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A B S T R A C T   

Recent trends of opioid abuse and related fatalities have highlighted the critical role of Novel Synthetic Opioids 
(NSOs). We studied the μ-opioid-like properties of isotonitazene (ITZ), metonitazene (MTZ), and piperidylth
iambutene (PTB) using different approaches. In vitro studies showed that ITZ and MTZ displayed a higher po
tency in both rat membrane homogenates (EC50:0.99 and 19.1 nM, respectively) and CHO-MOR (EC50:0.71 and 
10.0 nM, respectively) than [D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin (DAMGO), with no difference in maximal 
efficacy (Emax) between DAMGO and NSOs. ITZ also has higher affinity (Ki:0.06 and 0.05 nM) at the MOR than 
DAMGO in both systems, whilst MTZ has higher affinity in CHO-MOR (Ki=0.23 nM) and similar affinity in rat 
cerebral cortex (Ki = 0.22 nM). PTB showed lower affinity and potency than DAMGO. In vivo, ITZ displayed 
higher analgesic potency than fentanyl and morphine (ED50:0.00156, 0.00578, 2.35 mg/kg iv, respectively); ITZ 
(0.01 mg/kg iv) and MTZ (0.03 mg/kg iv) reduced behavioral activity and increased dialysate dopamine (DA) in 
the NAc shell (max. about 200% and 170% over basal value, respectively. Notably, ITZ elicited an increase in DA 
comparable to that of higher dose of morphine (1 mg/kg iv), but higher than the same dose of fentanyl (0.01 mg/ 
kg iv). In silico, induced fit docking (IFD) and metadynamic simulations (MTD) showed that binding modes and 
structural changes at the receptor, ligand stability, and the overall energy score of NSOs were consistent with the 
results of the biological assays.   

1. Introduction 

Since 2016, the United States have been stricken by an epidemic of 
opioid-related deaths (Baumann and Pasternak, 2018), initiated by 
opioid analgesic prescription, such as hydrocodone and oxycodone, and 
driven by fentanyl and novel synthetic opioids (NSOs) (overdosedata,) 
(https://www.cdc.gov/nchs/nvss/vsrr/drug-overdose-data.htm) (Pre
kupec et al., 2017). In Europe, opioid use and related deaths have not 
reached the epidemic dimensions of North America (European Drug 
Report, 2021); nevertheless, the European Monitoring Center for Drugs 
and Drug Addiction (EMCDDA) regards NSOs as a serious threat and has 

accordingly implemented a series of actions aimed at assessing the risks 
inherent to their diffusion (De Luca and Di Chiara, 2019; Seyler et al., 
2021) (European Monitoring Centre for Drugs and Drug Addiction, 
2021b)(https://www.emcdda.europa.eu/spotlights/fentanils-and-oth 
er-new-opioids_en). In this context, preclinical pharmacological studies 
are of utmost importance in order to characterize the biological effects of 
NSOs (Baumann et al., 2018; Baumann and Pasternak, 2018). 

Besides fentanyl and its analogues, various non-fentanyl-related 
NSOs, such as cyclohexylphenols (e.g., O-desmethyltramadol), cyclo
hexylbenzamides (e.g., U-47700, AH-7921), diphenethylpiperazines (e. 
g., MT-45), cinnamylpiperazines (e.g., 2-methyl-AP-237), thiambutenes 
(e.g., Piperidylthiambutene [PTB]), and 2-benzylbenzimidazole 
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derivatives (e.g., etonitazene, metonitazene [MTZ], clonitazene) have 
been introduced in the illicit drug market (Prekupec et al., 2017; Ujváry 
et al., 2021; Vandeputte et al., 2021a). Etonitazene analogues, also 
referred to as “nitazenes”, were developed in the mid-1950s by the 
pharmaceutical company CIBA (Hunger et al., 1960; Rossi et al., 1960) 
in the search for better and safer opioid analgesics (Gross and Turrian, 
1957; Hoffmann et al., 1960). Several benzimidazole derivatives dis
played a higher antinociceptive effect in mice than morphine, with 
etonitazene being the most potent derivative (Gross and Turrian, 1957; 
Hunger et al., 1960a,b). 

Isotonitazene (ITZ), the second most potent benzimidazole analogue 
synthesized and patented in 1959 by CIBA, is an analgesic 500 times 
more potent than morphine in mice (Hunger et al., 1960a,b; Ujváry 
et al., 2021). In the NSO market, ITZ was firstly identified in August 
2019 and remained dominant until the first half of 2020 (Blanckaert 
et al., 2020; Vandeputte et al., 2021b), when it was temporarily included 
in Schedule I (June 2020) and definitively internationally scheduled in 
June 2021 (UNODC, 2021). ITZ has been detected in biological samples 
from fatalities in the USA, Canada and in the European Union(European 
Monitoring Centre for Drugs and Drug Addiction, 2020a; World Health 
Organization, 2020; Shover et al., 2021; Mueller et al., 2021; Logan 
et al., 2020). 

Using an in vitro live cell-based reporter assay, two recent studies 
(Blanckaert et al., 2020; Vandeputte et al., 2021a) showed that ITZ 
displays a higher potency and efficacy than hydromorphone at the 
μ-opioid receptor (MOR). Moreover, when ITZ was evaluated in a gua
nosine 5’-(γ-thio)triphosphate ([35S]GTPγS) functional assay using 
preparations of transfected CHO cells expressing human δ- or κ-opioid 
receptors or rat MORs, it fully stimulated all these receptors, displaying 
the highest potency and efficacy at the MOR than at the δ- or κ-receptor. 
Additionally, in CHO-MOR, ITZ was more potent than [D-Ala2, NMe-
Phe4, Gly-ol5]-enkephalin (DAMGO) and fentanyl in activating [35S] 
GTPγS binding (US Drug Enforcement Administration-Veterans Affairs 
(DEA-VA) Interagency United States Drug Enforcement Admin
istration–Veterans Affairs Interagency Agreement, 2019). Although ITZ 
has never been studied in clinical trials, the available pharmacological 
information and the similarity with other opioid analgesics suggest that 
the most serious acute risk from the use of ITZ in humans seems to be 
respiratory depression, which can lead to apnea, respiratory arrest, and 
death (European Monitoring Centre for Drugs and Drug Addiction, 
2020a). 

Regarding dosages and routes of administration, the only informa
tion available is from forensic reports (Krotulski et al., 2020) and online 
forums (e.g., bluelight.org; drugs-forum.com). In humans, intravenous, 
sublingual, or inhalation dosages are between 1 and 10 mg/kg and 100 

and 200 μg/kg by nasal spray. A forensic study by Krotulski et al. (2020) 
reported that ITZ concentrations in biological specimens were at sub- to 
nanogram/milliliter concentrations (e.g., the average concentration was 
2.2 ± 2.1 ng/ml and 2.4 ± 1.4 ng/ml in blood and urine samples, 
respectively) underscoring the need for high sensitivity analytical 
methods. 

Metonitazene (MTZ) is one of the newest non-fentanyl NSOs that has 
emerged in the illicit drug market followed by other analogues of nita
zenes such as N-Piperidinyl etonitazene also termed ‘etonitazepipne’ 
(Vandeputte et al., 2022). MTZ was found in North Carolina (USA) in 
July 2020 (Krotulski et al., 2020) and in Germany in September 2020 
(EU Early Warning System [December 2020]) and was identified in 20 
forensic post-mortem cases from several USA states (Tennessee, Illinois, 
Florida, Iowa, Ohio, South Carolina and Wisconsin) between January 
and February 2021. MTZ, bearing a 4-methoxyphenyl group instead of 
the 4-isopropoxyphenyl moiety of ITZ, is internationally scheduled since 
June 2022 (https://www.unodc.org/LSS/Announcement/Details/a56e 
0bd9-0da5-4152-a34d-7cff7746bf50). Early preclinical studies re
ported that the antinociceptive relative potency of MTZ in mice is 100 
times higher than that of 5 mg/kg morphine (Hunger et al., 1957, 1960a, 
1960b). In preclinical studies performed in rodents, the analgesic po
tency of MTZ was estimated at 30–100 times more potent than 
morphine, depending on the administration route and the animal model 
used (Ujváry et al., 2021). In morphine-addicted monkeys, MTZ was a 
hundred times more potent than morphine sulfate in suppressing 
physical abstinence but with a duration of action about half that of 
morphine (Deneau et al., 1959; Ujváry, 2020). 

Together with clonitazene and etonitazene, MTZ was one of the few 
2-benzylbenzimidazole studied in clinical trials as an analgesic in 
postoperative or injured patients in the late 1950s (Bromig, 1958). Ac
cording to a clinical trial involving 363 patients, 1 mg/kg (subcutaneous 
or intramuscular) of MTZ produces analgesia often accompanied by 
sedation, drowsiness, vertigo, confusion, nausea, and vomiting (Ujváry 
et al., 2021). Respiratory depression with cyanosis was also observed in 
one-fifth of the patients and respiratory failure and coma in one patient. 
Recently, Krotulski et al. (2021) reported the presence of MTZ in com
bination with fentanyl, benzodiazepines, hallucinogens, and opioids in 
20 forensic post-mortem cases. Finally, in β-arrestin2 and mini-Gi MOR 
activation assays, MTZ displayed a similar or slightly higher potency 
than fentanyl (Vandeputte et al., 2021a). 

PTB has been illicitly marketed since 2018 and was first sold as a 
designer drug. It is an opioid with analgesic properties belonging to the 
thiambutene family, with a potency similar to that of morphine 
(Adamson et al., 1951; Green, 1953). Like nitazenes, PTB’s analgesic 
and antitussive properties were reported in the 1950s (Adamson and 
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Green, 1950; Green, 1953; Kase et al., 1955; Kimura et al., 1958) but the 
drug was never tested in clinical studies. Up to now, only one study has 
investigated the in vitro biological activity of PTB (Vandeputte et al., 
2020) utilizing the same live cell-based assay for ITZ and MTZ and 
reporting that the potency of PTB at MOR is in the nanomolar range and 
associated with a high intrinsic activity. The information about the 
abuse liability of PTB and its structural analogues is limited. Recently, 
Arillotta et al. (2020) using the web crawler tool NPS Finder® identified 
PTB among 136 non-fentanyl analogues. Despite the widespread and 
growing use of NSOs, there is a lack of information about its rewarding 
and reinforcing properties. In particular, no preclinical studies have yet 
evaluated the effect of NSOs on dopamine (DA) transmission in the 
ventral striatal areas, such as the nucleus accumbens (NAc), considered 
a pivotal area in the central effects of narcotic analgesics and other 
classes of drugs of abuse (Di Chiara et al., 2004; Volkow et al., 2012). 

The present experiments were designed to study the μ-opioid-like 
properties of the NSOs ITZ, MTZ, and PTB (Fig. 1). Binding and agonistic 
properties of NSOs were investigated in vitro in both native (cortical rat 
brain homogenates) and recombinant systems expressing mouse MOR 
(CHO-MOR). In vivo, analgesic properties, effects on NAc shell DA 
transmission and on behavioral activity were also investigated and 
compared with those of the reference compounds (i.e., fentanyl and 
morphine). Moreover, ITZ, MTZ and PTB were investigated in silico. 
Induced Fit Docking (IFD) and -metadynamic simulations (MTD) ex
periments were performed to accurately predict the ligand binding 
modes and the concomitant structural changes in receptor and ligand 
stability. 

2. Materials and methods 

2.1. Animals 

Adult (weight 275–300 g) male Sprague-Dawley rats (Envigo, Italy 
or Charles River Laboratories [Lyon, France]) were employed for in vitro 
and in vivo experiments. Rats were housed in groups of six in standard 
temperature (21 ± 1 ◦C) and humidity (60%) conditions under a 12 h/ 
12 h light/dark cycle (lights on at 7.00 a.m.) with food and water 
available ad libitum. All experiments were carried out in accordance with 
European Council directives (609/86 and 63/2010) and in compliance 
with the animal policies approved by the Italian Ministry of Health and 
the Ethical Committee for Animal Experiments (CESA, University of 

Cagliari, Italy), and the Bioethics Committee of the National University 
for Distance Learning (UNED, Madrid, Spain). We made all efforts to 
minimize pain and suffering and to reduce the number of animals used. 

2.2. Drugs 

Morphine hydrochloride, fentanyl hydrochloride, ITZ (N,N-diethyl- 
2-[[4-(1-methylethoxy)phenyl]methyl]-5-nitro-1H-benzimidazole-1- 
ethanamine), MTZ (N,N-diethyl-2-[(4-methoxyphenyl)methyl]-5-nitro- 
1H-benzimidazole-1-ethanamine, PTB (1-(1-methyl-3,3-di-2-thienyl-2- 
propen-1-yl)-piperidine, monohydrochloride), DAMGO, and naloxone 
(NAL) were purchased from Cayman Chemical Company (Michigan, 
USA). [3H]DAMGO, [Tyrosyl-3,5-3H(N)] and [35S]GTPγS (1250 Ci/ 
mmol) were purchased from Perkin Elmer Life Sciences, Inc. (Boston, 
MA, USA). Guanosine 5′-diphosphate (GDP), and guanosine 5′-O-(3- 
thiotriphosphate) (GTPγS) were obtained from Sigma/RBI (St. Louis, 
MO, USA). 

For biochemical experiments, all drugs except MTZ were dissolved in 
dimethyl sulfoxide (DMSO) and results are reported as free base for PTB, 
fentanyl and morphine. MTZ was dissolved in acetonitrile (ACN). The 
DMSO and ACN concentration used in the different assays never 
exceeded 0.1–0.2% (v/v), respectively, and had no effects on [3H] 
DAMGO binding and [35S]GTPγS binding assays. 

For behavioral experiments and in vivo microdialysis, drugs were 
solubilized (hydrochloride) or diluted (ACN solution) in saline and 
administered intravenously (iv; 1 ml/kg) at different dosages depending 
on the group of animals; morphine: 0.5–4 mg/kg; fentanyl: 
0.00125–0.01 mg/kg; ITZ: 0.0005–0.01 mg/kg; MTZ: 0.001–0.03 mg/ 
kg. 

2.3. In vitro experiments 

2.3.1. Cell culture 
CHO-MOR cells were kindly donated by Dr Pan (Memorial Sloan 

Kettering Cancer Center, New York, NY, USA). CHO-MOR cells were 
maintained in F-12 medium supplemented with 10% heat inactivated 
fetal calf serum (FCS) and grown at 37 ◦C in a 5% CO2/95% air hu
midified atmosphere. Plates of cells were used when cell density reached 
80–95% confluence, then cells were detached from the plate for the 
assay or for subculturing after incubation for 4 min at 37 ◦C with eth
ylenediaminetetraacetic acid (EDTA) (1 mM) in phosphate-buffered 
saline (PBS). 

2.3.2. Tissue and membrane preparation 

2.3.2.1. Rat cortical membrane preparation. Rats were sacrificed by 
decapitation. Brains were collected and the whole brain minus cere
bellum was used for the assay. For binding assays, tissues were ho
mogenized in 50 vol (w/v) of ice-cold 50 mM TRIS-HCl buffer (pH 7.4) 
using a Polytron homogenizer. The homogenate was centrifuged at 
48.000 g for 20 min at 4 

◦

C, the supernatant was discarded, and the 
resulting pellet was resuspended in 50 vol of fresh ice-cold buffer (pH 
7.4) and incubated for 45 min at 37 ◦C in a water bath. Then, the ho
mogenate was centrifuged again at 48.000 g for 20 min at 4 ◦C. The 
resulting pellet was frozen at − 80 ◦C for at least 18–20 h before use in 
the [3H]DAMGO binding assay. 

For MOR-stimulated [35S]GTPγS binding, rat cortex was dissected 
and homogenized in a polytron with 20 vol of buffer (50 mM Tris-HCl, 3 
mM MgCl2, and 1 mM EGTA, pH 7.4). The homogenate was centrifuged 
at 48.000g at 4 ◦C for 10 min, the supernatant discarded, and the pellet 
resuspended in a homogenization buffer, and centrifuged again at 
48.000g for 10 min. The final pellet was resuspended in a GTPγS assay 
buffer and the aliquots frozen at − 80 ◦C until use. 

2.3.2.2. CHO-MOR membrane preparation. For the MOR binding assay, 

Fig. 1. Chemical structures of isotonitazene (ITZ) metonitazene (MTZ), piper
idylthiambutene (PTB) and fentanyl. 

M.A. De Luca et al.                                                                                                                                                                                                                            



Neuropharmacology 221 (2022) 109263

4

membranes from cells were prepared as previously described (Bolan 
et al., 2004). Briefly, membranes were harvested by manually detaching 
cells from their plates with a rubber septum into cold PBS. Then, cells 
were centrifuged at 1,200 g for 10 min and the pellet was resuspended in 
20 vol of TRIS buffer (50 mM; pH 7.4 at 25 ◦C), EDTA (1 mM), sodium 
chloride (100 mM), and phenylmethylsulfonylfluoride (10 μM). The 
homogenate was incubated at 25 ◦C for 15 min and centrifuged at 
49.000 g for 50 min. The resulting pellet was resuspended, and aliquots 
frozen at − 80 ◦C until use. 

For MOR-stimulated [35S]GTPγS binding, CHO-MOR cells were 
harvested by replacing the medium with cold PBS containing 0.04% 
EDTA for 5 min, followed by agitation, and collected by centrifugation at 
1.000g for 10 min. The pellet was resuspended in a GTPγS assay buffer 
and aliquots were frozen at − 80 ◦C until use. 

The Bradford (1976) protein assay was used for protein determina
tion using bovine serum albumin (BSA) as a standard in accordance with 
supplier protocol (Bio- Rad, Milan, Italy). 

2.3.3. [35S]GTPγS binding assay in rat cortical membranes and in CHO- 
MOR cell membranes 

Membrane homogenates from rat cortical membranes (20 μg) or 
CHO-MOR (30–50 μg) were incubated for 60 min at 30 ◦C with and 
without drugs, in a final volume of 1 ml assay buffer (50 mM Tris-HCl, 3 
mM MgCl2, 0.2 mM EGTA, 100 mM NaCl, pH 7.4) containing 0.05 nM 
[35S]GTPγS and 30 μM or 10 μM GDP for rat cortical- and CHO- 
membranes, respectively. After incubation, samples were filtered using 
a Packard Unifilter- GF/B, washed twice with 1 ml of ice-cold 50 mM 
Tris-HCl, pH 7.4 buffer, and dried for 1 h at 30 ◦C. The radioactivity on 
the filters was counted in a liquid microplate scintillation counter 
(TopCount NXT, Packard, Meridien, CT) using 30 μl of scintillation fluid 
(Microscint 20, Packard, Meridien, CT). In rat cortical membranes 
DAMGO, ITZ, MTZ and PTB were incubated alone at a fixed concen
tration of 1 μM or in combination with the MOR antagonist, NAL (5 μM). 
Concentration-effect curves were determined by incubating rat cortical- 
or CHO-MOR with various concentrations of compounds (ITZ, MTZ, 
fentanyl, PTB, DAMGO and ITZ, MTZ, DAMGO, PTB, respectively) (1 
pM–100 μM) in the presence of 0.05 nM [35S] GTPγS and 30 μM or 10 
μM GDP for rat cortical- and CHO-MOR, respectively. Nonspecific 
binding was measured in the presence of 10 μM unlabeled GTPγS. Basal 
binding was assayed in the absence of agonists//the agonist and in the 
presence of GDP. Stimulation by the agonist was defined as a percentage 
increase above basal levels (i.e., {[dpm(agonist)- dpm(no agonist)]/dpm 
(no agonist)} x100). Data are reported as the mean ± SEM of three to 
four experiments, performed in triplicate. In line with previous studies 
(De Luca et al., 2016 Porcu et al., 2018), GraphPad Prism 8 software 
(San Diego, CA, U.S.) was used to subsequently generate concen
tration–response curves via three-parameter logistic regression to 
calculate Emax (maximal stimulation over basal levels) and EC50 
(agonist concentration needed to obtain 50% of the maximal effect) 
values. 

2.3.4. [3H]DAMGO binding assay in brain and CHO-MOR cell membranes 
Membrane homogenates from rat brain membranes (300–400 μg) 

were incubated for 60 min at 25 ◦C with 1 nM of [3H]DAMGO in a 
volume of 2 ml of 50 mM buffer TRIS-HCl, pH 7.4. Nonspecific binding 
was determined in the presence of 10 μM NAL. [3H]DAMGO binding for 
CHO-MOR was carried out as described by Bolan et al. (2004), with 
slight modifications. Briefly, aliquots of CHO-MOR membranes (40–50 
μg of protein), resuspended in 50 mM potassium phosphate buffer, pH 
7.4, containing 5 mM magnesium sulfate, were incubated with [3H] 
DAMGO (1 nM) at room temperature (25 ◦C) for 60 min in a final vol
ume of 2 ml assay buffer. Nonspecific binding was determined using 
NAL (10 μM). In both binding assays, free ligand was separated from 
bound ligand by rapid filtration through Whatman GF/B filters, using a 
Brandell 30-sample harvester (Gaithersburg, MD). Filters were washed 
three times with ice-cold Tris-HCl buffer (pH 7.4). Filter-bound 

radioactivity was counted in a liquid scintillation counter (Packard 
Tricarb 2810 TR, Packard, Meridien, CT), using 3 ml of scintillation fluid 
(Ultima Gold Packard, MV, Meridien, CT). [3H]DAMGO displacement 
curves were carried out using serial dilutions ranging from 10− 12 to 
10− 5 M of the unlabeled compounds (ITZ, MTZ, fentanyl, PTB, DAMGO 
in rat cortical membranes; ITZ, MTZ, PBT, DAMGO in CHO-MOR cell 
membranes, respectively) and [3H]DAMGO (1 nM). Independent ex
periments were repeated on membrane preparations from at least three 
different experiments, performed in triplicate. The calculation of the 
IC50 (the concentration that inhibits 50% of specific radioligand bind
ing) was performed by nonlinear curve fitting of the concentration effect 
curves via three-parameter logistic regression using GraphPad Prism 8 
software, San Diego, CA. The F-test was used to determine the best 
approximation of a nonlinear curve fit to a one- or two-site model (P <
0.05). IC50 values were converted to Ki values by means of the Cheng 
and Prusoff equation (Cheng and Prusoff, 1973). 

2.4. In vivo antinociception 

2.4.1. Intravenous catheterization for hot plate test 
Rats were administered with buprenorphine (0.05 mg/kg sc) in order 

to prevent early post-surgical pain. Later, they were placed in the pre- 
anesthetic chamber under 5% isoflurane gas (Forane, Abbott) and 
maintained under general anesthesia by 2% isoflurane during the sur
gical implant of a polyvinyl chloride catheter (0.064” id) with a silicone 
end in the right jugular vein. Subsequently, the animals were allowed to 
recover for seven days. During the first five days, the rats were admin
istered with meloxicam in their drinking water. One day before the start 
of the administration program, we checked the correct condition of the 
implanted catheter by infusing a sodium thiopental solution at a mini
mum dosage (10 mg/kg). If the animal showed immediate signs of loss of 
consciousness, the catheter was considered to be properly implanted. A 
further 0.4 ml of a saline solution composed of heparin (1.5 IU/ml) and 
gentamicin (40 mg/ml) was infused through the catheter daily to keep 
the catheter clean and functional and to prevent possible infections. 

2.4.2. Hot plate test 
Nociception was studied in a hot plate test (Animal Research Anal

gesiometer, Model 35150, Ugo Basile) for laboratory rodents. More 
specifically, we performed dose-response experiments of hot plate la
tency after ITZ (0.0005–0.004 mg/kg), fentanyl (0.00125–0.01 mg/kg), 
morphine (0.5–4 mg/kg) intravenous administration. Only ITZ was 
evaluated for its analgesic properties by the hot plate test because only 
ITZ induced a strong reduction in behavioral activity, as estimated by 
the behavioral rating score during microdialysis experiments. Indeed, 
MTZ displayed a mild and short time reduction in behavioral activity. In 
order to reduce the number of animals in the study, we therefore 
selected ITZ as the best candidate for the study on nociception. 

Rats were placed on the plate surface at 52.5 ◦C and latency to hind 
paw licking or withdrawal response was measured by two different 
observers blind to treatment conditions. Rats were removed from the 
plate once the response was emitted or after 60 s to prevent tissue 
damage. Hind paw licking or withdrawal responses measured in the hot 
plate test are not present in spinally transected rats, so this test sup
posedly assesses supraspinal mediated antinociception (Deuis et al., 
2017). 

2.5. In vivo brain microdialysis 

2.5.1. Preparation of microdialysis probe 
Vertical microdialysis probes, with an active dialysing portion of 1 

mm, were prepared with AN69 fibers (Hospal Dasco, Bologna, Italy) as 
previously described (De Luca et al., 2014). 

2.5.2. Surgery for probe implant 
Male Sprague-Dawley rats (275–300 g; Harlan, Italy) were 
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anesthetized with isoflurane gas (Merial, Milano, Italy) and maintained 
under anesthesia using a breathing tube under a scavenging system 
while placed in a stereotaxic apparatus and implanted with micro
dialysis probes in the NAc shell (A+2.2, L+1.0 from bregma, V-7.8 from 
dura) according to the rat brain atlas (Paxinos and Watson, 2007). In 
order to perform intravenous (iv) drug administration, a catheter 
(Silastic, Dow Corning Corporation, Michigan, USA) was inserted into 
the right jugular vein, as previously described (De Luca et al., 2014). 

2.5.3. Analytical procedure 
On the day following surgery, probes were perfused with Ringer’s 

solution (147 mM NaCl, 4 mM KCl, 2.2 mM CaCl2) at a constant rate of 1 
μl/min. Dialysate samples (20 μl) were injected into an HPLC system 
equipped with a reverse phase column (C8 3.5 μm, Waters, USA) and a 
coulometric detector (ESA, Coulochem II) to quantify DA. The first 
electrode of the detector was set at +130 mV (oxidation) and the second 
at − 175 mV (reduction). The composition of the mobile phase was: 50 
mM NaH2PO4, 0.1 mM Na2-EDTA, 0.5 mM n-octyl sodium sulfate, 15% 
(v/v) methanol, pH 5.5. The sensitivity of the assay for DA was 5 fmol/ 
sample. Dialysate DA from the NAc shell was evaluated in order to 
perform dose-response experiments after intravenous administration of 
ITZ (0.001–0.01 mg/kg) and MTZ (0.001–0.03 mg/kg) and to compare 
the extracellular levels of DA to those obtained after intravenous vehicle, 
morphine (1.0 mg/kg) or fentanyl (0.01 mg/kg). 

2.5.4. Histology 
At the end of the microdialysis experiment, rats were deeply anes

thetized and euthanized. The probes were removed and the brains stored 
in formalin (8%) for histological examination to verify the correct 
placement of the microdialysis probe. Brains were cut with a vibratome 
(Campden Instruments, Leics, UK) in serial coronal slices oriented ac
cording to Paxinos & Watson’s rat brain atlas (2007), and the location of 
the probes was reconstructed. 

2.6. Behavioral evaluation 

The Behavioral Rating Scale (BRS) used in the present study was 
adapted from Salamone et al. (1996) and consisted of a 6-point scale 
ranging from 0 to 5. The ratings were as follows: 0-asleep: eyes fully 
closed, body relaxed, asleep; 1-heavy sedation: eyes mostly closed, loss 
of righting reflex; 2-moderate sedation: head mostly or completely 
down, eyes partly closed, flattened posture, no spontaneous movement; 
3-mild sedation: eyes partly closed, head somewhat down, impaired 
locomotion including abnormal posture, use of only some limbs, drag
ging and stumbling; 4-awake, inactive: eyes fully open, head up, little to 
no locomotion, rearing or grooming, normal posture; 5-awake, active: 
engaged in locomotion, rearing, head movements or grooming. Mea
surements were scored by two different observers blind to treatment 
conditions. We evaluated the effect of nitazenes, morphine (1 mg/kg), 
and the respective vehicle on sedation rating: three dosages of ITZ 
(0.001, 0.003, 0.01 mg/kg) and MTZ (0.001, 0.01, 0.03 mg/kg) were 
administered intravenously, and the rate of activity was compared with 
that observed after vehicle or morphine. 

2.7. Statistical analysis 

The results of in vitro studies are the mean of at least three or four 
independent experiments, performed in triplicate. Data are expressed as 
mean ± SEM and differences were statistically significant at p < 0.05. 
Normality tests for data were carried out using the Shapiro-Wilk’s test. 

Statistical analysis for the [3H]DAMGO and [35S]GTPγS binding 
assay was performed using one-way ANOVA, followed by Dunnett’s test 
for post hoc comparisons. Scatchard analysis of binding data was per
formed by a computer curve-fitting program (Ligand) for a single class of 
binding sites. 

The effect of treatment in the hot plate test, DA responses, and the 

time-course of the behavioral activity rate after morphine, fentanyl, ITZ, 
and MTZ challenges were analyzed by repeated measures (RM) two-way 
ANOVA (Treatment × Time), followed by Tuckey’s multiple compari
son. For RM tests, whenever we could not assume sphericity, a Geisser- 
Greenhouse correction was carried out. The 10 min behavioral activity 
rate was analyzed by the non-parametric Kruskal Wallis test followed by 
Dunn’s post hoc test. Statistical analysis was performed with GraphPad 
Prism 8 software (GraphPad Prism). 

2.8. In silico studies 

2.8.1. Construction of the simulated systems 
The crystal structures of (Mus musculus) MOR in the active form 

bound to the BU72 agonist (PDB ID, 5C1M) and in the “inactive” form 
bound to the morphinan BF0 antagonist (PDB ID, 4DKL) were obtained 
from the RCSB database at 2.07 Å (5C1M) and 2.80 Å (4DKL) RCSB-PDB. 
The structures were then prepared and refined by the protein prepara
tion wizard tool (Maestro molecular modeling suite) (Huang et al., 2015; 
Manglik et al., 2012; Sastry et al., 2013). The Schrödinger Release 
2021–1 (Schrödinger Release, 2021–1: Maestro, Schrödinger, LLC, New 
York, NY) with the OPLS3e force field was used to prepare and dock the 
compounds into the receptors. Then, ITZ, MTZ, PTB and fentanyl were 
cross-docked into MOR binding sites before equilibration and the Lig
Prep module was used to build all compounds at pH 7.4. A net positive 
charge to each compound was assigned by Epik module before preparing 
the MOR model by the IFD protocol in the Schrödinger suite. A docking 
grid box was located no more than 5 Å from the crystal ligand. Dockings 
were then performed using a standard protocol whereby conformations 
of the ligand were screened in the presence of an implicit membrane and 
solvent for clashes with the protein and subsequently refined by 
allowing flexibility of the sidechains in the binding (Harder et al., 2016; 
Greenwood et al., 2010; Sherman et al., 2006). A molecular method 
generalized-Born surface area (MM-GBSA) with default parameters and 
implicit membrane and solvent (Schrodinger Suite, Prime module) was 
used to calculate the free-binding energy of all complexes and to select 
the best poses for the binding pose Metadynamic simulations (Ylilauri 
and Pentikäinen, 2013). A binding pose MTD protocol was applied to 
study these docked models of MOR with all-atom MD simulations. All 
MTD simulations were carried out using GPUs and the Schrodinger suite 
Desmond tool. Binding Pose Metadynamics (BPMD), (Maestro version 
12.5) were used to determine the ligand stability in solution (Fusani 
et al., 2020). BPMD experiments, averaged over 10 repeated indepen
dent MD simulations for 10 ns indicated collective variables (CV) as the 
measure of the root-mean-square deviation (RMSD) of the ligand heavy 
atoms relative to their starting position. Alignment prior to RMSD 
calculation was carried out by selecting protein residues within 3 Å of 
the ligand. Before calculating the heavy atom RMSD to the ligand 
conformation in the first frame, we aligned the Ca atoms of these binding 
site residues to those of the first frame of the MTD trajectory. The hill 
height and width were set to 0.05 kcal/mol (about 1/10 of the charac
teristic thermal energy of the system, kBT) and 0.02 Å, respectively. The 
Metadynamics run was preceded by a system solvation in a box of SPC/E 
water molecules followed by several minimization and controlled mo
lecular dynamics (MD) steps that allowed the system to gradually reach 
the desired temperature of 300 K as well as releasing any bad contacts 
and/or strain in the initial starting structure. The final snapshot of the 
short unbiased MD simulation of 0.5 ns was then used as the reference 
for the metadynamics production phase. 

3. Results 

3.1. In vitro studies 

3.1.1. Agonist-stimulated [35S]GTPγS and MOR binding to cortical rat 
membranes 

At a concentration of 1 μM, the full agonist DAMGO (our reference 
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compound) maximally stimulated GTPγS binding to rat cortex mem
branes by approximately 30 ± 3.9% over basal activity. Fentanyl, ITZ, 
MTZ and PTB produced G-protein stimulation similar to DAMGO. The 
MOR antagonist NAL (5 μM) completely blocked GTPγS binding 

stimulated by DAMGO and by fentanyl, ITZ, MTZ and PTB, indicating 
that they produce G protein activation via MOR (Suppl. Fig.1). DAMGO 
and the other opioids stimulated [35S]GTPγS binding to rat cortex in a 
concentration-dependent and saturable manner (Fig. 2A and Table 1). 
ITZ, MTZ and fentanyl showed nanomolar potency at MOR, with ITZ, 
MTZ and fentanyl being 313-, 16- and 2.5-fold more potent than 
DAMGO, respectively (ANOVA: F(4,13) = 65.00, P < 0.0001; p < 0.01 
Dunnett’s post hoc test). On the contrary, PTB showed a lower potency 
than DAMGO in stimulating GTPγS binding (Table 1). No difference in 
the Emax of G-protein activation by DAMGO and other tested com
pounds was observed (ANOVA: F(4,13)=2.871; P = 0.066). Rank order of 
potency was ITZ > MTZ > fentanyl > DAMGO and > PTB (Table 1). In 
order to determine the MOR affinity of DAMGO and other compounds 
we performed a radiolabeled competitive binding assay in rat cortical 
membranes. According to previously published data (Yeadon and 
Kitchen, 1988; Gillan and Kosterlitz, 1982) the Kd and Bmax, obtained 
by Scatchard analysis of [3H]DAMGO saturation binding, were 1.33 ±
0.02 nM and 0.42 ± 0.04 pmol/mg protein, respectively (n = 4, data not 
shown). As expected, DAMGO completely inhibited the specific binding 
of [3H]DAMGO with a Ki of 0.23 ± 0.01 nM (Fig. 2B, Table 1). As shown 
in Fig. 2B, fentanyl, MTZ, ITZ and PTB also displaced [3H]DAMGO 
binding in rat cortical membranes in a concentration dependent manner; 
Ki’s ranged from 0.06 ± 0.01 nM for ITZ to 2.75 ± 0.03 nM for PTB 
(Table 1). Specifically, ITZ showed a 3.8-fold greater affinity than 
DAMGO, while MTZ displayed a similar affinity, and fentanyl and PTB 
showed a lower affinity than DAMGO. Thus, the rank order of the Ki 
values of these compounds for MOR was ITZ < MTZ = DAMGO < fen
tanyl < PTB. It is remarkable that, while DAMGO and MTZ show similar 
affinities for MOR, the potency of the latter is markedly higher. 

3.1.2. Agonist-stimulated [35S]GTPγS and MOR binding to CHO-MOR cell 
membranes 

Next, we examined the effects of ITZ, MTZ, PTB, and DAMGO in 
radioligand binding and GTPγS functional assays in CHO-MOR (Bolan 
et al., 2004). As shown in Fig. 3A and B, all NSO compounds stimulated 
[35S]GTPγS or inhibited [3H]DAMGO binding in a 
concentration-dependent manner. The Synoptic Table 2 shows the re
sults of tested compounds for the displacement of [3H]DAMGO binding 
and their effects on GTPγS stimulation in a concentration-dependent 
manner in CHO-MOR. All NSOs displayed efficacies similar to 
DAMGO, acting as full agonists (Table 2). Consistent with the [35S] 

Fig. 2. Concentration-response curves of compound-stimulated [35S]GTPγS (A) 
and [3H]DAMGO binding (B) to cortical rat membranes. A: Rat cortical mem
branes were incubated with various concentrations of ITZ (magenta triangles), 
MTZ (blue squares), fentanyl (red inverted triangles), PTB (green diamonds) 
and DAMGO (black circles), as described in Material and Methods. Data are 
expressed as mean percentage of basal values of GTPγS binding ± SEM of at 
least three independent experiments. B: Displacement curves of [3H]DAMGO by 
ITZ, MTZ, fentanyl, PTB and DAMGO in rat cortical membranes. Data are 
expressed as means ± SEM of at least three independent experiments, each 
performed in triplicate. The calculation of IC50 was performed by non-linear 
curve fitting of the concentration effect curves using GraphPad Prism 8 soft
ware. The F-test was used to determine the best approximation of a non-linear 
curve fit to one or two site models (p < 0.005). IC50 values were converted to Ki 
values by means of the Cheng and Prusoff equation (Cheng and Prusoff, 1973). 
The parameters describing the different curves are given in Table 1. Abbrevi
ations: ITZ, isotonitazene; MTZ, metonitazene; PTB, piperidylthiambutene. 

Table 1 
Binding affinity, potency and efficacy for stimulation of [35S]GTPγS binding in 
rat cortical membranes.  

COMPOUNDS MOR Ki (nM) GTPγS BINDING 

EC50 (nM) Emax (%) relative to 

basal DAMGO 

DAMGO 0.23 ± 0.01 310 ± 51.5 144 ± 6.9 100 
ITZ 0.06 ± 0.01*#§ 0.99 ± 0.1***þ 131 ± 2.9 91 ± 2.0 
MTZ 0.22 ± 0.01§ 19.1 ± 1.8***þ 131 ± 2.4 91 ± 1.6 
FENTANYL 1.09 ± 0.06*** 124 ± 17.7**þ 127 ± 2.6 88 ± 1.8 
PTB 2.75 ± 0.03*** 587.0 ± 46.5***§ 141 ± 4.8 97 ± 3.2 

Data are the means ± SEM of at least three experiments, each performed in 
triplicate. The calculation of IC50 was performed by non-linear curve fitting of 
the concentration effect curves using GraphPad Prism 8 software (GraphPad 
Prism, RRID:SCR_002798). IC50 values were converted to Ki values by means of 
the Cheng and Prusoff equation (Cheng and Prusoff, 1973). 
Compound-mediated [35S]GTPγS binding data represent percentage of stimu
lation over basal values (set as 100%). Emax and EC50 were determined by 
nonlinear regression curve fit (GraphPad Prism 8 software). One way ANOVA: 
Ki: F(4,10) = 1288, P < 0.0001; EC50: F (4,13) = 65.00 P < 0.0001; Emax: F(4,13) P 
= 0.066; *p < 0.05, **p < 0.01 and ***p < 0.001 compared to DAMGO; #p <
0.05 compared to metonitazene; §p < 0.001 compared to fentanyl; and + p <
0.001compared to piperidylthiambutene; (Dunnett’s test). Abbreviations: ITZ, 
isotonitazene; MTZ, metonitazene; PTB, piperidylthiambutene. 
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GTPγS binding data, ITZ and MTZ have respectively 24 and 5 times 
greater affinity for CHO-MOR than DAMGO, while PTB had a lower 
affinity than DAMGO. 

3.2. In vivo studies 

3.2.1. Hot plate test 
In the first in vivo experiment, we studied the antinociceptive effect 

of four iv dosages of ITZ (0.0005, 0.001, 0.002, 0.004 mg/kg), fentanyl 
(0.00125, 0.0025, 0.005, 0.01 mg/kg), morphine (0.5, 1, 2, 4 mg/kg), 
and the respective vehicle (1 ml/kg). As shown in Fig. 4, all the studied 
MOR agonists induced dose-dependent analgesia, measured by the la
tency (s) to hind paw licking or withdrawal response. Two-way ANOVA 
showed a main effect of treatment (F(14, 72) = 9.637; p < 0.0001), time 
(F(5.158, 371.4) = 114.8; p < 0.0001), and a time × treatment interaction 

(F(140,720) = 8.703; p < 0.0001). Tuckey’s post hoc tests showed a sig
nificant increase in latency: i) after ITZ 0.004 mg/kg treatment with 
respect to basal value and vehicle (1–30 min), ITZ 0.0005 mg/kg (5–30 
min), and ITZ 0.001 mg/kg (15–30 min); ii) after fentanyl 0.01 mg/kg 
treatment with respect to basal value (1–10 min) and vehicle (1.5 min); 
iii) after morphine 4.0 mg/kg treatment with respect to basal value (15 
min). We also calculated the median effective dose (ED50) values with 
the obtained antinociceptive data. The ED50 of ITZ was about 3.7 times 
lower than that of fentanyl and about 1500 times lower than that of 
morphine (Fig. 5). 

3.2.2. In vivo brain microdialysis and behavioral rating score 
Rat basal values of NAc shell DA, expressed as fmoles/10 ml sample 

(mean ± SEM), were 53 ± 4 (N = 50). 

3.2.2.1. Dose-response relationship of intravenous ITZ and MTZ on dialy
sate NAc shell DA. In the first microdialysis experiment, we studied the 
effect of three dosages of ITZ (0.001, 0.003, 0.01 mg/kg), and vehicle (1 
ml/kg) on dialysate DA in the NAc shell. As shown in Fig. 6A, the 
administration of ITZ 0.01 mg/kg increased dialysate DA with respect to 
the vehicle and to the lower dosages tested (0.001 and 0.003 mg/kg). 
Two-way ANOVA showed a main effect of time (F(3.36, 53.80) 3.401; p <
0.05) and dosage (F(3, 16) = 9.455; p < 0.001), and a time × dosage 
interaction (F (45, 240) = 2.87; p < 0.0001). Tuckey’s post hoc tests 
showed an increase in dialysate DA after ITZ 0.01 mg/kg with respect to 
basal value (120 min), to vehicle (20–80, 100–140 min), and to 0.001 
mg/kg (20, 80, 120, 160 min), and after ITZ 0.03 mg/kg with respect to 
vehicle (20–40 min). Moreover, we studied the effect of three i.v. dos
ages of MTZ (0.001, 0.01, 0.03 mg/kg), and vehicle (1 ml/kg) on dial
ysate DA in the NAc shell of male SD rats. As shown in Fig. 6B, the 
administration of MTZ 0.03 and 0.01 mg/kg increased DA levels with 
respect to vehicle and to the lowest dosage tested. Two-way ANOVA 
showed a main effect of dosage (F(3, 18) = 3.77; p < 0.05). Tuckey’s post 
hoc tests applied to the dosage factor showed a significant increase in 
dialysate DA after MTZ 0.03 mg/kg with respect to basal value (40 min), 
to vehicle (40, 80 min), and to 0.001 mg/kg (40, 80 min). 

3.2.2.2. Comparison of the effects of intravenous morphine, fentanyl, ITZ, 
and MTZ on dialysate NAc shell DA. In the second microdialysis exper
iment, we compared the effect of the higher dosages tested of ITZ (0.01 
mg/kg), and MTZ (0.03 mg/kg) with a selected dosage of morphine (1.0 
mg/kg) or fentanyl (0.01 mg/kg), and with vehicle (1 ml/kg) on 

Fig. 3. Concentration-response curves of agonist-stimulated [35S]GTPγS (A) 
and [3H]DAMGO binding (B) to CHO-MOR cell membranes. A: Data represent 
means ± SEM of three independent experiments, each performed in triplicate. 
IC50 values were converted to Ki values by means of the Cheng and Prusoff 
equation (Cheng and Prusoff, 1973). Kd and Bmax values for [3H]DAMGO in 
CHO-MOR membranes are 1.93 nM ± 0.47 and 2.02 ± 0.35 pmol/mg of pro
tein. The parameters describing the different curves are given in Table 2. Ab
breviations: ITZ, isotonitazene; MTZ, metonitazene; PTB, 
piperidylthiambutene. 

Table 2 
Binding affinity, potency and efficacy for stimulation of [35S]GTPγS binding in 
CHO-MOR membranes.  

COMPOUNDS MOR Ki (nM) GTPγS BINDING 

EC50 (nM) Emax (%) relative to 

basal DAMGO 

DAMGO 1.22 ± 0.05 69.58 ± 12.99 426 ± 73 100 
ITZ 0.05 ± 0.01** 0.71 ± 0.15**þ 435 ± 46 102 ± 10.8 
MTZ 0.23 ± 0.04* 10.04 ± 1.13*þ 422 ± 29 99 ± 6.6 
PTB 3.72 ± 0.34*** 122.7 ± 14.84* 408 ± 29 96 ± 6.8 

Data are the means ± SEM of at least three experiments, each performed in 
triplicate. The calculation of IC50 was performed by non-linear curve fitting of 
the concentration effect curves using GraphPad Prism 8 software (GraphPad 
Prism, RRID:SCR_002798).IC50 values were converted to Ki values by means of 
the Cheng and Prusoff equation (Cheng and Prusoff, 1973). 
Compound-mediated [35S]GTPγS binding data represent percentage of stimu
lation over basal values (set as 100%). Emax and EC50 were determined by 
nonlinear regression curve fit (GraphPad Prism 8 software). One way ANOVA: 
Ki: F(3,8) = 94.22, P < 0.0001; EC50: F (3,8) = 33.10 P < 0.0001; Emax: F(3,8) P =
0.052; *p < 0.05, **p < 0.01 and ***p < 0.001 compared to DAMGO; þ p <
0.001compared to piperidylthiambutene. (Dunnett’s test). Abbreviations: ITZ, 
isotonitazene; MTZ, metonitazene; PTB, Piperidylthiambutene. 
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Fig. 4. Dose-response curves of hot plate latency 
after ITZ, fentanyl, and morphine intravenous 
administration. Results are shown as mean ± SEM 
of the seconds (s) of hind paw or withdrawal dur
ing the hot plate test. The arrow indicates the iv 
injection of isotonitazene (ITZ), fentanyl, 
morphine, and respective vehicle. Panel A: ITZ 
(0.0005-0.004 mg/kg; variation of blue), (Vehicle, 
N = 5; 0.5, N = 5; 1, N = 6; 2, N = 6; 4, N = 5). 
Panel B: fentanyl (0.00125-0.01 mg/kg; variation 
of green); (Vehicle-0.01, N = 7 per group). Panel C: 
morphine (0.5-4 mg/kg; variation of red); (Vehicle, 
N = 6; 0.5, N = 5; 1, N = 5; 2, N = 6; 4, N = 4); *: p 
< 0.05 vs vehicle;**: p < 0.01 vs vehicle (Two-way 
ANOVA; Tuckey’s post hoc test). 
(The reader is referred to the web version of this 
article for interpretation of the color references in 
this figure legend). Abbreviations: ITZ, 
isotonitazene.   

Fig. 5. Mean effective dose (ED50) values after ITZ, fentanyl, and morphine intravenous administration. ED50 values of ITZ (0.00156 mg/kg), fentanyl (0.00578 mg/ 
kg), and morphine (2.35 mg/kg). 
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dialysate DA levels in NAc shell. As shown in Fig. 7, all the MOR agonists 
studied increased DA levels with respect to control animals. Two-way 
ANOVA showed a main effect of treatment (F(4, 20) = 4.804; p <
0.01), time (F(4.37, 87.47) = 8.747; p < 0.0001), and a time × treatment 
interaction (F(60, 300) = 1.786; p < 0.001). Tuckey’s post hoc tests showed 
a significant increase in dialysate DA after ITZ treatment with respect to 
basal value (120 min), to vehicle (20, 40, 80, 100, 120 min), to MTZ 
(120 min) and to fentanyl (100 min), and after morphine treatment with 
respect to basal value (40, 60, 120, 140, 180 min) and to vehicle (40, 60, 
100, 160, 180 min). 

Fig. 6. Dose-response curves of ITZ and MTZ intravenous administration on 
dopamine transmission in the NAc Shell. Results are shown as mean ± SEM of 
the changes in DA extracellular levels expressed as the percentage of basal 
values. The arrow indicates the iv injection of vehicle (black diamonds), ITZ 
0.001 (blue diamonds), ITZ 0.003 (green diamonds), ITZ 0.01 (orange di
amonds), MTZ 0.001 (brown diamonds), MTZ 0.01 (purple diamonds), MTZ 
0.03 (green diamonds). Panel A: solid symbol: p < 0.05 vs basal value; *: p <
0.05 ITZ 0.01 vs vehicle; §: p < 0.05 ITZ 0.01 vs 0.001; +: p < 0.05 ITZ 0.01 vs 
0.003; (Vehicle, N = 3; 0.001, N = 4; 0.003, N = 6; 0.01, N = 7). Panel B: solid 
symbol: p < 0.05 vs basal value; *: p < 0.05 MTZ 0.03 vs vehicle; §: p < 0.05 
MTZ 0.03 vs 0.001; (Vehicle, N = 3; 0.001, N = 4; 0.03, N = 8; 0.01, N = 7); 
(Two-way ANOVA; Tuckey’s post hoc test). Abbreviations: ITZ, isotonitazene; 
MTZ, metonitazene. 

Fig. 7. Comparison of the effects of morphine, fen
tanyl, ITZ, and MTZ on DA transmission in the NAc 
Shell. Results are shown as mean ± SEM of the 
changes in DA extracellular levels expressed as the 
percentage of basal values. The arrow indicates the iv 
injection of vehicle (black circles), morphine (red 
squares), fentanyl (blue triangles), ITZ (orange di
amonds) or MTZ (green diamonds), solid symbol: p <
0.05 vs basal value; *: p < 0.05 ITZ vs vehicle; §: p <
0.05 morphine vs vehicle; +: p < 0.05 MTZ vs 
vehicle; ◦: p < 0.05 ITZ vs MTZ; #: p < 0.05 ITZ vs 
fentanyl; (Two-way ANOVA; Tuckey’s post hoc test); 
(Vehicle, N = 3; morphine, N = 4; fentanyl, N = 4; 
ITZ, N = 7; MTZ, N = 8). Abbreviations: ITZ, iso
tonitazene; MTZ, metonitazene.   

Fig. 8. Sedation rating 10 min after morphine, ITZ, and MTZ intravenous 
administration. Results are shown as mean ± SEM of the score of the sedation 
rating. *: p < 0.005 vs vehicle; (One-way ANOVA; Tuckey’s post hoc test); 
(Vehicle, N = 5; MTZ, N = 6; morphine, N = 5; ITZ, N = 6). Each empty dot 
represents the value of single animal. Abbreviations: ITZ, isotonitazene; MTZ, 
metonitazene. 

M.A. De Luca et al.                                                                                                                                                                                                                            



Neuropharmacology 221 (2022) 109263

10

3.2.2.3. Behavioral activity rate after intravenous morphine, ITZ, and 
MTZ. In order to evaluate behavioral activity 10 min after drug 
administration, we compared the effects of selected dosages of ITZ (0.01 
mg/kg), MTZ (0.03 mg/kg), morphine (1 mg/kg), and vehicle (1 ml/kg). 
As shown in Fig. 8, the administration of all the tested MOR agonists 
decreased the sedation rating with respect to the vehicle. The Kruskal- 
Wallis test revealed a significant treatment effect (p < 0.001). Dunn’s 
post hoc test showed significant difference between ITZ and morphine 
with respect to the vehicle. 

3.2.2.4. Time-course of the behavioral activity after intravenous morphine, 
ITZ, and MTZ. In order to characterize the time-course of the effect of 
nitazenes on the sedation rating, three dosages of ITZ (0.001, 0.003, 
0.01 mg/kg) and MTZ (0.001, 0.01, 0.03 mg/kg) were administered, 
and the rate of activity was compared with that observed after admin
istration of the respective vehicle (1 ml/kg), and after morphine (1.0 
mg/kg) for 180 min post-drug. As shown in Fig. 9, both ITZ and MTZ 
affected the activity rate in a dose-dependent manner. However, ITZ was 
more effective than MTZ and displayed a different response pattern 
when compared to morphine. Two-way ANOVA showed a main effect of 
treatment (F(8, 45) = 35.84; p < 0.0001), time (F (2.403, 180.1) = 86.93; p 
< 0.0001), and a treatment × time interaction (F(40, 225) = 19.25; p <
0.0001). Tuckey’s post hoc tests showed significant differences between 
ITZ 0.001 mg/kg (30 min), 0.003 mg/kg (30 min), and 0.01 mg/kg 
(30–90 min), MTZ 0.01 mg/kg (30 min), and 0.03 mg/kg (30, 60 min), 
when compared with the respective vehicle. Tuckey’s post hoc tests 
showed significant differences between morphine and ITZ 0.01 mg/kg 
(60, 90 min) or MTZ 0.03 mg/kg (30–90 min). 

3.3. In silico studies 

3.3.1. In silico results: IFD, MM-GBSA and MTD experiments 
IFD Protocol identified the best binding positions and interactions of 

the positively charged ITZ, MTZ and PTB along with fentanyl as the 
reference compound. All compounds showed a key salt bridge interac
tion with the amino acid Asp 147 (D147) and a π-cation contact with Tyr 

148 (Y148). As shown in Fig. 10, nitazenes displayed a series of elec
trostatic π− π and π-stacking aromatic interactions with the inner part of 
the receptor, while PTB showed different aromatic interactions. As 
regards the large receptor hydrophobic surface, Fig. 11 showed that ITZ, 
MTZ and fentanyl were involved in a larger number of van der Waals 
interactions both with the inner and outer part of the receptor pocket 
and with a hydrophobic sub-pocket. Interestingly, we observed that the 
presence of the isopropoxy group allowed ITZ to interact more deeply 
with a larger pocket surface. Also, in view of the MM-GBSA scores, the 
ITZ-protein complex showed an energy gain greater than the MTZ- 
protein complex, which, in turn, was better than the PTB-protein com
plex (Table 3). Moreover, the MTD experiments reported in Fig. Suppl. 2 
and 3, identified ITZ and MTZ as the most stable compounds, whilst PTB, 
whose degree of motion was twice as high, was the least stable; MTD 
also revealed that nitazenes were more stable than fentanyl. The elec
trostatic surface distribution of MOR in the active form showed that ITZ 
and MTZ interacted more deeply with a larger pocket surface, with ITZ 
being the most stable inside the pocket (Fig. 12A and B). In detail, we 
observed that the isopropoxy moiety induced a rearrangement of the 
amino acids, particularly His54, in the extracellular terminal domain 
(Fig. 12C). IFD experiments were also carried out with agonists BU72, 
MTZ and ITZ on the inactive form of MOR bound to the crystal mor
phinan antagonist BF0. We observed a structural rearrangement of the 
TM (transmembrane) 3 helix (TMH3) D147, M151 and N150 residues, 
crucial for receptor activation. Interestingly, Fig. 13A shows that the 
agonists BU72, MTZ and ITZ bound to D147 induced an anticlockwise 
shift of the aminoacidic side chain with a probable consequent growing 
torsion of TMH3 directly proportional to the agonist activity. As shown 
in Fig. 13B, in IFD experiments carried out on the MOR active form, ITZ 
and MTZ induced a different M151 flip that might be important in the 
receptor activation process. 

4. Discussion 

The main findings of this study are fourfold: i) ITZ and MTZ are high 
affinity ligands and potent MOR agonists at both native and recombi
nant MOR systems; ii) ITZ reduces nociception and behavioral activity in 

Fig. 9. Time-course of sedation rating after 
morphine, ITZ, and MTZ intravenous administra
tion. Results are shown as mean ± SEM of the score of 
the sedation rating. Differences are referred to the 
respective time-points as follows: *: p < 0.05 vs ITZ 
0.01; +: p < 0.001 vs MTZ 0.03; (Two-way ANOVA; 
Tuckey’s post hoc test); (morphine, N = 4; Vehicle-ITZ 
N = 4; Vehicle-MTZ, N = 4; ITZ, N = 7; MTZ, N =
8).). Each empty dot represents the value of single 
animal. Abbreviations: ITZ, isotonitazene; MTZ, 
metonitazene.   
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a dose-dependent manner; iii) ITZ and MTZ stimulate in vivo DA trans
mission in the NAc shell within a range of dosages able to reduce 
behavioral activity, and comparable with the concentration used for in 
vitro studies to determine affinity, potency and efficacy; iv) ITZ and MTZ 
displayed overall MM-GBSA, IFD and MD ranking scores consistent with 
in vitro MOR binding affinity and potency rank order. 

Our in vitro findings show that ITZ, MTZ and PTB bind with nano/ 
picomolar affinity to MOR in rat cerebral cortex homogenates and in 
CHO-MOR membranes. Moreover, they show high potency and efficacy 
in stimulating the [35S]GTPγS binding induced by MOR activation in 
native and recombinant systems. 

To our knowledge, this is the first study that compares the binding 
affinity and functional activity of nitazenes at the MOR in recombinant 
(MOR transfected CHO cells) and native systems (brain tissue mem
branes). The ability to express recombinant receptor in various cell types 
has provided a powerful tool for studying the binding interaction be
tween ligands and receptors and their function at G protein coupled 
receptors (GPCRs), e.g., opioid receptors. More specifically, since most 
of the opioid agonists bind and activate all known opioid receptors (μ-, δ- 
or κ-), the use of transfected MOR-CHO makes it possible to selectively 
characterize the affinity, the potency, and the efficacy of these com
pounds at the MOR. The receptors expressed in heterologous cell sys
tems frequently have functional properties remarkably similar to those 

in their native tissue of origin: however, this is not always the case. For 
example, in recombinant receptor systems, changes in receptor expres
sion levels (i.e., over/under-expression) can reveal differential potency 
in displacing agonist and antagonist radioligands thus affecting affinity 
binding sites due to the limited availability of G proteins, and directly 
change the cellular mechanisms controlled by agonists, thereby pre
cluding classifications of receptor types with cytosolic processes (see 
Kenakin, 1997 for a review). 

Therefore, to allow the broad characterization of our compounds, the 
comparison of results obtained from studies of cloned receptors in het
erologous systems with the properties of receptors in native tissues was 
considered of utmost importance. Here, as expected, our reference 
compound DAMGO acts as a full agonist with nanomolar affinity, po
tency and high efficacy in both systems (Selley et al., 1998; Zádor et al., 
2017). However, DAMGO, probably due to its intrinsic properties that 
might determine the level of receptor activation and the balance be
tween G protein activation and inactivation (e.g., phosphorylation, 
β-arrestin binding and internalization of receptor), shows a lower po
tency compared to its affinity in both systems. On the other hand, our 
study has demonstrated that the EC50 of DAMGO is consistent with that 
reported by other authors in both rat thalamus and whole brain mem
branes (Selley et al., 1997), where it displays less potency than affinity 
(Zádor et al., 2017). Moreover, we reported that Ki values for DAMGO, 

Fig. 10. Electrostatic interactions within the binding site which are represented by dashed lines. ITZ and MTZ: electrostatic interaction between the nitro group and 
Lys 303 (K303), His 54 (H54) and Trp 318 (W318). PTB: aromatic contacts with His 297 (H297) and Tyr 326 (Y326). Fentanyl: water bridge between Tyr 148 (Y148) 
and amidic carbonyl oxygen and aromatic interaction Tyr 326 (Y326). Abbreviations: ITZ, isotonitazene; MTZ, metonitazene; PTB, piperidylthiambutene. 
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but not for nitazenes, are higher in native than in recombinant systems. 
Conversely, the MOR expression is higher in CHO-MOR than in brain 
tissue. To the best of our knowledge no other studies have ever reported 
the comparison between Ki value of DAMGO and nitazenes in native and 
CHO-MOR, further investigations are needed to clarify the matter. 

In our hands, fentanyl is a MOR full agonist in rat cortex membranes 
where it displays a higher potency, but lower affinity than DAMGO. The 
G protein recruitment induced by all compounds is completely sup
pressed by the MOR antagonist NAL. Taken together, these data indicate 
that ITZ, MTZ and PTB activate a G protein coupled MOR. 

Our radioligand binding results represent the first investigation of 
these nitazenes in native membranes and in CHO-MOR. In these systems, 
the use of [3H]DAMGO allowed us to demonstrate that ITZ and MTZ 
respectively display a higher or similar binding affinity at MOR as 
compared to DAMGO. In rat cortical membranes we found that the most 
potent ITZ and MTZ compounds possess greater agonist potency (about 
300- and 16-fold, respectively) compared to DAMGO. Additionally, 

considering the EC50s of ITZ and MTZ versus that of fentanyl in rat 
cortical membranes, our data reveal that the potency of these com
pounds exceeds that of fentanyl (about 125- and 6-fold higher, respec
tively). Our results confirm and extend recent in vitro reports that used 
two in vitro cell-based recruitment assays, MOR-βarr2 and MOR-mini-Gi 
and showed that ITZ, MTZ and PTB activate MOR with nanomolar po
tency (Blanckaert et al., 2020; Vandeputte et al., 2020, 2021a). In 
addition, previous reports show that ITZ and MTZ are less potent than 
the prototypical drug in this series, etonitazene (for a review see Ujváry 
et al., 2021). Moreover, while potency data are available for ITZ (Van
deputte et al., 2021a) and N-piperidinyl etonitazene (Vandeputte et al., 
2022) in separate publications, a direct comparison between both has 
not been performed to date. Moreover, despite different systems used 
among different laboratories, the ranking of binding affinity of nitazenes 
can be summarized as follows: etonitazene (0.00042–0.11 nM, see 
Ujváry et al. for more details) > ITZ (Ki: 0.06 nM and 0.05 in rat brain 
and CHO-MOR, respectively; present data) > MTZ (Ki: 0.22 nM and 0.23 
in rat brain and CHO-MOR, respectively, present data) > N-Pyrrolidino 
etonitazene (ki: 4.09 nM, rat brain tissue, Vandeputte et al., 2022b) >
N-Piperidinyl etonitazene (Ki: 14.3 nM, rat brain tissue, Vandeputte 
et al., 2022a). 

Although it has been reported that Ki values are not always corre
lated with in vitro measurements of potency (Baumann et al., 2018; 
Vandeputte et al., 2022a), we showed that, except for DAMGO, there is a 
good correspondence between the Ki and EC50 values of these com
pounds obtained in CHO-MOR and rat cortical membranes. This finding 
is in accordance with Lalovic et al. (2006) who found that oxycodone 
and its metabolites exhibit the same rank order of potency for the acti
vation of [35S]GTPγS binding to CHO-MOR (EC50) as the receptor 

Fig. 11. Hydrophobic interactions within the binding site. Hydrophobic interactions between ligand (green) and receptor binding pocket (grey dots). (The reader is 
referred to the web version of this article for interpretation of the color references in this figure legend). Abbreviations: ITZ, isotonitazene; MTZ, metonitazene; PTB, 
piperidylthiambutene. 

Table 3 
Glide/XP, MM-GBSA, IFD, MD/pose scores for the crystallographic ligand BU72, 
ITZ, MTZ, PTB and Fentanyl, used as reference ligand.  

COMPOUNDS GLIDE/XP 
(Kcal/mol) 

MM-GBSA 
(Kcal/mol) 

IFD (Kcal/ 
mol) 

MD/ 
PoseScore (Å) 

BU72 − 9.908 − 549.36 − 116.76 – 
ITZ − 6.867 − 98.28 − 547.76 1.355 
MTZ − 6.544 − 83.58 − 547.17 1.356 
FENTANYL − 6.355 − 98.88 − 545.94 1.509 
PTB − 6.636 − 80.77 − 545.78 2.571  
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binding affinity (Ki). Similarly, other authors reported that the binding 
affinity of endogenous and exogenous MOR agonists (alfentanil, fenta
nyl, loperamide, methadone, meperidine, morphine, and sufentanil) 
closely matches the potency (EC50 value) (Alt et al., 1998; Kalvass et al., 
2007). 

Among the NSOs tested in vitro, ITZ and MTZ were selected for in vivo 
studies and their effects were compared with those of fentanyl or 
morphine. Here we showed that ITZ has long lasting dose-dependent 
analgesic properties at dosages lower than both fentanyl and 
morphine. In this respect, the antinociceptive ED50 values obtained 
suggest that ITZ is about three- and a thousand-times more potent than 
fentanyl and morphine, respectively. Our results are in agreement with 
previous studies that showed that ITZ has more potent (>500 times) 
morphine-like centrally mediated analgesic effects in an animal model 
of experimentally induced pain (Hunger et., al 1957, 1960a, 1960b). 

Likewise, Lee et al. (2022) showed that ITZ exhibited a prolonged 
half-life in mice compared to fentanyl (about 1.64 vs 0.8 h) and its ED50 
was 20 μg/kg ip for both hot-plate and tail-flick tests. More recently, 
Baumann et al. (2022) also showed that ITZ produced dose-dependent 
increases in hot plate latency (ED50 = 4.2 μg/kg) and catalepsy (ED50 
= 8.7 μg/kg), while 30 μg/kg produced marked hypothermia. 

It has been established that all drugs of abuse exert their rewarding 
properties by increasing DA transmission specifically in the NAc shell 
(Di Chiara et al., 2004), ITZ and MTZ were therefore also evaluated for 
their in vivo DA releasing properties, as estimated by DA microdialysis. 
Our findings demonstrate that ITZ stimulates DA transmission in the 
NAc shell in a dose-dependent manner with a maximal effect after 0.01 
mg/kg iv Notably, this effect was higher than that observed after the 
same dosage of fentanyl and after 1 mg/kg iv of morphine. While pre
vious studies have already examined the effect of morphine (Pontieri 

Fig. 12. Electrostatic surface distribution of MOR in the active form bound to ITZ and MTZ. (A) represents the electrostatic surface of ITZ (colored cloud). The red 
circle shows the electrostatic area of the isopropoxy extra portion compared to (B) the electrostatic surface of MTZ. Comparison of the structural rearrangements for 
MOR His54 (C) induced by ITZ (1) and MTZ (2), respectively. The shift range is of 123.3◦ degrees. 

Fig. 13. Structural rearrangements during recep
tor activation.(A) Cluster of IFD molecular models 
on MOR inactive form. The structural rearrange
ments of the TMH3 D147, M151 and N150 resi
dues, crucial for receptor activation, when bound 
to the crystallographic antagonist BF0 (fuchsia), 
the crystallographic agonist BU72 (green), ITZ 
(cyan) and MTZ (orange). (B) IFD molecular 
models on MOR active form representing the 
structural rearrangements of the TMH3 D147, 
M151 and I155 residues, when bound to ITZ (cyan) 
and MTZ (orange). The M151 induced flip by ITZ 
(yellow) and MTZ (purple) is indicated with a 
circle.   
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et al., 1995; Cadoni and Di Chiara, 1999) and fentanyl (Yoshida et al., 
1999) on NAc shell DA by means of microdialysis, this is, to our 
knowledge, the first preclinical study on the effect of ITZ and MTZ on 
mesolimbic DA transmission. 

In parallel with the measurement of NAc shell DA, we utilized an 
observational rating scale in order to evaluate behavioral activity from 
10 to 180 min post-drug. We utilized this method to avoid any inter
ference with the microdialysis experimental setup, where rats are placed 
in a plastic bowl and connected to a line of tubing that limited their 
locomotion. We observed that ITZ decreased behavioral activity dose- 
dependently, with the highest effect observed after the administration 
of 0.01 mg/kg iv, whilst a milder reduction was observed after MTZ 
0.03 mg/kg. Notably, the effects observed 10 min after the highest 
dosages of ITZ and MTZ are significantly different, while the effects of 
ITZ are comparable with those observed after 1 mg/kg iv of morphine. 
Interestingly, behavioral observation for 3 consecutive hours disclosed a 
different profile of the highest dosage of ITZ tested (0.01 mg/kg iv) as 
compared to morphine (1 mg/kg iv). Thus, while the initial reduction of 
activity induced by morphine progressively fades away by 30 min post- 
drug, the sedative effect of ITZ lasts up to 120 min, with a score of 
1.2–2.1. The doses of ITZ and morphine that increase extracellular DA 
produce robust sedation. Nevertheless, this fact does not impact on the 
interpretation of the findings since reward signaling and sedation are 
not encoded by the same neural pathways. In particular, opioids stim
ulate DA release in the nucleus accumbens (NAc) shell by blocking the 
inhibition exerted by GABA neurons onto DA neurons in the Ventral 
Tegmental Area (VTA); this effect is regulated by MOR receptors 
expressed in the GABA neurons and was also demonstrated in anes
thetized animals (Bonci and Williams, 1996; Jalabert et al., 2011; Lecca 
et al., 2011; Meye et al., 2012). 

In silico IFD studies carried out on the MOR active form showed that 
the most energetically favored fentanyl-MOR complex pose occurred 
with the amide group oriented toward TMH6 and the N-phenyl ethyl 
chain directed to TMH3, in agreement with previous findings (Ricarte 
et al., 2021; Xie et al., 2022). As far as the compounds under investi
gation are concerned, IFD experiments revealed that PTB, the smallest 
molecule under study, interacted both with the hydrophobic sub-pocket 
and the inner part of the receptor but very poorly with the outer part of 
the pocket, also showing a less stable pose and, perhaps, a shorter 
permanence in the receptor. Moreover, the ITZ isopropoxy moiety 
induced an amino acid rearrangement in the extracellular terminal 
domain that stabilized the receptor site in a closed form, thereby pre
venting the entrance of other ligands (i.e., DAMGO). This fact might also 
be related to the higher potency of ITZ towards MTZ. To deeply inves
tigate the receptor conformational features involved in the activation 
mechanism, IFD experiments were also carried out with agonists BU72, 
MTZ and ITZ on the inactive form of MOR bound to the crystal mor
phinan antagonist BF0. Results coherently match with the MD simula
tions performed on MOR crystal during receptor activation (Huang 
et al., 2015). Notably, with respect to PTB, ITZ, MTZ and fentanyl dis
played more energetically favorable poses related to a higher number of 
both electrostatic and hydrophobic interactions. 

In conclusion, we have shown that ITZ and MTZ are highly potent 
and effective agonists of MOR receptors and, consistent with the prop
erties of fentanyl and morphine, they activate DA transmission in the rat 
NAc shell. These in vitro and in vivo observations may be supported by in 
silico data which suggests that since ITZ gains contact with a wider part 
of the pocket hydrophobic surface, it may stabilize the receptor in a 
more closed form that allows a longer permanence of the ligand and, 
consequently, a greater agonistic activity. 
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Hosztafi, S., Riba, P., Benyhe, S., Fürst, S., Al-Khrasani, M., 2017. 14-O- 
Methylmorphine: a novel selective mu-opioid receptor agonist with high efficacy and 
affinity. Eur. J. Pharmacol. 814, 264–273. https://doi.org/10.1016/j. 
ejphar.2017.08.034. 

M.A. De Luca et al.                                                                                                                                                                                                                            

https://doi.org/10.1007/BF02249408
https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1124/mol.51.1.87
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref71
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref71
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref71
https://doi.org/10.1002/ejp.1728
https://doi.org/10.1021/jm050540c
https://doi.org/10.1097/ADM.0000000000000775
https://doi.org/10.1097/ADM.0000000000000775
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref75
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref75
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref75
https://doi.org/10.1021/acschemneuro.1c00037
https://doi.org/10.1021/acschemneuro.1c00037
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref77
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref77
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref77
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref77
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref77
http://refhub.elsevier.com/S0028-3908(22)00322-7/sref77
https://www.unodc.org/LSS/announcement/Details/65247392-26c7-4446-a2b6-270226103036
https://www.unodc.org/LSS/announcement/Details/65247392-26c7-4446-a2b6-270226103036
https://doi.org/10.1007/s00204-020-02855-7
https://doi.org/10.1021/acschemneuro.1c00064
https://doi.org/10.1021/acschemneuro.1c00064
https://doi.org/10.1093/jat/bkab082
https://doi.org/10.1007/s00204-022-03294-2
https://doi.org/10.1007/s00204-022-03276-4
https://doi.org/10.1146/annurev-pharmtox-010611-134625
https://doi.org/10.1146/annurev-pharmtox-010611-134625
https://www.who.int/docs/default-%20source/controlled-substances/43rd-ecdd/isonitazene-43rd-final-%20complete-a.pdf
https://www.who.int/docs/default-%20source/controlled-substances/43rd-ecdd/isonitazene-43rd-final-%20complete-a.pdf
https://www.who.int/docs/default-%20source/controlled-substances/43rd-ecdd/isonitazene-43rd-final-%20complete-a.pdf
https://doi.org/10.1016/j.csbj.2022.05.013
https://doi.org/10.1016/0028-3908(88)90141-4
https://doi.org/10.1016/0028-3908(88)90141-4
https://doi.org/10.1021/ci4002475
https://doi.org/10.1016/S0306-4522(99)00046-9
https://doi.org/10.1016/S0306-4522(99)00046-9
https://doi.org/10.1016/j.ejphar.2017.08.034
https://doi.org/10.1016/j.ejphar.2017.08.034

	Pharmacological characterization of novel synthetic opioids: Isotonitazene, metonitazene, and piperidylthiambutene as poten ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Drugs
	2.3 In vitro experiments
	2.3.1 Cell culture
	2.3.2 Tissue and membrane preparation
	2.3.2.1 Rat cortical membrane preparation
	2.3.2.2 CHO-MOR membrane preparation

	2.3.3 [35S]GTPγS binding assay in rat cortical membranes and in CHO-MOR cell membranes
	2.3.4 [3H]DAMGO binding assay in brain and CHO-MOR cell membranes

	2.4 In vivo antinociception
	2.4.1 Intravenous catheterization for hot plate test
	2.4.2 Hot plate test

	2.5 In vivo brain microdialysis
	2.5.1 Preparation of microdialysis probe
	2.5.2 Surgery for probe implant
	2.5.3 Analytical procedure
	2.5.4 Histology

	2.6 Behavioral evaluation
	2.7 Statistical analysis
	2.8 In silico studies
	2.8.1 Construction of the simulated systems


	3 Results
	3.1 In vitro studies
	3.1.1 Agonist-stimulated [35S]GTPγS and MOR binding to cortical rat membranes
	3.1.2 Agonist-stimulated [35S]GTPγS and MOR binding to CHO-MOR cell membranes

	3.2 In vivo studies
	3.2.1 Hot plate test
	3.2.2 In vivo brain microdialysis and behavioral rating score
	3.2.2.1 Dose-response relationship of intravenous ITZ and MTZ on dialysate NAc shell DA
	3.2.2.2 Comparison of the effects of intravenous morphine, fentanyl, ITZ, and MTZ on dialysate NAc shell DA
	3.2.2.3 Behavioral activity rate after intravenous morphine, ITZ, and MTZ
	3.2.2.4 Time-course of the behavioral activity after intravenous morphine, ITZ, and MTZ


	3.3 In silico studies
	3.3.1 In silico results: IFD, MM-GBSA and MTD experiments


	4 Discussion
	5 Funding
	Conflicts of interest
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


