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Abstract 

Temporal lobe epilepsy is the most common form of epilepsy and current antiepileptic drugs are 

ineffective in many patients. The endocannabinoid system has been associated with an on-

demand protective response to seizures. Blocking endocannabinoids’ catabolism would elicit 

antiepileptic effects, devoid of psychotropic effects. We herein report the discovery of selective 

anandamide catabolic enzyme fatty acid amide hydrolase (FAAH) inhibitors with promising 

antiepileptic efficacy, starting from a further investigation of our prototypical inhibitor 2a. When 

tested in two rodent models of epilepsy, 2a reduced the severity of the pilocarpine-induced status 

epilepticus and the elongation of the hippocampal maximal dentate activation. Notably, 2a did 

not affect hippocampal dentate gyrus long-term synaptic plasticity. These data prompted our 

further endeavor aiming at discovering new antiepileptic agents, developing a new set of FAAH 

inhibitors (3a-m). Biological studies highlighted 3h and 3m as the best performing analogues to 

be further investigated. In cell-based studies, using a neuroblastoma cell line, 3h and 3m could 

reduce the oxinflammation state by decreasing DNA-binding activity of NF-kB p65, devoid of 

cytotoxic effect. Unwanted cardiac effects were excluded for 3h (Langendorff perfused rat 

heart). Finally, the new analogue 3h reduced the severity of the pilocarpine-induced status 

epilepticus as observed for 2a. 

Keywords: Endocannabinoid system; Fatty acid amide hydrolase; Enzyme inhibitors; Selective 

inhibitors; Epilepsy; Temporal lobe epilepsy; Seizures 
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Introduction 

The endocannabinoid system (ECS) is a modulatory system orchestrated by endocannabinoids, 

their receptors, transporters, biosynthetic and catabolic enzymes. The most important 

endocannabinoids, namely arachidonoylethanolamide (or anandamide, AEA) and 2-

arachidonoyl-glycerol (2-AG) are fatty acid-derived messengers endowed with major pro-

homeostatic functions. They are synthesized “on-demand” from membrane phospholipids 

precursors and mainly exert their action by interacting with type 1 and type 2 cannabinoid 

receptors (CB1Rs and CB2Rs). Their activity is terminated after enzymatic degradation that is 

principally exerted by fatty acid amide hydrolase (FAAH, for AEA) and monoacylglycerol lipase 

(MAGL, for 2-AG).
1
 The ECS regulates relevant signaling pathways including excitotoxicity, 

neurodegeneration, oxidative stress (OS) and neuroinflammation. Particularly, a reduction of 

AEA was ascertained in patients affected by temporal lobe epilepsy (TLE).
2
 However, the 

neuroprotective role of AEA was confirmed by the kainic acid-induced increase of AEA in the 

hippocampus provides, without affecting 2-AG, “on-demand” protection against acute 

excitotoxicity. Seizure activity initiates cellular Ca
2+

 influx through NMDA and voltage-gated 

channels thus increasing the activity of pro-oxidant systems.
3
 The EC system can delay or 

prevent excitotoxic damage (by re-balancing the excitatory/inhibitory systems) and OS-related 

epileptogenesis.
4
 On these bases, a safe, promising, and viable method to attain a therapeutic 

effect would be the potentiation of the ECS tone by inhibition of the endocannabinoids’ catabolic 

enzymes, such as the FAAH enzyme. This approach would elude the occurrence of unwanted 

psychotropic side effects that accompany the administration of CBR agonists.
5
 As a further 

advantage, FAAH inhibition could provide higher selectivity as it would locally increase the 

activity of the ECS, at sites where endocannabinoids are produced.
6
 For these reasons, 
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remarkable efforts have been made both by academia and pharmaceutical companies to develop 

potent and selective FAAH inhibitors.  

Epilepsy is a neurological disorder clinically defined by the International League Against 

Epilepsy (ILAE).
7
 In developed countries epilepsy has a prevalence ranging from 4-10 cases per 

1000
8
 and an incidence of 43.4 per 100,000 people per year.

9
 Developing countries have a higher 

prevalence with a range of 14-57 cases per 1000
10

 and also a higher incidence of 68.7 per 

100,000 people per year.
9
 Although there have been few epidemiological studies into TLE, they 

indicate that TLE accounts for around 60-70% of epilepsy cases
11-13

 making it the most common 

type of focal epilepsy. Seizures have a myriad of acute effects such as loss of consciousness, 

tonic muscle contractions, colonic jerking and postictal confusion. There are also comorbidities 

such as depression and anxiety
14

 and long-term effects of epilepsy including neuronal cell loss 

with associated memory deficits.
15

 Mechanisms of brain damage and neuronal loss associated 

with epilepsy are multi-factorial including mitochondrial dysfunction, OS and inflammation (i.e. 

oxinflammation phenomenon
16, 17

) leading to seizure-mediated lipoperoxidation damage which 

may affect the cellular ionic balance.
18, 19

 

Although cases of epilepsy commonly have a good prognosis, the disorder is associated with a 

higher mortality rate arising from causes such as accidental trauma, drowning, and suicide.
8
 

Though some effective antiepileptic drugs exist, a recent study estimated that about 140,000 

patients exist in the USA with drug-resistant TLE
20

 thus indicating the pressing need for new 

therapeutic options for this type of epilepsy.  

In the last decades, ECS has become a focus of research in many conditions including 

epilepsy. The endocannabinoids play a key role in neuromodulation by retrograde signaling.
21

 

Activation of CB1R inhibits neurotransmitters’ release; therefore, it may induce depolarization-
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induced suppression of inhibition (DSI) or depolarization-induced suppression of excitation 

(DSE) depending on if the CB1Rs are on GABAergic or glutamatergic neurons, respectively.
22

 

Unsurprisingly, a neuromodulatory system of such widespread importance in the brain has been 

implicated in the etiopathogenesis of epilepsy and changes in the ECS were documented in 

animal models of epilepsy, as well as in humans. CB1Rs expression was found reduced in the 

thalamus of epileptic rats.
23

 In human patients with untreated TLE there is a reduced amount of 

AEA in the cerebrospinal fluid.
2
 Further, the increased CB1Rs expression on GABAergic 

neurons or the increased sprouting of CB1Rs expressing GABA axons
24

 supports previous 

knowledge of the involvement of GABA in seizures.
25

  

In this context, the involvement of the endocannabinoids in excitatory/inhibitory balance 

mechanisms in the brain, and their selective impairment in distinct neurological disorders, offers 

a glimpse for novel therapeutics.
26

 In fact, as a result of the neuroprotection offered by the ECS, 

this latter has become a target for potential treatment in various neurological disorders, such as 

Huntington’s disease,
27

 Alzheimer’s disease
28

 and epilepsy.
5
 The stimulation of ECS may exert 

neuroprotective effects and a rapid increase in AEA levels during seizures in mice providing a 

CB1R mediated protection against excitotoxicity.
29

 Accordingly, some CB1R agonists (e.g. ∆9-

THC and WIN-55,212)
30

 proved to be antiepileptic. However, their administration can alter 

synaptic plasticity with inhibition of long-term potentiation
31

 likely the cause of impairment in 

cognition and the detrimental effects on long-term memory.
32, 33

 Prolonged use of WIN-55,212 

can also lead to a reduction in its antiepileptic efficacy due to tolerance and alterations in CB1Rs 

expression.
34

  

In the context of indirect agonism of the ECS, FAAH inhibitors such as URB-597 (1, Figure 

1)
35

 and AM374
36

 have previously shown promising antiepileptic and neuroprotective activities. 



 6 

Other FAAH inhibitors showed differing effects on memory, which in many cases have a better 

profile than CB1R agonists,
37

 as also recently demonstrated by our team in TLE.
38

  

 

Figure 1. Reference compounds (1–2a,b) and title compounds (3a–m).  

Recently,
39-42

 we identified a potent and selective FAAH inhibitor hit, namely ST3913 (2a, 

Figure 1). Since the efficacy of 2a was never measured before in animal models of epilepsy, this 

manuscript deals with the in vivo characterization of the antiepileptic potential of 2a in two 

rodent models of epilepsy, the identification of a new class of FAAH inhibitors (3a-m, Figure 1) 
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along with their biological investigation leading to the selection of 3h to be tested in vivo to 

measure its antiepileptic potential. 

In particular, after i.p. administration, 2a proved to be efficacious in the pilocarpine and the 

maximal dentate activation murine models of TLE during seizures and using it as a pretreatment. 

In addition, we have investigated the effect on synaptic plasticity (short-term and long-term 

plasticity STP-LTP) and neuronal damage resulting from seizures (the histological study of thiols 

formations).  

The encouraging data obtained with 2a have prompted us to further expand the series of 

phenylpyrrole-based analogues in the quest of identifying further potent and selective FAAH 

inhibitors as new antiepileptic agents to be used as a follow-up of 2a. Accordingly, we initiated a 

further medicinal chemistry endeavor developing a new set of FAAH inhibitors (3a-m, Figure 

1). We herein report the synthesis, molecular modelling and biological investigation of this new 

set of molecules (3a-m) structurally related to 2a. Computational methods were used for a 

preliminary evaluation of the drug-like profile and of the physicochemical properties of the 

developed compounds and for a rational analysis of the structure-activity relationships (SAR). 

The most interesting inhibitors of the new series, 3g, 3m and 3h, were selected for further 

studies. Selectivity towards CB1R, CB2R and MAGL was assessed for the new analogues. For 

compound 3h preliminary metabolic stability studies were performed, by incubation with human 

and rat liver microsomes. Cytotoxicity of compounds 3g and 3h was measured on mouse 

fibroblasts, and the absence of mutagenicity was observed by Ames test. Notably, compounds 3h 

and 3m demonstrated a potential anti-oxinflammatory profile on the neuroblastoma cell line 

(IMR32), by decreasing the LPS-induced activation of the redox-sensitive transcription factor 

NF-κB p65. The absence of cardiac toxicity was determined for compound 3h in Langendorff 
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isolated heart model. These data allowed the selection of the newly identified FAAH inhibitor 3h 

for in vivo studies. Gratifyingly, the newly developed analogue 3h has replicated the antiepileptic 

potential of 2a in the pilocarpine model, confirming the notable potential for this class of 

analogues against seizures. 

 

Results and Discussion 

Chemistry 

The synthesis of compounds 3a-m is reported in Schemes 1-3. As described in Scheme 1 the 

1-(3-aminophenyl)-1H-pyrrole-3-carbonitile (4)
43

 was identified as the key intermediate for the 

synthesis of the “inverted” carbamates (3a-d, Table 1) and the urea (3e, Table 1). Derivative 4 

was easily converted, using phosgene, in the intermediate isocyanate that reacted with 6-

phenylhexan-1-ol (5a), or with the differently functionalized phenoxyethoxyethyl alcohols (5b-

d),
39

 to afford the corresponding carbamates (6a-d). From compounds 6a-d, after partial 

hydrolysis of the cyano group performed with perborate, compounds 3a-d were obtained. The 

hydrolysis of the cyano group of 4, in the presence of hydrogen peroxide and sodium hydroxide, 

allowed the isolation of 1-(3-aminophenyl)-1H-pirrole-3-carboxamide (7
43

). Compound 7 was 

identified as the substrate for a convergent approach in which it was reacted with 6-phenylhexan-

1-yl-isocyanate
39

 leading to the urea derivative 3e. The amidic derivative 3f was obtained from 

the acid 8, after treatment with triphenylphosphine and hexachloroacetone, in presence of 6-

phenylhexan-1-amine followed by basic hydrolysis of the cyano portion of the intermediate 9. 

Acid 8 could be synthesized as previously described by a Clauson-Kaas reaction,
40

 but we herein 

report a slight elaboration of the originally employed reaction protocol that has allowed a 

substantial improvement of the reaction yield (see Experimental Section for details).  
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Scheme 1. Synthesis of the “inverted” carbamates 3a-d, ureas 3e, and amide 3f. 

 

Scheme 1. Reagents and conditions. a) COCl2 (20% solution in toluene), pyridine, dry DCM, 

25 °C, 12 h, then appropriate alcohol, TEA, dry THF, reflux, 12 h, 14-69%%; b) NaBO3 x 4H2O, 

1,4-dioxane, H2O, 80 °C, 1,5 h. 25-40%; c) 6 M NaOH, 30% H2O2, EtOH, reflux, 12 h, 90%; d) 

6-phenylhexan-1-yl-isocyanate, TEA, dry THF, reflux, 12 h, 40-62%; e) PPh3, (Cl3C)2CO, 6-

phenylhexan-1-amine, dry DCM, TEA, from 0 °C to 25 °C, 1 h, 30%. 

 

 

Scheme 2. Synthesis of the carbamates 3g-l. 
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Scheme 2. Reagents and conditions. a) 5-Methoxy-2-nitroaniline, 6M HCl, 1,4-dioxane, reflux, 

40 min. 87%; b) BBr3, dry DCM, from -78 to 25 °C, 12 h, 50%; c) 6M NaOH, 30% H2O2, EtOH, 

reflux, 12 h, 50%; d) 6-phenylhexan-1-yl-isocyanate, TEA, dry toluene/DMF, (4:1), reflux, 48 h 

e) H2, 10% Pd/C, 15 psi, EtOH, 25 °C, 3 h, 45% (over 2 steps); f) DMAP, COCl2 (20% solution 

in toluene), THF dry, from 0 to 70 °C, 16 h, 20%; g) 6-phenylhexan-1-yl-isocyanate, TEA, dry 

THF, reflux, 12 h, 20-79%; h) 3-aminophenol, AcOH, MW, 170 °C, 10 min. 80%; i) 

ClSO2NCO, dry MeCN, from -20 to 25 °C, 12 h; then dry DMF, 55 °C, 30 min, 20%. 

2,5-Dimethoxytetrahydrofuran-3-carbonitrile (10) (Scheme 2) was subjected to a Clauson-

Kaas reaction with 5-methoxy-2-nitroaniline to afford the key phenyl-pyrrole intermediate (11). 

After cleavage of the anisolic portion (12) and partial hydrolysis of the nitrile functionality, the 

carboxamide 13a was achieved. Finally, the treatment of 13a with 6-phenylhexan-1-yl-



 11 

isocyanate, followed by reduction of the nitro group by catalytic hydrogenation, afforded the 

compound 3g.  

For the synthesis of 3k, a convergent approach exploited phenylpyrrole-3-carboxamide 13b
39

 

which, after transformation into the correspondent chloroformate, by using phosgene, was 

reacted with the 2-(4-benzylpiperazin-1-yl)ethan-1-amine (14) that was prepared as reported.
44

 

Derivatives 15a,b, and 16 were synthesized as described
42

 and, by reaction with 6-phenylhexan-

1-yl-isocyanate, transformed into the correspondent urethanes 3h-j. The Clauson-Kaas reaction 

between 3-aminophenol and 2,5-dimethoxytetrahydrofuran 17 was performed in the presence of 

acetic acid under microwave irradiation allowing a fast, clean and high yielding option to obtain 

the 1-phenylpyrrole 18 that substantially improved the previously reported yields.
45, 46

 This latter 

was subjected to a cyanation reaction using chlorosulfonyl isocyanate in the presence of DMF, 

affording the cyanoderivative 19. After hydrolysis of 19, the corresponding amide 20, was 

reacted with 6-phenylhexan-1-yl-isocyanate in order to obtain compound 3l.  

The intermediate 21
41

 (Scheme 3) was subjected to a bromination reaction affording a mixture 

of isomers of mono- and di-brominated compounds. After column chromatography, we could 

isolate pure isomer 22 as a major product, which was crystallized from EtOAc and subjected to 

X-ray diffraction analysis to clarify the exact structure. This analysis unambiguously indicated 

the bromine at C alpha position of the pyrrole system (C1 of Figure 2). Our efforts to 

characterize the other isomers were hampered by the low amount obtained and by its 

contamination by the inseparable di-brominated product. Compound 22 was then converted into 

its cyano-derivative counterpart 23, which after demethylation afforded the phenol 24. Nitrile 

hydrolysis (25) and reaction with 6-phenylhexan-1-yl-isocyanate, allowed the isolation of the 

tricyclic analogue 3m. 
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Scheme 3. Synthesis of the tricyclic analogue 3m. 

Scheme 3. Reagents and conditions. a) NBS, dry THF, -78 °C to 25 °C, 12 h, 45%; b) CuCN, 

dry DMF, reflux, 12 h, 30%; c) BBr3, dry DCM, from -78 to 25 °C , 12 h, 30%; d) 6M NaOH, 

30% H2O2, EtOH, reflux, 12 h, 40%; e) 6-phenylhexan-1-yl-isocyanate, TEA, dry THF, reflux, 

12 h, 50%. 

 

Figure 2. Crystal structure of the bromo-substituted compound 22. Ellipsoids enclose 50% 

probability. 
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Table 1. Inhibition activity towards mouse brain FAAH (as IC50 nM) for compounds 3a−m and 

reference compounds 1, and 2a,b.  

 

Cmpd Scaffold 
Elect. 

Group 
Lateral Chain 

IC50 (nM)
a
 

or inhibition %
b
 

3a 

 

 

phenylhexyl 
30000 ± 6000 

(13000-69000) 

3b 
 

19% @100 µM 

3c 
 

53% @100 µM 

3d 
 

56% @100 µM 

3e 

 

phenylhexyl 
7500 ± 1200 

(3800-15000) 

3f 

 

phenylhexyl 37% @100 µM 

3g 

 

 

phenylhexyl 
1.10 ± 0.10 

(0.73-1.60) 

3h 

 

phenylhexyl 
6.88 ± 0.38 

(4.50-11.37) 

3i 

 

phenylhexyl 
42.0 ± 6.5 

(13.5-133.0) 
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3j 

 

 

phenylhexyl 
9.1 ± 3.5 

(1.8-25.0) 

3k 

 
 

 
24% @100 nM 

3l 

 
 

phenylhexyl 
59 ± 13 

(39-86) 

3m 

 
 

phenylhexyl 
35 ± 8 

(16-75) 

1 

URB597 
- - - 11.5 ± 2.3 

2a
39

 

ST3913 
- - - 0.60 

2b
42

 - - - 58 
a
Each value is the mean of at least two experiments (95% confidence intervals are into 

brackets). 

 

Structure-activity relationship and molecular modelling studies 

As a continuation of our endeavours in the discovery of potent FAAH inhibitors, we have 

developed a new series of pyrrole-based analogues (3a-m, Figure 1 and Table 1). In this new 

series of compounds our structural hit 2a was modified, at i) the electrophilic centre ii) the lateral 

chain and iii) the pyrrole moiety. These modifications were used to investigate the SARs and to 

implement the pharmacokinetic properties such as the metabolic stability (by fluorination and the 

use of different pyrrole systems) and the solubility profile (lateral chains and scaffold 

modifications) of the developed compounds over the parent 2a. In particular, the original 

carbamate moiety of 2a was “inverted” as in compounds 3a-d, a urea moiety was introduced in 

derivative 3e, and in compound 3f we evaluated the effect of an amide system. As regards the 
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lateral chains, we explored the replacement of the hexamethylene spacer of 2a by a poly-ethereal 

chain (3b-d) or piperazine containing chain (3k). Further, in the phenyl system of the lateral 

chain, some fluorine atoms were introduced (compounds 3c,d) to improve metabolic stability. As 

regards the central core of the molecules, in 3g we introduced an amino group (aniline) in the 

phenyl system and we varied the junctions with differently decorated pyrrole systems (3h-j,l). 

Following the results of our previous studies
41

 a rigidification by bridging the phenyl-pyrrole 

scaffold of 3l was applied leading to the tricyclic analogue 3m. 

The FAAH inhibition potencies of the newly developed compounds (3a−m) were assessed 

using enzymatic studies performed on the mouse brain FAAH and allowed us to decipher the 

SARs useful for the selection of the best compounds of the series. Our studies indicated that the 

potency of the compounds is affected by the nature of the electrophilic groups, as all the 

evaluated modifications (3a-f) led to less potent compounds when compared to 2a. Amongst the 

modifications introduced on the lateral chains, our studies revealed that the introduction of 

fluorine atoms, or phenoxy-ethoxyethyl groups (as in the sub-series of compounds 3b-d) was 

detrimental for activity. In fact, compounds 3b-d caused only 19-56% inhibition of FAAH when 

tested at 100 µM (Table 1). As compared to these analogues, the piperazine containing chain was 

better tolerated when installed on a carbamoyl-based analogue and compound 3k showed 24% 

FAAH inhibition when incubated at 100 nM (Table 1). In fact, the most potent inhibitors belong 

to the sub-series of phenol-carbamate-based analogues with a phenylhexyl lateral chain (3g-

j,l,m, Table 1). As expected, compound 3g exhibited a potency of inhibition in the nanomolar 

range (3g, IC50 = 1.10 nM, Table 1) comparable to that of our lead 2a while compound 3l 

displayed an encouraging two-digit nanomolar potency for enzyme inhibition, demonstrating that 

the positioning of the amide at C-2 of the pyrrole system could be well tolerated by the enzyme. 
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This evidence prompted us to synthesize the rigidified tricyclic analogue 3m, which nicely 

challenged the activity of 3l. As per our initial interest, we sought to understand the SARs 

derived by changing the pyrrole junctions. Accordingly, we synthesized compounds 3h-j. The 2-

phenyl-1,5-dimethyl-1H-pyrrole-3-carboxamide core, embedded in compound 3h, resulted in the 

best performing system when compared to the 2-phenyl-5-methyl-1H-pyrrole-3-carboxamide of 

3i or the 5-phenyl-1-methyl-1H-pyrrole-2-carboxamide of 3j. Though all the three analogues 

behave as potent FAAH inhibitors (Table 1) compound 3h (IC50 = 6.88 nM) resulted in the most 

potent inhibitor of this sub-series of analogues and was further assayed in biological tests. 

To gain information about the possible binding modes of the tested compounds into the 

humanized variant of rat FAAH protein (h/rFAAH) binding site, we performed molecular 

docking calculations employing the Induced Fit Docking (IFD) technique.
41, 43

 Starting with 3a 

bearing an “inverted” carbamate moiety (Figure S1A), we observed a weak interaction within the 

binding site of the enzyme and details are provided in the Supplementary Information (SI) file. 

These data appear to be in line with the micromolar inhibitory potency of the compound. In 

compounds 3b-d the introduction of a polyether tether resulted in a dramatic decrease of the 

inhibitory activity. Accordingly, for these compounds (3b-d, Figure S1B-D) we detected weak 

contacts with the active site of the enzyme (see SI for details). The transformation of the 

electrophilic functionality from the “inverted” carbamate to urea led to 3e that, with inhibition 

potency below 10 µM, improved the efficacy over 3a, as also outlined by our computational 

studies (Figure S1E, and SI). In compound 3f the change of the electrophilic functionality into an 

amide did not produce any improvement in potency with respect to the previously discussed 

compounds. However, the presence of an amide in place of the urea group made 3f able of 

establishing an H-bond with Q273 (Figure S1F, and SI for details).  
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Figure 3. Binding mode of 3g (light blue sticks) into h/rFAAH enzyme (orange cartoon, PDB 

ID: 3PPM) binding site. The residues forming the catalytic triad (K142, S217 and S241) are 

reported in sticks while the other residues of the binding site are reported as lines. The non-polar 

hydrogens were removed for clarity. The picture was generated by means of PyMOL. 

A carbamate group, as the electrophilic functionality, and a NH2 in the benzylpyrrole moiety 

characterize the compound 3g. As reported in Figure 3, 3g made strong interactions with the 

active site of the enzyme. The carboxamide moiety formed two H-bonds with the backbone of 

Q273, the central region targeted F192 by a π-π stacking, while the NH2 substituent H-bound 

V270. The carbamate moiety strongly interacted in the catalytic region of the enzyme with the 

catalytic S241 and with I238 and G239 (oxyanion hole) by a network of H-bonds. The 

phenylhexyl chain established a double π-π stacking with F381 and F432. Remarkably, the 
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orientation of the carbon of the carbamate portion and its distance from the catalytic residue 

S241 (< 3 Å) could be in agreement with a potential nucleophilic attack. In general, the strong 

pattern of interaction within the binding site accounts for an inhibitory activity in the low 

nanomolar range (Table 1), making 3g one of the best performing compounds of the series.  

 

Figure 4. Binding mode of 3h (magenta sticks) into h/rFAAH enzyme (orange cartoon, PDB ID: 

3PPM) binding site. The residues forming the catalytic triad (K142, S217 and S241) are reported 

in sticks while the other residues of the binding site are reported as lines. The non-polar 

hydrogens were removed for clarity. The picture was generated by means of PyMOL. 

The nanomolar FAAH inhibitors 3h-j, bear differently decorated pyrrole systems (Figure 4 and 

Figures S2A,B). For 3h we registered one of the best inhibitory profiles of the series (Table 1). 

In particular, 3h H-bound the backbone of C269 and V270 by its carboxamide moiety (Figure 4). 
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The carbamate moiety H-bound S241 and I238 (oxyanion hole). As for 3g, the distance between 

the carbon of the carbamate and the catalytic S241 could be in agreement with a potential 

nucleophilic attack. The phenylhexyl chain established a triple π-π stacking (F192, F381 and 

F432). Compound 3i differs from 3h for the absence of methyl in the nitrogen of the pyrrole 

ring. This difference allowed maintaining the same contacts described for 3h, with exception of a 

H-bond with the oxyanion hole (see SI and Figure S2A) that may explain the reduction of the 

inhibitory potency as compared to 3h. The shifting of the amide system to position 5 of the 

pyrrole system led to the analogue 3j that, besides interaction with S241 and I238, also interacted 

with S193 (see SI Figure S2B).  

The introduction of a benzylpiperazine in the nucleus of 2a, led to compound 3k. Few contacts 

were found with the FAAH enzyme leading to a decreased affinity (see SI and in Figure S2C).  

The presence of the phenylhexyl lateral chain, combined with a phenyl-1-pyrrole scaffold 

substituted by a carboxamide group at C2 of the pyrrole ring as in 3l, allowed strong interactions 

with the key residues of the enzyme. In fact, the carboxamide group of 3l formed H-bonds with 

C269 and V270 that, with the other classical contacts (SI and Figure S2D), accounted for an 

inhibitory profile in the nanomolar range. Finally, a rigidification by bridging the phenylpyrrole 

scaffold of 3l led to the tricyclic analogue 3m. The docking output (Figure 5) showed the same 

interactions found for 3l with the exclusion of the H-bond with S193. However, compound 3m 

can target the backbone of T236, by its carboxamide group forming an H-bond, and residue 

F192, by its phenylpyrrole moiety establishing a π-π stacking. The phenylhexyl lateral chain π-π 

stacks with F381 and F432. This slight improvement in terms of the number of contacts 

accounted for a slight increase in the binding affinity with respect to its parent compound 3l.  
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Figure 5. Binding modes of 3m (light gray sticks) into h/rFAAH enzyme (orange cartoon, PDB 

ID: 3PPM) binding site. The residues forming the catalytic triad (K142, S217 and S241) are 

reported as sticks while the other residues of the binding site are reported as lines. The non-polar 

hydrogens were removed for clarity. The picture was generated by means of PyMOL. 

For all the new compounds (3a−m) we also calculated the physicochemical properties using 

QikProp application. The output of this calculation is reported in the Supplementary Information 

(Table S1) along with a brief discussion. In particular, for compound 3h we noted that, despite a 

low water solubility, the calculated oral absorption was amongst the best values of the series. For 

3h we could also predict the highest value of Caco2 permeability. Taken together with the 

affinity and the toxicity data, 3h exhibited favorable properties to be progressed for the in vivo 

studies.  
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Selectivity towards cannabinoid receptors and MAGL 

We next interrogated the selectivity profile of the analogues 3h and 3g towards the murine 

receptors mCB1R and mCB2R (that possess an overall identity of 97.0% and 79.7 % with the 

human isoforms, respectively). Selectivity for the other relevant catabolic enzyme of the ECS 

(MAGL) was also measured. As depicted in Figure 6 none of the compounds showed issues of 

cross-reactivity with the tested proteins. 

 

Figure 6. Selectivity of compounds 3h and 3g towards mCB1R (Panel A), mCB2R (Panel B), 

and mMAGL (Panel C), data for 2b and the potent MAGL inhibitor JZL-184 are reported for 

comparison. 

Cytotoxicity and mutagenicity profile evaluation for 3h and 3g 

The potential cytotoxic profile was assessed for compounds 3h and 3g after incubation with 

mouse embryonic fibroblasts (NIH3T3 cell line), and with human glioblastoma astrocytoma cells 

(U373MG cell line).  

The results, expressed as IC50 (µM), are reported in Table 2 and are compared with those 

obtained for the reference compounds 2a,b. Gratifyingly, when tested on the NIH3T3 cells 
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compound 3h displayed low toxicity comparable to that of the hit analogues 2a and 2b. Also on 

the glioblastoma U373MG cell line 3h exhibited a 46 μM IC50 value, very similar to that 

expressed by 2a.  

Table 2. Viability of mouse fibroblasts NIH3T3 and human glioblastoma astrocytoma cells 

U373-MG after incubation with 3h, 3g and reference compounds (as IC50 µM). 

Cmpds 
NIH3T3

a
 

IC50 (µM) 

U373MG
a
 

IC50 (µM) 

3h 69 46 

3g 20 NT
b
 

2a 75 50 

2b 5 NT
b
 

a
Cell viability was measured by the Neutral Red Uptake (NRU) test and data normalized as % control; 

data are expressed as mean ± SD of 3 experiments repeated in 6 replicates; values are statistically 

different vs control, p≤0.05; 
b
NT = not tested. 

As further profiling, we used the Ames test as a reliable and widely used preliminary 

assessment for identifying potential risks of mutagenicity at the early stages of drug 

development. We ascertained for 3g and 3h the absence of mutagenic effect in the Salmonella 

typhimurium strains TA98 and TA100 (Figure S3). When performed in the presence of the S9 

fraction of rat liver, the assay may serve also for assessing the potential mutagenicity risks 

derived from the compound’s metabolites. By using these conditions, a more in-depth analysis of 

compound 3h allowed us to exclude risks of toxicity also in the presence of the S9 fraction in 

both TA98 and TA100 Salmonella typhimurium strains (Figure S3). 

Preliminary metabolic studies 

The metabolic stability of 3h and 2a was assessed in human and rat liver microsomal 

preparations. The plot of non-metabolized compounds (%) versus time showed a 

monoexponential decay relationship (Figure 7).  
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For compound 3h the apparent decay constants k were 0.0328 min
-1

 and 0.0704 min
-1

 for 

human liver microsomes (HLM) and rat liver microsomes (RLM), respectively. The resulted 

half-life time and Clint were, respectively, t½ =21.4 and 10.5 min and Clint = 54.8 and 119.7 

μL/min. The reference compound 2a showed a lower intrinsic clearance in both microsomal 

preparations and presented lower microsomal stability in humans than in rat microsomal 

preparations. In fact, the calculated Clint were 55.5 and 39.2 μL/min in HLM and RLM, 

respectively.  

 

Figure 7. CYP-dependent metabolic depletion of 5 μM 3h (panel A) and 2a (panel B) in human 

(HLM) and rat liver (RLM) microsomal preparations. Results are presented graphically as 

percentage of compound recovery (100% at time 0 min) as a function of incubation time. Data 

are presented as mean ± SEM, of three different experiments.  

When comparing the CYP-dependent metabolic depletion of compound 3h compared to that of 

2a in RLM, we observed a higher metabolic liability of 3h. On the contrary, in the HLM we 

observed comparable profiles, even though with a slightly higher susceptibility to metabolism for 

3h.  

These observations are relevant, though not being an issue hampering the in vivo efficacy of 

irreversible enzyme inhibitors. In fact, irreversible protein-inhibitors, being endowed with a 

longer duration of action as compared to reversible protein ligands, are less likely to suffer from 
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poor pharmacokinetic parameters such as metabolic stability.
47

 In fact, an irreversible ligand 

could require less frequent dosing being characterized by longer residence times and providing a 

higher degree of inactivation of the target protein. In line with these considerations, when we 

interrogated the effect of 3h (see below in the in vivo studies section) in a rodent model of 

epilepsy, we observed an efficacy that paralleled that of 2a.  

Effect of 3h on Langendorff perfused rat heart 

A major hurdle in the development of new drugs is reducing the risk of cardiac arrhythmias, 

such as long QT syndrome. To evaluate, and possibly exclude, the cardiotoxic potential of 

compound 3h, its effect on cardiac mechanical function and electrocardiogram (ECG) in 

Langendorff-isolated rat hearts was assessed following our previously described protocol.
48

  

Under control conditions, left ventricle pressure (LVP) and coronary perfusion pressure (CPP) 

values of 63 ± 2 and 51 ± 3 mmHg (n = 5), respectively, were obtained. At the maximum 

concentration tested (10 μM), 3h increased LVP to 74 ± 2 mmHg (n = 5, ** p < 0.01, repeated 

measures ANOVA and Dunnett’s post-test) and RR interval, while reducing HR. However, QTc 

values did not vary over the drug range tested (Table 3).  

 

Table 3. Effects of 3h on HR, RR, PQ, QRS, QT, and QTc in Langendorff Perfused Rat Hearts. 

(µM) HR (BPM) RR (ms) PQ (ms) QRS (ms) QT (ms) QTc (ms) 

none 259±6 232±5 37±1 14±0.5 76±4 76 ±4 

0. 01 259±8 233±7 37±2 14±1 77±5 77±4 

0.1 259±9 233±8 37±2 14±1 78±5 78 ±4 

1 252±8 239±8 37±1 14±0.5 79±5 77 ±4 

10 241±7** 250±8** 39±2 14 ±1 78±4 76±3 
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Each value represents mean ± SEM (n = 5 hearts). **p < 0.01, repeated measures ANOVA and 

Dunnett’s post test. 

In summary, the collected data did not highlight a cardiotoxicity predictive of potential risk for 

a torsade de pointes for compounds 3h at none of the concentrations tested which were three 

orders of magnitude higher than that effective in FAAH inhibition. 3h, at the maximum 

concentration tested, behaved like a negative chronotropic and a positive inotropic agent on rat 

heart preparations.  

Cytotoxicity determination and anti-oxinflammatory potential evaluation for 3h and 3m 

Oxinflammation, a condition generated by harmful crosstalk between redox imbalance and 

inflammatory cascade, is a relevant issue in brain diseases and, in particular, in epilepsy.
17, 19

 To 

explore the potential anti-oxinflammatory properties of two structural templates such as 3h and 

the tricyclic analogue 3m, first an evaluation of their cytotoxicity profile in IMR32 cell line was 

performed using the lactate dehydrogenase (LDH)-release assay. Different concentrations 

ranging from 0.1 µM to 50 µM of the compounds 3h, 3m and reference compound 2a were 

tested and LDH release was determined after 24 h of treatment. As shown in Figure 8, no 

significant release of LDH into cell culture media was observed for all three compounds, 

demonstrating the lack of cellular toxicity at the concentrations analyzed. Based on these results, 

in the next experiment, IMR32 cells were first pre-treated with the compounds at the doses of 0.5 

µM and 1 µM for 24 h and, then, challenged with 100 μg/mL LPS for 30 min. The ability of the 

compounds 3h, 3m and 2a to prevent the LPS-induced oxinflammatory signaling pathway was 

assessed by detecting specific NF-kB p65-DNA binding activity in IMR32 cells. As expected, 

the binding of nuclear NF-kB p65 to consensus oligonucleotide sequences was significantly 

increased 30 min following LPS challenge (Figure 9). Pre-treatment of IMR32 cells with the 

three different compounds for 24 h prevented the LPS-induced NF-kB p65 binding to consensus 
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DNA sequences, reaching the maximal effect with compound 3m at 1 µM dose (Figure 9). A 

concentration-dependent inhibitory effect was evident for all the compounds (Figure 9). These 

results suggest that compounds 3h and 3m and reference compound 2a could modulate a seizure-

induced oxinflammatory condition through regulating the NF-κB p65 signaling pathway that is 

involved in epilepsy.
18

 

 

Figure 8. Cytotoxicity was determined as LDH release in IMR32 cells treated for 24 h with 

compounds 3h and 3m and reference compound 2a at different concentrations (0.1, 0.5, 1, 5, 10 

and 50 µM). Values represent the average +/- SD of samples performed at least in triplicate. Data 

are expressed as a percentage of LDH release as compared to the maximum release of LDH from 

Triton X-100- treated cells (100%). 
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Figure 9. Effect of compounds 3m, 3h and 2a on an oxinflammatory condition. NF-kB p65 

DNA binding activity was evaluated in nuclear extracts from IMR32 cells pre-treated with 

compounds 3h and 3m and reference compound 2a for 24 h and challenged with 100 μg/mL LPS 

for 30 min. Data are presented as mean ± SEM of 3 independent experiments. * p ˂0.05 vs Ctrl; 

# p ˂0.01 vs LPS treatment. 

In vivo studies of 2a and 3h on rodent models of limbic epilepsy 

Effect of 2a on Maximal Dentate Activation (MDA), a model of partial complex epilepsy 

MDA is a paroxysmal event characterized by the appearance of bursts of large amplitude 

population spikes in the dentate gyrus that is associated with the production of afterdischarges in 

limbic circuits. Repeated elicitation of MDA in the anesthetized rat produces a progressive 

increase in afterdischarge duration.
49-51

 We have recently shown that CB manipulation 

significantly reduced the MDA elongation over the 4 h period of recording, with the 

CB1R/CB2R agonist WIN55,212-2 behaving differently from the FAAH inhibitor URB597 (1) 

in terms of the magnitude of the effect and time-development.
52

 The effects of the vehicle (n = 9) 

and 2a treatment (n = 9) on the MDA paradigm are shown in Figure 10. An initial decrease in the 

time to onset (Figure 10A) was seen in vehicle-treated animals before leveling and remaining 
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more constant. Treatment with 2a had no significant effects on the time to onset of MDA and the 

graph followed the same pattern as with vehicle-treated animals. The duration of MDA (Figure 

10B) saw a steady increase over time in vehicle-treated animals. Treatment with 2a gave a 

reduction in the duration of MDA with significant effects 180 min after administration. The 

antiepileptic efficacy of 2a during seizures in the MDA model was somewhat different from that 

observed with CB1R agonist and similar to that of the FAAH inhibitor URB597 (1).
52

 

Nevertheless, 2a effect was appearing later than URB597 although, 2a showed a stronger 

antiepileptic effect that improved over-time similar to another FAAH inhibitor AM374.
36

 On the 

other hand, WIN55,212 affects MDA much faster, immediately following its administration.
52

 

 

Figure 10. Maximal Dentate Activation (MDA) after tetanic stimulation of the perforant path 

(PP). (A) The time to onset of MDA decreased in both vehicle and 2a treated animals with no 

significant difference between the two groups. (B) In vehicle-treated animals, the MDA duration 

increased over time, in animals treated with 2a the increase in MDA duration was reduced from 

180 mins post-treatment with effects up to 240 mins post-treatment. Repeated measures ANOVA 

followed by Bonferroni post hoc analysis, ***p < 0.001 *p < 0.05 vs pre-treatment, #p < 0.05 vs 

post-treatment. 
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Effect of 2a on hippocampal dentate gyrus long term potentiation (LTP) 

Having demonstrated the anticonvulsant effect of the FAAH inhibitor 2a in the MDA rat 

model of epilepsy, we next wanted to exclude any possible alteration of dentate gyrus 

excitability and plasticity in normal rats. Indeed, many exogenous cannabinoids such as 

WIN55,212-2 that have shown antiepileptic effects, showed negative effects on LTP,
52, 53

 

learning, and memory
32

 that are already impaired in animal models of epilepsy.
52

 We, therefore, 

performed electrophysiological recordings of the LTP at the level of the perforant path (PP)-

dentate gyrus synapse of the hippocampus in anesthetized rats. In vehicle-treated animals (n = 9), 

high-frequency stimulation (HFS) current delivered to the PP resulted in potentiation shown by 

an increase in the population spike (PS) amplitude (Figure 12). The same potentiation was seen 

in animals (n = 4) given 2a 30 mins before HFS and, at no point, was found a significant 

difference in PS amplitude (Figure 11) between the vehicle and 2a groups. 2a does not affect 

LTP similarly to 1 in normal conditions
52

 and therefore, in people with epilepsy, it would be 

antiepileptic without exacerbating comorbid memory impairment.  
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Figure 11. Effect of high-frequency stimulation (HFS) on long-term potentiation (LTP) in 

animals treated with vehicle or 2a. In vehicle-treated animals, there was a large increase in the 
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population spike (PS) amplitude. Animals treated with 2a also exhibited the same effects with no 

significant difference between the vehicle-treated animals. 

Effect of 2a pilocarpine-induced seizures, a model of limbic status epilepticus (SE) 

Status epilepticus (SE) is a life-threatening condition characterized by continuous seizures with 

serious long‐term consequences, such as neuronal death and the development of TLE.
54

 We have 

recently shown that 2 mg/kg WIN55,212-2 decreased behavioral seizure severity of pilocarpine-

induced SE in CB1R-dependent mechanism.
55, 56

 Additionally, blockade of the FAAH alleviated 

behavioral, but not electrographic SE induced by kainic acid.
57, 58

 Here we tested whether 

different doses of 2a (2, 5 and 10 mg/kg, i.p.) were able to affect pilocarpine-induced SE (Figure 

12).  
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Figure 12. Effects of 2a on pilocarpine-induced SE. (A) A dose of 10 mg/kg 2a reduced the 

severity of seizures and (B) the duration of seizures compared to all other doses. No other dose 

had any significant effect on seizure severity or duration. (C) 10 mg/kg 2a increased the time to 

onset of SE compared with vehicle. 2 and 5 mg/kg doses, and a dose of 5 mg/kg, increased the 

time to onset of SE compared to vehicle and 2 mg/kg dose. 1-way ANOVA with Bonferroni’s 

Multiple Comparison ***p < 0.005. 

Animals treated with vehicle (n = 6) after pilocarpine had severe behavioral seizures (Racine 

scale: 4.33 ± 0.33) that were long-lasting (135 ± 4.73 sec) and had a short time to onset (16.5 ± 

2.07 mins). Pre-treatment with 10 mg/kg (n = 6) 2a significantly reduced the severity of seizures 

(Racine scale: 1.16 ± 0.31; p < 0.05 vs 0.2 and 5 mg/kg), the duration of seizures (67 ± 8.68; p < 
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0.05 vs 0.2 and 5 mg/kg) and also significantly increased the time to onset of SE (75.2 ± 3.42; p 

< 0.05 vs 0.2 and 5 mg/kg). A dose of 5 mg/kg (n = 6) 2a significantly increased the time to 

onset of SE compared with vehicle, while a dose of 2 mg/kg (34.1 ± 2.62 p < 0.05 vs 0.2 and 5 

mg/kg) had no significant effect on seizure severity or duration. Similarly, the dose of 2 mg/kg 

had no significant effects on any seizure measurement.  

Effect of 2a on hippocampal Thiol Oxidation labelling 

Cannabinoids showed neuroprotective effects against oxidative damage in pilocarpine-induced 

SE
56, 59

 in line with the suggestions that they can give protection against neurological damage.
29

  

Here, we showed that 2a affected histological thiol staining in the DG hippocampus 24 h after 

the pilocarpine administration. Representative images of the differential labeling of thiols are 

shown in Figure 13 panel A. A lighter shade of green indicates an increase in oxidized thiol and 

lighter red an increase in reduced thiol. Therefore, in the merged image, more green shades 

indicate higher oxidized thiols (vehicle, 2 and 5 mg/kg 2a) whereas, the orange shades signify a 

lower amount (vehicle and 10 mg/kg 2a). Ratiometric histochemistry analysis was performed to 

analyse these results quantitatively with total thiol oxidation compared against vehicle-treated 

animals (Figure 13 panel B). In animals treated 24 h before with pilocarpine, there was a 

significant increase in oxidized thiols (261 ± 13.8%; p < 0.05). There was still a significant 

increase in oxidized thiols in animals pre-treated (15 min before pilocarpine) with 2a doses of 2 

mg/kg (268 ± 5.7%; p < 0.05) or 5 mg/kg (273 ± 9.9%; p < 0.05). However, when pre-treated 

with 10 mg/kg 2a there was no significant increase in the amount of thiol oxidation in the DG. 

During epileptic seizures, a vicious cycle (i.e. oxinflammation) starts as the seizure-mediated 

oxidative damage triggers the activation of redox-responsive transcription factors including NF-

kB that, in turn, lead to boost the oxinflammatory state by producing and releasing other oxidant 
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species and inflammatory factors.
17, 60,61

 The FAAH inhibitor 2a demonstrated anti-

oxinflammatory by counteracting the loss of reduced thiols in the pilocarpine model of SE and 

could also prevent the activation of the NF-kB pathway. In this regard, the depletion of the 

cellular antioxidant pool of thiols is not just a mere index of oxidative damage caused by the SE 

but should be considered as a molecular event able to induce the NF-kB pathway, increasing the 

seizure susceptibility.
61

 

In summary, preventing the oxinflammatory cycle could in part contribute to the overall 

antiepileptic efficacy of FAAH inhibitors. 

 

Figure 13. Thiol oxidation in the dentate gyrus of pilocarpine treated rats. (A) Differential 

labeling of total thiols in the Dentate Gyrus. Increased oxidized thiols can be observed in vehicle 

and doses of 2 and 5 mg/kg 2a given after PILO. A dose of 10 mg/kg 2a shows less oxidized 
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thiols compared to other doses. (B) Ratiometric histochemistry analysis of thiols. Animals 

treated with PILO showed significant thiol oxidation compared with vehicle-treated controls. 

Animals pre-treated with a dose of 10 mg/kg did not show this thiol oxidation. 1-way ANOVA 

followed by Tukey's Multiple Comparison Test; ***p < 0.005.  

Effect of 3h on pilocarpine-induced seizures, a model of limbic status epilepticus (SE) 

The encouraging results obtained with 2a prompted us to further explore this series of FAAH 

inhibitors by using a medicinal chemistry approach. A systematic SAR analysis around a series 

of phenylpyrrole-based FAAH inhibitors, together with a combination of biochemical and 

biological studies, allowed the selection of 3h as a suitable candidate for in vivo studies. Here we 

tested whether different doses of 3h (2, 5 and 10 mg/kg, i.p.) were able to affect pilocarpine-

induced SE (Figure 14) similarly to 2a. Animals treated with vehicle (n = 6), after pilocarpine, 

had severe behavioral seizures (Racine scale: 4.16 ± 0.3), that were long-lasting (155 ± 5.52 sec) 

and had a short time to onset (29.3 ± 5.48 mins). Pre-treatment with 10 mg/kg (n = 6) 3h 

significantly reduced the severity of seizures (Racine scale: 1 ± 0.36; p < 0.005), the duration of 

seizures (75 ± 15.06; p < 0.01), and also significantly increased the time to onset of SE (90.6 ± 

7.83 p < 0.005). The dose of 5 mg/kg (n = 6) 3h significantly reduced the duration of seizures 

(96 ± 16.42; p < 0.05) and increased the time to onset of SE compared with vehicle (69.3 ± 10.82 

p < 0.01) however, had no significant effect on seizure severity or duration. Similar to 2a, the 

dose of 2 mg/kg 3h had no significant effects on any seizure measurement.  
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Figure 14. Effects of 3h on pilocarpine-induced SE. (A) A dose of 10 mg/kg 3h reduced the 

severity of seizures and (B) 5 and 10 mg/kg decreased the duration of seizures compared against 

all other doses. (C) 5 and 10 mg/kg 3h increased the time to onset of SE compared with the 

vehicle and 2 mg/kg dose. 1-way ANOVA with Bonferroni’s Multiple Comparison ***p < 

0.005, **p < 0.01, **p < 0.05 

So far the use of different FAAH inhibitors has yielded varying but promising results in terms 

of their anti-epileptic properties,
36, 52, 62, 63

 their neuroprotective qualities in protecting against 

excitotoxicity,
64

 and also on their effect on LTP and memory.
37

 In conclusion, the newly 
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synthesized FAAH inhibitor 2a and 3h display antiepileptic effects likely without impairing LTP 

and providing protection against oxidative damage caused by seizures.  

Conclusions 

The ECS can delay or prevent excitotoxic damage by modulating mitochondrial function and 

fine-tuning the excitatory/inhibitory stimuli. These effects can prevent OS-related 

epileptogenesis. On these bases, we have herein explored the effect of an indirect activation of 

the ECS in epilepsy. When we interrogated the effects of potent and selective FAAH inhibitors, 

such as our lead 2a and the new inhibitor 3h, in rodent models of epilepsy, they demonstrated 

promising activities. Our initial studies proved the efficacy of 2a in the pilocarpine and the 

maximal dentate activation rat models of TLE during seizures and also using it as a pretreatment. 

These results demonstrated the positive effects on synaptic plasticity (short-term and long-term 

plasticity STP-LTP) and neuronal damages resulting from seizures (histological study of thiols 

formations). Based on these outcomes, we accomplished a further medicinal chemistry approach 

for identifying innovative compounds for the potential treatment of epilepsy. A systematic 

chemical expansion and SAR analysis around a new series of phenylpyrrole-based FAAH 

inhibitors (3a-m), flanked by a combination of biochemical and biological studies, allowed the 

selection of 3h as a suitable candidate for in vivo studies. In brief, for compounds 3g, 3m, and 3h 

we demonstrated selectivity over CB1R, CB2R and the MAGL enzyme. The safety profile of 3h 

was ascertained by combining metabolic stability studies with cytotoxicity studies and the Ames 

test. Notably compounds 3h and 3m also demonstrated a potential anti-oxinflammatory profile 

on the neuroblastoma IMR32 cell line being able of decreasing the LPS-induced activation of 

NF-kB p65. The absence of cardiac toxicity was also ascertained for 3h. Gratifyingly, when 
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tested in vivo, the new analogue 3h replicated the antiepileptic potential of 2a in the pilocarpine 

model, confirming the notable potential for this class of analogues against seizures.  
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Experimental section  

Chemistry 

All reagents were purchased from commercial suppliers and used without further purification. 

All moisture-sensitive reactions were performed under argon or nitrogen atmosphere using oven-

dried glassware and anhydrous solvents. Dry tetrahydrofuran (THF) was freshly distilled from 

sodium/benzophenone while dichloromethane (DCM) and N,N-dimethylformamide (DMF) was 

freshly distilled from calcium hydride and stored under argon atmosphere. Flash column 

chromatography was carried out on silica gel (Merck: Kieselgel 60, particle size 0.040–0.063 

mm). Reverse phase column chromatography was carried out on Lichroprep RP-18 (25-40 µm, 

Merck). Reactions’ progression was monitored by thin-layer chromatography (TLC), carried out 

using glass-backed plates coated with Merck Kieselgel 60 GF254. Plates were visualized under 

UV light (at 254 nm) or by staining with potassium permanganate, ninhydrin, or cerium 

ammonium molybdate followed by heating. MW reactions were performed in a Discovery 

Microwave System (CEM). 
1
H NMR and 

13
C NMR spectra were recorded on a Varian 300 MHz, 

or a Bruker 400 MHz spectrometer using the residual signal of the deuterated solvent as an 

internal standard. Coupling constant (J) are given in Hz. Splitting patterns are described as 

singlet (s), doublet (d), triplet (t), quartet (q), and broad (br); the value of chemical shifts (δ) are 

given in ppm. Mass spectra were recorded utilizing electron spray ionization (ESI) Agilent 1100 

Series LC/MSD spectrometer. Yields refer to purified products and are not optimized. All 

compounds that were tested in the biological assays were analyzed by combustion analysis 

(CHN) to confirm the purity >95%. 
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6-Phenylhexyl (3-(3-cyano-1H-pyrrol-1-yl)phenyl)carbamate (6a). To a 0 °C cooled 

solution of 4 (80 mg, 0.44 mmol) and dry pyridine (89 µL, 1.1 mmol) in dry DCM (8 mL), a 

solution of phosgene (20% in toluene, 279 µL, 0.53 mmol) was added. The reaction was warmed 

to 25 °C and stirred for 5 h affording 1-(3-isocyanatophenyl)-1H-pyrrole-3-carbonitrile; ESI-MS 

m/z: 242 [M+Na]
+

. After this time a solution of 5a (94.5 mg, 0.53 mmol) in dry DCM (10.0 mL) 

was added. The resulting mixture was stirred for 20 h at 25 °C Evaporation and silica gel column 

chromatography (0-5% EtOAc in DCM) gave the title compound as a pale oil (yield 46%). ESI-

MS m/z: 410 [M+Na]
+
. 

1
H NMR (400 MHz, CDCl3) δ 7.70 (br s, 1H), 7.49 – 7.46 (m, 1H), 7.35 

– 7.32 (m, 4H), 7.30 (d, J = 7.6 Hz, 1H), 7.29 – 7.25 (m, 3H), 7.22 – 7.13 (m, 1H), 7.03 – 6.94 

(m, 1H), 6.55 (dd, J = 3.0, 1.6 Hz, 1H), 4.29 – 4.10 (m, 2H), 2.67 – 2.52 (m, 2H), 1.74 – 1.54 (m, 

4H), 1.47 – 1.29 (m, 4H). 

2-(2-Phenoxyethoxy)ethyl (3-(3-cyano-1H-pyrrol-1-yl)phenyl)carbamate (6b). The title 

compound was prepared according to the procedure described for 6a starting from 4 (80 mg, 

0.44 mmol) and 5b (96.5 mg, 0.53 mmol). Alumina column chromatography (30-100% Et2O in 

petroleum ether) gave title compound as a pale yellow oil (yield 33%). ESI-MS m/z: 414 

[M+Na]
+
. 

1
H NMR (300 MHz, CDCl3) δ 7.66 (br s, 1H), 7.46 (d, J = 0.4 Hz, 1H), 7.33 (t, J = 8.1 

Hz, 1H), 7.29 – 7.21 (m, 2H), 7.19 – 7.12 (m, 2H), 7.04 – 6.98 (m, 2H), 6.94 – 6.86 (m, 3H), 

6.56 – 6.51 (m, 1H), 4.42 – 4.25 (m, 2H), 4.17 – 4.04 (m, 2H), 3.90 – 3.81 (m, 4H). 

2-(2-(4-Fluorophenoxy)ethoxy)ethyl (3-(3-cyano-1H-pyrrol-1-yl)phenyl)carbamate (6c). 

The title compound was prepared according to the procedure described for 6a, starting from 4 

(80 mg, 0.44 mmol) and 5c (106.1 mg, 0.53 mmol). Evaporation and alumina column 

chromatography (25-100% Et2O in petroleum ether) afforded title compound as a pale yellow oil 

(14% yield). ESI-MS m/z: 432 [M+Na]
+
, 448 [M+K]

+
. 

1
H NMR (300 MHz, CDCl3) δ 7.69 (br s, 
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1H), 7.49 (t, J = 1.9 Hz, 1H), 7.35 (t, J = 8.1 Hz, 1H), 7.18 – 7.11 (m, 1H), 7.07 – 7.00 (m, 2H), 

6.98 – 6.90 (m, 3H), 6.88 – 6.79 (m, 2H), 6.56 (s, 1H), 4.52 – 4.28 (m, 2H), 4.15 – 4.06 (m, 2H), 

3.88 – 3.81 (m, 4H). 

2-(2-(2-Fluorophenoxy)ethoxy)ethyl (3-(3-cyano-1H-pyrrol-1-yl)phenyl)carbamate (6d). 

The title compound was prepared according to the procedure described for 6a, starting from 4 

(80 mg, 0.44 mmol) and 5d (106.1 mg, 0.53 mmol). Evaporation and silica gel column 

chromatography (0-5% EtOAc in DCM) afforded title compound as a pale yellow oil. (55% 

yield). ESI-MS m/z: 432 [M+Na]
+ 

. 
1
H NMR (400 MHz, CDCl3) δ 7.66 (br s, 1H), 7.45 (d, J = 

1.5 Hz, 1H), 7.32 (t, J = 8.1 Hz, 1H), 7.17 – 7.11 (m, 1H), 7.04 – 6.91 (m, 6H), 6.90 – 6.83 (m, 

1H), 6.56 – 6.49 (m, 1H), 4.40 – 4.32 (m, 2H), 4.22 – 4.15 (m, 2H), 3.90 – 3.86 (m, 2H), 3.83 – 

3.78 (m, 2H). 

6-Phenylhexyl (3-(3-carbamoyl-1H-pyrrol-1-yl)phenyl)carbamate (3a). To a solution of 6a 

(65 mg, 0.17 mmol) in 1,4-dioxane (12 mL), sodium perborate tetrahydrate (99 mg, 0.65 mmol) 

in H2O (12 mL) was added. Reaction mixture was heated to 80 °C for 20 h. After cooling to 25 

°C, the reaction mixture was diluted with distilled H2O (10 mL) and extracted with EtOAc (3 x 

10 mL). The combined organic layers were washed with a saturated solution of NaCl, dried over 

anhydrous sodium sulphate, filtered and concentrated.
 
Column chromatography (0-5% MeOH in 

DCM) afforded the title compound as an amorphous white solid (25% yield) ESI-MS m/z: 428 

[M+Na]
+
.
1
H NMR (300 MHz, acetone-d6) δ 8.87 (br s, 1H), 7.90 (s, 1H), 7.79 (s, 1H), 7.52 – 

7.35 (m, 3H), 7.31 – 7.16 (m, 6H), 6.97 (s, 1H), 6.73 (br s, 1H), 6.21 (br s, 1H), 4.14 (t, J = 6.5 

Hz, 2H), 2.61 (t, J = 7.6 Hz, 2H), 1.76 – 1.33 (m, 8H). 
13

C NMR (75 MHz, acetone-d6) δ 165.5, 

153.9, 142.8, 141.1, 140.8, 130.4, 130.3, 128.5, 128.4, 125.8, 122.5, 121.7, 120.7, 120.1, 116.2, 

114.6, 114.3, 110.4, 35.7, 31.5, 29.4, 29.0, 28.9, 25.7. Anal. (C24H27N3O3) C, H, N. 
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2-(2-Phenoxyethoxy)ethyl (3-(3-carbamoyl-1H-pyrrol-1-yl)phenyl)carbamate (3b). 

Starting from 6b (56 mg, 0.14 mmol), the title compound was obtained following the same 

procedure described for 3a. Silica gel column chromatography (0-5% MeOH in DCM) afforded 

title compound as an amorphous white solid. (25% yield). ESI-MS m/z: 410 [M+H]
+
,
 
432 

[M+Na]
+

.
1
H NMR (300 MHz, acetone-d6) δ 8.99 (br s, 1H), 7.90 (t, J = 2.0 Hz, 1H), 7.79 (t, J = 

1.8 Hz, 1H), 7.53 – 7.36 (m, 2H), 7.33 – 7.14 (m, 4H), 7.00 – 6.84 (m, 3H), 6.79 – 6.67 (m, J = 

2.7, 1.7 Hz, 1H), 6.78 – 6.66 (m, 1H), 6.20 (br s, 1H), 4.35 – 4.27 (m, 2H), 4.18 – 4.11 (m, 2H), 

3.90 – 3.76 (m, 4H).
13

C NMR (75 MHz, acetone-d6) δ 166.3, 165.4, 159.2, 153.7, 141.1, 140.8, 

130.3, 129.6, 122.5, 121.7, 120.8, 120.1, 117.1, 116.2, 114.7, 114.4, 110.4, 110.2, 69.6, 69.4, 

67.5, 64.2. Anal. (C22H23N3O5) C, H, N. 

2-(2-(4-Fluorophenoxy)ethoxy)ethyl (3-(3-carbamoyl-1H-pyrrol-1-yl)phenyl)carbamate 

(3c). Starting from 6c (25 mg, 0.06 mmol), the title compound was obtained following the 

procedure described for 3a. The crude was purified by column chromatography on silica gel (0-

5% MeOH/DCM) affording pure compound 3c as an amorphous white solid. (25% yield). ESI-

MS m/z: 450 [M+Na]
+

.
1
H NMR (300 MHz, acetone-d6) δ 8.95 (br s, 1H), 7.90 (s, 1H), 7.78 (t, J 

= 1.9 Hz, 1H), 7.52 – 7.36 (m, 2H), 7.28 – 7.16 (m, 2H), 7.11 – 6.89 (m, 4H), 6.79 – 6.69 (m, 

1H), 6.40 – 5.94 (m, 2H), 4.37 – 4.25 (m, 2H), 4.20 – 4.05 (m, 2H), 3.87 – 3.82 (m, 2H), 3.81 – 

3.77 (m, 2H). 
13

C NMR (75 MHz, acetone-d6) δ 165.7, 165.3, 157.2, 153.7, 141.0, 140.8, 130.3, 

121.6, 120.9, 120.0, 116.2, 116.0, 115.9, 115.9, 115.6, 115.5, 114.5, 113.6, 69.6, 69.4, 68.3, 64.2. 

Anal. (C22H22FN3O5) C, H, N. 

2-(2-(2-Fluorophenoxy)ethoxy)ethyl (3-(3-carbamoyl-1H-pyrrol-1-yl)phenyl)carbamate 

(3d). Starting from 6d (50 mg, 0.12 mmol), the title compound was obtained following the same 

procedure described for 3a. Silica gel column chromatography (0-2% MeOH in DCM) afforded 
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pure compound 3d as an amorphous white solid. (25% yield). ESI-MS m/z: 450 [M+Na]
+ 

. 
1
H 

NMR (300 MHz, acetone-d6) δ 8.96 (br s, 1H), 7.90 (s, 1H), 7.78 (s, 1H), 7.54 – 7.33 (m, 3H), 

7.20 (t, J = 12.6 Hz, 3H), 7.09 (t, J = 7.8 Hz, 2H), 6.93 (br s, 1H), 6.73 (s, 1H), 6.36 – 5.94 (m, 

1H), 4.39 – 4.28 (m, 2H), 4.26 – 4.18 (m, 2H), 3.93 – 3.85 (m, 2H), 3.83 – 3.77 (m, 2H). 
13

C 

NMR (75 MHz, acetone-d6) δ 165.3, 153.7, 149.0, 141.0, 140.8, 130.3, 127.4, 124.8, 124.7, 

121.6, 121.4, 121.3, 116.2, 116.0, 115.5, 114.5, 110.4, 110.2, 69.5, 69.4, 69.0, 64.2. Anal. 

(C22H22FN3O5) C, H, N. 

1-(3-Aminophenyl)-1H-pyrrole-3-carboxamide (7). To a solution of 4 (65.0 mg, 0.35 mmol) 

in EtOH (22.0 mL), 6N NaOH (867.0 µL) and 30% H2O2 (867.0 µL) were added. The reaction 

mixture was refluxed for 3h. After cooling to 25 °C, a saturated solution of Na2S2O3 (2.0 mL) 

was added and the solvent was evaporated under reduced pressure. The residue was taken up 

with H2O and extracted with EtOAc (3 x 5 mL). The combined organic layers were washed with 

a saturated solution of NaCl, dried over anhydrous sodium sulphate, filtered and concentrated. 

The crude was used in the next step without any further purification (yellow solid, 90% yield). 

ESI-MS m/z: 224 [M+Na]
+
. 

1
H NMR (300 MHz, CDCl3) δ 7.69 – 7.53 (m, 1H), 7.20 (t, J = 8.0 

Hz, 1H), 7.03 – 6.94 (m, 1H), 6.82 – 6.73 (m, 1H), 6.68 (d, J = 2.1 Hz, 1H), 6.65 – 6.58 (m, 1H), 

6.56 – 6.47 (m, 1H), 5.53 (br s, 2H), 3.82 (br s, 2H). 

1-(3-(3-(6-Phenylhexyl)ureido)phenyl)-1H-pyrrole-3-carboxamide (3e). To a solution of 7 

(30 mg, 0.15 mmol) in dry THF (5.0 mL), TEA (83.6 µL, 0.60 mmol) and 6-phenylhexan-1-yl-

isocyanate (121 mg, 0.60 mmol) were sequentially added. The reaction mixture was stirred at 25 

°C for 16 h. Evaporation and silica gel column chromatography (5% MeOH in DCM) gave the 

title compound as an amorphous white solid (62% yield). ESI-MS m/z: 405 [M+H]
+

. 
1
H NMR 

(300 MHz, acetone-d6) δ 8.59 (br s, 1H), 7.81 – 7.69 (m, 2H), 7.43 (s, 1H), 7.36 – 6.97 (m, 8H), 
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6.82 (s, 1H), 6.65 – 6.56 (m, 1H), 6.66 – 6.57 (m, 1H), 6.21 (t, J = 5.6 Hz, 1H), 3.29 – 3.24 (m, 

2H), 3.12 – 2.97 (m, 2H), 1.62 – 1.34 (m, 4H), 1.29 – 1.21 (m, 4H). 
13

C NMR (75 MHz, DMSO) 

δ 165.7, 155.7, 142.9, 142.6, 140.5, 130.6, 128.9 (2), 128.9 (2), 126.3, 122.6, 121.9, 120.5, 

116.0, 113.1, 110.9, 109.6, 35.8, 31.7, 31.6, 30.3, 29.1, 26.9. Anal. (C24H28N4O2) C, H, N. 

3-(3-Cyano-1H-pyrrol-1-yl)-N-(6-phenylhexyl)benzamide (9). To a 0 °C cooled solution of 

8 (200 mg, 0.94 mmol) and PPh3 (495 mg, 1.95 mmol) in dry DCM (30.0 mL) 

hexachloroacetone (74 µL) was added and the reaction was stirred for 30 min. A solution of 6-

phenylhexan-1-amine (111 mg, 0.63 mmol) and TEA (88 µL) in DCM (5.0 mL), prepared in a 

different flask, was added. The resulting mixture was stirred for an additional 1 h at 0 °C. After 

this time, saturated aqueous NaHCO3 was added and the aqueous layer was extracted with DCM 

(3 x 10 mL). The combined organic layers were washed with a saturated solution of NaCl, dried 

over anhydrous sodium sulphate, filtered and concentrated. The crude was purified by column 

chromatography on silica gel (40% EtOAc in petroleum ether) affording the title compound as an 

amorphous white solid. (30% yield). ESI-MS m/z: 394 [M+Na]
+

. 
1
H NMR (300 MHz, CDCl3) δ 

7.86 (br s, 1H), 7.69 (d, J = 7.3 Hz, 1H), 7.59 – 7.42 (m, 3H), 7.30 – 7.02 (m, 6H), 6.59 (d, J = 

1.2 Hz, 1H), 6.39 (s, 1H), 3.59 – 3.28 (m, 2H), 2.60 (t, J = 7.6 Hz, 2H), 1.73 – 1.49 (m, 4H), 1.40 

(m, 4H). 

1-(3-((6-Phenylhexyl)carbamoyl)phenyl)-1H-pyrrole-3-carboxamide (3f). Starting from 9 

(85 mg, 0.23 mmol), the title compound was obtained following the same procedure described 

for 3a. Column chromatography on silica gel (5% MeOH in DCM) afforded pure compound 3j 

as an amorphous white solid. (42% yield). ESI-MS m/z: 412 [M+Na]
+
. 

1
H NMR (300 MHz, 

acetone, d6) δ 8.06 (br s, 1H), 7.98 (s, 1H), 7.89 – 7.78 (m, 2H), 7.74 – 7.69 (m, 1H), 7.64 – 7.54 

(m, 5H), 7.38 – 7.11 (m, 1H), 7.08 – 6.90 (br s, 1H), 6.76 (br s, 1H), 6.33 (s, 2H), 3.48 – 3.28 (m, 
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2H), 2.65 – 2.41 (m, 2H), 1.71 – 1.52 (m, 4H), 1.49 – 1.33 (m, 4H). 
13

C NMR (75 MHz, acetone-

d6), δ 165.6, 165.4, 142.9, 140.2, 137.2, 130.1, 128.5 (2C), 128.4 (2C), 125.7, 125.2, 122.8, 

122.6, 121.9, 120.2, 118.9, 110.6, 39.9, 35.8, 31.6, 29.6, 28.9, 26.9. Anal. (C24H27N3O2) C, H, N. 

1-(5-Methoxy-2-nitrophenyl)-1H-pyrrole-3-carbonitrile (11). To a solution of 5-methoxy-2-

nitroaniline (2.0 g, 11.89 mmol) in 1,4-dioxane (114 mL), dimethoxytetrahydrofuran-3-

carbonitrile 10 (2.2 g, 14.3 mmol) was added; the resulting mixture was refluxed for 20 min., 

then 11.8 mL of 6 M HCl were added dropwise and the reaction refluxed for further 20 min. 

After cooling to 25 °C, the solvent was removed under reduced pressure. The residue was 

suspended with H2O (20 mL) and extracted with DCM (3 x 20 mL). The combined organic 

layers were washed with a saturated solution of NaCl, dried over anhydrous sodium sulphate, 

filtered and concentrated. The crude was purified by column chromatography on silica gel (20% 

EtOAc in petroleum ether) to afford 11 as an amorphous brown solid (87% yield). ESI-MS m/z: 

244 [M+H]
+
; 266 [M+Na]

+
.
1
H NMR (300 MHz, CDCl3) δ 8.10 (d, J = 9.2 Hz, 1H), 7.28 (dd, J = 

2.2, 1.6 Hz, 1H), 7.06 (dd, J = 9.2, 2.7 Hz, 1H), 6.89 (d, J = 2.7 Hz, 1H), 6.76 (dd, J = 3.0, 2.3 

Hz, 1H), 6.60 (dd, J = 3.0, 1.6 Hz, 1H), 3.94 (s, 3H). 

1-(5-Hydroxy-2-nitrophenyl)-1H-pyrrole-3-carbonitrile (12). To a suspension of 11 (500 

mg, 2,0 mmol) in dry DCM (20.0 mL), cooled at -78 °C, boron tribromide (1 M solution in DCM 

20.0 mL)was added. The reaction mixture was warmed to 25 °C. and stirred for 96 h. The 

mixture was treated with 4M NaOH and extracted with DCM (3 x 15 mL); the aqueous layer was 

acidified to pH = 2 with 6M HCl and extracted with EtOAc (3 x 15 mL). The combined organic 

extracts were dried over anhydrous sodium sulphate, filtered and concentrated under reduced 

pressure to afford 12 (50% yield). ESI-MS m/z: 228 [M-H]
-
. 

1
H NMR (400 MHz, acetone-d6) δ 

10.16 (s, 1H), 8.09 (d, J = 9.0 Hz, 1H), 7.66 (m, 1H), 7.12 (m, 1H), 7.03 (m, 2H), 6.60 (m, 1H). 
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1-(5-Hydroxy-2-nitrophenyl)-1H-pyrrole-3-carboxamide (13a). Starting from 12 (570 mg, 

2,49 mmol), the title compound was prepared according to the procedure followed for 7. 

Purification by flash chromatography on silica gel (0-5% MeOH in EtOAc), afforded the title 

compound as amorphous orange solid. (40% yield). ESI-MS m/z: 246 [M-H]
-
. 

1
H NMR (300 

MHz, CD3OD) δ 8.00 (d, J = 9 Hz, 1H), 7.43 (t, J = 2.1, 1H), 6.95 (dd, J = 9.3, 2.7 Hz, 1H), 6.86 

(d, J = 2.7 Hz, 1H), 6.83 (t, J = 2.4, 1H), 6.70 – 6.68 (m, 1 H). 

4-Amino-3-(3-carbamoyl-1H-pyrrol-1-yl)phenyl (6-phenylhexyl)carbamate (3g). To a 

solution of 13a (134 mg, 0,54 mmol) in dry toluene (12.0 mL) and dry DMF (3.0 mL), 6-

phenylhexan-1-yl-isocyanate(219 mg, 1.08 mmol) and TEA (9 µL, 0.06 mmol) were sequentially 

added. The reaction mixture was refluxed for 48 h. After cooling to 25 °C, solvents were 

removed in vacuo. The residue was immediately dissolved in EtOH (10 mL), and a catalytic 

amount of 10% Pd/C was added. The reaction mixture was stirred at 25 °C under H2 atmosphere 

for 4 h. Thereafter, the Pd/C was filtered off and EtOH was evaporated under reduced pressure. 

Silica gel column chromatography (100% EtOAc) gave the title compound as colorless oil (45% 

yield). ESI-MS m/z: 421 [M+H]
+

. 
1
H NMR (300 MHz, acetone-d6) δ 7.43 (t, J = 1.9 Hz, 1H), 

7.31 – 7.10 (m, 5H), 6.97 – 6.82 (m, 5H), 6.69 (dd, J = 2.9, 1.7 Hz, 2H), 6.23 (br s, 1H), 4.50 (br 

s, 2H), 3.20 – 3.16 (m2H), 2.61 (t, J = 7.7 Hz, 2H), 1.68 – 1.48 (m, 4H), 1.48 – 1.25 (m, 4H). 
13

C 

NMR (75 MHz, acetone-d6) δ 165.6, 155.1, 142.9, 142.7, 140.4, 128.5 (2), 128.54 (2), 128.4, 

125.9, 125.7, 124.2, 122.5, 121.6, 120.1, 116.3, 109.6, 41.0, 35.8, 29.8, 28.9, 31.6, 26.6. Anal. 

(C24H28N4O3) C, H, N. 

3-(3-Carbamoyl-1H-pyrrol-1-yl)phenyl (2-(4-benzylpiperazin-1-yl)ethyl)carbamate (3k). 

To a solution of 13b (30 mg, 0.15 mmol) and DMAP (73 mg, 0.60 mmol) in dry THF (12 mL) 

cooled to 0 °C a solution of phosgene (20% in toluene, 157 µL, 0.3 mmol) was added. The 
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reaction mixture was warmed to 25 °C and stirred for 30 min under N2 atmosphere. At this time 

the amine 14 (65 mg, 0.30 mmol) was added. The resulting mixture was refluxed for 16 h. After 

the evaporation and purification by silica gel column chromatography (2-5% MeOH in AcOEt) 

the title compound was obtained as an amorphous white solid. (20% yield). 
1
H NMR (300 MHz, 

CDCl3): δ 7.64 (s, 1H), 7.41 (t, J = 8.30 Hz, 1H), 7.33-7.21 (m, 7H), 7.09 (d, J = 8.68 Hz, 1H), 

7.02 (s, 1H), 6.55 (s, 1H), 5.86 (brs, 1H), 5.60 (brs, 2H), 3.56 (s, 2H), 3.40 (d, J = 5.27 Hz, 2H), 

2.59 (br s, 10H). 
13

C NMR (75 MHz, CDCl3): δ 166.1, 154.1, 151.9, 140.5, 130.4, 129.31, 

128.31, 127.31, 122.6, 120.6, 119.9, 117.5, 114.6, 109.6, 62.7, 56.6, 52.6, 37.4, 29.7. Anal. 

(C25H29N5O3) C, H, N. 

3-(3-Carbamoyl-1,5-dimethyl-1H-pyrrol-2-yl)phenyl (6-phenylhexyl)carbamate (3h). To a 

solution of 15a (30 mg, 0.13 mmol) in dry THF, 6-phenylhexan-1-yl-isocyanate (53 mg, 0.26 

mmol) and TEA (72 µL, 0.52 mmol) were sequentially added. The resulting mixture was 

refluxed for 12 h. After cooling to 25 °C and after evaporation, silica gel column 

chromatography (2% MeOH in DCM) afforded the title compound as pale-yellow oil. (36% 

yield). ESI-MS m/z: 434 [M+H]
+
, 456 [M+Na]

+
. 

1
H NMR (300 MHz, CDCl3) δ 7.45 (t, J = 7.5 

Hz, 1H), 7.29-7.15 (m, 8H), 6.43 (s, 1H), 5.20 (br s, 3H), 3.26 (s, 3H), 3.24-3.20 (m, 2H), 2.60 (t, 

J = 7.5 Hz, 2H), 2.23 (s, 3H), 1.65-1.56 (m, 4H), 1.39-1.35 (m, 4H). 
13

C NMR (75 MHz, CDCl3) 

δ 166.9, 154.5, 151.6, 142.8, 133.3, 133.2, 130.1, 129.7 (2C), 128.6 (2C), 128.5, 127.9, 125.9, 

124.6, 122.4, 115.7, 108.2, 41.5, 36.1, 31.7, 31.5, 29.9, 29.1, 26.1. Anal. (C26H31N3O3) C, H, N. 

3-(3-Carbamoyl-5-methyl-1H-pyrrol-2-yl)phenyl (6-phenylhexyl)carbamate (3i). Starting 

from 15b (30 mg, 0.14 mmol), 6-phenylhexan-1-yl-isocyanate (57 mg, 0.28 mmol) and TEA (77 

µL, 0.56 mmol), the title compound was prepared according to the procedure followed for 3h. 

Column chromatography on silica gel (1% MeOH in DCM), affording 3i as an amorphous white 



 47 

solid (20% yield). ESI-MS m/z: 442 [M+Na]
+
, 458 [M+K]

+
. 

1
H NMR (300 MHz, CDCl3) δ 8.40 

(br s, 1H), 7.40-7.34 (m, 2H), 7.29-7.24 (m, 3H), 7.18-7.15 (m, 3H), 7.08-7.06 (m, 1H), 6.28 (s, 

1H), 5.35 (br s, 1H), 5.25 (brs, 1H), 5.15 (brs, 1H), 3.26-3.19 (m, 2H), 2.61 (t, J = 7.2 Hz, 2H), 

2.24 (s, 3H), 1.65-1.56 (m, 4H), 1.39-1.35 (m, 4H). 
13

C NMR (75 MHz, CDCl3) δ 167.4, 154.8, 

151.4, 142.8, 133.5, 131.6, 129.9, 128.6 (2C), 128.5 (2C), 128.4, 125.9, 122.3, 121.4, 115.8, 

108.9, 41.5, 36.1, 31.5, 29.9, 29.1, 26.8, 12.9. Anal. (C25H29N3O3) C, H, N. 

3-(5-Carbamoyl-1-methyl-1H-pyrrol-2-yl)phenyl (6-phenylhexyl)carbamate (3j). Starting 

from 16 (35 mg, 0.16 mmol), the title compound was prepared according to the procedure 

followed for 3h. Silica gel column chromatography (2% MeOH in DCM) afforded 3j as 

colourless oil (79% yield). ESI-MS m/z: 442 [M+Na]
+
. 

1
H NMR (300 MHz, CDCl3) δ 7.40 (t, J = 

7.2 Hz, 1H), 7.30-7.13 (m, 8H), 6.67 (d, J = 3.3 Hz, 1H), 6.18 (d, J = 4.2 Hz, 1H), 5.70 (br s, 

2H), 5.18 (br s, 1H), 3.89 (s, 3H), 3.29-3.22 (m, 2H), 2.62 (t, J = 7.2 Hz, 2H), 1.66-1.55 (m, 4H), 

1.43-1.39 (m, 4H).
13

C NMR (75 MHz, CDCl3) δ 164.1, 154.6, 151.3, 142.8, 140.1, 133.6, 129.5, 

128.6 (2C), 128.5 (2C), 126.3, 126.3, 125.9, 122.8, 121.4, 113.3, 109.0, 41.5, 36.1, 34.8, 31.6, 

30.0, 29.1, 26.8. Anal. (C25H29N3O3) C, H, N. 

3-(1H-Pyrrol-1-yl)phenol (18). A solution of 3-aminophenol (100 mg, 0.91 mmol) and 2,5-

dimethoxytetrahydrofuran 17 (145 mg, 1.09 mmol) in AcOH (1.0 mL) was placed in a sealed 

tube and heated to 170 °C in a microwave apparatus to a power of 150 W for 10 min. After 

cooling to 25 °C, the reaction was treated with water and the aqueous layer was extracted with 

DCM (3 x 5 mL). The combined organic phases were washed with a saturated solution of NaCl, 

dried over anhydrous sodium sulphate, filtered and concentrated.
 
Column chromatography on 

silica gel (2% MeOH in DCM) afforded the title compound as pale yellow oil (80% yield). ESI-

MS m/z: 158 [M-H]
-
.
1
H NMR (300 MHz,CDCl3) δ 7.27 (t, J = 9 Hz, 1H), 7.09 (t, J = 3 Hz, 2H), 
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7.00 – 6.97 (m, 1H), 6.89 (t, J = 3Hz, 1H), 6.74 – 6.71 (m, 1H), 6.38 (t, J = 3 Hz, 2H), 6.08 (br s, 

1H). Spectroscopic data were consistent with previously reported ones.
45, 46

 

1-(3-Hydroxyphenyl)-1H-pyrrole-2-carbonitrile (19). To a solution of compound 18 (50 

mg, 0.31 mmol) in dry MeCN (5.0 mL) cooled to -20 °C, chlorosulfonyl isocyanate (67 mg, 0.47 

mmol) was added and the mixture was stirred for 5 min at -20 °C and further 12 h at 25 °C. Then 

1.0 ml of dry DMF was added and the mixture was heated to 55 °C and stirred for additional 20 

min. Reaction was quenched with water and the aqueous layer was extracted with DCM (3 x 5 

mL). The combined organic layers were washed with a saturated solution of NaCl, dried over 

anhydrous sodium sulphate, filtered and concentrated.
 
Column chromatography on silica gel 

(20% EtOAc in petroleum ether) afforded the title compound as an amorphous white solid. (20% 

yield). ESI-MS m/z: 185 [M+H]
+
.
 1

H NMR (300 MHz, CDCl3) δ 7.34 – 7.27 (m, 1H), 7.09 – 7.07 

(m, 1H), 7.00 – 6.96 (m, 4H), 6.34 – 6.32 (m, 1H), 4.65 (br s, 1H). 

1-(3-Hydroxyphenyl)-1H-pyrrole-2-carboxamide (20). Starting from 19 (70 mg, 0.38 

mmol), the title compound was prepared according to the procedure followed for 7. The crude 

was purified by means of silica gel column chromatography (30% petroleum ether in EtOAc) to 

afford 20 as a colourless oil (50% yield). ESI-MS m/z: 203 [M+H]
+

. 
1
H NMR (300 MHz, 

CD3OD) δ 7.34 – 7.27 (m, 1H), 7.09 – 7.07 (m, 1H), 7.00 – 6.96 (m, 4H), 6.34 – 6.32 (m, 1H). 

3-(2-Carbamoyl-1H-pyrrol-1-yl)phenyl (6-phenylhexyl)carbamate (3l). Starting from 20 

(10 mg, 0.05 mmol) 6-phenylhexan-1-yl-isocyanate (40 mg, 0.20 mmol) and TEA (28 µL, 0.20 

mmol), the title the title compound was prepared according to the procedure followed for 3h. 

Silica gel column chromatography (1% MeOH in DCM) afforded 3l an amorphous white solid 

(70% yield). ESI-MS m/z: 428 [M+Na]
+

. 
1
H NMR (300 MHz, CD3OD) δ 7.39 (t, J = 6 Hz, 1H), 

7.25 – 7.20 (m, 7H), 7.01 (t, J = 3Hz, 1H), 6.95 – 6.90 (m, 1H), 6.76 – 6.71 (m, 1H), 6.25 (m, 
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1H), 3.15 (t, J = 7.5 Hz, 2 H), 2.62 – 2.56 (m, 2H), 1.63 (m, 4H), 1.45 – 1.35 (m, 4H).
 13

C NMR 

(75 MHz, CD3OD) δ 164.6, 155.6, 151.6, 142.7, 141.6, 129.0, 128.4 128.2 (2C), 121.1 (2C), 

126.4, 125.4, 122.2, 120.3, 118.9, 115.7, 108.9, 40.8, 35.6, 31.4, 29.5, 28.8, 26.5. Anal. 

(C24H27N3O3) C, H, N. 

1-Bromo-9-methoxy-5,6-dihydro-4H-benzo[f]pyrrolo[1,2-a][1,4]diazepin-4-one (22). To a 

solution of 21 (821 mg, 3.6 mmol) in dry THF (20.0 mL) cooled at -70 °C, NBS (725 mg, 4.07 

mmol) was added. The reaction mixture was stirred for 1,5 h at -70 °C and then gradually 

warmed to 25 °C and stirred for additional 12 h. Evaporation and column chromatography on 

silica gel (10% acetonitrile in DCM) and recrystallization from EtOAc afforded the title 

compound as a white crystalline solid. (45% yield). Mp = 190-193 °C. ESI-MS m/z: 307 

[M+H]
+
, 329 [M+Na]

+
. 

1
H NMR (400 MHz, CDCl3) δ 7.50 (br s, 1H), 7.22 (d, J = 8.4 Hz, 1H), 

7.07 (d, J = 2.4 Hz, 1H), 7.02 (d, J = 4.0 Hz, 1H), 6.83 (dd, J = 8.4, 2.5 Hz, 1H), 6.49 (d, J = 3.9 

Hz, 1H), 4.31 (m, 1H), 3.89 (m, 1H), 3.81 (s, 3H). 

9-Methoxy-4-oxo-5,6-dihydro-4H-benzo[f]pyrrolo[1,2-a][1,4]diazepine-1-carbonitrile 

(23). To a solution of 22 (496.0 mg, 1.61 mmol) in dry DMF (20.0 mL), CuCN (3,6 g, 25.00 

mmol) was added. The reaction mixture was refluxed for 12 h, and then the crude was treated 

with a concentrated solution of NH4OH and extracted with DCM. Evaporation and column 

chromatography on silica gel (10% acetonitrile in DCM) afforded the title compound as an 

amorphous white solid (30% yield). ESI-MS m/z: 254 [M+H]
+
, 276 [M+Na]

+
. 

1
H NMR (300 

MHz, CDCl3) δ 7.38 (br s, 1H), 7.29 (s, 1H), 7.18 (d, J = 2.4 Hz, 1H), 7.08 - 7.03 (m, 2H), 6.92 

(d, J = 8.4, 1H), 4.36 – 4.30 (m, 1H), 4.02 – 3.94 (m, 1H), 3.87 (s, 3H).  

9-Hydroxy-4-oxo-5,6-dihydro-4H-benzo[f]pyrrolo[1,2-a][1,4]diazepine-1-carbonitrile 

(24). Starting from 23 (500 mg, 1.97 mmol), title compound was prepared according to the 
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procedure followed for 12. (30% yield). ESI-MS m/z: 238 [M-H]
-
. 

1
H NMR (400 MHz, acetone-

d6) δ 7.74 (br s, 1H), 7.31 (m, 1H), 7.19 (m, 2H), 6.87 (m, 2H), 4.25(m, 1H), 4.03 (m, 1H). 

9-Hydroxy-4-oxo-5,6-dihydro-4H-benzo[f]pyrrolo[1,2-a][1,4]diazepine-1-carboxamide 

(25). Starting from 24 (45 mg, 0.19 mmol), title compound was prepared according to the 

procedure descripted for 7. Purification on silica gel (DCM/MeOH/AcOH: 9,1,0.3) afforded 25 

as yellow pale oil (40% yield). ESI-MS m/z: 256 [M-H]
-
. 

1
H NMR (400 MHz, MeOD) δ 7.20 (d, 

J = 8.3 Hz, 1H), 6.93 (d, J = 4.0 Hz, 1H), 6.89 (d, J = 4.0 Hz, 1H), 6.73 (dd, J = 8.2, 2.3 Hz, 1H), 

6.61 (d, J = 2.3 Hz, 1H), 4.33 (d, J = 14.6 Hz, 1H), 3.95 (d, J = 14.6 Hz, 1H). 

1-Carbamoyl-4-oxo-5,6-dihydro-4H-benzo[f]pyrrolo[1,2-a][1,4]diazepin-9-yl (6-

phenylhexyl)carbamate (3m). Starting from 25 (50 mg, 0.19 mmol), the title the title compound 

was prepared according to the procedure followed for 3h. Purification on silica gel (10% MeOH 

in DCM) afforded 3m as an amorphous white solid (50% yield). ESI-MS m/z: 461 [M+H]
+

.
 1

H 

NMR (400 MHz, DMSO-d6) δ 8.48 (br s, 1H), 7.87 (br s, 1H), 7.75 (t, J = 5.2 Hz, 1H), 7.39 (d, J 

= 8.2 Hz, 1H), 7.31 (br s, 1H), 7.22 (m, 2H), 7.15 -7.11 (m, 3H), 7.04 (d, J = 8.3 Hz, 1H), 6.84 

(d, J = 3.8 Hz, 1H), 6.79 (d, J = 3.7 Hz, 1H), 6.74 (br s, 1H), 4.15 – 4.12 (m, 1H), 4.00 – 3.95 

(m, 1H), 2.98 (m, 2H), 2.52 (m, 2H), 1.53 (m, 2H), 1.40 (m, 2H), 1.27 – 1.20 (m, 4H).
 13

C NMR 

(75 MHz, DMSO-d6) δ 162.7, 161.9, 154.0, 150.8, 142.8, 138.3, 134.0, 132.0, 130.2, 129.1, 

129.0 (2C), 128.7, 126.3 (2C), 119.8, 119.0, 115.6, 115.5, 42.0, 35.7, 31.6, 29.7, 28.9, 28.1, 26.5. 

Anal. (C26H28N4O4) C, H, N. 

X-Ray crystallography 

A single crystal of compound 22 was submitted to X-ray data collection on an Oxford-

Diffraction Xcalibur Sapphire 3 diffractometer with a graphite monochromated Mo-Kα radiation 

(λ = 0.71073 Å) at 293 K. The structure was solved by direct methods implemented in SHELXS 
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program (Version 2013/1).
65

 The refinement was carried out by full-matrix anisotropic least-

squares on F2 for all reflections for non-H atoms by means of the SHELXL program.
66

  

Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre 

as supplementary publication no. CCDC 2008490.  

Copies of the data can be obtained, free of charge, on application to CCDC, 12 Union Road, 

Cambridge CB2 1EZ, UK; (fax: + 44 (0) 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk). 

Computational details 

Ligands Preparation. Compounds were built by means of Maestro (Maestro, release 2018, 

Schrödinger LLC, New York, NY, 2018). Molecular energy minimizations were performed 

using MacroModel (MacroModel, release 2018, Schrödinger LLC, New York, NY, 2018) using 

OPLS3 as force field.
67

 The solvent effects were simulated using the analytical Generalized-

Born/Surface Area (GB/SA) model,
68

 and no cutoff for nonbonded interactions was selected. 

Polak–Ribiere conjugate gradient (PRCG) method with 1000 maximum iterations and 0.001 

gradient convergence threshold was used. All derivatives described in this work were treated by 

LigPrep application (LigPrep, release 2018, Schrödinger LLC, New York, NY, 2018), 

implemented in Maestro suite 2018, generating the most probable ionization state of any possible 

enantiomers and tautomers at cellular pH value (7.4 ± 0.5) and also for avoiding potential error 

in the structures.
41, 42,69-71

 

Protein preparation. The three-dimensional structure of FAAH (PDB ID: 3PPM)
72

 was taken 

from the PDB and imported into Schrödinger Maestro molecular modeling environment. Water 

molecules and compounds used for the crystallization were removed and the resulting structure 

was submitted to the protein preparation wizard implemented in Maestro suite 2018 as 

previously reported.
39, 40,73
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Molecular docking. Molecular docking was carried out using the Schrödinger suite 2018 

employing the IFD protocol (Schrödinger Suite 2018 Induced Fit Docking protocol release 2018, 

Schrödinger LLC, New York, NY, 2012) as previously reported.
39, 40,74

 Briefly, this procedure 

induces conformational changes in the binding site to accommodate the ligand and exhaustively 

identify possible binding modes and associated conformational changes by side-chain sampling 

and backbone minimization. The protein and the ligands used were prepared as reported in the 

previous paragraphs. The boxes for docking calculation were built taking into account the 

centroid of the co-crystallized ligand for the FAAH enzyme. Complexes within 30.0 kcal/mol of 

minimum energy structure were taken forward for redocking. The Glide redocking stage was 

performed by XP (Extra Precision) methods. The calculations were performed using default IFD 

protocol parameters. No hydrogen bonding or other constraints were used.  

Molecular Properties Prediction. The in silico drug-like features of the designed compounds 

were evaluated by means of QikProp implemented in Maestro suite (QikProp, release 2018, 

Schrödinger, LLC, New York, NY, 2018).
75, 76

 

Enzymatic assays 

FAAH activity assay. Fatty acid amide hydrolase activity was assayed in homogenate mouse 

brain incubated at pH 9.0 with 10 μM [
14

C]AEA (ARC, St. Louis, MO, USA) at 37 °C for 15 min 

(pH 9.0). The reaction was stopped with a 2:1 (v/v) mixture of chloroform/methanol, and the 

release of [
14

C]ethanolamine in the aqueous phase was measured as reported.
77

 Control 

experiments were also carried out in the presence of the selective FAAH inhibitor URB597 (1). 

The effect of different compounds on FAAH activity was ascertained by adding each substance 

directly to the incubation medium. 
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MAGL activity assay. Mouse brain was thawed and homogenized at 4 °C in sodium phosphate 

buffer (50 mM, pH=8.0) containing 0.32 M sucrose. Homogenates were centrifuged at 4 °C 

sequentially at 800 g, 10,000 g, and 100,000g. MAGL activity was assayed in final supernatants 

at 100,000g, incubated with 10 µM [
3
H] 2-OG (20 Ci/mmol; ARC, St. Louis, MO) at 37 °C for 

30 min. The reaction was stopped with a 2:1 (v/v) mixture of chloroform/methanol and the 

release of [
3
H]glycerol in the aqueous phase was measured by scintillation counting.

77
 

Receptor binding assays 

Mouse brain and spleen for CB1R and CB2R assay, respectively, was resuspended in 2 mM 

TrisEDTA, 320 mM sucrose, 5 mM MgCl2 (pH 7.4), then it was homogenized in a Potter 

homogenizer and centrifuged three times at 1000g and the pellet was discharged. The 

supernatant was centrifuged at 18000g (30 min), and the pellet was resuspended in assay buffer 

(50 mM TrisHCl, 2mM TrisEDTA, 3 mM MgCl2, pH 7.4). These membrane fractions were used 

in rapid filtration assays with radiolabel agonist [
3
H]CP55,940 (PerkinElmer Life Sciences, 

Boston, MA, USA), as described previously.
77

 In all experiments, nonspecific binding was 

determined in the presence of 1 µM “cold” agonist, and the effect of selective compounds for 

CB1R or CB2R was tested by adding each substance directly to the incubation medium. 

Cytotoxicity and mutagenicity assays 

Materials. Dulbecco’s Modified Eagle’s Medium, trypsin solution, and all the solvents used 

for cell culture were purchased from Lonza (Switzerland). Mouse immortalized fibroblasts 

NIH3T3 and U-373-MG human glioblastoma astrocytoma were purchased from American Type 

Culture Collection (USA). The mutagenicity assay was supplied by Biologik s.r.l. (Trieste, Italy). 

Cell cultures and cytotoxicity assay. NIH3T3 and U-373-MG were utilised for cytotoxicity 

experiments. Cells were maintained in DMEM at 37 °C in a humidified atmosphere containing 
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5% CO2. The culture media were supplemented with 10% fetal calf serum (FCS), 1% L-

glutamine-penicillin-streptomycin solution, and 1% MEM Non-Essential Amino Acid Solution. 

Once at the confluence, cells were washed with PBS 0.1 M, taken up with trypsin-EDTA 

solution and then centrifuged at 1000 rpm for 5 min. The pellet was re-suspended in medium 

solution (dilution 1:15). The stock solution for each compound was prepared in pure DMSO and 

diluted with complete culture medium. The solution/suspension obtained was then added to the 

cell monolayer. Cell viability after 24 h of incubation with the different concentrations of each 

test compound was evaluated by Neutral Red Uptake by the procedure previously reported.
78

 The 

data processing included the Student’s t-test with p<0.05 taken as the significance level. 

First, the following solutions were prepared to determine the percentage of viable cells: 

1. Neutral Red (NR) Stock Solution: 0.33 g NR Dye powder in 100 mL sterile H2O 

2. NR Medium: 1.0 mL NR Stock solution + 99.0 Routine Culture Medium pre-warmed to 37 

°C 

3. NR Desorb solution: 1% glacial acetic acid solution + 50% ethanol + 49% H2O 

At the end of the incubation, the routine culture medium was removed from each well, and 

cells were carefully rinsed with 1 mL of pre-warmed D-PBS. Multiwells were then gently blotted 

with paper towels. 1.0 mL of NR Medium was added to each well and further incubated at 37 °C, 

95% humidity, 5.0% CO2 for 3 h. The cells were checked during the NR incubation for NR 

crystal formation. After incubation, the NR Medium was removed; cells were carefully rinsed 

with 1 mL of pre-warmed D-PBS. Then, the PBS was decanted and blotted from the wells and 

exactly 1 mL of NR Desorb solution was added to each sample. Multiwells were then put on a 

shaker for 20-45 min to extract NR from the cells and form a homogeneous solution. During this 

step, the samples were covered in order to protect them from light. After 5 min from the plate 
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shaker removal, the absorbance was read at 540 nm by a UV/visible spectrophotometer (Lambda 

25, Perkin Elmer). 

Mutagenicity assay: Ames test. The TA100 and TA98 strains of Salmonella Typhimurium and 

S9 fraction were utilized for mutagenicity assay. Approximately 10
7
 bacteria were exposed to 6 

concentrations of each test compound, as well as a positive and negative control, for 90 min in a 

medium containing sufficient histidine to support approximately two cell divisions. After 90 min, 

the exposure cultures were diluted in a pH indicator medium lacking histidine and aliquoted into 

48 wells of a 384-well plate. Within two days, cells that had undergone the reversion to His grew 

into colonies. Metabolism by the bacterial colonies reduced the pH of the medium, changing the 

colour of that well. This colour change can be detected visually or by a microplate reader. The 

number of wells containing reverting colonies were counted for each dose and compared to a 

zero dose control. Each dose was tested in six replicates. The test was performed both with and 

without S9 fraction. 

Analysis of in vitro metabolic stability of 2a and 3h in human and liver microsomes 

The tested compound (2a or 3h), dissolved in MeCN, was incubated at 37 °C, at 5 μM 

concentration in 100 mM phosphate buffer (pH 7.4) with 0.3 mg/mL rat and human microsomal 

preparations as previously reported.
79

 Enzymatic reactions were started by addition of a 

NADPH-regenerating system (2 mM NADPH), 66 mM glucose-6-phosphate, 0.4 U/mL glucose-

6-phosphate dehydrogenase in 66 mM MgCl2). Reactions were terminated at regular time 

intervals (overall range 0-60 min) by adding a 1 mL of MeCN. All incubations were performed 

in triplicate. HPLC analysis was performed on Agilent 1100 Series liquid chromatography 

system equipped with an EC 150/4.6 nucleosil 100-3 C18 (Macherey-Nagel) and coupling with 

UV-VIS detector, setting at λ 254 nm. The analysis was carried out using gradient elution of a 
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binary solution; eluent A was MeCN (MeCN containing 0.1% formic acid), while eluent B 

consisting of an aqueous solution of formic acid (0.1%). The analysis started at 20% A for three 

minutes, then rapidly increased up to 90% in 15 min and finally remaining at 90% A until 25 

min. The analysis was performed at a flow rate of 0.8 mL min
-1

 and injection volume was 20 µL. 

The intrinsic clearance (Clint) was calculated by the equation: 

Clint = k(min-1)x [V]/[P] 

where k is the rate constant for the depletion of the substrate, V is the volume of incubation in 

μL and P is the amount of microsomal proteins as reported elsewhere.
80

 

Oxidative stress 

Cell culture and treatments. IMR32 cells (obtained from American Type Culture Collection, 

ATCC) were cultured as described in our previous work.
42

 Stock solutions of compounds 3h, 

3m, and 2a were prepared in DMSO and diluted just prior use into the cell culture medium to 

reach the final concentrations of the assays (0.1 µM, 0.5 µM, 1 µM, 5 µM, 10 µM and 50 µM). 

Control vehicle was represented by DMSO ranging from 0.5% to 0.001%. Lipopolysaccharide 

(LPS) from Escherichia coli serotype 0111:B4 was purchased from Sigma-Aldrich (Sigma-

Aldrich Corp., St. Louis, MO, USA). LPS was dissolved in phosphate-buffered saline (PBS) 

solution. 

Cytotoxicity determination. Cytotoxic effects of the different compounds on IMR32 cells were 

evaluated by measurement of LDH (lactate dehydrogenase) release into the cell culture medium. 

Briefly, IMR32 cells were seeded into a 96-well plate at 100,000 cells/well and allowed to grow 

at the confluence. Then, cells were treated with compounds 3h, 3m, and 2a at different 

concentrations (0.1 µM, 0.5 µM, 1 µM, 5 µM, 10 µM and 50 µM). After 24 hours of incubation, 

LDH assay was performed according to the manufacturer’s protocol (Euroclone, Milan, Italy). 
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All tests were performed at least in triplicate. The absorbance measured from three wells was 

averaged and the percentage of LDH release was calculated as an arbitrary unit of change 

relative to 2% (v/v) Triton X-100 treated cells. 

Nuclear proteins extraction. IMR32 cells were seeded in 100 mm Petri dishes and allowed to 

grow at the confluence. After treatment with compounds 3h, 3m, and 2a at 0.5 and 1 µM doses 

for 24 h, cells were challenged with 100 μg/ml LPS for 30 minutes. Then, cells were detached, 

washed with ice-cold PBS 1X and pelleted by centrifugation. Cell pellets were processed as 

previously described (Canella et al., 2018). The supernatant containing the cytosolic proteins was 

removed and the pellet containing the nuclei was suspended in the nuclear extraction buffer 

containing: 20 mmol/L HEPES (pH 7.9), 0,6 mol/L KCl, 1.5 mmol/L MgCl2, 20% glycerol, 0.5 

mmol/L phenyl-methyl-sulphonyl fluoride and protease and phosphatase inhibitor cocktails. 

After 30 minutes of incubation on ice with intermitted mixing, samples were centrifuged at 

21,100 x g for 15 minutes to obtain the nuclear protein fractions. Protein concentration was 

determined using a Bradford protein assay (Bio-Rad Protein Assay; Bio-Rad Laboratories, Inc, 

Milan, Italy). 

NF-κB p65 DNA binding activity in nuclear extracts. The DNA-binding activity of NF-kB 

p65 subunit in IMR32 cell nuclear extracts was quantified using the TransAM NF-kB p65 

Transcription Factor Assay Kit (Active Motif North America, Carlsbad, CA, USA). Briefly, five 

micrograms of nuclear protein extracts were incubated with NF-κB p65 consensus binding sites 

(5′-GGG ACT TTCC-3′) immobilized on a 96-well plate for 1 h at rt. Then, a secondary 

antibody conjugated with a horseradish peroxidase provides a colorimetric output, 

spectrophotometrically detected at 450 nm. NF-κB p65 binding to the oligonucleotides was 

detected by incubation with a primary antibody specific for the activated form of p65 (Active 
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Motif North America), HRP-conjugated secondary antibody and developing solution. The 

absorbance at 450 nm was determined with a microplate reader. Results were normalized for 

nuclear extract protein concentrations. 

Statistical analysis. All the results are expressed as mean ± SD of triplicate determinations 

obtained in three independent experiments. For each of the variables tested, a two-way analysis 

of variance (ANOVA) was used. P values < 0.05 were considered statistically significant. Data 

were analyzed using the software GraphPad Prism 4.0 (GraphPad Software, Inc., La Jolla, CA). 

Langendorff perfused rat heart 

Animals. All animal care and experimental protocols conformed to the European Union 

Guidelines for the Care and the Use of Laboratory Animals (European Union Directive 

2010/63/EU) and were approved by the Italian Department of Health (666/2015-PR). Male 

Wistar rats (300-350 g, Charles River Italia, Calco, Italy) were anesthetized (i.p.) with a mixture 

of Zoletil® 100 (7.5 mg/kg tiletamine HCl + 7.5 mg/kg zolazepam HCl; Virbac srl, Milano) e 

Rompun® (8 mg/kg xylazine HCl; Bio 98, San Lazzaro, Bologna), containing heparin (5000 

U/kg), decapitated and exsanguinated. 

Isolated Rat Heart Preparation and Perfusion. The hearts, spontaneously beating, were 

rapidly explanted and mounted on a Langendorff apparatus for retrograde perfusion via the aorta 

at a constant flow rate of 10 mL/min with a Krebs−Henseleit solution of the following 

composition (mM): NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, 

glucose 11.5, Na pyruvate 2, and EDTA 0.5, bubbled with a 95% O2−5% CO2 gas mixture (pH 

7.4), and kept at 37 °C, as described elsewhere.
81

 Hearts were allowed to equilibrate for at least 

20 min before drug exposure.  
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Heart contractility was measured as left ventricle pressure (LVP) by means of latex balloon, 

inserted into the left ventricle via the mitral valve and connected to a pressure transducer (BLPR, 

WPI, Berlin, Germany). The balloon was inflated with deionized water from a microsyringe until 

a left ventricular end-diastolic pressure of 10 mmHg was obtained. Alteration in coronary 

perfusion pressure (CPP), arising from changes in coronary vascular resistance, was recorded by 

a pressure transducer (BLPR, WPI, Berlin, Germany) placed in the inflow line.
82

 

A surface electrocardiogram (ECG) was recorded at a sampling rate of 1 kHz by means of two 

steel electrodes, one placed on the apex and the other on the left atrium of the heart. The ECG 

analysis included the following measurements: RR (cycle length), HR (frequency), PQ 

(atrioventricular conduction time), QRS (intraventricular conduction time), and QT (overall 

action potential duration).
83

  

LVP, CPP, and ECG were recorded with a digital PowerLab data acquisition system 

(PowerLab 8/30; ADInstruments, Castle Hill, Australia) and analyzed by using Chart Pro for 

Windows software (PowerLab; ADInstruments, Castle Hill, Australia). LVP was calculated by 

subtracting the left ventricular diastolic pressure from the left ventricular systolic pressure. As 

the QT interval is affected by heart rate changes (e.g., it shortens when the heart rate increases), 

Bazett's formula normalized to average rat RR (QTc=QT/(RR/ f)1/2)
84

 was routinely used to 

correct it, in order to avoid confounding effects. In our experiments, “f”, the normalization factor 

according to the basal RR duration was 232.18 ms, as it was the average cardiac cycle length. 

Analysis of data was accomplished using GraphPad Prism version 5.04 (GraphPad Software, San 

Diego, USA). Statistical analyses and significance as measured by repeated measures ANOVA 

(followed by Dunnett’s post-test) were obtained using GraphPad InStat version 3.06 (GraphPad 

Software, San Diego, USA). In all comparisons, P < 0.05 was considered significant. 
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Compound 3h was dissolved in DMSO. Solvent failed to alter the response of the preparations 

(data not shown). 

In vivo studies on animal models of epilepsy 

Animals. Adult male Sprague–Dawley rats (225–250 g) were housed at constant temperature 

(23 °C) and relative humidity (60%), with free access to food and water and a fixed 12-hour 

light/dark cycle. All animal use followed the University of Pittsburgh and University of Malta 

Institutional Animal Care and Use guidelines and was in strict accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals, USA and the EU 

Directive 2010/63/EU for animal experiments, respectively. 

Drugs. Compound 2a and 3h were freshly dissolved in a vehicle (2 mL/kg) of 5% PEG-400, 

5% Tween 80 in saline and administered intraperitoneally (i.p.). Pilocarpine, scopolamine 

methyl-hydrate and other common salts were bought from SIGMA. 

Maximal dentate activation (MDA). Surgical procedure and electrode implantation. Urethane 

anaesthetized rats (1.2 g/kg, i.p.) were positioned in a David Kopf stereotaxic frame and their 

body temperature maintained using a heating pad and temperature controller unit (Temperature 

Control Unit HB 101/2, Letica Scientific Instruments). One electrode (bifilar stainless steel wire, 

CFW, CA, USA) was implanted in the entorhinal cortex to stimulate the perforant pathway (PP; 

AP: -7.9 L: 4.6 V: 3.4) and another in the hilus of the dentate gyrus (DG) of the hippocampus 

(AP: -4.8 L: 2.5 V: 3.6) to record field potentials. During the surgery, electrodes were slowly 

lowered until the optimal depth to record population spikes (PSs) was reached. Field potentials 

were recorded by a NeuroLog amplifier (Digitimer Ltd, high pass: 0.2 Hz, low pass: 5,000 Hz, 

gain: 200). A digitally controlled current stimulator (Digitimer Ltd, model DS3) was used to 

apply square-wave pulses of 0.2 ms at a rate of 1 per minute. Stimulus intensity was set to evoke 
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40-50% of the maximum amplitude of the PSs. Responses were digitized by a CED 1401 plus 

analogue–digital converter (Cambridge Electronic Design Ltd., Cambridge, UK), stored on a 

computer and averaged offline using Signal 1.9 software. The sampling rate was set to 10 kHz. 

The location of the electrodes was verified histologically. 

MDA induction. To initiate MDA, stimulus trains (pulses of 0.3 ms duration, at 20 Hz) of 10s 

were delivered to the PP at 200 μA initially. If MDA could not be induced, the stimulus intensity 

was increased by 50 μA and redelivered and the process repeated every 5 mins until MDA was 

induced. Stimulus-trains were given every 10 min for 4h (total of 24 stimulus trains) and for each 

train, the duration and time to onset of MDA were measured. Measurements of MDA are shown 

in Figure S4. The time to onset indicates the time (in a sec) from the beginning of the stimulus 

train to the point where PSs appeared with half of the maximal amplitude. The duration of the 

MDA was measured from the onset to the end of the after discharges (ADs). ADs are represented 

by spontaneous bursts of PSs that appear after the stimulus train. Duration and time to onset of 

MDA were normalized against the first stimulus train to give the value of a change in duration or 

time to onset so that data from separate animals could be averaged and compared. 2a was 

injected after stimulus train 6.  

Long-term potentiation (LTP). Tetanic high-frequency stimulation (HFS) consisting of 10 

trains of 15 pulses of 200 Hz with a 1s delay between trains was used to induce long-term 

potentiation (LTP, 200 Hz) at PP-DG synapses. The effect of 2a on LTP was tested in a first set 

of experiments where HFS was delivered 30 min after 2a administration. 10 min baseline 

recordings were taken prior to drug treatment and LTP was recorded for 120 mins after the HFS. 

Pulse strength was set to evoke 40-50% of the maximum PS amplitude and remained unchanged 
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for all stimulations. For baseline and post-HFS recordings, single pulses were applied every 60s, 

and 5 responses were averaged. 

Pilocarpine Model of Status Epilepticus. Sprague Dawley rats (225–250 g) were treated with 

vehicle, 2a or 3h (2, 5 or 10 mg/kg, i.p.) then after 15 mins injected with scopolamine methyl-

hydrate (1 mg/kg in saline, i.p.) to prevent any peripheral cholinergic side effects and after 45 

min pilocarpine was administered (360 mg/kg in saline, i.p.). Rats were then recorded for 2 h 

from the onset of status epilepticus (SE) and seizures scored from 0 to 5 on the Racine scale. The 

duration of the seizure and the time to onset of SE were also recorded. 2 h after the first seizure 

induced by PILO injection diazepam (10 mg/kg, i.p.) was administered and SE remitted. 

Histological Labelling of Thiols. The assay was performed accordingly with Horowitz et al.
85

 

Briefly, animals were sacrificed by decapitation 24 h after diazepam treatment to block 

pilocarpine-induced SE, their brains were removed and frozen in liquid nitrogen and stored for 

24 h at -80 °C to allow them to freeze homogeneously. For redox staining, frozen brains were 

placed in the first alkylating solution (4% paraformaldehyde, 10 M NEM, 1 M Alexa-NEM 

680 nm, Triton X-100 0.02% in PBS) and protected from direct light and stored for 5 days at 4 

°C. The solution was then replaced with 30% sucrose solution until brains sank. Brains were then 

frozen in dry ice, cut on a microtome and the slices placed in a multi-well plate containing PBS. 

Slices were then washed with PBS 3 times for 5 min each time. Before being exposed to a 

reducing solution (50 mM TCEP in PBS) and incubated for 30 min at room temperature out of 

direct light. Slices were then exposed to a second alkylating solution (10 M N-ethylmaleimide, 

1M Alexa-N-ethylmaleimide 540 nm, Triton X-100 0.02% in PBS) before washing with PBS (3 

x 5 min) and mounted on slides. An Olympus Fluoview 1000 laser scanning confocal 

microscope was used for the ratiometric confocal analysis of thiols and disulphides. A 1 μm 
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thick optical slice was taken with a manually generated region-of-interest (ROI). Signal intensity 

and the ratio S-S/S-H signal were measured by the software and parameters were set in the 

control reaction and kept constant. Ratios were taken against control animals treated with vehicle 

only. 

Statistical analysis. Statistical analysis was performed using statistical software package 

GraphPad Prism4 (San Diego, CA). The data were expressed as means ± SEM. Statistical 

significance was determined at the level of p ≤ 0.05. The data obtained were compared by the 

One-way ANOVA analysis of variance followed by Bonferroni post-hoc multiple comparisons 

or Turkey’s Multiple Comparison tests.  
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2-AG, 2-arachidonoyl-glycerol; ADs, after discharges; AEA, anandamide; CB1R, cannabinoid 

receptor type 1; CB2R, cannabinoid receptor type 2; CPP, coronary perfusion pressure; DCM, 

dichloromethane; DG, dentate gyrus; DMAP, 4-(dimethylamino)pyridine; DMF, 

dimethylformamide; DMSO, dimethyl sulfoxide; DSE, depolarization-induced suppression of 

excitation; DSI, depolarization-induced suppression of inhibition; ECG, electrocardiogram; ECS, 

endocannabinoid system; FAAH, fatty acid amide hydrolase; FCS, fetal calf serum; GB/SA, 

Generalized Born/Surface Area; HFS, high-frequency stimulation; HLM, human liver 

microsomes; HR, frequency; IFD, Induced Fit Docking; ILAE, International League Against 

Epilepsy; LDH, lactate dehydrogenase; LTP, Long term potentiation; LVP, left ventricle 

pressure; MAGL, monoacylglycerol lipase; MDA, Maximal Dentate Activation; MW, 
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microwave; NBS, N-bromosuccinimmide; NRU, Neutral Red Uptake; OS, oxidative stress; PP, 

perforant path; PQ, atrioventricular conduction time; PRCG, Polak-Ribiere conjugate gradient; 

PS, population spike; QRS, intraventricular, conduction time; QT, overall action potential 

duration; RLM, rat liver microsomes; ROI, region-of-interest; RR, cycle length; SAR, structure-

activity relationship; SE, status epilepticus; STP-LTP, short-term and long term plasticity; TEA, 

triethylamine; THF, tetrahydrofuran; TLC, thin layer chromatography; TLE, temporal lobe 

epilepsy; XP, Extra Precision. 
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