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All reagents and solvents are commercially available and used without further purification. All 

amino acids were purchased from Fluka. Solution phase peptide synthesis was performed on the 

basis of the standard protocol using Boc-protected amino acids. Organic solutions were dried over 

anhydrous sodium sulfate. Evaporation of the solvents was carried out on a Büchi Rotavapor R-210 

equipped with a Büchi V-850 vacuum controller and Büchi V-700 (~5 mbar) and V-710 (~2 mbar) 

vacuum pumps. Column chromatography was run on glass columns packed with alumina (Merck, 

70-230 mesh) or silica gel (Macherey-Nagel, 70-230 mesh) eluting with the indicated solvent. 

Aluminium oxide thin layer chromatography (TLC) cards from Fluka (aluminium oxide precoated 

aluminium cards with fluorescent indicator visualizable at 254 nm) and silica gel TLC cards from 

Macherey-Nagel (silica gel precoated aluminum cards with fluorescent indicator visualizable at 254 

nm) were used for TLC. Developed plates were visualized by a Spectroline ENF 260C/FE UV 

apparatus. Melting points (mp) were determined on a SMP1 apparatus (Stuart Scientific) and are 

uncorrected. IR spectra were run on a SpectrumOne FT-ATR spectrophotometer (Perkin Elmer). 

Band position and absorption ranges are given in cm-1. Proton (1H NMR) nuclear magnetic 

resonance spectra were recorded on a 300 MHz FT spectrometer (Bruker) in the indicated solvent. 

Chemical shifts are expressed in δ units (ppm) from tetramethylsilane. Elemental analyses of tested 

compounds were found within 0.4% of the theoretical values. Combustion analysis was used as a 

method of establishing compound’s purity. Purity of tested compounds was ≥95%. Mass spectral 

(MS) data were obtained using Agilent 1100 LC/MSD VL system (G1946C) with a 0.4 mL/min 

flow rate using a binary solvent system of 95:5 methanol/water. UV detection was monitored at 

230, 254, 275 nm.  

 

Chemistry 

Pyrazolecarboxamides 1 and 2 were prepared by reaction of 1-(2,4-dichlorophenyl)-4-methyl-5-

(1H-pyrrol-1-yl)-1H-pyrazole-3-carboxylic acid with the appropriate amines in the presence of 

PyBop reagent and triethylamine in anhydrous DMF at 25°C for 12 hours, as previously described.1 

Pyrazolecarboxamides 3 and 4 were obtained by reaction of 1-(2,4-dichlorophenyl)-4-methyl-5-

(1H-pyrrol-1-yl)-1H-pyrazole-3-carboxylic acid with thionyl chloride in anhydrous toluene at reflux 

temperature for 3 hours and subsequent treatment with appropriate amines in anhydrous 

dichloromethane for 16 hours. Compound 5 was obtained by reaction of 3 with trifluoroacetic acid 

in anhydrous dichloromethane at 25°C for 1 hour. 

Preparation of Tert-butyl-4-(1-(2,4-dichlorophenyl)-4-methyl-5-(1H-pyrrol-1-yl)-1H-pyrazole-

3-carboxamido)piperidine-1-carboxylate 3. A mixture of 1-(2,4-dichlorophenyl)-4-methyl-5-(1H-

pyrrol-1-yl)-1H-pyrazole-3-carboxylic acid (50 mg, 0.15 mmol) and thionyl chloride (0.039 mL, 

0.54 mmol) in 1.5 mL of toluene was refluxed for 3 hours and then evaporated to dryness under 

reduced pressure. The residue was taken up in 1mL of toluene and solvent was evaporated again 

under reduced pressure to give the crude acid chloride, which was dissolved in 1.5 mL of dry 

dichloromethane. This solution was added dropwise to a solution of 4-amino-1-Boc-piperidine (44 

mg, 0.22 mmol) in 1.0 mL of dichloromethane cooled to 0°C. After being stirred at room 

temperature for 16 hours, the reaction mixture was added to brine and extracted with 

dichloromethane. Organic layer was dried and filtered. Removal of the solvent gave a residue that 

was purified by silica gel column chromatography (ethyl acetate/n-hexane = 1:3 as eluent) to 

furnish 3 in 89% yield as a white solid (mp 115-120°C from ethanol). 
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Preparation of N-cyclohexyl-1-(2,4-dichlorophenyl)-4-methyl-5-(1H-pyrrol-1-yl)-1H-pyrazole-

3-carboxamide 4. A mixture of 1-(2,4-dichlorophenyl)-4-methyl-5-(1H-pyrrol-1-yl)-1H-pyrazole-

3-carboxylic acid (50 mg, 0.15 mmol) and thionyl chloride (0.039 mL, 0.54 mmol) in 1.5 mL of 

toluene was refluxed for 3 hours and then evaporated to dryness under reduced pressure. The 

residue was taken up in 1mL of toluene and solvent was evaporated again under reduced pressure to 

give the crude acid chloride, which was dissolved in 1.5 mL of dry dichloromethane. This solution 

was added dropwise to a solution of cyclohexylamine (22 mg, 0.025 mL, 0.22 mmol) in 1.0 mL of 

dichloromethane cooled to 0°C. After being stirred at room temperature for 16 hours, the reaction 

mixture was added to brine and extracted with dichloromethane. Organic layer was dried and 

filtered. Removal of the solvent gave a residue that was purified by silica gel column 

chromatography (ethyl acetate/n-hexane = 1:3 as eluent) to furnish 4 in 75% yield as a white solid 

(mp 180-187°C from ethanol). 
1H-NMR (DMSO-d6): δ 1.03-1.13 (m, 1H), 1.22-1.40 (m, 4H), 1.56-1.59 (m, 1H), 1.68-1.76 (m, 

4H), 2.12 (s, 3H) 3.72-3.79 (m, 1H), 6.14 (s, 2H), 6.78 (s, 2H), 7.56 (d, J = 8.7 Hz, 1H), 7.73 (d, J = 

8.3 Hz, 1H), 7.80 (s, 1H), 7.98 (d, J = 8.8 Hz, 1H, disappeared on treatment with D2O), IR: ν 1662, 

2931, 3407 cm-1. Anal. Calcd. for (C21H22Cl2N4O (417,33)) C, 60.44%; H, 5.31%; N, 13.43%; Cl, 

16.99%. Found: C, 60.53%; H, 5.34%; N, 13.39%; Cl, 16.94%. 

 

Preparation of 4-(1-(2,4-dichlorophenyl)-4-methyl-5-(1H-pyrrol-1-yl)-1H-pyrazole-3-

carboxamido)piperidin-1-ium 2,2,2 trifluoroacetate 5. Compound 3 (76 mg, 0.15 mmol) was 

taken up in dichloromethane (2 mL) and trifluoroacetic acid was added (20% v/v).The mixture was 

stirred at 25°C for 1 hour. The solvent was then evaporated under reduced pressure and the residue 

was co-evaporated with diethyl ether to give 5 in 57% yield as white powder (mp 100-105°C from 

ethanol).  
1H-NMR (DMSO-d6): δ 1.71-1.81 (m, 2H), 1.87-1.92 (m, 2H), 2.13 (s,3H), 2.95-3.04 (m, 2H), 

3.28-3.31 (m, 2H), 4.03-4.10 (m, 1H), 6.14 (t, J =  2.0 Hz, 2H), 6.78 (t, J = 2.2 Hz, 2H), 7.57 (dd, J 

= 2.3 and J = 8.5 Hz, 1H), 7.74-7.76 (m, 1H), 7.82 (d, J = 2.3 Hz, 1H), 8.19-8.27 (m, 1H, 

disappeared on treatment with D2O), 8.48 (d, J = 8.0 Hz, 1H, disappeared on treatment with D2O), 

8.53-8.57 (m, 1H, disappeared on treatment with D2O), IR: ν 1682, 2967 cm-1. Anal. Calcd. for 

(C22H22Cl2F3N5O3 (532,34)) C, 49.64%; H, 4.17%; N, 13.16%; Cl, 13.32%; F, 10.71% Found: C, 

49.69%; H, 4.67%; N, 13.29%; Cl, 13.34%; F, 10.80%.  

 

Preparation of the intermediate compound 6. To a stirred solution of 5 (1 equiv., 60 mg) in DMF 

(6 mL) at 0°C, EDC (1.1 equiv., 24 mg) and HOBt anhydrous (1.1 equiv., 19 mg) were added. After 

10 min., NMM (1.1 equiv., 14 L) and Boc-Phe-OH (1.1 equiv., 33 mg) were dissolved in the 

reaction mixture and stirred at 0°C for 10 min. After 24 hours at r.t., the reaction mixture was 

evaporated in rotary evaporator, the residue was dissolved in EtOAc and washed with 5% citric acid 

solution (3 times), NaHCO3 s.s. (3 times) and NaCl s.s. (3 times). The organic layers were collected 

and dried over Na2SO4 anhydrous and filtered. The organic solvent was removed in rotary 

evaporator and high vacuum to obtain the crude product in 90% yield (eluent: EtOAc/DCM = 7:3; 

Rf = 0.8). The intermediate compound was treated with a mixture of TFA/DCM = 1:1 at room 



4 

 

temperature for 1h, then was used as TFA salt for the following reaction without further 

modification. 
1H-NMR (300 MHz, CDCl3) 7.51 (d, 1H), 7.45 (d, 1H), 7.32-7.15 (m, 6H), 6.77 (d, 1H), 6.56 (m, 

2H), 6.19 (m, 2H), 5.44 (d, 1H), 4.06 (m, 1H), 2.98 (q, 2H), 2.69 (m, 4H), 2.27 (s, 3H), 1.92 (m, 

1H), 1.69 (m, 4H), 1.40 (s, 9H). LRMS (ESI) m/z 780.5 [M+H]+. 

 

Preparation of intermediate compound 7. To a stirred solution of Boc-Gly-OH (1 equiv., 17 mg) 

in DMF (6 mL) at 0°C, EDC (1.1 equiv., 19 mg) and HOBt anhydrous (1.1 equiv., 16 mg) were 

added. After 10 min., NMM (1.1 equiv., 11 L) and 6 as TFA salt (1.1 equiv.), were dissolved in 

the reaction mixture and stirred at 0°C for 10 min. After 24 hours at r.t., the reaction mixture was 

evaporated in rotary evaporator, the residue was dissolved in EtOAc and washed with 5% citric acid 

solution (3 times), NaHCO3 s.s. (3 times) and NaCl s.s. (3 times). The organic layers were collected 

and dried over Na2SO4 anhydrous and filtered. The organic solvent was removed in rotary 

evaporator and high vacuum to obtain the crude product in 95% yield (eluent: EtOAc/MeOH = 9:1, 

Rf = 0.3). The intermediate compound was treated with a mixture of TFA/DCM = 1:1 at room 

temperature for 1h, then was used as TFA salt for the following reaction without any further 

modification. 
1H-NMR (300 MHz, CDCl3)  d, 1H), 7.45 (d, 1H), 7.32-7.15 (m, 6H), 7.02 (d, 1H), 6.77 (d, 

1H), 6.56 (m, 2H), 6.19 (m, 2H), 5.14 (t, 1H), 4.45 (m, 2H), 3.80 (t, 2H), 2.98 (q, 4H), 2.68 (m, 

1H), 2.26 (s, 3H), 1.69 (m, 4H), 1.40 (s, 9H).  LRMS (ESI) m/z 837.6 [M+H]+. 

 

Preparation of intermediate compound 8. To a stirred solution of Boc-(D)Ala-OH (1 equiv., 20 

mg) in DMF (6 mL) at 0°C, EDC (1.1 equiv., 20 mg) and HOBt anhydrous (1.1 equiv., 14 mg) 

were added. After 10 min., NMM (1.1 equiv., 12 L) and 7 as TFA salt (1.1 equiv.), were dissolved 

in the reaction mixture and stirred at 0°C for 10 min. After 24 hours at r.t., the reaction mixture was 

evaporated in rotary evaporator, the residue was dissolved in EtOAc and washed with 5% citric acid 

solution (3 times), NaHCO3 s.s. (3 times) and NaCl s.s. (3 times). The organic layers were 

collected, dried over Na2SO4 anhydrous and filtered. The organic solvent was removed in rotary 

evaporator and high vacuum to obtain the crude product in 72% yield (eluent: EtOAc/MeOH = 9:1; 

Rf = 0.5). The intermediate compound was deprotected with a mixture of TFA/DCM = 1:1 at room 

temperature for 1h, then was used as TFA salt for the following reaction without further 

modification. 
1H-NMR (300 MHz, CDCl3)  d, 1H), 7.45 (d, 1H), 7.32-7.15 (m, 6H), 7.02 (d, 1H), 6.77 (d, 

1H), 6.56 (m, 2H), 6.19 (m, 2H), 5.14 (t, 1H), 5.11 (d, 1H), 4.45 (m, 2H), 3.80 (t, 2H), 2.98 (q, 4H), 

2.68 (m, 1H), 2.66 (q, 1H), 2.26 (s, 3H), 1.69 (m, 4H), 1.40 (s, 9H), 1.30 (d, 3H). LRMS (ESI) m/z 

909.1 [M+H]+. 

 

Preparation of the final product 9. To a stirred solution of Boc-Tyr-OH (1 equiv., 15 mg) in DMF 

(6 mL) at 0°C, EDC (1.1 equiv., 10 mg) and HOBt anhydrous (1.1 equiv., 8 mg) were added. After 

10 min., NMM (1.1 equiv., 5 L) and 8 as TFA salt (1.1 equiv.), were dissolved in the reaction 

mixture and stirred at 0°C for 10 min. After 24 hours at r.t., the reaction mixture was evaporated in 

rotary evaporator, the residue was dissolved in EtOAc and washed with 5% citric acid solution (3 



5 

 

times), NaHCO3 s.s. (3 times) and NaCl s.s. (3 times). The organic layers were collected, dried over 

Na2SO4 anhydrous and filtered. The organic solvent was removed in rotary evaporator and high 

vacuum to obtain the crude product as a white powder. The crude product was purified on silica gel 

column (eluent: EtOAc/MeOH = 9.8:0.2; Rf = 0.3) to obtain the intermediate Boc-protected 

compound as  a white powder in 37% yield. 1H-NMR (300 MHz, CDCl3) : d,d, 

1H), 7.45 (d, 1H), 7.32-7.15 (m, 6H), 7.02 (d, 1H), 6.93-6.86 (m, 3H), 6.77 (d, 1H), 6.68 (dd, 2H), 

6.56 (m, 2H), 6.19 (m, 2H), 5.14 (t, 1H), 5.11 (d, 1H), 4.45 (m, 2H), 4.33 (m, 1H), 3.80 (t, 2H), 2.98 

(q, 4H), 2.68 (m, 1H), 2.66 (q, 1H), 2.48 (m, 1H), 2.26 (s, 3H), 1.69 (m, 4H), 1.40 (s, 9H), 1.30 (d, 

3H). LRMS (ESI) m/z 1072.5 [M+H]+. 

The intermediate compound was deprotected with a mixture of TFA/DCM = 1:1 at room 

temperature for 1h; then it was purified in RP-HPLC (Column Water X-Bridge C18 bonded 4.6 x 

150 mm, at a flow rate of 4 mL/min using as eluent a gradient of H2O/acetonitrile 0.1% TFA 

starting from 5% acetonitrile to 90% acetonitrile in 40min, 4.0 mL/min, 20°C, 254 nm) to obtain the 

final product 9. The purity of compound 9 was determined by analytical RP-HPLC and was found 

to be ≥ 96% (Rt 19.97 min; linear gradient 5% to 95% acetonitrile in 32 min) and LRMS (ESI): 

[M+H+] = 972.5 m/z. 
1H-NMR (300 MHz, DMSO-d6) : 9.35sd, 1H), 8.24-8.01 (m, 6H), 7.81 (d, 1H), 7.74 

(t, 1H), 7.55 (m, 1H), 7.21 (m, 5H), 7.02 (d, 2H), 6.76 (s, 1H), 6.70 (d, 2H), 6.12 (s, 1H), 4.93 (m, 

1H), 4.28 (t, 1H), 3.88 (m, 1H), 3.68 (m, 1H), 3.63 (t, 2H), 2.91-2.70 (m, 8H), 2.11 (s, 3H), 1.05 (d, 

3H).   

 
 

Peak Retention time (min) AREA% 

1 19.97 96.00 

2 22.82 4.00 
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In vitro binding assays 

Chemicals 

Tris-HCl, EGTA, NaCl, MgCl2 x 6H2O, GDP, the GTP analogue GTPγS, were purchased from 

Sigma-Aldrich (Budapest, Hungary). Fatty acid free bovine serum albumin (BSA) was purchased 

from Serva (Heidelberg, Germany). Naloxone was kindly provided by the company Endo 

Laboratories DuPont de Nemours (Wilmington, DE, USA). HS665 was provided by 

Schmidhammer’s group (University of Innsbruck, Austria). WIN55,212-2 and Rimonabant was 

purchased from Tocris Bioscience (Bristol, UK). The Rimonabant analogues 1, 2, 3, 4, 5, opioid 

peptide 10 and the bivalent compound 9 were provided by Mollica’s group. Ligands were dissolved 

in water with the exception of WIN55,212-2, Rimonabant and HS665, which were dissolved in 

DMSO. All compounds were stored in 1 mM stock solution at -20˚C. The radiolabelled GTP 

analogue, [35S]GTPγS (specific activity: 1000 Ci/mmol) were purchased from Hartmann Analytic 

(Braunschweig, Germany). [3H]DAMGO (specific activity: 38.8 Ci/mmol),12 [3H]IleDelt II 

(specific activity: 19,6 Ci/mmol), [3H]WIN55,212-2 (specific activity: 13,1 Ci/mmol) and 

[3H]HS665 (specific activity: 36.62 Ci/mmol),3 were radiolabeled by the Laboratory of Chemical 

Biology group in BRC (Szeged, Hungary). 

 

Animals 

For membrane homogenate preparations male and female Wistar rats (250-300 g body weight) and 

male guinea pigs (~700 g body weight, LAL/HA/BR strain) were used. Rats were housed in the 

local animal house of BRC (Szeged, Hungary), while guinea pigs were housed in LAB-ÁLL Bt. 

(Budapest, Hungary). All the animals were kept in a temperature controlled room (21-24oC) under a 

12:12 light and dark cycle and were provided with water and food ad libitum. All housing and 

experiments were conducted in accordance with the European Communities Council Directives 

(2010/63/EU) and the Hungarian Act for the Protection of Animals in Research (XXVIII.tv. 32.§). 

The total number of animals as well as their suffering was minimized. 

 

Rat and guinea pig brain membrane homogenate preparation for binding assays 

Rats and guinea pigs were decapitated and their brains were quickly removed. The brains were 

prepared for membrane preparation as previously described,4 and partly used for  binding 

experiments and partly were further prepared for the [35S]GTPγS binding experiments. Briefly the 

brains were homogenized, centrifuged in ice-cold 50 mM Tris-HCl (pH 7.4) buffer and incubated at 

37oC for 30 min in a shaking water-bath. After incubation the centrifugation was repeated as 

described above and the final pellet was suspended in 50 mM Tris-HCl pH 7.4 buffer containing 

0.32 M sucrose, and stored at -80oC. For the [35S]GTPγS binding experiments the final pellet of rat 
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brain membrane homogenate was suspended in ice-cold TEM (Tris-HCl, EGTA, MgCl2) and stored 

at -80oC for further use.  

 

Radioligand competition binding experiments   

Aliquots of frozen rat brain membrane homogenates were centrifuged (18 000 rpm, 20 min, 4˚C) to 

remove sucrose and the pellets were suspended in 50 mM Tris-HCl buffer (pH 7.4). Membranes 

containing 0.4-0.8 mg/mL of protein were incubated in a final volume of 1 mL in the presence of 

unlabeled 5, 10 and 9 in increasing concentrations (10-11-10-5 M) in the presence of the appropriate 

radioligand in ~1 nM concentrations at certain temperature and amount of time depending on the 

radioligand ([3H]DAMGO and [3H]IleDelt II: 35˚C for 45 min; [3H]HS665: 30˚C, 45 min; 

[3H]WIN55,212-2: 30˚C for 60 min). Experiments performed with [3H]HS665 where incubated 

together with guinea pig whole brain membrane homogenates (the guinea pig brain has significantly 

more kappa receptors than the rat brain), while the rest of the radioligands were incubated together 

with rat whole brain membrane homogenates. Additionally, in experiments performed with 

[3H]WIN55,212-2 Rimonabant analogues, Rimonabant was also added to the incubation mixture in 

increasing concentrations  (10-11-10-5 M) together with 50 mM Tris/HCl, 2.5 mM EGTA, 5 mM 

MgCl2 and 0.5 mg/mL fatty acid free BSA (pH 7.4). The level of non-specific binding was 

determined in the presence of 10 M unlabelled naloxone or HS665 or WIN55,212-2, while total 

binding was determined in the absence of unlabeled compounds. The reaction was terminated by 

rapid filtration under vacuum (Brandel M24R Cell Harvester), and washed three times with 5 mL 

ice-cold 50 mM Tris-HCl or 50 mM Tris/HCl, 2.5 mM EGTA, 5 mM MgCl2, 0.5 % BSA (pH 7.4) 

in case of [3H]WIN55,212-2. The filtration was accomplished through Whatman GF/C 

([3H]DAMGO, [3H]IleDelt II and [3H]HS665) or GF/B ([3H]WIN55,212-2) glass fibers. In case of 

[3H]WIN55,212-2 the filter was presoaked in 0.1% polyethyleneimine 30 min before the filtration. 

The radioactivity of the filters was detected in UltimaGoldTM MV aqueous scintillation cocktail 

with Packard Tricarb 2300TR liquid scintillation counter. The competition binding assays were 

performed in duplicate and repeated at least three times. 
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Table 1S. Affinity values of Rimonabant and its analogues, together with 9 and 10 (logIC50  S.E.M. and Ki) in 

competition binding experiments on the cannabinoid receptors (CBR) and three opioid receptors with the indicated 

receptor specific radioligands. The opioid receptor selectivity ratios of 9 and 10 is also indicated.  The values were 

determined according to the binding curves in Figure 2 as described in the ‘Data analysis’ section.  

 

 logIC50  S.E.M. (M) 

(Ki) 
Selectivity ratios 

Compounds 
[3H]WIN55,212a 

(CBR) 

[3H]DAMGOa 

(MOR) 

[3H]IleDelt IIa 

(DOR) 

[3H]HS665b 

(KOR) 

DOR/

MOR 

KOR/

MOR 

DOR/

KOR 

Rimonabant -7.53 ± 0.08 

(25 nM) 
n.d. n.d. n.d. - 

1 

 

-6.71 ± 0.09 

(125.9 nM) 
n.d. n.d. n.d. - 

2 

 

-5.96 ± 0.09 

(709.7 nM) 
n.d. n.d. n.d. - 

3 

 

-6.53 ± 0.07 

(192.9 nM) 
n.d. n.d. n.d. - 

4 -6.24 ± 0.1 

(370.3 nM) 
n.d. n.d. n.d. - 

5 
ambiguous1 ambiguous1 ambiguous1 

-4.57 ± 1.26 

(17.4 µM) 
- 

9 
-5.22 ± 0.33 

(5.2 M) 

-6.69 ± 0.10 

(34.4 nM) 

-5.89 ± 0.10 

(443.4 nM) 

-6.58 ± 0.08 

(169.6 nM) 
12.88 4.93 2.61 

10  ambiguous1 
-8.21 ± 0.09 

(1 nM) 

-6.5  0.1 

(106.8 nM) 

-6.24 ± 0.16 

(368.6 nM) 
106.8 368.6 0.28 

a: performed in rat whole brain membrane homogenates 
b: performed in guinea pig whole brain membrane homogenates 
1: since the compound did not alter significantly the total specific binding of the radioligand, thus logIC50 and Ki values cannot 

be interpreted 

n.d.: not determined 

 

Functional [35S]GTPγS binding experiments 

The functional [35S]GTPγS binding experiments were performed as previously described,5,6 with 

modifications. Briefly the rat brain membrane homogenates containing ~10 g/mL protein were 

incubated at 30˚C for 60 min in Tris-EGTA buffer (pH 7.4) composed of 50 mM Tris-HCl, 1 mM 

EGTA, 3 mM MgCl2, 100 mM NaCl, containing 20 MBq/0.05 cm3 [35S]GTPγS (0.05 nM) and 

increasing concentrations (10-10-10-5 M) of Rimonabant analogues, opioid peptide 10 and bivalent 

compound 9 together with excess GDP (30 M) in a final volume of 1 mL. Total binding was 

measured in the absence of test compounds, non-specific binding was determined in the presence of 

10 M unlabelled GTPγS. The bound and unbound [35S]GTPγS was separated as described in the 
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competition binding assays section through Whatmann GF/B glass fibers. The radioactivity of the 

filters was also detected as described above. [35S]GTPγS binding experiments were performed in 

triplicates and repeated at least three times. 

 

Data analysis 

The specific binding of all radiolabeled compounds was calculated by the subtraction of non-

specific binding from total binding and was given in percentage. The data was normalized to total 

specific binding, which was settled 100%, which in case of [35S]GTPγS also represents the basal 

activity of the G-protein. Experimental data were presented as means ± S.E.M in the function of the 

applied ligand concentration range in logarithm form. Points were fitted with the professional curve 

fitting program, GraphPad Prism 5.0 (GraphPad Prism Software Inc., San Diego, CA), using non-

linear regression. In the radioligand competition binding assays the ‘One-site competition’, while in 

[35S]GTPγS binding assays the ‘Sigmoid dose-response’ equation was applied to determine IC50 

(unlabeled ligand affinity) and the maximum G-protein efficacy (Emax) and ligand potency (EC50), 

respectively. For IC50 and EC50 values standard error is only given in their logarithm form by the 

curve fitting program due to the data representation. In competition binding experiments the Ki 

value was calculated according to Cheng-Prusoff equation.7 

 

Figure 1S. The effect of Rimonabant analogues and Rimonabant (A), 9 and 10 (B) on G-protein activity in [35S]GTPS 

binding assays. In figure B, 5 is indicated again for better comparison. Figures represents the specific binding of 

[35S]GTPS in percentage in the presence of increasing concentrations (10-10-10-5 M) of the indicated ligands in rat brain 

membrane homogenates. “Basal” on the x-axis indicates the basal activity of the monitored G-protein, which is 

measured in the absence of the compounds and also represents the total specific binding of [35S]GTPS. The level of 

basal activity was defined as 100% and is presented with a dotted line. Points represent means  S.E.M. for at least 

three experiments performed in triplicate. 

 

 
 

 

Legend 

RS5199 1 

RS5258 2 

RS5267 3 

RS5266 4 

RS5269 5 
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RS5269-Phe-Gly-D-Ala-TyrNH2 9 

Tyr-D-Ala-Gly-Phe-NH2 10 

 

 

 

 

In vivo nociception tests 

Animals 

Male CD-1 mice (Harlan, Italy) weighting 25-30 g were used for all experiments. Mice were 

housed for at least 1 week before the experimental sessions in colony cages (7 mice in each cage) 

under standard light (from 7.00 a.m. to 7.00 p.m.), temperature (21±1°C), relative humidity 

(60±10%) with food and water available ad libitum. The research protocol was approved by the 

Service for Biotechnology and Animal Welfare of the Istituto Superiore di Sanità and authorized by 

the Italian Ministry of Health, according to Legislative Decree 26/14, which implemented the 

European Directive 2010/63/UE on laboratory animal protection in Italy. Animal welfare was 

routinely checked by veterinarians from the Service for Biotechnology and Animal Welfare. The 

authors further ensure that all efforts were made to minimize animal suffering and the number used. 

 

Surgery for intracerebroventricular (i.c.v.) injections 

For i.c.v. injections, mice were lightly anesthetized with isoflurane, and an incision was made in the 

scalp. Injections were performed using a 10 L Hamilton microsyringe at a point 2-mm caudal and 

2-mm lateral from the bregma at a depth of 3 mm in a volume of 5 μL as previously described.8 

 

Hot plate and tail flick test 

In the case of hot plate test, the thermal nociception was assessed with a commercially available 

apparatus consisting in a metal plate 25x25 cm (Ugo Basile, Italy) heated to a constant temperature 

of 55±0.1°C, on which a plastic cylinder (20 cm diameter, 18 cm high) was placed. The time of 

latency (s) was recorded from the moment the animal was inserted inside the cylinder up to when it 

licked its paws or jerked them off the hot plate; jumped off the hot plate; the latency exceeded the 

cut-off time of 60 s. The baseline was calculated as mean of three readings recorded before testing 

at intervals of 15-30 min. The time course of latency was then determined at 15, 30, 45, 60, and 90 

min after treatment. The tail flick latency was obtained using a commercial unit (Ugo Basile, Italy), 

consisting of an infrared radiant light source (100 W, 15 V bulb) focused onto a photocell utilizing 

an aluminum parabolic mirror. During the trials the mice were gently hand-restrained with a glove. 

Radiant heat was focused 3-4 cm from the tip of the tail, and the latency (s) of the tail withdrawal 

recorded. The measurement was interrupted if the latency exceeded the cut off time (15 s at 15 V). 

Also in this case, the baseline was calculated as mean of three readings recorded before testing at 

intervals of 15-30 min and the time course of latency determined at 15, 30, 45, 60, and 90 min after 

treatment. In both the hot plate and tail flick tests, data were expressed as time course of the 

percentage of maximum effect (%MPE)=(post drug latency – baseline latency)/(cut-off time – 

baseline latency) x 100. On each test day compound solutions were freshly prepared using 

DMSO:0.9% saline 1:5 v/v. Compound under investigation was These solutions were injected at 

doses of 0, 1, 5 and 10 g/mouse in a volume of 5 L/mouse. The significance among the groups 
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was evaluated with the analysis of variance followed by Dunnett’s post-hoc comparisons using 

GraphPad Prism 6.03 software. Statistical significance was assumed at least for P<0.05.  

 

 

 

 

In vitro hypothalamic perfusion test 

Hypothalamic synaptosomes were obtained from 18 male adult Sprague-Dawley rats (290-340 g), 

as previously described.9 

Then, the synaptosome suspension was incubated at 37°C, under O2/CO2 95%/5%, pH 7.35-7.45, in 

Krebs-Ringer buffer (mM: NaCl 125, KCl 3, MgSO4 1.2, CaCl2 1.2, Tris-HCl 10, glucose 10, 

ascorbic acid 1). After the incubation period, identical aliquots of synaptosome suspension (1.24 mg 

protein determined by bicinchoninic acid protein assay) were layered onto 0.8 μm Millipore filters, 

placed into 37°C water-jacketed superfusion chambers [18 different chambers for each experiment 

and perfused with Krebs-Ringer buffer (0.6 mL/min)], and perfusate was collected (2 min fractions) 

to detect released neurotransmitters by HPLC coupled to electrochemical detection. The analytical 

conditions for amine identification and quantification in the perfusate fractions were selected on the 

basis of previous experiments performed on hypothalamus homogenate.10  

The experimental protocol includes three phases: 10 min perfusion with Krebs-Ringer buffer in 

basal condition (pre-stimulus); 10 min perfusion with the peptide (10 µM)  added to Krebs-Ringer 

buffer (stimulus); 8 min perfusion with Krebs-Ringer buffer for return to basal condition (post-

stimulus). Perfusate was collected starting from the 8th minute of pre-stimulus. Perfusate aliquots 

were stored at -80°C, then lyophilized and finally suspended in 1 mL HPLC grade water for 

neurotransmitter quantification. Neurotransmitter release was expressed as mean percentage release 

recovered in the stimulus and post-stimulus, compared with initial basal conditions (pre-stimulus 

period). 
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ADMET in silico profiling 

Molecular datasets used by Zhao11 and Shen12 were compiled and merged into one single dataset of 

2845 unique molecules with known capabilities to overcame or not the BBB. Two classification 

models were built using Random Forest,13 and Logistic regression,14 statistics applied on calculated 

circular fingerprints with 2 layers and 4096 bits. The new classification models were comparable 

with those previously reported and were characterized by very good statistical values (Table 2S).  

 

Table 2S. Random forest and Logistic regression derived model for BBB permeability and compounds 5, 9 and 10 

predictions 

Modela Accuracyb MCCc 

ROC 

AUCd 

P-R AUCe 

Compounds BBB permeability predictions 

5 9 10 

BBB-f BBB+g BBB-e BBB+f BBB-e BBB+f 

Random 

Forest 

0.94 0.83 0.96 0.99 0.29 0.71 0.62 0.38 0.55 0.45 

Logistic 

Regression 

0.95 0.86 0.97 0.99 0.01 0.99 0.75 0.25 0.80 0.20 

a: Models were derived and validated trough 100 iterations cross-validation using two groups. 

b: The Accuracy classification score. Accuracy = (TP + TN) / (TP + FP + FN + TN), where TP = True Positives and TN 

= True Negatives. 

c: The Matthews correlation coefficient. It takes into account true and false positives and negatives and is generally 

regarded as a balanced measure which can be used even if the classes are of very different sizes. The MCC is in essence 

a correlation coefficient value between -1 and +1. A coefficient of +1 represents a perfect prediction, 0 an average 

random prediction and -1 an inverse prediction.  

MCC = (TP * TN – FP * FN) / ((TP + FP) * (TP + FN) * (TN + FP) * (TN + FN))^0.5 

d: Receiver Operating Characteristic Area Under the Curve. The curve is created by plotting the true positive rate 

(TPR/Recall) against the false positive rate (FPR/Fall-out) at various threshold settings. 

e: Precision-recall AUC. This score corresponds to the area under the Precision-Recall curve. The curve is created by 

plotting the true positive rate (TPR/Recall) against the positive predictive value (PPV/Precision) at various threshold 

settings. 

f: A compound is flagged as BBB- if cannot penetrate the blood-brain barrier  

g: A compound is flagged as BBB+ if can penetrate the blood-brain barrier 
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Table 3S. AdmetSAR classification derived data for diverse chemicals associated with known Absorption, Distribution, 

Metabolism, Excretion and Toxicity profiles for compounds 5, 9 and 10. 
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Table 4S. Calculated drug likeness properties for compounds 5, 9 and 10 by Molinspiration web server 

(http://www.molinspiration.com/). 

 ADMET Features 5 9 10 

D
ru

g
 L

ik
en

es
s 

P
ro

p
er

ti
es

 

miLogPa 0.93 3.64 -0.27 

TPSAb 68.46 205.71 176.64 

Natomsc 28 60 33 

MWd 419.34 856.81 455.51 

nONe 6 15 10 

nOHNHf 3 7 8 

N violationsg 0 3 1 

Nrotbh 4 15 11 

Volumei 355.03 747.15 416.64 

a: LogP (octanol/water partition coefficient). LogP is calculated by the methodology developed by Molinspiration as a 

sum of fragment-based contributions and correction factors. Method is very robust and is able to process practically all 

organic, and most organometallic molecules. 

b: Molecular Polar Surface Area TPSA is calculated based on the methodology published by Ertl et al.15 as a sum of 

fragment contributions. O- and N- centered polar fragments are considered. PSA has been shown to be a very good 

descriptor characterizing drug absorption, including intestinal absorption, bioavailability, Caco-2 permeability and 

blood-brain barrier penetration. 

c: Number of heavy atoms. 

d: Molecular Volume. Method for calculation of molecule volume developed at Molinspiration is based on group 

contributions. These have been obtained by fitting sum of fragment contributions to "real" 3D volume for a training set 

of about twelve thousand, mostly drug-like molecules. 3D molecular geometries for a training set were fully optimized 

by the semiempirical AM1 method. 

e: Number of hydrogens atoms on oxygens and nitrogens 

f: Number of oxygen and nitrogen atoms 

g: Lipinsky rule of 5 properties,16 is set of simple molecular descriptors used by Lipinski in formulating his "Rule of 5". 

The rule states, that most "drug-like" molecules have logP <= 5, molecular weight <= 500, number of hydrogen bond 

acceptors <= 10, and number of hydrogen bond donors <= 5. Molecules violating more than one of these rules may 

have problems with bioavailability. In red are reported Lipinski rules violations 

h: nrotb, this simple topological parameter is a measure of molecular flexibility. It has been shown to be a very good 

descriptor of oral bioavailability of drugs. Rotatable bond is defined as any single non-ring bond, bounded to 

nonterminal heavy (i.e. non-hydrogen) atom. Amide C-N bonds are not considered because of their high rotational 

energy barrier. 

i: Molecular volume.
 

 

 

 

Table 5S. Classification models for BBB+/BBB- permeability.17 
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FPa Thresholdb AdaBoostc SVMd 

MACCS 0.02 

  

Molprint 0.00 

 
 

Openbabel 0.00 

 

 

PubChem 0.00 

 

 

a: molecular fingerprints calculations method; b: BBB-/BBB+ permeability; c: Adaptive Boosting machine learning 

meta-algorithm classification method graphical profile (blu line is for BBB-, red line is for BBB+); d: support vector 

machines supervised learning models with associated learning algorithms classification method graphical profile (blu 
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line is for BBB-, red line is for BBB+). 

 

 

Table 6S. Compounds 5, 9 and 10 BBB permeabilities evaluation by molecular fingerprints models as calculated by 

BBB online predictor (www.cbligand.org/BBB).17 For interpretation see Table 5S. 

Compound 
AdaBoost SVM 

MACCS Molprint Openbabel PubChem MACCS Molprint Openbabel PubChem 

5 2.587 5.741 18.621 15.758 0.023 0.378 0.199 0.076 

9 -0.409 -1.796 1.227 -4.571 -0.01 -0.052 0.061 -0.092 

10 -0.397 -1.346 -3.114 -10.757 -0.01 -0.022 -0.078 -0.167 
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Figure 2S. Similarity maps for compounds 5, 9 and 10. Color scheme: removing bits decreases BBB permeability (i.e. 

positive difference) (green), no change in BBB permeability (gray), removing bits increases BBB permeability (i.e. 

negative difference) (pink). The bit vectors of the circular fingerprints had the size 4096 bits. 

Compd Random Forest Logistic Regression 
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10 
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