were shown by the 5-bromo-4-
phenyl derivative C3, which behaved as moderately potent CB2R agonist and ABHD6 inhibitor

(Table 1,2). Interestingly, compound B5 and B6 bearing the p-fluorobenzyl on the oxygen in
20



position 2 of the heterocyclic nucleus rather than on the N-1 of the 1,2-dihydro-2-oxo-pyridine ring
exhibited two additional multi-target properties. Beyond the moderate interaction with CB1R and
CB2R, BS5 inhibited AEA uptake with a sub-micromolar ICso value without affecting FAAH up to
10 uM, similarly to compound B6. The latter showed also a selective inhibition of ABHD6 without
affecting the other degrading enzymes up to 10 uM (Table 1, Fig. 3). The corresponding N-
substituted compounds B1 and B2 inhibited AEA uptake and FAAH with similar potencies. Despite
the small number of compounds tested, our data suggest that the shift of the p-fluorobenzyl group
from nitrogen to the oxygen in position 2 of the heterocyclic ring generates relatively potent AEA

uptake inhibitors which are at least 20-times more selective over FAAH.
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dihydro-2-oxo-pyridine-3-carboxamides.

Overall, our study showed that the introduction of a small substituent as methyl in position 4 of
the 1,2-dihydro-2-oxo-pyridine ring does not significantly affect the binding affinity and functional

behavior at CB2R of 1,2-dihydro-2-oxo-pyridine-3-carboxamides as compared to the unsubstituted
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analogs [25]. However, the new molecules exhibited unexpected and interestingly
polypharmacology effects on endocannabinoid degrading enzymes and AEA cell uptake, suggesting

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

2.2.4. Cell viability assay

The 4-methyl derivatives B1-B6, that showed the best results in terms of binding properties on
both CB1R and CB2R were tested to assess whether the observed activity on CBRs, would result
into their different biological behavior. The selective CB2R inverse agonist 4-phenyl substituted
compound C1 and the CB2R neutral antagonist N-Cycloheptyl-5-(4-methoxyphenyl)-1-(4-
fluorobenzyl)-pyridin-2(1H)-on-3-carboxamide (MC21) previously reported by us [25] were also
assessed. First, we tested the compounds for their capability to inhibit viability of U251MG
glioblastoma cell line, which mainly expresses CBIR [40], and that of U937 lymphoblastoid cells
where, on the contrary, CB2R is predominantly expressed [41]. To this end, U251MG and U937
cells were incubated with the compounds. After 48 hours, the viable cell number was determined by
MTT assay. Overall, the results showed that exposure to the compounds in a 0.6-40 puM
concentration range led to a significant reduction in the number of viable U937 cells (Fig. 4, lower
panel) but not of U251 cells for which a certain increase in cell proliferation was instead detected
(Fig. 4, upper panel) in response to B1, B2, BS and B6 treatment. As U937 cells exhibited CB2R
but not CB1R, these results suggest that even though to a different extent, the cytotoxic activity of

all tested compounds was mediated through the CB2R but not CB1R.
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Figure 4. Effect of MC21, B1-B6 and C1 on cellular viability of human GBM (U251MG) and

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

cultured for 48h in the presence of the indicated concentrations (0-40 uM) of the individual

substances, before the assessment of MTT assay. Results are expressed as means £ SD of five

independent experiments performed in triplicate and reported as percentage vs. the untreated control

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

Bonferroni correction for multiple comparisons. (ANOVA *P<0.05, **P<0.01 and ***P<0.001 vs.

control).

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

and immune escape in glioma [42]. In particular, the use of the CB1R inverse agonist SR141761
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suggested that CBIR blockage mediates both an anti-proliferative action and an immunomodulatory
capacity, in terms of up-regulation of immunogenic signals on glioma cell surface [42]. Taking all
these in account, we asked whether the residual CB1R activity of tested compounds might induce
the expression of the NKG2D ligand MICA/B on the surface of U251MG glioma cells. Indeed,
while the anti-proliferative action is related to CBI1R-blocking, we cannot exclude that the
immunogenic potential might be related at least in part to CBIR activation. So, by FACS analysis
we monitored the cell surface expression of the NKG2D ligand MICA/B on untreated and
compounds treated U251 glioma cells after 24 h of incubation to exclude that the possibility of
observed effects were linked to the stress of dying cells. We specifically found that the incubation
with CB1R agonists B2, B4 and B6, resulted in a significant up-regulation of MICA/B expression
on U251 cells in terms of Mean Fluorescence Intensity (MFI) (Fig. 5). These results could help
clarifying some aspects of the effects shown by these new ECS modulators, which may be able to
exert both cytostatic effects through CB2R and immunogenic activity mainly through CBIR

modulation.
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Figure 5. Effect of MC21, B1-B6 and C1 on cell surface expression of MICA/B on U251 glioma
cells. Representative example for cytofluorimetric histogram profiles of MICA/B protein levels at
the U251 cell surface of control (black long dash dot lanes) or cells treated with compound for 24 h
(empty grey profiles) (upper panel). The mean fluorescence intensity (MFI) of U251 positive cells
for MICA/B was calculated based on 3 independent experiments. Bar graphs report mean values +
SD (lower panel). Then, the collected data were analyzed for statistical significance using ANOVA
followed by Bonferroni correction for multiple comparisons (ANOVA, (*P < 0.05, ***P < 0.001

compared with untreated cells).
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2.3. In silico ADME profiling

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

As expected, all ligands showed high values of logP, and low values of logS, which are both in
agreement with the substantial lipophilic character of the compounds that can be deduced by their
chemical structure. Accordingly, very high permeability to both Caco-2 and MDCK cells was
calculated for all ligands. Compound B1 was unsurprisingly predicted to be the most soluble and
the least lipophilic of the series, bearing only a methyl group and a hydrogen in position 4 and 5 of
the oxopyridine core, respectively. Interestingly, compound BS, which is a structural isomer of B1,
presented similar values of logP and logS but a higher permeability. The presence of a bromine
atom in position 5 of the core determines an increased lipophilicity and a decreased solubility in B2
and B6, with respect to their non-brominated analogues B1 and BS. Interestingly, the presence of
the bromine substituent seems to confer a particular boost to the MDCK apparent permeability of
B2 and B6 and this is a highly desirable effect considering that the two ligands showed the best
activity in inducing the expression of MICA/B on the surface of U251MG glioma cells. Compounds
B3 and B4, where the 4-methyl group was replaced by an aromatic substituent, showed the highest
lipophilicity and the lowest solubility values. Overall, the physicochemical properties predicted for
the compounds should be suitable for the activity of the ligands on the central nervous system.

However, although all compounds have logP values in the range of 95% of known drugs, a lower
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lipophilicity would be desirable for a good bioavailability and a low toxicity risk. In fact, all ligands
but B1 violated a Lipinski rule, having a logP value higher than 5. Moreover, derivatives with
higher water solubility would be required in order perform in vivo studies on this series of
compounds. Indeed, five ligands (B2-B4, B6 and C1), violated a Jorgensen rule, presenting a logS
value lower than -5.7, while B3, B4 and C1 showed solubility values that fall outside the range of
95% of known drugs (-6.5 < logS < 0.5). Based on these considerations, the series of compounds
could be expanded introducing derivatives bearing more hydrophilic substituents, such as the
morpholine ring of the recently reported CB2 ligand VL15 [45], with the aim of improving ADME

profile and developing better candidates for in vivo studies.

Table 3. Predicted lipophilicity (logP), water solubility (logS), Caco-2 and MDCK cell apparent

permeability, as well as rules violation of compounds B1-B6 and C1.

Cmpd logP logS Caco-2 MDCK _RoF® RoT®
(nm/s) (nm/s) violations  Violations
B1 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 2634.5 1 1
B5 5.1 -54 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

Lipinski rule of Five, ® Jorgensen rule of Three.

2.4. Molecular Modeling Studies
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To rationalize the structure-activity relationships (SARs) experimentally observed, a molecular
docking analysis of the synthetized compounds was carried out into the three-dimensional structure
of CBIR and CB2R.

Recently, the crystal structure of CBIR in complex with the antagonist AM6538 has been
determined (PDB code: STGZ) [46]. To date, the CB2R subtype has not been crystallized yet. Thus,
a homology model of this target has been developed by using CBIR structure as template, since the
two receptors are endowed with a good sequence similarity (44% of amino acid sequence identity).
Starting from the alignment shown in Figure S1 (Supporting information), an initial model of CB2R
was created and subjected to a simulated annealing protocol by means of the software Modeller
[47]. The model was inserted into a membrane bilayer and water environment and subjected to 100
ns of MD simulation with AMBER14 [48]. Before the simulation, geometry optimization of the
CB2R model has been performed with a position constraint of 10 kcal/(mol-A) applied to the
protein a carbons, employing a total of 20’000 steps of energy minimization. The same analysis was
applied to the CBIR-AM6538 complex in order to validate the procedure. The synthesized
compounds were docked using AUTODOCK 4.2 into the CBIR and CB2R. For each ligand, a total
of 200 different docking poses were generated and clustered with an RMSD threshold of 2.0 A. For
each compound, the top-scored pose was considered. Figure 6A shows the docking results obtained
for compound B2 into the CBIR and CB2R binding sites. Among all the compounds of this series,
compound B2 revealed the highest CBIR and CB2R affinity. In the CBIR model the compound is
localized between the transmembrane domain (TM) 2, 3, 6 and 7 and shows a large number of
lipophilic interactions. The p-fluorobenzyl substituent is directed towards the intracellular side of
the receptor and interacts with V196 and L387 whereas the cycloheptyl group is inserted into a
lipophilic cleft mainly delimited by T197, F268, W279, W356, L359 and M363. Finally, the 5-
bromo-4-methyl-2-oxopyridine central core of the molecule shows additional lipophilic interactions

with F102, M103, F268 and F379. The analysis of the docking results into the CB2R highlights that
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this compound shows the same binding mode and the same interaction present in the CBIR (see
Figure 6B). This result is in agreement with the analysis of the non-conserved residues around the
compound. By applying a threshold of 4 A around the hypothesized binding disposition of B2, there
are only three non-conserved residues and their mutation does not affect the interactions of the
compound, as the CBIR G166, L193 and S199 are changed in the CB2R with A83, 1110 and T116,

respectively (see Figure S1).

Figure 6. Top-scored poses of compound B2 docked into CB2R (A) and CBIR (B).

As shown in Figure S2, the replacement of the 5-bromine atom with a bulkier group such as the
phenyl ring as for compound B3, does not determine important modifications in the binding mode
of the compound into both receptors as the phenyl ring fulfils the binding site cavity near the TM1,
2, 7 region (see Figure S2). The higher affinity for CB2R with respect to CB1R showed by this

compound (3-fold selectivity) could be probably due to the interaction of the phenyl ring with the
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F94 residue in the CB2R that is far away from the binding site in the CB1R. Differently, the
substitution of the 4-methyl with a bulkier group such as the phenyl ring of compound C3,
determines the total loss of affinity for both receptors. As shown in Figure S3, this substitution
prevents, into both receptors, the maintenance of the binding disposition showed by the other two
active compounds and this finding could be the reason of the low affinity of compound C3.
Compounds B1-B4 differ only for the R1 substitution and among them B2 is the most active against
CBIR. With respect to B1, the bromine atom of B2 shows positive lipophilic interactions with the
receptor, whereas its substitution with the phenyl and p-OCH3phenyl fragment (compounds B3 and
B4) determines a slight decrease of activity probably due to the larger dimension of these
substituents and the fact that they are directed towards the water exposed region of the binding site
cavity. In CB2R, the presence of F94 near the TMI, 2, 7 region of the binding site limits the
exposure to the solvent; this may explain why the different R1 substituents in B1-B4 have a smaller
impact in the affinity of the ligands for CB2R. Comparing the disposition of C3 to that predicted for
B2 and B3 it is possible to underline that the ligand leaves the lipophilic cleft in the TM3, 5, 6
region and moves towards the TM1, 2, 7 region.

Compound B3 also shows a nanomolar inhibition activity against FAAH. The docking results for
this compound suggest that the p-fluorobenzyl interacts with the catalytic S241 and shows
lipophilic interactions with M191 (Figure 7). The cycloheptyl ring is directed towards the entrance
of the binding site and does not show important interactions, whereas the 5-phenyl ring appears to
have an important role as it is inserted in a lipophilic cleft delimited by F192, L380, F381 and F388.
The replacement of the 4-methyl with a phenyl group determines the total loss of activity of the
compound; as shown in Figure 7 the binding site region surrounding the 4-methyl group of B3, is
very small and cannot allow the presence of a bulkier substituent. The docking analysis of CS
clearly supports this hypothesis: as shown in Figure S4, this compound is not able to interact with

the catalytic S241 and occupies a binding site cavity completely different from that occupied by B3.
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Figure 7. Top-scored pose of compound B3 docked into FAAH.

3. Conclusion

The ECS represents one of the major neuromodulatory systems involved in different
physiological and pathological processes and therefore it is a promising drug target. However,
despite several attempts to pharmacologically modulate the main components of this system have
been performed, the results obtained in pre-clinical and clinical settings were not completely
satisfying in terms of safety or efficacy. Alternative pharmacological approaches have been
explored with the aim of modulating two or more components of the ECS [49-51]. The present
study describes a series of new 4-substituted and 4,5-disubstituted-1,2-dihydro-2-oxo-pyridine-3-
carboxamide derivatives that showed a broad spectrum of affinity and functional activity towards
both CBRs and interesting effects on the other components of the ECS. In particular, the
combination of a methyl group in position 4, a bulky substituent in position 5 and the p-
fluorobenzyl group in the N-1 position of the 1,2-dihydro-2-oxo-pyridine ring (B3 and B4

derivatives) determine a high affinity for both CBRs and high potency to inhibit the main AEA
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hydrolytic enzyme, fatty acid amide hydrolase (FAAH). Furthermore, in one case (B4 derivative),
these activities were associated to moderate low micromolar inhibition of the minor 2-AG
hydrolytic enzymes and ABHD12. Interestingly, the compounds that bear the p-fluorobenzyl on the
oxygen in position 2 of the heterocyclic nucleus (BS and B6), beyond the moderate interaction with
both CBRs, showed to inhibit AEA uptake with a sub-micromolar ICso value without affecting
FAAH activity up to 10 uM and one of them (B6 derivative) displayed also a selective inhibition of
ABHDS.

Moreover, the 4-methyl derivatives B1, B2, B5 and B6 that showed the best results in terms of
binding properties and agonist/partial agonist behavior on both CBRs displayed a significant
reduction of U937 cell viability where CB2R is predominantly expressed, but not of U251 cells,
which mainly express CB1R. Furthermore, the CBIR full agonists B2, B4 and B6 showed a
significant up-regulation of MICA/B expression on U251 cells. These results indicated the
polyhedral effects of these compounds, which can exert both cytostatic effects through CB2R and
immunogenic activity mainly through CB1R modulation.

Altogether, this new series of 4-substituted and 4,5-disubstituted-1,2-dihydro-2-oxo-pyridine-3-
carboxamide derivatives present diverse and intriguing multi-target profiles in the ECS, despite the
limited number of compounds that have been assessed. This scaffold may represent a useful starting
point to generate more derivatives in order to further explore the different multi-target approaches
and assess their potential pharmacological advantages and disadvantages as compared to the single
target approach. Moreover, novel chemical probes that differentially target this complex network of

lipid pathways may be useful to better understand endocannabinoid function.

4. Experimental
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4.1. Chemistry

Commercially available reagents were purchased from Sigma Aldrich or Alfa Aesar and used
without purification. "H NMR and '*C NMR were recorded at 400 and 100 MHz respectively, on a
Bruker AVANCE III™ 400 spectrometer. Chemical shift (8) are reported in parts per million
related to the residual solvent signal, while coupling constants (J) are expressed in Hertz (Hz).
Microwave-assisted reactions were run in a Biotage® microwave synthesizer. All final compounds
were analyzed by HPLC, showing a purity > 95%. A Bechman HPLC instrument equipped with a
System Gold Solvent Delivery module (Pumps) 125, System Gold UV/VIS Detector 166, Detector
set to 278 nm, was employed. Analyses were performed on a reverse phase C18 column
(Phenomenex 250 x 4.6 mm, 5 mm particle size, Gemini). The mobile phase was constituted by a
mixture of H2O/AcOH (0.1% v/v) (eluent A) and ACN (eluent B). A gradient starting from 50% of
B, changing to 100% of B over 20 min., and returning to the initial conditions over 10 min., was
used for compounds The flow rate was 1.0 ml/min. Organic solutions were dried over anhydrous
Na>SO4. Evaporation was carried out in vacuo using a rotating evaporator. Silica gel flash
chromatography was performed using silica gel 60 A (0.040-0.063 mm; MERK). Reactions was
monitored by TLC on Merck aluminium silica gel (60 F254) plates that were visualized under a UV
lamp (A= 254 nm). Melting points were determined on a Kofler hot-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, 15.13 mmol), cyanoacetamide (1.6 g, 18.92
mmol), ammonium acetate (79.3 mg, 1.03 mmol), acetic acid (0.6 mL) in anhydrous toluene (12.4
mL) was refluxed under stirring for 8 h, removing the produced water by Dean-Stark apparatus.

When this step was finished, the reaction mixture was evaporated under reduced pressure, the
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residual oil was cooled to room temperature and EtOH (7.0 mL) was added under stirring at 25 °C.
After that, H2SO4 50% (2.6 mL) was added slowly and the mixture was heated at 50 °C under
stirring for 3 h. The reaction mixture was then cooled to 5 °C, and water (1.3 mL) was added
slowly. The obtained brown solid was purified by crystallization in EtOH to obtain 2-hydroxy-3-
cyano-4-methylpyridine 1 (0.900 g, yield: 45%); mp: 233-236 °C. 'H-NMR (400 MHz, DMSO): &
12.58 (bs, 1H, NH), 8.04 (d, /= 7.4 Hz, 1H, H6 Py), 6.24 (d, J = 7.4 Hz, 1H, HS Py), 2.31 (s, 3H,

CHz).

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

4-methylpyridine 1 (1.0 g, 7.46 mmol) was heated in H2SO4 50% (1.4 mL) at 120 °C for 8 h.
After that, the reaction mixture was cooled at room temperature and few drops of water were added
at 0 °C. The formed precipitate was filtered under vacuum, washed with water and dried to afford
compound 2 (0.740 g, yield: 65%) as white solid which was used without purification. 'H-NMR
(400 MHz, DMSO): 6 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, CH).

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-3-carboxylic acid 2 (0.120 g, 0.78 mmol) in
MeOH (0.5 mL) and concentrated H>SO4 (0.2 mL) was refluxed at 85 °C for 12 h or heated in a
microwave reactor at 100° C for 50 minutes (power = 200 W, pressure = 100 psi). After cooling to
room temperature, the mixture was treated with solid Na,COs until pH = 7-8 and extracted with
CH:Cl,. The organic layer was dried over anhydrous Na>SQg, filtered and evaporated under reduced
pressure to give 3 (83.3 mg, yield: 80%) as a white solid. 'H-NMR: (CDCl;3) & 8.20 (d, J = 7.6 Hz,

1H, H6 Py), 6.28 (d, J = 7.6 Hz, 1H, H5 Py), 3.90 (s, 3H, COOCH3), 2.48 (s, 3H, CH3).
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4.1.4. N-Cycloheptyl-1,2-dihydro-4-Methyl-2-oxo-pyridine-3-carboxamide (4)

The 1,2-dihydro-2-oxo-pyridine 3 (0.187 g, 1.13 mmol) was suspended in cyclohepthylamine (0.5
mL, 3.67 mmol) and heated at 150° C for 48 h or in a microwave reactor at 130° C for 30 minutes
(power = 140 W, pressure = 100 psi). After cooling to room temperature, the reaction mixture was
kept in an ice-water bath and treated with 10% HCI until pH = 1-2. The precipitated solid was
collected by filtration, washed with water and dried under vacuum to afford the pure amide 4 (80.0
mg, yield: 31%) as a white solid. 'TH-NMR (400 MHz, CDCls): & 12.96 (bs, 1H, NH Py), 9.63 (bd,
1H, CONH), 8.55 (d, J= 7.6 Hz, 1H, H6 Py), 6.36 (d, J = 7.6 Hz, 1H, H5 Py), 4.25-4.23 (m, 1H,

NCH), 2,45 (s, 3H, CH3), 1.51-1.98 (m, 12H, cycloheptyl).

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

pyridine-3-carboxamide derivatives

Cesium fluoride (0.30 mmol) was added to a solution of the 3-carboxamide derivative 4 or 5 (0.3
mmol) in anhydrous DMF (0.9 mL). After 1 h, p-fluorobenzyl chloride (0.90 mmol) was added, and
the resulting mixture was left under stirring at 25 °C for 12 h. After cooling to room temperature,
the reaction mixture was concentrated under reduced pressure, treated with water, and then
extracted with dichloromethane. The organic layer was dried over anhydrous Na;SOs, filtered, and

evaporated under reduced pressure to give a residue which 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-fluorobenzyloxy)-4-methyl-pyridine-3-carboxamide (BS5)

Purified by flash column chromatography on silica gel (petroleum ether/ethyl acetate from 8:2 to
5:5). B1: yield 53%. '"H NMR (400 MHz, CDCl3): § 9.72 (bd, 1H, CONH), 8.45 (d, J= 7.6 Hz, 1H,

H6 Py), 7.11-6.99 (m, 4H, Ar), 6.30 (d, J = 7.6 Hz, 1H, H5 Py), 5.35 (s, 2H, N-CHy), 4.14-4.11 (m,
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1H, N-CH), 2.35 (s, 3H, CH3), 1.48-2.03 (m, 12H, cycloheptyl). *C-NMR (100 MHz, CDCls): §
162.50 (d, J=245.0 Hz), 163.44, 163.07, 150.59, 143.35, 131.46 (d, /= 3.2 Hz), 128.29 (d, /= 8.4
Hz), 119.36, 116.28 (d, J = 22.1 Hz), 108.38, 50.72, 47.40, 35.27, 28.44, 24.56, 21.42. HPLC
analysis: retention time =11.94 min; peak area, 98.7% (280 nm). B5: yield: 30%. 'H NMR (CDCls)
0 8.39 (d, /= 8.0 Hz, 1H, H6 Py), 7.90 (bd, 1H, CONH), 7.48-7.42 (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-CH»), 4.17-4.08 (m, 1H, N-CH), 2.50 (s, 3H,
CHs), 1.85-1.34 (m, 12H, cycloheptyl). 3C NMR (100 MHz, CDCl5): § 163.00 (d, J = 246.0 Hz),
162.79, 159.49, 159.44, 142.06, 132.48, 130.85 (d, J = 8.4 Hz), 117.49, 115.77 (d, J = 22.1 Hz),
113.53, 68.19, 50.07, 34.85, 28.39, 24.24, 23.85. HPLC analysis: retention time = 12.10 min; peak

area, 99.15% (280 nm).

4.1.5.2. 5-Bromo-N-cycloheptyl-1,2-dihydro- 1-(4-fluorobenzyl)-4-methyl-2-oxo-pyridine-3-
carboxamide  (B2) and  5-bromo-N-cycloheptyl-2-(4-fluorobenzyloxy)-4-methyl-pyridine-3-
carboxamide (B6)

Purified by flash column chromatography on silica gel (petroleum ether/ethyl acetate 9:1). B2:
yield 32%. '"H NMR (400 MHz, CDCI5): § 9.61 (bd, 1H, CONH), 8.66 (s, 1H, H6 Py), 7.03 -7.13
(m, 4H, Ar), 5.43 (s, 2H, N-CH>), 4.11-4.17 (m, 1H, N-CH), 2.53 (s, 3H, CH3), 1.51-2.05 (m, 12H,
cycloheptyl). *C NMR (100 MHz, CDCl3): § 162.45 (d, J = 245.0 Hz), 162.17, 161.52, 148.43,
146.63, 130.82 (d, J = 2.8 Hz), 128.13 (d, J = 8.4 Hz), 120.21, 116.26 (d, J = 22.1 Hz), 101.97,
50.70, 48.81, 35.01, 28.25, 24.32, 20.93. HPLC analysis: retention time = 11.53 min; peak area,
98.5% (280 nm). B6: yield 41%. '"H NMR (400 MHz, CDCls): § 8.57 (s, 1H, H6 Py), 7.81 (bd, 1H,
CONH), 7.49-7.43 (m, 2H, Ar), 7.14-7.08 (m, 2H, Ar), 5.42 (s, 2H, O-CH>), 4.17-4.09 (m, 1H, N-
CH), 2.61 (s, 3H, CH3), 1.86-1.37 (m, 12H, cycloheptyl). *C NMR (100 MHz, CDCls): § 163.03

(d, J=246.0 Hz), 161.36, 158.01, 157.60, 144.82, 131.97 (d, J = 3.2 Hz), 130.85 (d, J = 9.0 Hz),
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115.81 (d, J = 21.9 Hz), 115.53, 113.55, 68.67, 50.16, 34.72, 28.32, 24.57, 23.75. HPLC analysis:
retention time = 11.89 min; peak area, 99.0% (280 nm).

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-oxo-pyridine-3-carboxamide (4, C1 or C2) (1.78
mmol) in CHCIz (3.0 mL) was added dropwise a solution of bromine (0.1 mL, 1.78 mmol) in
CHCI; (1.8 mL) and the mixture was left under stirring at room temperature for 12 h. The reaction
mixture was then treated with an aqueous solution of sodium bisulfate and extracted with CHCls.
The organic layer was washed with water, dried over anhydrous Na>SOs and evaporated under
reduced pressure. The obtained residue was triturated with high boiling point petroleum ether to

afford the pure desired compound.

4.1.6.1. 5-Bromo-N-cycloheptyl-1,2-dihydro-4-methyl-2-oxo-pyridine-3-carboxamide (5)
Yield 99 %. 'H NMR (400 MHz, CDCls,): & 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, 3H, CH3), 1.88-1.57 (m, 12H, cycloheptyl).

4.1.6.2. 5-Bromo-N-cycloheptyl-1,2-dihydro- 1-(4-fluorobenzyl)-2-oxo-4-phenyl-pyridine-3-
carboxamide (C3)

Yield 63%. 'H NMR (400 MHz, CDCl3) & 7.60 (s, 1H, H6 Py), 7.43-7.37 (m, 5H, Ar), 7.24-7.19
(m, 2H), 7.12-7.06 (m, 2H), 6.75 (bd, 1H, CONH), 5.13 (s, 2H, NCH>), 3.90-3.87 (m, 1H, NCH),
1.36-1.74 (m, 12H, cycloheptyl). 1*C NMR (100 MHz, CDCl3): § 162.99 (d, J = 245.0 Hz), 162.75,
159.80, 152.98, 137.65, 137.44, 131.07 (d, J = 3.2 Hz), 130.73 (d, J = 8.4 Hz), 128.74, 128.17,
127.88, 127.41, 116.27 (d, J = 21.0 Hz), 102.06, 52.10, 50.49, 34.75, 28.15, 24.05. HPLC analysis:

retention time = 11.46 min; peak area, 97.8% (280 nm).
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4.1.6.3. 5-Bromo-N-cycloheptyl-1,2-dihydro- 1-(4-fluorobenzyl)-4-(4-methoxyphenyl)-2-oxo-
pyridine-3-carboxamide (C4)

Yield 95%. '"H NMR: (400 MHz, CDCls) & 7.59 (s, 1H, H6 Py), 7.40-7.36 (m, 2H, Ar), 7.18-7.15
(m, 2H, Ar), 7.10-7.06 (m, 2H, Ar), 6.93-6.91 (m, 2H, Ar), 6.55 (bd, 1H, CONH), 5.11 (s, 2H, N-
CH>), 3.95-3.92 (m, 1H, NCH), 3.81 (s, 3H, OCH3), 1.80-1.21 (m, 12H, cycloheptyl). *C NMR
(100 MHz, CDCl): ¢ 163.23, 160.03, 159.70, 152.59, 137.60, 131.12, 130.72 (d, J = 8.4 Hz),
129.51, 129.42, 128.50, 127.63, 116.25 (d, J=22.1 Hz), 113.66, 102.57, 55.36, 52.03, 50.60, 34.77,

28.19, 24.06. HPLC analysis: retention time = 11.86 min; 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(OAc), (11.7 mg, 0.049 mmol) in 1.7 mL of
anhydrous toluene was stirred at room temperature under nitrogen flux. After 15 minutes, the 5-
bromo derivative B2 for B3 and B4, or C3 for C5 and C6 (75.0 mg, 0.17 mmol), anhydrous K>CO3
(0.26 mmol) and suitable arylboronic acid (0.34 mmol) were added to the mixture. The reaction was
heated at 100 °C under stirring for 12 h. After cooling to room temperature, the reaction mixture
was treated with water and extracted with CH>Cl. The combined organic layers were washed with
brine, dried over anhydrous Na>SOs4, and evaporated under reduced pressure. The residue was

purified by flash chromatography.

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

'H NMR (400 MHz, CDCL3): & 9.82 (bd, 1H, CONH), 8.51 (s, 1H, H6 Py), 7.42-7.32 (m, 3H, Ar),
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7.23-7.20 (m, 2H, Ar), 7.16-7.12 (m, 2H, Ar), 7.07-7.04 (m, 2H, Ar), 5.46 (s, 2H, N-CH>), 4.14-
4.11 (m, 1H, N-CH), 2.30 (s, 3H, CH3), 2.02-1.52 (m, 12H, cycloheptyl). 3C NMR (100 MHz,
CDCl3): 6 162.31 (d, J=245.0 Hz), 162.73, 162.60, 147.45, 145.20, 138.15, 131.37 (d, J=4.0 Hz),
129.73, 128.76, 128.08 (d, J = 8.4 Hz), 127.82, 122.07, 118.65, 116.12 (d, J = 21.8 Hz), 50.54,
47.88, 35.08, 28.26, 24.33, 18.69.HPLC analysis: retention time = 12.01 min; peak area, 98.7%

(280 nm).

4.1.7.2. N-Cycloheptyl-1,2-dihydro-1-(4-fluorobenzyl)-5-(4-methoxyphenyl)-4-methyl-2-oxo-
pyridine-3-carboxamide (B4)

Purified by column chromatography on silica gel (petroleum ether/ethyl acetate 8:2). Yield 54%.
"H-NMR (400 MHz, CDCls,): § 9.80 (bd, 1H, CONH), 8.50 (s, 1H, H6 Py). 7.36-6.91 (m, 8H, Ar),
5.48 (s, 2H, N-CH>), 4.18-4.14 (m, 1H, N-CH), 3.84 (s, 3H, OCH3), 2.30 (s, 3H, CH3) 2.05-1.43 (m,
12H, cycloheptyl). 1*C NMR (100 MHz, CDCls): & 162.73, 159.23, 147.08, 145.60, 141.30, 131.20,
130.88, 130.00, 129.50, 128.04 (d, J = 8.4 Hz), 116.36 (d, J = 22.1 Hz), 114.73, 116.15, 114.16,
55.47, 50.90, 35.10, 28.29, 24.35, 23.00, 18.73. HPLC analysis: 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-fluorobenzyl)-2-oxo-pyridine-3-carboxamide
(€35)

Purified by column chromatography on silica gel (ethyl acetate/petroleum ether 7:3). Yield 91%.
'H NMR (400 MHz, CDCls): § 7.44-7.40 (m, 2H, Ar), 7.34 (s, 1H, H6 Py), 7.21-7.04 (m, 10H, Ar),
6.85-6.82 (m, 2H, Ar), 6.39 (bd, 1H, CONH), 5.19 (s, 2H, N-CH»), 3.94-3.88 (m, 1H, NH-CH),
1.74-1.17 (m, 12H, cycloheptyl). '3 C NMR (100 MHz, CDCl5): § 164.29, 162.81 (d, J = 246.0 Hz),

160.09, 151.82, 136.69, 136.63, 136.28, 131.90, 131.72 (d, J = 3.2 Hz), 130.66 (d, J = 8.4 Hz),
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129.71, 128.70, 128.13, 127.91, 127.15, 126.85, 122.25, 116.06 (d, J = 21.0 Hz), 52.00, 50.40,

34.76, 28.18, 24.03. HPLC analysis: retention time = 11.88 min; peak area, 97.8% (280 nm).

4.1.74. N-Cycloheptyl-1,2-dihydro- 1-(4-fluorobenzyl)-5-(4-methoxyphenyl)-2-oxo-4-phenyl-
pyridine-3-carboxamide (C6)

Purified by by column chromatography on silica gel (ethyl acetate/petroleum ether 6:4). Yield
70%. 'H NMR (400 MHz, CDCl5): § 7.46-7.41 (m, 2H, Ar), 7.31 (s, 1H, H6 Py), 7.23-7.19 (m, 3H,
Ar), 7.11-7-06 (m, 4H, Ar), 6.78-6.75 (m, 2H, Ar), 6.71-6.66 (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, OCH3), 1.72-1.12 (m, 12H,
cycloheptyl). 3C NMR (100 MHz, CDCls): § 162.82, 162.37, 162.30 (d, J = 244.0 Hz), 158.64,
150.22, 145.97, 133.58, 132.64 (d, J = 4.1 Hz), 130.93, 130.01, 129.95, 129.54, 128.78 (d, J = 8.4
Hz), 128.60, 122.11, 120.65, 115.66 (d, J = 22.1 Hz), 113.69, 55.40, 50.81, 49.40, 35.28, 28.44,

24.55. HPLC analysis: retention time = 11.85 min; peak area, 98.4% (280 nm).

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

Commercial available 2-hydroxynicotinic acid (1.5 g, 10.78 mmol) was dissolved in anhydrous
DMF (20.0 mL) and then NaH (650.0 mg, 27.08 mmol) was slowly added. After 1 h at room
temperature, p-fluorobenzyl chloride (1.5 mL, 12.52 mmol) was added and the reaction mixture was
heated under stirring at 50 °C for 12 h. After cooling to room temperature, the reaction mixture was
evaporated under reduced pressure affording a white solid that was treated with a solution of 10%
NaOH (20.0 mL) and heated at reflux for 4 h. Then the mixture was cooled at room temperature and
acidified with concentrated HCI until pH = 1-2. The obtained solid was filtered under vacuum,
washed with water and dried to afford pure compound 12 (2.6 g, yield: 96%). '"H NMR (400 MHz,
DMSO): 6 12.02 (bs, 1H, COOH), 8.42-8.47 (m, 2H, , H4 and H6 Py) 7.22-7.50 (m, 4H, ArH),

6.83-6.80 (m, 1H, H5 Py), 5.34 (s, 2H, N-CH>).
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4.1.9. N-Cycloheptyl-1,2-dihydro-1-(4-fluorobenzyl)-2-oxo-pyridine-3-carboxamide (13)

To a solution of the 1,2-dihydropyridine-3-carboxylic acid 12 (3.40 g, 13.76 mmol) in anhydrous
DMF (40.0 mL) were added DIPEA (7.2 mL, 41.28 mmol) and TBTU (4.40 g, 13.76 mmol) at 0 °C
and under nitrogen flux. The reaction mixture was stirred at 0 °C for 30 minutes. Then
cycloheptylamine (1.8 mL, 13.76 mmol) was added at 0 °C, and the reaction mixture was stirred at
room temperature for 12 h. After evaporation of the solvent under reduced pressure, the crude
residue was purified by flash column chromatography on silica gel using ethyl acetate/petroleum
ether (6:4) as eluent, to obtain the amide 12 (3.30 g, yield 71%) as a brown oil. '"H NMR (400 MHz,
CDCl3,): 8 9.73 (bd, 1H, CONH), 8.53 (m, 1H, H4 Py), 7.48-7.44 (m, Hz, 1H, H6 Py), 7.03-7.29
(m, 4H, Ar), 6.42-6.39 (m, 1H, HS5 Py), 5.18 (s, 2H, CH>), 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

C1 and C2

To a solution of N-Cycloheptyl-carboxamide 13 (3.86 mmol) in anhydrous THF (28.2 mL),
copper(I) iodide (0.75 mmol) and lithium bromide (0.75 mmol) were added under nitrogen
atmosphere. The solution was cooled to -40 °C and the suitable arylmagnesium bromide (6.18
mmol) was added dropwise. The reaction mixture was stirred at -40 °C for 6 h, warmed up to room
temperature and then a 20% solution of ammonium chloride (19.0 mL) and diethyl ether (24 mL)
were added. The organic phase was separated and the water layer was extracted two times with
diethyl ether (2 x 24 mL). The organic layers were collected and washed with 20% solution of

ammonium chloride (45 mL), water (45 mL), with a 10% solution of hydrochloric acid (2 x 45 mL),

41



water (45 mL) and finally with brine. Afterwards the organic layer was dried over anhydrous

NaxSOs, evaporated under 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
(Cl).

Purified by column chromatography on silica gel (toluene/ethyl acetate 3:7). Yield 92%. 'H
NMR (400 MHz, CDCls): 6 7.46 (bd, 1H, CONH), 7.40-7.33 (m, 8H, Ar, H5 Py), 7.09-7.03 (m, 2H,
Ar) 6.23 (d, 1H, J = 7.2 Hz, H4 Py), 5.15 (s, 2H, N-CH>»), 3.99-3.96 (m, 1H, N-CH), 1.89-1.25 (m,
12H, cycloheptyl). *C NMR (100 MHz, CDCls): § 163.94, 163.81, 161.50, 154.32, 139.41, 136.87,
131.71, 130.40 (d, J = 9.0 Hz), 128.70, 128.40, 127.40, 123.85, 116.13 (d, J = 22.1 Hz), 109.93,
51.97, 50.52, 34.93, 28.18, 24.18. HPLC analysis: retention time = 12.03 min; peak area, 98.6%

(280 nm).

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

Purified by column chromatography on silica gel (ethyl acetate/petroleum ether 7:3). Yield 13%.
'"H NMR: (400 MHz, CDCl3,): § 7.35-7.28 (m, 6H, CONH, H6 Py and Ar), 7.08-7.03 (m, 2H, Ar),
6.91-6.88 (m, 2H, Ar), 6.23 (d, J = 6.8 Hz, 1H, H5 Py), 5.14 (s, 2H, N-CH), 4.02-3.98 (m, 1H, N-
CH), 3.82 (s, 3H, OCH3), 1.93-1.40 (m, 12H, cycloheptyl). *C NMR (100 MHz, CDCl5): § 164.27,
161.35, 160.19, 162.71 (d, J =246.0 Hz), 153.41, 136.74, 131.76 (d, J=4.0 Hz), 131.22, 130.26 (d,
J=9.1 Hz), 129.02, 123.55, 116.01 (d, J = 21.0 Hz), 113.88, 109.75, 55.36, 51.77, 50.56, 34.89,

28.13, 24.14. HPLC analysis: retention time = 11.89 min; peak area, 98.4% (280 nm).

4.2. CBIR and CB2R binding assays.
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Receptor binding experiments were performed with membrane preparations as previously
reported [37]. Briefly, clean membranes expressing 2#CBi1 or #CB> were re-suspended in binding
buffer (50 mM Tris-HCI, 2.5 mM EDTA, 5 mM MgCl, 0.5%!' fatty acid-free bovine serum
albumin (BSA), pH 7.4) and incubated with vehicle or compounds and 0.5 nM of [?’H]CP55,940 for
90 min at 30 °C. Non-specific binding was determined in the presence of 10 uM of WINS55,512.
After incubation, membranes were filtered through a pre-soaked 96-well microplate bonded with
GF/B filters under vacuum and washed twelve times with 150 pL of ice-cold binding buffer. The

radioactivity was measured and the results expressed as [°’H]CP55,940 binding.

4.3. Functional activity at CBIR and CB2R

Assays were performed as previously described [52]. Briefly, #CBi- and hCB;-expressing
membranes (5 pg) were diluted in binding buffer (50 mM Tris-HCI, 3 mM MgCl,, 0.2 mM EDTA,
and 100 mM NaCl at pH 7.4 plus 0.5% fatty acid-free BSA) in the presence of 10 pM of GDP and
0.1 nM of [*>S]GTPYyS. The mixture was kept on ice until the binding reaction was started by adding
the vehicle or compounds. Non-specific binding was measured in the presence of 10 pM of GTPyS.
The tubes were incubated at 30 °C for 90 min. The reaction was stopped by rapid filtration through
a 96-well microplate bonded with GF/B filters previously pre-soaked with washing buffer (50 mM
of Tris-HCI pH 7.4 plus 0.1% fatty acid-free BSA). The filters were washed six times with 180 pL
of washing buffer under vacuum. The radioactivity was measured, and the results were expressed as

[**S]GTPyS binding.

4.4. Enzymatic assays.
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FAAH, MAGL and ABHDs activity assays were performed as previously described [36].
Briefly, FAAH and MAGL activity assays were performed using U937 cell homogenate (100 pg)
which were diluted in 200 puL of Tris—HCI 10 mM, EDTA 1 mM, pH 8 containing 0.1% fatty acid-
free BSA. Compounds were added at the screening concentration of 10 uM and incubated for 30
min at 37 °C. Then, 100 nM of AEA containing 1 nM of [ethanolamine-1-*H]AEA as a tracer for
FAAH or 1 uM of 2-OG containing 1 nM of [glycerol-1,2,3-*H]JAEA was added to the
homogenates and incubated for 15 min at 37 °C. The reaction was stopped by the addition of 400
uL of ice-cold CHCIs : MeOH (1:1), samples were vortexed and rapidly centrifuged at 16000 x g
for 10 min. at 4 °C. The aqueous phases were collected and the radioactivity was measured for
tritium content by liquid scintillation spectroscopy. For AEA uptake assay 0.5 x 10° of intact U937
cells were suspended in 500 uL of serum-free medium in silanized glass tubes and preincubated
with a screening concentration (10 uM) of the compounds for 20 min at 37 °C. Then, the cells were
incubated for 5 min at 37 °C with 100 nM of AEA and a small tracer (0.5 nM) of [ethanolamine-1-
3H]AEA was added. The uptake process was stopped by transferring the tubes on ice and by rapid
filtration over UniFilter®-96 GF/C filters pre-soaked with PBS supplemented with 0.2% BSA.
Cells were washed three times with 100 uL ice-cold PBS supplemented with 1% fatty acid free
BSA. After drying, 50 pL MicroScint 20 scintillation cocktail was added to the wells. The
radioactivity was measured using a Trilux MicroBeta 1450. hABHD6 and hABHD12 activity was
determined using cell homogenates from hABHD6 and hABHD12 stably transfected HEK293 cells.
Compounds were pre-incubated with 40 ug of cell homogenate for 30 min at 37 °C in assay buffer
(Tris 1 mM, EDTA 10 mM plus 0.1% BSA, pH= 7.6). DMSO was used as vehicle control and
WWL70 10 uM or THL 20 uM as positive controls. Then, 10 uM of 2-OG was added and
incubated for 5 min at 37 °C. The reaction was stopped by the addition of 400 uL of ice-cold

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

hydrolysis occurring in non-transfected HEK293 cells was subtracted.

4.5. AEA uptake.

AEA uptake inhibition was measured in U937 cells as previously described in detail [36,53].
Briefly, 0.5 x 10% U937 cells per sample were incubated with the indicated compounds in RPMI, 37
°C for 15 min. A mixture of [ethanolamine-1-*H]AEA (1 nM) and unlabeled AEA (final 100 nM)
was added for 15 min. The uptake process was stopped by rapid filtration and washing with ice-cold
PBS 1% BSA fatty acid free. All experiments were performed at least three times in triplicate and

data are reported as mean values + SD.

4.6. Cells line culture and treatment

The human glioma cell line U251MG was obtained from CLS Cell Lines Service GmbH
(Eppelheim, Germany) and was cultured in EMEM (Lonza) supplemented with 10% heat-
inactivated fetal bovine serum (Euroclone), 1% L-Glutamine, 1% antibiotic mixture, 1% sodium
pyruvate, 1% non-essential aminoacids (Euroclone). The human lymphoblastoid lung U937 cell line
(used for cell viability assays) was kindly provided by Dr. Michelina Festa (University of Salerno,
Italy) and cultured in RPMI 1640 (Invitrogen, San Diego, CA, USA) supplemented with 2 mM L-
Glutamine, 50 ng/ml streptomycin, 50 units/ml penicillin, and 10% heat-inactivated fetal bovine
serum (Hyclone Laboratories, Logan, UT, USA). All cell cultures 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 and FACS analysis: anti-MICA/B/PE,
purchased from R&D Systems (Minneapolis, MN). For the evaluation of MICA/B expression,
U251MG cells were plated into p60 tissue culture plates at a density of 2x10* cells/cm? and were
allowed to grow for 24h. Afterwards, cells were washed with PBS and treated with vehicle or test
substance in complete medium respectively and processed as previously described [54]. Following
24h of incubation, immunofluorescence staining was performed. Briefly 2x10° tumor cells were
stained with the indicated MICA/B- specific mAbs or the respective isotype controls followed by
flow cytometric analysis. Then, cells were stained with the mouse indicated antibodies for 20
minutes at 4°C. Cells were fixed in 1% formaldehyde for data analysis. Sample fluorescence was
measured by using the BD FACSVerse™ Flow Cytometer (Becton Dickinson, USA) and flow data
were analyzed by using the BD FACSuite software. (Becton Dickinson, San Jose, CA). Data are

expressed as logarithmic values of fluorescence intensity.

4.8. Determination of cells viability, MTT assay

Glioma U251MG or lymphoblastoid U937 cells (4x10*/well), were cultured for 24h into 96-well
plates before addition of the individual substances at the indicated concentrations and cultured for
additional 48 at 37°C. To examine cells’ viability it has been used the reduction of tetrazolium salts.
The yellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) is
reduced by metabolically active cells, in part by the action of dehydrogenase enzymes, to generate
reducing equivalents such as NADH and NADPH. The resulting intracellular purple formazan was

solubilized and quantified by spectrophotometric means at 595 nm. All experiments were

46



performed in triplicate, and the relative cell growth was expressed as a percentage comparison with

the untreated control cells.

4.9. Statistical analysis

Statistical analysis was performed in all the experiments shown by using the GraphPad prism
6.0software for Windows (GraphPad software). For each type of assay or phenotypic analysis, data
obtained from multiple experiments are calculated as mean + SD and analyzed for statistical
significance using the 2- tailed Student t-test, for independent groups, or ANOVA followed by
Bonferroni correction for multiple comparisons. P values 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), water solubility (logS), Caco-2 and MDCK apparent
cell permeability, Lipinski and Jorgensen parameters were calculated using QikProp software
within Schrodinger suite [43]. Prior to the ADME properties calculation, the ligands were subjected
to torsional sampling conformational search (MCMM) and energy minimization, which were

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

4.11 Homology Modelling

The primary amino acid sequence of the human CB2 receptor was acquired from the SWISS-PROT
protein sequence database (code P34972) [56], while the crystal structure of the human CBI1
receptor was obtained from the Protein Data Bank (PDB code 5TGZ) [46]. The sequential

alignment was performed by means of CLUSTAL W, employing the Blosum series as a matrix,
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with a gap open penalty of 10 and a gap extension penalty of 0.05. The TM helices and the
extracellular and intracellular loops of the CB2 receptor were created directly from the coordinates
of the corresponding amino acids in the CB1 receptor by means of the Modeller program [47]. The
presence of a disulfide bridge between C174 and C179 was taken into account, since it seemed to be
essential for the receptor function and activity [46]. Starting from this first model, 10 structures
were generated through the “very slow MD annealing” refinement method, as implemented in the
Modeller software. Based on the DOPE (discrete optimized protein energy) assess method, the best

human CB2 receptor model was selected.

4.11 MD simulations

All the simulations were performed using AMBER14 [48]. The simulation protocol, described
below, was set up employing as reference the X-ray structure of the human CB1 receptor (PDB
code 5TGZ). The CB2 model was embedded into a previously stabilized phospholipid bilayer
membrane made up of DPPC molecules [57]. The structure was manually inserted into the
phospholipid bilayer membrane in a way that the a helices of the receptor were oriented in parallel
to the carbon chains of the DPPC molecules. After that, all the phospholipids within a radius less
than 1A around the receptor were deleted. The system was solvated on the “extracellular” and
“intracellular” side with a 20 A water cap; an explicit solvent model was used for water (TIP3P).
Chlorine ions were added as counterions to neutralize the system. Three steps of minimization were
carried out prior to MD simulation. In the first stage, the position of the water molecules was
minimized just keeping the protein and phospholipids fixed with a constraint of 100 kcal/mol; then,
in the second stage, the phospholipids-water system was minimized clamping the whole protein
with a constraint of 100 kcal/mol. Finally, in the last stage, a constraint of 10 kcal/mol was applied

only on the a carbons of the protein. The whole minimization protocol consisted of 20’000 cycles in
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which the first 4’000 were steepest descent (SD) while the last 16’000 conjugate gradient (CG). MD
trajectories were run using the previously obtained minimized structure as starting conformation;
particle mesh Ewald electrostatics (PME) and periodic boundary conditions were employed in the
simulations. A total of 100 ns of MD simulation were run employing a cutoff of 10 A for the
nonbonded interactions and the SHAKE algorithm to keep rigid every bond involving hydrogen. In
the first step, 1.5 ns of constant-volume simulation were carried out to increase the temperature
from 0 to 300 K. The second step consisted of 98.5 ns of constant pressure simulation, in which the
temperature was maintained constant at 300 K by using the Langevin method. In the first 50 ns of
the simulation, the a carbons of the receptor and all the heavy atoms of the DPPC molecules were
fixed with a harmonic force constant, which decrease during these 50 ns from 10 to 1 kcal/(mol-A);
while in the last 50 ns there were no constraints. The final structure of the CB2 model was obtained
as the average of the last 50 ns of MD minimized with the CG method until a convergence of 0.05

kcal/(A-mol).

4.12 Docking of compound B1-6 and C1-6

Compounds B1-6 and C1-6 were built through Maestro and then energy-minimized using a water
environment model (generalized-Born / surface-area model) by means of the Macromodel program
[55]. The minimization was performed employing the conjugated gradient method until a
convergence value of 0.05 kcal/(A-mol), the MMFFs as force field and a distance-dependent
dielectric constant of 1.0. Compounds were submitted to a conformational search of 1’000 steps
with an energy window for saving structures of 10 kJ/mol by means of Macromodel. The algorithm
used was the Monte Carlo method; the search was carried out using the same force field and
dielectric constant employed for the minimization. All the ligands were docked into the CB1 and

CB2 receptors binding pockets by means of AUTODOCK4.2 [58]. The docking sites were defined
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superimposing the optimized CB2 model to the template structure (CBI1 receptor) and setting the
bound AM6538 as the center of a grid of 56, 56 and 50 points, respectively, in the x, y and z
directions. A grid spacing of 0.375 A and a distance-dependent function of the dielectric constant
were used for the energy map calculations. All the compounds were subjected to 200 runs of the
AUTODOCK search as previously described [59]. Cluster analysis was carried out on the docked
results using an RMS tolerance of 2.0 A. For each compound, the best docking pose belonging to
the best-ranked and most populated cluster was considered. The same docking procedure was
applied to dock compounds B1-6 and C1-6 into the catalytic site of the FAAH enzyme (PDB code

3QJ8) [60].
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