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ABSTRACT

Fentanyl derivatives (FENS) belongs to the class of Novel Synthetic Opioids that emerged in the illegal drug
market of New Psychoactive Substances (NPS). These substances have been implicated in many cases of intox-
ication and death with overdose worldwide. Therefore, the aim of this study is to investigate the pharmaco-
dynamic profiles of three fentanyl (FENT) analogues: Acrylfentanyl (ACRYLF), Ocfentanyl (OCF) and Fur-
anylfentanyl (FUF). In vitro, we measured FENS opioid receptor efficacy, potency, and selectivity in calcium
mobilization studies performed in cells coexpressing opioid receptors and chimeric G proteins and their capa-
bility to promote the interaction of the mu receptor with G protein and f-arrestin 2 in bioluminescence resonance
energy transfer (BRET) studies. In vivo, we investigated the acute effects of the systemic administration of
ACRYLF, OCF and FUF (0.01-15 mg/kg i.p.) on mechanical and thermal analgesia, motor impairment, grip
strength and cardiorespiratory changes in CD-1 male mice. Opioid receptor specificity was investigated in vivo
using naloxone (NLX; 6 mg/kg i.p) pre-treatment. In vitro, the three FENS were able to activate the mu opioid
receptor in a concentration dependent manner with following rank order potency: FUF > FENT=OCF > ACRYLF.
All compounds were able to elicit maximal effects similar to that of dermorphin, with the exception of FUF which
displayed lower maximal effects thus behaving as a partial agonist. In the BRET G-protein assay, all compounds
behaved as partial agonists for the p-arrestin 2 pathway in comparison with dermorphin, whereas FUF did not
promote f-arrestin 2 recruitment, behaving as an antagonist. In vivo, all the compounds increased mechanical
and thermal analgesia with following rank order potency ACRYLF = FENT > FUF > OCF and impaired motor and
cardiorespiratory parameters. Among the substances tested, FUF showed lower potency for cardiorespiratory and
motor effects. These findings reveal the risks associated with the use of FENS and the importance of studying the
pharmaco-dynamic properties of these drugs to better understand possible therapeutic interventions in the case
of toxicity.
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Abbreviations

NSO Novel Synthetic Opioids

FENS Fentanyl derivatives

FENT Fentanyl; N-(1-(2- feniletil)-4- piperidinil)-N- fenil-
propanammide

ACRYLF Acrylfentanyl; N-Phenyl-N-[1-(2-phenylethyl)
piperidin-4-yl]prop-2-enamide

FUF Furanylfentanyl; N-Phenyl-N-[1-(2-phenylethyl)
piperidin-4-yl]furan-2-carboxamide

OCF Ocfentanyl; N-(2-Fluorophenyl)-2-methoxy-N-[1-(2-
phenylethyl) piperidin-4-yl]acetamide

NLX Naloxone; (4R,4aS,7aR,12bS)-4a,9-dihydroxy-3-prop-
2-enyl-2,4,5,6,7a,13-hexahydro-1H-
4,12methanobenzofuro[3,2e]isoquinolin-7-one

BRET Bioluminescence Resonance Energy Transfer assay

1. Introduction

Novel Synthetic Opioids (NSO) are a growing class of new psycho-
active substances (NPS) mostly consisting of analogues of fentanyl
(FENT) linked to numerous overdose and fatalities worldwide. NSO
accounted for just 2% of NPS identified in 2014; this rose to 9% by 2018
(United Nations Office on Drugs and Crime UNDOC, 2020). Overall, 49
NSOs have been detected on Europe’s drug market since 2009
(EMCDDA, 2019), including FENT, its analogues used in medical ther-
apy (e.g. Sufentanyl, Alfentanyl and Remifentanyl; Lemmens, 1995),
novel non-pharmaceutical FENT derivatives (e.g. Ocfentanyl, Fur-
anylfentanyl, Acetylfentanyl, Carfentanyl, Acrylfentanyl, Tetrahy-
drofuranylfentanyl, etc.) and other molecules. FENS recently seized as
NSOs are usually generated by replacement of the ethylphenyl moiety
(Isofentanyl, B-hydroxythiofentanyl) or modification of FENT propionyl
chain (Acrylfentanyl (ACRYLF), Ocfentanyl (OCF), Acetylfentanyl,
Furanylfentanyl (FUF), Butyrylfentanyl and Isobutyrylfentanyl). An
estimated 58 million people used opioids in 2018, this number is
considered lower in respect to cannabis users (192 millions). However,
the number of deaths reflects the toxicity of opioids. Yet, opioid use has
been involved in 66% of the estimated 167,000 deaths related to drug
use disorders in 2017. FENT is a synthetic opioid agonist with analgesic
and anaesthetic properties and is approximately 100 times more potent
than morphine. New FENS are structurally similar to FENT and therefore
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often have comparable biological effects (Solimini et al., 2018). The
severe adverse effects of FENS include euphoria, drowsiness, dizziness,
confusion, miosis, nausea, vomiting, confusion, constipation, sedation,
skin rash, respiratory depression, unconsciousness, coma, and death. In
2018, synthetic FENS were implicated in two thirds of the 67,367
overdose deaths registered in the United States. Similar findings have
been also reported in Canada, Australia and Europe, but with lower
numbers. Novel FENS are frequently sold as heroin adulterant. The
overdose death related to these substances is mainly driven by the
unpredictability of their potency. Moreover, in some deaths related to
FENS such as ACRYLF, OCF and FUF (Fig. 1), no heroin was found. The
high availability, the low price and the high potency of these compounds
could explain the trends of their abuse. ACRYLF was first developed as
an analogue of FENT in 1981 (Zhu et al., 1981). It is an acrylamide
derivative of 4-anilinopiperidine and is an unsaturated analogue of
FENT. In the last few years it has appeared online as a research chemical.
In 2016, the European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA) has reported a total of 130 deaths caused by ACRYLF in
United States and Europe (EMCDDA, 2016). OCF had been studied
clinically for its analgesic activity during the early 1990s (Huang et al.,
1986). It was found to have a relative potency 200 times greater than
that of morphine and it is more potent than FENT with fewer adverse
effects, regarding respiratory depression and bradycardia (Huang et al.,
1986). OCF is among the 14 FENT derivatives that have been reported in
Europe within 2012-2016. It has been associated with some intoxication
cases and deaths in Belgium and Switzerland (Zwaliska, 2017). FUF is a
FENT derivative that differs from FENT in that it has a furanyl ring in
place of the methyl group adjacent to the carbonyl bridge. The first
report of a FUF-related intoxication was recorded in 2015 in the USA. In
2016, a total of 494 forensic cases of FUF, including 128 confirmed fa-
talities, were reported to the DEA. In 2017, the EMCDDA reported a total
of 29 serious adverse events (10 acute intoxications and 19 deaths)
associated with FUF in Estonia, Germany, United Kingdom, Sweden and
Norway (EMCDDA, 2017). Data on the pharmacology of these com-
pounds are limited. Therefore, the aim of this study was to investigate
the pharmaco-dynamic profile of the ACRYLF, OCF and FUF compared
with FENT. To evaluate the in vitro basic pharmacological profile of
these compounds, a calcium mobilization assay was performed using
cells expressing opioid receptors and chimeric G-proteins (Camarda and
Calo’, 2013). Moreover, a bioluminescence resonance energy transfer
(BRET) assay was also used to investigate the ability of the compounds
to promote mu receptor interaction with G-protein and f-arrestin 2
(Molinari et al., 2010). We investigated the acute effects of the three
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Fig. 1. Chemical structures of Fentanyl; Acrylfentanyl; Ocfentanyl and Furanylfentanyl.
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Fig. 2. BRET assay. Concentration response curve to dermorphin, FENT, ACRYLF, FUF, and OCF for mu/G protein (panel A) and mu/p-arrestin 2 (panel B)
interaction. Data are the mean =+ s.e.m. of 5 separate experiments made in duplicate.

FENS in comparison to FENT, in vivo, on acute mechanical and thermal
analgesia, motor impairment, muscle strength and cardiorespiratory
changes (heart rate, respiratory rate, SpO5 saturation and pulse disten-
tion) in CD-1 male mice. Opioid receptor specificity was investigated in
vivo using NLX pre-treatment in all the tests.

2. Materials and methods
2.1. Invitro studies

2.1.1. Drugs and reagents

All cell culture media and supplements were from Invitrogen
(Thermo Fisher Scientific Inc. MA, USA). Dermorphin, DPDPE, and
Dynorphin A were synthetized in the laboratory of Prof Remo Guerrini
(University of Ferrara). FENT was from Bio-Techne (UK) (authorization
SP/168 November 04, 2019 to MM). The FENT derivatives, ACRYLF,
OCF and FUF were purchased from LGC standards (LGC Standards S.r.1.,
Sesto San Giovanni, Milan, Italy) (authorization SP/168 November 04,
2019 to MM) while naloxone was purchased from Sigma Aldrich (St.
Louis, MO, USA). Opioid peptides were solubilized in bidistilled water,
whereas all other compounds were solubilized in DMSO at a final con-
centration of 10 mM. Stock solutions of ligands were stored at —20 °C.
Serial dilutions were made in each assay buffer.

2.1.2. Calcium mobilization assay

CHO cells stably coexpressing the human recombinant mu or kappa
receptors with the C-terminally modified Gogis and CHO cells coex-
pressing the delta receptor and the Gaggeepis chimeric protein were
generated as previously described (Camarda and Calo, 2013). Cells were
cultured in medium consisting of Dulbecco’s modified Eagle’s medium
(DMEM)/HAMS F12 (1:1) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 IU/ml), streptomycin (100 mg/ml), geneticin
(G418; 200 pg/ml) and hygromycin B (100 pg/ml). Cell cultures were
kept at 37 °C in 5% COy/humidified air. When confluence was reached
(3-4 days), cells were sub-cultured as required using trypsin/EDTA and
used for experimentation. Cells were seeded at a density of 50,000
cells/well into 96-well black, clear-bottom plates. After 24 h incubation
the cells were incubated with Hank’s Balanced Salt Solution (HBSS)
supplemented with 2.5 mM probenecid, 3 pM of the calcium sensitive
fluorescent dye Fluo-4 AM, 0.01% pluronic acid and 20 mM HEPES (pH
7.4) for 30 min at 37 °C. Afterwards the loading solution was aspirated
followed by a washing step with 100 pl/well of HBSS, HEPES (20 mM,
pH 7.4), 2.5 mM probenecid and 500 pM Brilliant Black. Subsequently
100 pl/well of the same buffer was added. After placing cell culture and
compound plates into the FlexStation II (Molecular Devices, Sunnyvale,
CA, USA), the changes in fluorescence of the cell-loaded calcium sensi-
tive dye Fluor-4 AM were measured.

2.1.3. BRET assay

SH-SY5Y Cells stably co-expressing the different pairs of fusion
proteins i.e. mu-RLuc/Gf1-RGFP and mu-RLuc/p-arrestin 2-RGFP were
prepared using a pantropic retroviral expression system as described
previously (Molinari et al., 2010; Malfacini et al., 2015). Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)/HAMS F12
(1:1) supplemented with 10% fetal bovine serum, penicillin G (100
units/ml), streptomycin (100 pg/ml), L-glutamine (2 mM), fungizone (1
pg/ml), geneticin (G418; 400 pg/ml) and hygromycin B (100 pg/ml) in a
humidified atmosphere of 5% CO- at 37 °C. For G-protein experiments,
enriched plasma membrane aliquots from mu-RLuc/Gp1-RGFP cells
were prepared by differential centrifugation; cells were detached with
PBS/EDTA solution (1 mM, pH 7.4 NaOH) then, after 5 min 500 g
centrifugation, Dounce-homogenized (30 strokes) in cold homogeniza-
tion buffer (TRIS 5 mM, EGTA 1 mM, DTT 1 mM, pH 7.4 HC]) in the
presence of sucrose (0.32 M). Three following centrifugation steps were
performed at 10 min 1000 g (4 °C) and the supernatants kept. Two 20
min 24,000 g (4 °C) subsequent centrifugation steps (the second in the
absence of sucrose) were performed for separating enriched membranes
that after discarding the supernatant were kept in ultrapure water at
—80 °C (Vachon et al., 1987). Membrane protein was determined using
the QPRO-BCA kit (Cyanagen Srl, Bologna, IT) and the multimode
Ensight plate reader (Perkin Elmer, Waltham, US). Luminescence in
membranes and cells was recorded in 96-well white opaque microplates
(Perkin Elmer, Waltham, MA, USA) using the Victor 2030 luminometer
(PerkinElmer, Waltham, MA, USA). For the determination of
receptor/G-protein interaction, membranes (3 pg of protein) prepared
from cells co-expressing mu-RLuc/GB1-RGFP were added to wells in
Dulbecco’s phosphate-buffered saline(DPBS). For the determination of
receptor/f-arrestin 2 interaction, whole cells co-expressing mu-R-
Luc/B-arrestin 2-RGFP were plated 24 h before the experiment (100,000
cells/well). The cells were prepared for the experiment by substituting
the medium with PBS with MgCl, (0.5 mM) and CaCl;, (0.9 mM). Coe-
lenterazine at a final concentration of 5 pM was injected 15 min prior
reading the cell plate. Different concentrations of ligands in 20 uL of PBS
- BSA 0.01% were added and incubated 5 min before reading lumines-
cence. All experiments were performed at room temperature.

2.1.4. Data analysis and terminology

Pharmacological terminology adopted in this report is consistent
with IUPHAR recommendations (Neubig et al., 2003). All data are
expressed as the mean + standard error of the mean (s.e.m.) of n ex-
periments. For potency values 95% confidence limits (CLgse,) Were
indicated. In calcium mobilization studies, agonist effects were
expressed as maximum change in percent over the baseline fluorescence.
Baseline fluorescence was measured in wells treated with saline. In
BRET studies agonist effects were calculated as BRET ratio between CPS
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measured for the RGFP and RLuc light emitted using 510(10) and 460
(25) filters (PerkinElmer, Waltham, MA, USA), respectively. Maximal
agonist effects were expressed as fraction of the dermorphin maximal
effects which was determined in every assay plate (dermorphin = 1).
Concentration response curve to agonists were fitted with the four
parameter logistic nonlinear regression model:

(Emax - Baseline)
( 1 + 10(LosECso~Log compouna) Hillslope )

Effect = Baseline +

For all assays, agonist potencies are given as pECs i.e. the negative
logarithm to base 10 of the molar concentration of an agonist that
produces 50% of the maximal effect of that agonist. The potency of
antagonists was expressed as pA, derived from the following equation:
PAs = -log[(CR—1)/[A]], assuming a slope value equal to unity, where
CR indicates the ratio between agonist potency in the presence and
absence of antagonist and [A] is the molar concentration of the antag-
onist (Kenakin, 2004).

2.2. In vivo studies

2.2.1. Animals

Four hundred thirty-two Male ICR (CD-1®) mice weighing 30-35 g
(Centralized Preclinical Research Laboratory, University of Ferrara,
Italy) were group housed (5 mice per cage; floor area per animal was 80
cm?; minimum enclosure height was 12 cm), exposed to a 12:12-h light-
dark cycle (light period from 6:30 a.m. to 6:30 p.m.) at a temperature of
20-22 °C and humidity of 45-55% and were provided ad libitum access
to food (Diet 4RF25 GLP; Mucedola, Settimo Milanese, Milan, Italy) and
water. The experimental protocols performed in the present study were
in accordance with the U.K. Animals (Scientific Procedures) Act of 1986
and associated guidelines and the new European Communities Council
Directive of September 2010 (2010/63/EU). Experimental protocols
were approved by the Italian Ministry of Health (license n. 335/2016-
PR) and by the Animal Welfare Body of the University of Ferrara. Ac-
cording to the ARRIVE guidelines, all possible efforts were made to
minimise the number of animals used, to minimise the animals’ pain and
discomfort.

2.2.2. Drug preparation and dose selection

Drugs were dissolved in saline solution (0.9% NaCl) that was also
used as the vehicle. The opioid receptor antagonist NLX (6 mg/kg) was
administered 15 min before FENT, ACRYLF, OCF and FUF injections.
The dose of 6 mg/kg of NLX was used in our previous study (Bilel et al.,
2020) and proved its efficacy in blocking the actions of morphine
without having any effect per se. Higher doses of NLX (> 6 mg/kg) were
tested in our preliminary data. In particular, the dose of 10 mg/kg
induced sensorimotor alterations, increased slightly analgesia and also
increased heart and breath rates in our animal model. Indeed, the dose of
6 mg/kg is selected for this study.The protocol set in the present study
for naloxone injections is aimed to mimic clinical evidence: in fact, it has
been reported the need of naloxone redosing to revert fentanyl’s toxicity
(in particular respiratory depression; Klebacher et al., 2017; Rzasa Lynn
and Galinkin, 2018). Thus, a second full dose of naloxone (6 mg/kg) was
injected 55 min after the first one in order to better antagonize FENS
effects and counteract their reappearance. Drugs were administered by
intraperitoneal (i.p.) injection at a volume of 4 pl/g. The range of doses
of FENS tested (0.01-15 mg/kg i.p.) was chosen based on our previous
studies (Bilel et al., 2019; Bilel et al., 2020).

2.2.3. Behavioural studies

The effects of the four FENS were investigated using a battery of
behavioural tests widely used in pharmacology safety studies for the
preclinical characterization of new psychoactive substances in rodents
(Vigolo et al., 2015; Ossato et al., 2015; Canazza et al., 2016; Fantinati
etal., 2017; Ossato et al., 2018; Marti et al., 2019; Bilel et al., 2020; Bilel
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et al.,, 2021). All experiments were performed between 8:30 a.m. and
2:00 p.m. Experiments were conducted blindly by trained observers
working in pairs (Ossato et al., 2016). Mouse behaviour (motor re-
sponses) was videotaped and analysed offline by a different trained
operator who gives test scores.

2.2.3.1. Evaluation of pain induced by a mechanical and a thermal stim-
ulus. Acute mechanical nociception was evaluated using the tail pinch test
(Vigolo et al., 2015). A special rigid probe connected to a digital dyna-
mometer (ZP-50N, IMADA, Japan) was gently placed on the tail of the
mouse (in the distal portion), and progressive pressure was applied.
When the mouse flicked its tail, the pressure was stopped and the digital
instrument recorded the maximum peak of weight supported (g/force).
A cut off (500 g/force) was set to avoid tissue damage. The test was
repeated three times and the final value was calculated by averaging the
three obtained scores. Acute thermal nociception was evaluated using the
tail withdrawal test (Vigolo et al., 2015). The mouse was restrained in a
dark plastic cylinder and half of its tail was dipped in 48 °C water, Then,
the length of time (in s) the tail was left in the water was recorded. A cut
off (15 s) was set to avoid tissue damage. Acute mechanical and thermal
nociception was measured at 0, 35, 55, 90, 145, 205, 265 and 325 min
post injection.

2.2.3.2. Motor activity assessment. Alterations of motor activity induced
by FENS were measured using the drag and the accelerod tests (Bilel
et al., 2020). In the drag test, the mouse was lifted by the tail, leaving the
front paws on the table, and was dragged backward at a constant speed
of about 20 cm/s for a fixed distance (100 cm). The number of steps
performed by each paw was recorded by two different observers. For
each animal, five to seven measurements were collected. The drag test
was performed at 0, 45, 70, 105, 160, 220, 280 and 340 min post in-
jection. In the accelerod test, the animals were placed on a rotating cyl-
inder that automatically increases in velocity in a constant manner
(0-60 rotations/min in 5 min). The time spent on the cylinder was
measured. The accelerod test was performed at 0, 40, 60, 95, 150, 210,
270 and 330 min post injection.

2.2.3.3. Evaluation of skeletal muscle strength (grip strength). This test
was used to evaluate the skeletal muscle strength of the mice (Bilel et al.,
2020).The grip-strength apparatus (ZP-50N, IMADA) is comprised of a
wire grid (5 x 5 cm) connected to an isometric force transducer
(dynamometer). In the grip-strength test, mice were held by their tails
and allowed to grasp the grid with their forepaws. The mice were then
gently pulled backward by the tail until the grid was released. The
average force exerted by each mouse before losing its grip was recorded.
The mean of three measurements for each animal was calculated, and
the mean average force was determined. The skeletal muscle strength is
expressed in gram force (gf) and was recorded and processed using
IMADA ZP-Recorder software. The grip strength was measured at 0, 15,
35, 70, 125, 185, 245 and 305 min post injection.

2.2.3.4. Cardiorespiratory analysis. The experimental protocol to detect
the cardiorespiratory parameters used in this study is designed to
monitor awake and freely moving animals with no invasive instruments
and with minimal handling (Bilel et al., 2020). A collar was placed
around the neck of the animal; this collar has a sensor that continuously
detects heart rate, respiratory rate, oxygen saturation and pulse
distention with a frequency of 15 Hz. While running the experiment, the
mouse moves freely in the cage (with no access to food and water)
monitored by the sensor collar using the software MouseOx Plus (STARR
Life Sciences® Corp. Oakmont, PA). In the first hour, a collar was placed
around the animal’s neck to simulate the real one used in the test, thus
minimising the possible effects of stress during the experiment. The real
collar (with sensor) was then substituted, and baseline parameters were
monitored for 60 min. Subsequently, the mice were given FENT,
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ACRYLF, OCF and FUF by i.p. injection, and data was recorded for 5 h.

2.2.4. Data and statistical analysis

Antinociceptive effects (tail withdrawal and tail pinch tests) are
calculated as the percent of maximal possible effect {EMax% = [(test -
control latency)/(cut off time - control)] X 100}. Tail withdrawal and
tail pinch are expressed as Emax %. Drag and accelerod are expressed in
percentage of basal value (%), maximal muscle strength is expressed as
gf, heart rate is expressed as heart beats per min (bpm), pulse distention
(vessel diameter changes) is expressed as pm, respiratory rate is
expressed as respiratory rate per minute (rrpm) and SpO, saturation
(oxygen blood saturation) is expressed as %.

Statistical analysis of the effects of the substances at different doses
over time and of antagonism were performed using a two-way ANOVA
followed by a Bonferroni test for multiple comparisons. Statistical
analysis was performed using Prism software (GraphPad Prism, USA).

The mean effect values represent the average of the effects induced
by each compound at each dose over the time course of the experiment.
For Tail pinch, Tail withdrawal, accelerod, drag and grip strength tests,
the mean effects were calculated for the 5 h time-course (Figs. 3-7;
Panels C and D). However, for the cardiorespiratory curves (Figs. 8-11;
Panels C and D), the mean effect values were calculated for the first 2 h
of measurements, since after this time point the effects of the drugs
disappeared.

The EDso values were calculated (where it was possible) using
nonlinear regression which presents the best fit values of log dose of
agonist vs. response (GraphPad Prism).

3. Results
3.1. Invitro studies

3.1.1. Calcium mobilization studies

In CHO cells stably transfected with the human mu opioid receptor,
the standard agonist dermorphin evoked a robust concentration-
dependent stimulation of calcium release displaying high potency
(pECs of 8.19) and maximal effects (319 + 13% over the basal values).
FENT mimicked the stimulatory effect elicited by dermorphin showing

TAIL PINCH

FENTANYL
© saline

FENTANYL+NALOXONE

Neuropharmacology 209 (2022) 109020

similar potency and maximal effects. All FENT derivatives were able to
activate the mu opioid receptor in a concentration dependent manner
with the following rank order potency: FENT = ACRYLF > FUF = OCF.
Regarding ligand efficacy, all compounds were able to elicit maximal
effects similar to that of dermorphin, with the exception of FUF that
displayed statistically significantly lower maximal effects thus behaving
as a partial agonist (Table 1).

In CHOgela cells, the standard agonist DPDPE evoked a robust
concentration-dependent stimulation of calcium release with high po-
tency (pECsg of 7.47) and maximal effects (230 + 18% over the basal
values). All other compounds were either inactive or displayed an
incomplete concentration response curve, stimulating calcium mobili-
zation only at micromolar concentrations.

In CHOkappa cells, the standard agonist dynorphin A evoked a robust
concentration-dependent stimulation of calcium release with very high
potency (pECs of 8.81) and maximal effects (257 + 34% over the basal
values). All other compounds were either inactive or displayed an
incomplete concentration response curve, stimulating calcium mobili-
zation only at micromolar concentrations.

3.1.2. BRET studies

In the BRET G-protein assay, membrane extracts taken from SH-SY5Y
cells stably co-expressing the mu/RLuc and GP1/RGFP fusoproteins
were used in concentration response experiments to evaluate receptor/
G-protein interaction. Dermorphin promoted mu/G-protein interaction
in a concentration dependent manner with pECsg of 7.71 (7.41-8.01)
and maximal effect of 0.96 + 0.11 stimulated BRET ratio. The intrinsic
activities of the compounds under study were computed as fraction of
the standard ligand dermorphin maximal-stimulated BRET ratio (der-
morphin = 1.00) (Fig. 2-A). All compounds, including FENT, mimicked
the maximal effects of dermorphin displaying with following rank order
potency: FUF > FENT = OCF > ACRYLF.

Whole SH-SY5Y cells stably expressing the mu/RLuc and the
B-arrestin 2/RGFP fusoproteins were used to evaluate mu/f-arrestin 2
interaction. Dermorphin stimulated the interaction of the mu receptor
with p-arrestin 2 in a concentration-dependent manner with pECsg 6.96
(6.56-7.37) and maximal effects corresponding to 0.24 + 0.09 stimu-
lated BRET ratio. As for G protein studies, intrinsic activities of the

Fig. 3. Effect of the systemic administration of FENT
(0.01-15 mg/kg i.p; panel A) in the tail pinch test in
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mice. Interaction of effective dose of FENT (6 mg/kg)
with the opioid receptor antagonist NLX (panel B).
Comparison of dose-response curves FENT, ACRYLF,
OCF and FUF (0.01-15 mg/kg i.p; panel C). Interac-
tion of FENT, ACRYLF, OCF and FUF (6 mg/kg) with
NLX (6 mg/kg, i.p.; panel D). Data are expressed as
percentage of maximum effect (see materials and
methods) and represents the mean + SEM of 8 de-
terminations for each treatment. Statistical analysis
was performed by two-way ANOVA followed by the
Bonferroni’s test for multiple comparisons for the
dose response curve of FENT at different times (panel
A and B), while the statistical analysis of panel D was
performed with one-way ANOVA followed by Bon-
ferroni test for multiple comparisons. **p < 0.01,
***p < 0.001 versus saline; #p < 0.05,###p < 0.001
versus NLX + agonist®*“p < 0.01 versus
NLX.“Ap<0.001versus FENT;Wp < 0.001versus
ACRYLF;**p < 0.001 versus OCF; *’p < 0.001 versus
FUF.
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compounds were computed as fraction of the standard agonist der-
morphin (dermorphin = 1.00) (Fig. 2-A). All compounds displayed
similar potency in recruiting the f-arrestin 2 pathway (Table 2).
Regarding their efficacy, all compounds behaved as partial agonists for
the p-arrestin 2 pathway in comparison with dermorphin whereas FUF
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was completely inactive (Fig. 2-B; Table 2). Thus FUF was further
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Fig. 4. Effect of the systemic administration of FENT
(0.01-15 mg/kg i.p; panel A) in the tail withdrawal
test in mice. Interaction of effective dose of FENT (6
mg/kg) with the opioid receptor antagonist NLX
(panel B). Comparison of dose-response curves FENT,
ACRYLF, OCF and FUF (0.01-15 mg/kg i.p; panel C).
Interaction of FENT, ACRYLF, OCF and FUF (6 mg/
kg) with NLX (6 mg/kg, i.p.; panel D). Data are
expressed as percentage of maximum effect (see ma-
terials and methods) and represents the mean + SEM
of 8 determinations for each treatment. Statistical
analysis was performed by two-way ANOVA followed
by the Bonferroni’s test for multiple comparisons for
the dose response curve of FENT at different times
(panel A and B) and for the comparison of the mean
effects (panel C), while the statistical analysis of panel
D was performed with one-way ANOVA followed by
Bonferroni test for multiple comparisons. **p < 0.01,
***p < 0.001 versus saline; #p < 0.05,###p < 0.001
versus NLX + agonist.&&&p < 0.001versus
NLX,AAAp<0.001 versus FENT;mp < 0.001 versus
ACRYLF;**p < 0.001 versus OCF; %’p < 0.001 versus
FUF.

Fig. 5. Effect of the systemic administration of FENT
(0.01-15 mg/kg i.p; panel A) in the Accelerod test in
mice. Interaction of effective dose of FENT (6 mg/kg)
with the opioid receptor antagonist NLX (panel B).
Comparison of the mean effect of FENT, ACRYLF,
OCF and FUF (0.01-15 mg/kg i.p) observed in 5 h
(panel C). Interaction of FENT, ACRYLF, OCF and FUF
(6 mg/kg) with NLX (6 mg/kg, i.p.; panel D). Data are
expressed as percentage of baseline (see material and
methods) and represent the mean + SEM of 8 de-
terminations for each treatment Statistical analysis
was performed by two-way ANOVA followed by the
Bonferroni’s test for multiple comparisons for the
dose response curve of FENT at different times (panel
A and B) and for the comparison of the mean effects
(panel C), while the statistical analysis of panel D was
performed with one-way ANOVA followed by Bon-
ferroni test for multiple comparisons. *p < 0.05, **p
< 0.01,***p < 0.001 versus saline; ###p < 0.001
versus NLX + agonist; °p < 0.001 versus OCF.$$p <
0.01,%%%p < 0.001versusFUF,"**p<0.001versus
ACRYLF;**p < 0.001,%“*p < 0.001versus NLX;
AAAp<0.001versus FENT;£p < 0.05 versus OCF; ‘mp
< 0.001 versus FUF.

investigated as an antagonist of FENT induced p-arrestin 2 recruitment.
At the concentration of 0.1 pM, this compound was able to shift the
concentration response curve to FENT to the right with no modification
of the agonist maximal effect (See Supplementary Fig. 2); a pAy of 8.53
was derived from these experiments for FUF.
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DRAG TEST Fig. 6. Effect of the systemic administration of FENT

(0.01-15 mg/kg i.p; panel A) in the Drag test in mice.
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kg) with NLX (6 mg/kg, i.p.; panel D). Data are
expressed as percentage of baseline (see material and
methods) and represent the mean + SEM of 8 de-
terminations for each treatment. Statistical analysis
was performed by two-way ANOVA followed by the
Bonferroni’s test for multiple comparisons for the
dose response curve of FENT at different times (panel
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Fig. 7. Effect of the systemic administration of FENT
(0.01-15 mg/kg i.p; panel A) in the Grip strength test
in the mouse. Interaction of effective dose of FENT (6
mg/kg) with the opioid receptor antagonist NLX
(panel B). Comparison of the mean effect of FENT,
ACRYLF, OCF and FUF (0.01-15 mg/kg i.p) observed
in 5 h (panel C). Interaction of FENT, ACRYLF, OCF
and FUF (6 mg/kg i.p) with NLX (6 mg/kg, i.p; panel
D). Data are expressed as percentage of baseline (see
material and methods) and represent the mean +
SEM of 8 determinations for each treatment. Statis-
tical analysis was performed by two-way ANOVA
followed by the Bonferroni’s test for multiple com-
parisons for the dose response curve of FENT at
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3.2. Behavioural studies

3.2.1. Evaluation of pain induced by mechanical and thermal stimuli
Acute mechanical and thermal pain stimuli were not affected in mice
treated with saline (Figs. 3 and 4). Systemic administration of FENT
(0.01-15 mg/kg i.p) increased the threshold to acute mechanical pain
stimulus in the tail pinch test (Fig. 3-A). Mechanical analgesia was
significantly affected by treatment [F6, 343 = 94.02, p < 0.0001], time
[F6,343 42.48, p < 0.0001] and time X treatment interaction

O saline
N NLX

AAA

125
Time (min)

185 245 305 different times (panel A and B) and for the compari-
son of the mean effects (panel C), while the statistical
analysis of panel D was performed with one-way
ANOVA followed by Bonferroni test for multiple
comparisons.***p < 0.001 versus saline; ###p <
0.001versus NLX + agonist; °p < 0.01,°p <
0.001versusOCF;$$$p < 0.001versusFUF;&p <
0.05%p < 0.01,%%p < 0.001versus NLX;
AAMAH<0.001versus FENT; ‘p < 0.05versus ACRYLF,*

£p < 0.001 versus OCF; a‘)‘)p < 0.001 versus FUF.

[F36,343 = 3.684, p < 0.0001]. Similar to FENT, ACRYLF, OCF and FUF
increased the threshold to acute mechanical pain stimulus in a dose-
dependent manner that reached the maximum at higher doses (3-15
mg/kg; see Supplementary Fig. 3)Comparison of the dose response
curves to FENT in the tail pinch test (Fig. 3-C) revealed the following
rank order potencies: ACRYLF ED50 0.97 mg/kg = FUF ED50 1.1 mg/kg
= FENT ED50 1.4 mg/kg > OCF ED50 4.54 mg/kg.

Pre-treatment with NLX (6 mg/kg i.p; Fig 3-B) partially prevented
the analgesic effect of FENT. The injection of a second dose of NLX (6
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Fig. 8. Effect of the systemic administration of FENT
(0.01-15 mg/kg i.p; panel A) on the heart rate in

'f,EQ‘aT.i‘,’,‘Q‘Y'-*NA'ﬂXONE mice. Interaction of effective dose of FENT (6 mg/kg)
- Z'IE_;‘(EGm'g i/kg with the opioid receptor antagonist NLX (panel B).
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Comparison of the mean effect of FENT, ACRYLF,
OCF and FUF (0.01-15 mg/kg i.p) observed in 2 h
(panel C). Interaction of FENT, ACRYLF, OCF and FUF
(6 mg/kg i.p) with NLX in 5 h (6 mg/kg, i.p; panel D).
Data are expressed as percentage of basal value (see
material and methods) and represent the mean +
SEM of 6 determinations for each treatment. Statis-
tical analysis was performed by two-way ANOVA
followed by the Bonferroni’s test for multiple com-
parisons for the dose response curve of FENT at
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Fig. 9. Effect of the systemic administration of FENT
(0.01-15 mg/kg i.p; panel A) on Pulse distention in
mice. Interaction of effective dose of FENT (6 mg/kg)
with the opioid receptor antagonist NLX (panel B).

iig izz T PENT 6120 a+NLX 6 mglkg Comparison of the mean effect of FENT, AGRYLF,
g it i OCF and FUF (0.01-15 mg/kg i.p) observed in 2 h
_§ - i3 (panel C). Interaction of FENT, ACRYLF, OCF and FUF
§ 100} o0 (6 mg/kg i.p) with NLX in 5 h (6 mg/kg, i.p; panel D).
5 g 50 Data are expressed as percentage of basal value (see
2 o g rohx material and methods) and represent the mean +
& @ & e SEM of 6 determinations for each treatment. Statis-
0 0 tical analysis was performed by two-way ANOVA
o0 120 180 240 1300 360 o 120 As0) 20 300 360 followed by the Bonferroni’s test for multiple com-

Time (min) Time (min) .
parisons for the dose response curve of FENT at
A FENT  ® OCF E ﬁ?_')i("e different times (panel A and B) and for the compari-
14‘(’) + ACRYLF e FUF 14'3_ s & sse son of the mean effects (panel C), while the statistical

1204
100 (R
804
60

Pulse distention
Mean effect (%)

404
204

&‘{\

Dose (mg/kg.i.p)

mg/kg i.p; Fig 3-B) at 55 min did not totally block the analgesia induced
by the agonist and the effect persisted until the end of the test [F3,196 =
214.1, p < 0.0001], time [F6,196 = 14.02, p < 0.0001] and time X
treatment interaction [ F18,196 = 7.054, p < 0.0001]. Similar to FENT,
the second injection with NLX (6 mg/kg; Fig. 3-D) did not fully block the
analgesic effect induced ACRYLF, OCF and FUF (for time-course curves
see Supplementary Fig. 3).

Systemic administration of FENT (0.01-15 mg/kg i.p; Fig. 4-A)
increased the threshold to acute thermal pain stimulus in the tail with-
drawal test. In particular, after the administration of FENT thermal
analgesia was significantly affected by treatment [F6,343 = 444.5, p <
0.0001], time [F6,343 = 153.0, p < 0.0001] and time x treatment

analysis of panel D was performed with one-way
ANOVA followed by Bonferroni test for multiple
comparisons.**p < 0.01 ***p < 0.001versus saline;
###p < 0.00lversus NLX + agonist; °p <
0.001versus OCF **p < 0.01,**%p < 0.001versus FUF;
&&p o <001, **%p < 0.00lversus NLX;
AAAH<0.001versus FENT; ®p < 0.05versus ACRYLF.

interaction [F36, 343 = 26.34, p < 0.0001]. Similar to FENT, ACRYLF,
OCF and FUF increased the threshold to acute thermal pain stimulus in a
dose-dependent manner that reached the maximum at higher doses
(3-15 mg/kg; see supplementary Fig. 4). Comparison of the dose-
response curves to FENT in the tail withdrawal test (Fig. 4-C) revealed
the following rank order potencies: ACRYLF ED50 = 2.74 mg/kg =
FENT ED50 = 2.86 mg/kg > FUF ED50 = 4.39 mg/kg > OCF ED50 =
13.66 mg/kg.

Pre-treatment with NLX (6 mg/kgi.p; Fig. 4-B) partially prevented
the analgesic effect of all compounds. The injection of a second dose of
NLX (6 mg/kg i.p; Fig. 4-B) at 55 min did not totally block the analgesia
induced by FENT [F3, 196 = 251.1, p < 0.0001], time [F6, 196 = 36.45,
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Fig. 10. Effect of the systemic administration of
FENT (0.01-15 mg/kg i.p; panel A) on the Respira-
tory rate in mice. Interaction of effective dose of
FENT (6 mg/kg) with the opioid receptor antagonist
NLX (panel B). Comparison of the mean effect of
FENT, ACRYLF, OCF and FUF (0.01-15 mg/kg i.p)
observed in 2 h (panel C). Interaction of FENT,
ACRYLF, OCF and FUF (6 mg/kg i.p) with NLX in 5 h
(6 mg/kg, i.p; panel D). Data are expressed as per-
centage of basal value (see material and methods) and
represent the mean + SEM of 6 determinations for
each treatment. Statistical analysis was performed by
two-way ANOVA followed by the Bonferroni’s test for
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p < 0.0001] and time x treatment interaction [ F18, 196 = 20.99, p <
0.0001] and the effect persisted until the end of the test. As presented in
Fig. 4-D, the injection of second dose of NLX (6 mg/kg) was not effective
at totally blocking the analgesic effects induced by FENT, ACRYLF, OCF
and FUF (for time-course curves see Supplementary Fig. 4).

3.2.2. Evaluation of motor activity

3.2.2.1. Accelerod test. There was no change in accelerod test perfor-
mance in mice treated with saline (Fig. 5). Systemic administration of

120

for multiple comparisons for the dose response curve

180 240 300 360
Time (min) of FENT at different times (panel A and B) and for the
O saline comparison of the mean effects (panel C), while the
N NLX statistical analysis of panel D was performed with

one-way ANOVA followed by Bonferroni test for
multiple comparisons.**p < 0.01 ***p < 0.001versus
saline; ###p < 0.001versus NLX + agonist; °p <
0.01versus OCF *%%p < 0.001versus FUF;%%%p <
0.001versus NLX; 244p<0.001versus FENT; “p <
0.001versus ACRYLF;‘“p < 0.001 versus OCF.

FENT (0.01-15 mg/kg i.p) significantly impaired mouse performance in
the accelerod test. Similar to FENT, ACRYLF, OCF and FUF impaired
performance in the accelerod test (see Supplementary Fig. 5). After
administration of FENT (Fig. 5-A), the performance of mice in the
accelerod was affected by the treatment [Fg 343 = 12.79], time [F7, 343
=8.031,P < 0.0001] and time x treatment interaction [F42, 343 = 1.146,
P = 0.2533]. In particular, FENT induced a biphasic effect with a
facilitatory action at low doses (0.1-1 mg/kg) and an inhibitory action
at higher doses (3-15 mg/kg). Comparison of the mean effect among
FENT, ACRYLF, OCF and FUF (Fig. 5-C) revealed significant differences
in the action of each substance at different doses [significant effect of
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Table 1
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Effects of dermorphin, fentanyl and its derivatives in calcium mobilization experiments performed in CHO cells coexpressing opioid receptors and the chimeric G-
proteins. *p < 0.05 vs dermorphin according to ANOVA followed by the Dunnett test. Data are mean of at least 3 separate experiments made in duplicate.

mu

Delta

kappa

pEC50 (CL95%) Emax + sem %

PEC50 (CL95%)

Emax + sem % PEC50 (CL95%) Emax + sem %

Standard agonists 8.19 (8.02-8.36) 319 +13
FENT 8.13 (7.73-8.52) 326 £13
ACRYLF 8.20 (7.05-9.35) 308 + 12
OCF 7.78 (7.50-8.07) 305 + 16
FUF 7.93 (7.57-8.29) 226 £ 7*

7.47 (7.09-7.85)
CRC incomplete
CRC incomplete
CRC incomplete
Inactive

230 + 18 8.81 (8.22-9.40)
CRC incomplete
CRC incomplete
CRC incomplete

Inactive

257 + 34

Standard agonists were dermorphin, DPDPE and dynorphin A for mu, delta and kappa opioid receptors, respectively.

Table 2
Effects of dermorphin, fentanyl and its derivatives in BRET experiments inves-
tigating mu/G protein and mu/p-arrestin 2 interaction.

mu/G protein mu/p-arrestin2

PECso (CLosos) a+SEM PECso (CLosos) a+SEM
Dermorphin  7.71 1.00 6.96 1.00
(7.41-8.01) (6.56-7.37)
FENT 8.28 1.11 + 6.86 0.67 +
(8.06-8.49) 0.07 (6.54-7.18) 0.02*
ACRYLF 7.87 1.18 + 6.76 0.68 +
(7.49-8.25) 0.10 (6.48-7.03) 0.05*
OCF 8.09 1.03 + 7.28 (6.65-7.92)
(7.63-8.55) 0.07
FUF 8.66 1.04 £ Inactive
(8.15-9.16) 0.09

treatment F3 166 = 48.49, p < 0.0001], dose [F 5 166 = 111.7, P <
0.0001] and dose x treatment interaction [F;5, 166 = 9.547, P < 0.0001].
Surprisingly, FUF induced only inhibition of motor performance at the
range dose tested. Moreover, FUF resulted to be the most effective (P <
0.001) compared with the other compounds (for time-course curves of
ACRYLF, OCF and FUF see Supplementary Fig. 5). Pre-treatment with
NLX (6 mg/kg i.p; Fig. 5-B) partially reduced motor impairment induced
at the dose of 6 mg/kg of FENT. Injection of a second dose of NLX (6 mg/
kg i.p; Fig. 5-B) totally blocked motor impairment induced by the
agonist at the dose of 6 mg/kg: FENT [F3 196 = 1.006, P = 0.3915], time
[F7, 196 = 6.346, P < 0.0001] and time x treatment interaction [Fa1, 196
= 4.263, P < 0.0001].The injection of a second dose of NLX at 55 min
(Fig. 5-D) prevented the inhibition of motor performance in mice treated
with FENT and FUF at the dose of 6 mg/kg but not in those treated with
ACRYLF and OCF.

3.2.2.2. Drag test. Systemic administration of FENT (0.01-15 mg/kg i.
p) reduced the number of steps performed by the front legs (Fig. 6-A).
After administration of FENT, the number of steps performed was
significantly affected by treatment [Fe 343 = 31.39, p < 0.0001], time
[F7, 343 = 6.703, P < 0.0001] and time x treatment interaction [ F43, 343
= 2.395, P < 0.0001]. Similar to FENT, ACRYLF, OCF and FUF reduced
the number of the steps on the drag test (see Supplementary Fig. 6 for
time-course curves). . Comparison of dose-response curves to FENT in
the Drag test (Fig 6-C) revealed the following rank order of potencies:
FUF ED50 = 5.07 = OCF ED50 = 5.11 mg/kg > ACRYLF ED50 = 7.82
mg/kg > FENT ED50 = 13.93 mg/kg.

The pre-treatment with NLX (6 mg/kg i.p; Fig. 6-B) partially pre-
vented the inhibition of steps at the dose of 6 mg/kg of FENT. The in-
jection of a second dose of NLX (6 mg/kg i.p; Fig. 6-B) at 55 min did not
totally prevent the inhibitory effect induced by FENT [ F3 196 = 14.14, P
< 0.0001], time [ F7, 196 = 2.319, P = 0.0275] and time x treatment
interaction [ Fa1, 196 = 0.9279, P = 0.5557]. Similar to FENT, the in-
jection of a second dose of NLX (6 mg/kg i.p; Fig. 6-D) partially pre-
vented the inhibitory effects in mice treated with ACRYLF, OCF and FUF.
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3.2.3. Evaluation of skeletal muscle strength

Muscle strength was not affected in mice treated with saline (Fig. 7).
Systemic administration of FENT (0.01-15 mg/kg i.p) decreased pulling
force in a dose-dependent manner (Fig. 7-A). In particular, after the
administration of FENT, skeletal muscle strength was significantly
affected by treatment [Fg 343 = 20.55, P < 0.0001 time [F7, 343 = 7.630,
P < 0.0001] and time X treatment interaction [F4p 343 = 2.311, P <
0.0001]. Similar to FENT, ACRYLF, OCF and FUF reduced the pulling
force in a dose-dependent manner (see Supplementary Fig. 7 for time-
course curves). Comparison of the mean effect among FENT, ACRYLF,
OCF and FUF (Fig. 7-C) revealed significant differences in the action of
each substance at different doses [significant effect of treatment F3 166
= 13.34, p < 0.0001], dose [F 5, 166 = 78.45, P < 0.0001] and dose x
treatment interaction [Fi5, 166 = 8.292, P = 0.0008]. ACRYLF was more
effective than FENT and OCF at inhibiting the number of steps at the
dose of 1 mg/kg. OCF was more effective than FENT and ACRYLF and
FUF at the doses of 3 and 6 mg/kg and FUF was more effective than
FENT and ACRYLF at the highest dose tested (15 mg/kg). Pre-treatment
with NLX (6 mg/kg i.p; Fig. 7-B) partially prevented the changes in
skeletal muscle force caused by FENT (6 mg/kg). The injection of a
second dose of NLX (6 mg/kg i.p) totally blocked the inhibitory effect
induced by FENT [F3)196 = 32.86, P< 0.0001), time [F7, 176 = 5.713, P
< 0.0001] and time x treatment interaction [Fa;, 195 = 4.578, P <
0.0001]. Injection of a second dose of NLX (6 mg/kg i.p; Fig. 7-D) totally
prevented the inhibitory effects in mice treated with ACRYLF, OCF and
FUF.

3.2.4. Cardiorespiratory analysis

The effect of FENT on cardiorespiratory changes has been widely
investigated. Using the non-invasive instrument “the MouseOX” (see
Materials and Methods) we compared the effects of ACRYLF, OCF and
FUF to FENT. The saline used in this experiment showed a stable profile
during the 6 h of cardiorespiratory parameter measurement (heart rate,
respiratory rate, oxygen saturation and pulse distention; Figs. 8-11).
Systemic administration of FENT and its derivatives (0.1-6 mg/kg i.p),
induced important dose-dependent variations in cardiorespiratory
parameters.

Heart rate (Fig. 8) was rapidly (5 min post injection) and signifi-
cantly affected by FENT (Fig. 8-A) treatment [F3 1584 = 70.73, P <
0.0001], time [Fy7;, 1584 = 6.524, P < 0.0001] and time x treatment
interaction [F213, 1584 = 2.985, P < 0.0001]. Similar to FENT, ACRYLF,
OCF and FUF reduced heart rate in a dose-dependent manner (see
Supplementary Fig. 8 for time-course curves). Comparison of the mean
effect among FENT, ACRYLF, OCF and FUF (Fig. 8-C), revealed signifi-
cant differences in the action of each substance at different doses [sig-
nificant effect of treatment F3 g9 = 28.99, p < 0.0001], dose [F 5 60 =
109.1, P < 0.0001] and dose x treatment interaction [Fe 6o = 2.628, P
= 0.0250]. FUF was less effective than FENT, ACRYLF and OCF in
decreasing the heart rate over the dose range tested (0.1-6 mg/kg;
Fig. 8-C). Pre-treatment with NLX (6 mg/kg.i.p; Fig. 8-B) partially pre-
vented FENT bradycardia. Injection of a second dose of NLX (6 mg/kg i.
p; Fig. 8-B) totally blocked the inhibitory effect induced by FENT [sig-
nificant effect of the treatment (F3, 1440 = 76.66, P < 0.0001), time (F71,
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1440 = 8.303, P < 0.0001) and time x treatment interaction (Fa13, 1440 =
4.103, P < 0.0001]. Similar to FENT, injection of second dose of NLX (6
mg/kg i.p; Fig. 8-D) totally prevented bradycardia induced by ACRYLF,
OCF and FUF.

Pulse distention (Fig. 9) in the group of mice treated with FENT
(Fig. 9-A) was significantly affected by treatment [F3 1584 = 91,14, P <
0,0001], time [F71, 1584 = 4.870, P < 0.0001] and time x treatment
interaction [Fo13, 1584 = 2.427, P < 0.0001]. Comparison of mean effect
among FENT, ACRYLF, OCF and FUF (Fig. 9-C), revealed significant
differences in the action of each substance at different doses [significant
effect of treatment F3 69 = 57.41, p < 0.0001], dose [F 3 g0 = 53.41,P <
0.0001] and dose x treatment interaction [Fe, 60 = 14.06, P < 0.0001].
FUF did not affect pulse distention. FENT and ACRYLF are more effective
than OCF at the dose of 0.1 mg/kg, while OCF was more effective than
FENT and ACRYLF at the dose of 6 mg/kg.

Pre-treatment with NLX (6 mg/kg i.p; Fig. 9-B) partially prevented
the increase in pulse distention caused by FENT, ACRYLF and OCF. In-
jection of a second dose of NLX (6 mg/kg i.p; Fig. 9-B) totally blocked the
changes in pulse distention induced by: FENT [F3 1440 = 130,0, P <
0,0001], time [F71, 1440 = 3,193, P < 0,0001] and time x treatment
interaction [F213, 1440 = 2,239, P < 0,0001]. Similar to FENT, the in-
jection of second dose of NLX (6 mg/kg i.p; Fig. 9-D) totally prevented
the increase in Pulse distention induced by ACRYLF and OCF.

After the administration of FENT, respiratory rate (Fig. 10-A) was
also significantly affected by treatment: [F3 1584 = 91.01, P < 0.0001],
time [F71, 1584 = 12.86, P < 0.0001] and time x treatment interaction
[F213, 1584 = 3.614, P < 0.0001]. Comparison of the mean effect among
FENT, ACRYLF, OCF and FUF (Fig. 10-C) revealed significant differences
in the action of each substance at different doses [significant effect of
treatment F3 o = 13.89, p < 0.0001], dose [F o, 60 = 124.1, P < 0.0001]
and dose x treatment interaction [Fe 6o = 9.041, P < 0.0001]. FUF was
less effective than FENT, ACRYLF at the dose of 0.1 and 1 mg/kg. OCF
was less effective than FENT, ACRYLF at the dose of 1 mg/kg, while OCF
was more effective than ACRYLF at the dose of 6 mg/kg. Pre-treatment
with NLX (6 mg/kg i.p; Fig. 10-B) partially prevented the bradypnea
caused by FENT. Injection of a second dose of NLX (6 mg/kg i.p; Fig. 10-
B) totally blocked the inhibitory effect induced by FENT [F3 1440 =
57.67, P < 0.0001], time [F7, 1440 = 6.925, P < 0.0001] and time X
treatment interaction [Fa;3, 1440 = 2.241, P < 0.0001]. Similar to FENT,
the injection of a second dose of NLX (6 mg/kg.i.p; Fig. 10-D) totally
prevented bradpnea induced by ACRYLF, OCF and FUF.

After administration of FENT (Fig. 11-A), oxygen saturation was
significantly affected by treatment [F3 1584 = 1246, P < 0,0001], time
[F71, 1584 = 22.63, P < 0.0001] and time x treatment interaction [Fa3,
1584 = 6.819, P < 0.0001]. Comparison of the mean effect among FENT,
ACRYLF, OCF and FUF (Fig. 11-C) revealed significant differences in the
action of each substance at different doses [significant effect of treat-
ment F3, 60 = 176.9, p < 0.0001], dose [F 2, 60 = 277.9, P < 0.0001]
and dose x treatment interaction [F6, 60 = 26.51, P < 0.0001]. In
contrast to FENT, ACRLF and OCF, FUF did not affect the oxygen satu-
ration over the dose range 0.1-6 mg/kg. FENT and ACRLF were more
effective than OCF at the doses of 0.1 and 6 mg/kg while FENT was more
effective than ACRYLF and OCF at the dose of 1 mg/kg.

Pre-treatment with NLX (6 mg/kg i.p; Fig. 11-B) partially prevented
by FENT (6 mg/kg) SpO2 changes. Injection of a second dose of NLX (6
mg/kg i.p; Fig. 11-B) totally blocked the inhibitory effects induced by
FENT [treatment [F3 1440 = 2508, P < 0.0001], time [F71, 1440 = 11.58,
P < 0,0001] and time x treatment interaction [Fai3 1440 = 9.521, P <
0.0001]. Similar to FENT, injection of a second dose of NLX (6 mg/kgi.p;
Fig. 11-D) totally prevented the inhibitory effects induced by ACRYLF,
OCF and FUF.

4. Discussion

Our study presents novel results regarding the in vitro and in vivo
characterization of ACRYLF, OCF and FUF, three FENT analogues that
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have recently emerged as NPS. In vitro, in the calcium mobilization
assay the three FENS were able to activate the mu opioid receptor in a
concentration dependent manner and all compounds were able to elicit
maximal effects similar to that of dermorphin, with the exception of FUF
that behaved as a partial agonist. In the BRET G-protein assay, all
compounds, including FENT, mimicked the maximal effects of dermor-
phin. FENT, ACRYLF and OCF behaved as partial agonists for the
B-arrestin 2 pathway in comparison to dermorphin whereas FUF was
inactive in promoting p-arrestin 2 recruitment. In vivo, all compounds
increased mechanical and thermal analgesia, altered motor performance
(facilitation at low and inhibition at higher doses) and impaired
cardiorespiratory parameters in mice. Of note, FUF showed lower po-
tency for inhibiting cardiorespiratory function and exerted only a
monophasic inhibitory action on motor activity. NLX sensitivity of the
actions of FENT and its derivatives was variable depending on both the
biological function examined and substance used.

4.1. Analgesic effects

The efficacy of FENT as a potent analgesic has been extensively
documented in preclinical and clinical studies. The new FENS have also
been investigated for their analgesic properties. Our study demonstrates
that FENT and its derivatives induce a dose-dependent increase in the
threshold to acute mechanical and thermal pain stimulus. Comparison of
the dose response curves in the tail pinch (Fig. 3) and withdrawal (Fig. 4)
tests demonstrated no major differences in term of analgesic potency
between FENT, ACRYLF and FUF. OCF showed the highest EDs( value
and shorter duration of action. This is in line with previous findings since
OCF has been reported to have a shorter duration of action in the mouse
hot-plate test compared to FENT (Bagley et al., 1991). However, con-
trary to our findings; Bagley et al. showed a higher potency of OCF in
comparison to FENT in this test. The difference in potency could be
related to differences in experimental protocols and the species used
(Baumann et al., 2018). Moreover, our data demonstrated analgesic
efficacy of FUF corroborating previous findings that suggested high
analgesic potency after i.v. administration in the mouse hot plate test
(Huang et al., 1986). Pre-treatment for 15 min with 6 mg/kg NLX did not
prevent the antinociceptive effect of 6 mg/kg of FENT, ACRYLF, OCF
and FUF (Fig. 3-B and D). In the tail pinch test, the pre-treatment seemed
to significantly reduce the analgesic effect of FUF but not the other
compounds. Neither the second injection of 6 mg/kg of NLX at 55 min of
treatment blocked the threshold to mechanical analgesia in mice
(Fig. 3-D). The antagonist profile of NLX is somewhat different in the tail
withdrawal test (Fig. 4). In fact, the pre-treatment with 6 mg/kg with
NLX fully prevented the thermal analgesia induced by FUF and signifi-
cantly reduced the analgesic effect with the other compounds, the sec-
ond dose of NLX totally blocked thermal analgesia induced by FENT,
ACRYLF and OCF (Fig. 4-B and D). These results confirm the involve-
ment of mu opioid receptors in the analgesia induced by FENT and its
analogues. Indeed, a recent study using genetically-engineered mice
lacking specific splice variants of MOR-1(E1/E11 KO mice) revealed that
butyrylfentanyl and other opioids failed to promote analgesic effects in
the radiant heat tail flick test when compared to the wild type mice
(Baumann et al., 2018).

A difference in pharmacokinetics of these molecules has been noticed
in both tests, where OCF showed a short analgesic action in respect to
other molecules and these differences could be related to their chemical
structures (Wilde et al., 2019; Varshneya et al., 2022). Moreover, the
higher efficacy of NLX in blocking the analgesic effects of the FENT,
ACRYLF and OCF in the tail withdrawal test compared to the tail pinch
test could be related to differences in the intensity of the nociceptive
stimuli that results in differences in NLX efficacy for blocking pain
sensitivity in the two tests (Le Bars et al., 2001). The mechanisms by
which opioids induce analgesia have been widely studied in animal
models (Lazorthes et al., 1988; Besson et al., 1992; Stein et al., 2003;
Aoki et al., 2014) and have confirmed that mu agonists produce
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analgesia through both pre- and postsynaptic mechanisms at multiple
CNS sites (Torrecilla et al., 2002). Moreover, it has been well docu-
mented that opioids can directly block pain transmission at the spinal
cord level, acting on primary afferents (Wall, 1967; Zollner et al., 2003;
Sun et al.,, 2020) and nociceptive relay neurons in the dorsal horn
(Glaum et al., 1994).

4.2. Motor effects

Systemic administration of FENT, ACRYLF, OCF and FUF dose-
dependently affects the motor performance in mice (Fig. 5). The data
obtained in the accelerod test show a biphasic effect of all FENS but not
for FUF (Supplementary Fig. 5). However, in the drag test (Fig. 6-C), the
effect of all compounds was only inhibitory with the following rank of
EDsg: FUF (EDsp = 5.07 mg/kg) = OCF (EDsp = 5.11 mg/kg) > ACRYLF
(EDsg = 7.82 mg/kg) > FENT (EDso = 13.93 mg/kg). As reported in our
previous study opioid agonists elicited variable effects in the accelerod
and drag test (Bilel et al., 2020). Hence, the data obtained in the
accelerod test are in accordance with a recent study by Varshneya and
colleagues. It has been reported in the spontaneous locomotion test that
FENT at the dose of 1 mg/kg induces hyperlocomotion which is inverted
at higher doses (Varshneya et al., 2019). In rodents, opioids can induce a
biphasic effect depending on the dose, the time after injection and the
test used (Essawi, 1998; Rodriguez-Arias et al., 2000; Bilel et al., 2020;
Pesavento et al., 2022). The interaction of the opioidergic system with
other systems like the dopaminergic and serotonergic systems are still
under investigation. Yet, one of the mechanisms related to the facilita-
tion of locomotion by opioid agonists is triggered by the activation of the
mesolimbic dopaminergic system which is regulated by the endogenous
opioid system, controlling the release of dopamine in the nucleus
accumbens (Di Chiara & Imperato, 1988; Matsui et al., 2014). Indeed, a
recent elegant study revealed that the highly potent FENT interacts with
dopamine (D; and D4) receptors in the low micromolar range (Torralva
et al., 2020). Moreover, FENT activates serotonin receptors (5-HT1A) at
low concentrations (Martin et al., 1991; Torralva et al., 2020). Yet,
FENT, ACRYLF and OCF could increase locomotion involving the
opioid-serotonin system (Gurtu et al., 1990). The pre-treatment with
NLX did not block the inhibitory effects induced by all FENS on the
motor performance of mice. The injection of the second dose at 55 min
prevented the inhibitory effects induced by FENT and FUF but not that
induced by ACRYLF and OCF (Fig. 5-D). These data suggest that the
chemical substituent of FENT analogues could play an important role on
their opioid receptor occupancy in response to various tests (Wilde et al.,
2019; Varshneya et al., 2019, 2022).

The results obtained in the drag test (Fig. 6) revealed a dose-
dependent reduction in the number of steps of all compounds. The
drag test evaluates the ability of the mouse to balance its body posture
using its forelimbs in response to a dynamic stimulation imposed by “tail
dragging”. Pre-treatment with NLX did not block the inhibitory effects
induced by all FENS in the drag test. The injection of the second dose at
55 min did not prevent the inhibitory effects induced by all compounds
(Fig. 6-D). In addition to the pharmacokinetic differences of these
molecules, the results obtained with NLX antagonism in the drag test
suggest a non-opioid mechanism that could be activated by these FENS
in the test of motor coordination (Hustveit, 1994; Kitamura et al., 2016;
Torralva et al., 2020).

We also hypothesized that the number of steps were reduced due to
the muscle rigidity as previously reported with other opioids (Bilel et al.,
2020). Muscle rigidity has been majorly reported in cases with respi-
ratory depression after FENT use (Torralva and Janowsky, 2019).
Indeed, FENS may produce a rigidity in the diaphragm, chest wall, and
upper airway, known as wooden chest syndrome (WCS) (Coruh et al.,
2013; Torralva and Janowsky, 2019). Unexpectedly, the grip strength
test (Fig. 7) revealed an inhibition of the muscle strength after the in-
jection of all the compounds in a dose-dependent manner and the effect
persisted with higher doses (6 and 15 mg/kg) for the whole observation
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period. The analysis of our results by all the operators shows that the
animals were not able to grip the grid and this could be related to
hypo-tonicity of the muscles (Chaillet et al., 1983; Weinger et al., 1988;
Lui et al., 1989). Indeed, as discussed below, the three opioids induced
very important impairment of cardiovascular parameters that could
potentially elicit a decrease of muscle strength. On this basis we spec-
ulate that the grip strength test is not predictive for muscle rigidity in
case of FENS and could lead to false interpretations. Pre-treatment with
NLX totally prevented inhibitory effects in the grip strength test and this
data reveals that mu opioid receptors are responsible of the hypotonic
tone in mice. Opioids and in particular FENS could induce hypotonic
immobility in mice through the mu receptors located in the nucleus
raphe pontis and the caudate nucleus (Blasco et al., 1986). Moreover, it
has been demonstrated that supraspinal delta-1 and kappa-1 play an
important role in inducing muscle rigidity after FENT administration
(Vankova et al., 1996). Fentanyl’s interacts with cholinergic system by
blocking the acetylcholine release. This mechanism could be blocked by
mu antagonists like NLX (Sakai et al., 2002). Indeed, the cholinergic
system could also be involved in the alterations of the muscles activity of
mice after FENS injections (Sakai et al., 2002; Sohn et al., 2004).

4.3. Cardio-respiratory effects

Cardiorespiratory alterations in preclinical studies following the
administration of opioids, particularly FENT’s have been well estab-
lished (Yadav et al., 2018; Hill et al., 2020). We have demonstrated
using the MouseOX instrument that FENT, ACRYLF, OCF and FUF
significantly and dose-dependently altered the cardiorespiratory pa-
rameters (Figs. 8-11) when administered to mice in the range doses
0.1-6 mg/kg. FUF did not alter pulse distention (data not shown). Pre-
treatment with a single dose of NLX did not fully prevent bradycardia
(Fig. 8-D) and vasodilatation (PD; Fig. 9-D) induced by these opioids,
while the second dose of NLX reversed these alterations. Our data
demonstrate the role of mu receptors in cardiovascular function (Var-
shneya et al., 2022). Many clinical studies have reported cardiovascular
symptoms after FENT injection, including bradycardia and hypotension,
QTc interval prolongation myocardial ischemia (Doshi et al., 2019;
Helander et al., 2017). A recent study in USA revealed that of 430 pa-
tients hospitalized with opioid overdose found an association with
ischemic events, heart failure, and arrhythmias (reviewed in Frisoni
et al., 2018; Krantz et al., 2021). The mechanism by which opioids
induce bradycardia have been reported in our previous study (Bilel
et al., 2020). Moreover, all the opioids reduced respiratory rate and
Oxygen saturation (Figs. 10 and 11). FUF showed lower efficacy in
respect to the other molecules in the BR (Fig. 10-C) and no effect on the
SpO2 saturation. In accordance with our data, Varshneya et al.
demonstrated that 3-FUF induced hypoventilation with an efficacy
(EDsg = 2.6 mg/kg) lower than Fentanyl (ED5¢-0.96; Varshneya et al.,
2022). These data reveal the role of the furan structure in changing the
activity of FENT (Eshleman et al., 2020). A second dose of NLX was also
needed to reverse respiratory depression by FENS confirming preclinical
studies (Yadav et al., 2018; Hill et al., 2020) and clinical reports from
studies showing that high NLX doses may be required to reverse FENT
overdose (Rzasa Lynn and Galinkin, 2018; Somerville et al., 2017). One
of the mechanical mechanisms by which opioids induce respiratory
depression is the chest wall rigidity (Coruh et al., 2013). The mechanism
has shown that it is mediated by activation of mu receptors (Vankova
et al., 1996; Soares et al., 2014; Varshneya et al., 2022).

FUF seemed to be the FENT derivative with lower cardiovascular
toxicity in respect to ACRYLF and OCF. Various mechanisms have been
suggested to understand how FENT alters cardio-respiratory function. A
recent study revealed a role of p-arrestin 2 in heterologous desensiti-
zation of cardiac-f-adrenergic receptors (BAR) that could impair cardiac
function and demonstrated that the ablation of f-arrestin 2 gene rescues
B -adrenergic stimuli-induced myocyte contractile function (Shi et al.,
2017). Moreover, it is well established that hypoxemia induced
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vasodilatation in humans is attributed by B adrenergic receptors (Blauw
et al., 1995). Thus the alterations of pulse distention and Oxygen satu-
ration induced by FENT, ACRYLF and OCF but not FUF could be
attributed to a crosstalk between f§ adrenergic receptors and mu opioid
receptors via j§ arrestin 2 signaling in the cardiovascular system (Shi
et al., 2017; Gill et al., 2019; Torralva et al., 2020).

4.4. Comparison of the profile of action of FENS

Our in vivo experiments revealed differences in the pharmaco-
toxicological profile of the compounds tested (Fig. 12). In particular,
ACRYLF behaved more similarly to FENT than the other compounds. It
has been suggested that the acrylamide moiety of ACRYLF could lead to
irreversible receptor binding and higher toxicity (Essawi, 1999). How-
ever, our in vitro results demonstrate full agonism for ACRYLF with a
similar potency to FENT at mu receptors. Moreover, in vivo, ACRYLF
induced the same effects to FENT in analgesia, motor and cardiorespi-
ratory changes. These results suggest that the addition of acrylamide
moiety to FENT may not induce significant changes in the FENT phar-
macodynamics (Watanabe et al., 2017). In contrast, OCF showed a lower
potency in vitro while in vivo the effects of OCF were different in the
physiological and behavioural tests. Interestingly the analgesic effect of
OCF was relatively short lasting while its actions on motor and cardio-
respiratory functions were persistent. The differences in toxic effects of
OCF compared to FENT in animals and humans are still under debate.
Preclinical studies suggested lower toxicity of OCF (Huang et al., 1986;
Bagley et al., 1991) while clinical studies did not (Fletcher et al., 1991).
Ocfentanyl has two modifications compared to FENT: replacement of the
propionamide group with a methoxyacetamide and the addition of
ortho-fluorine to the N-phenyl ring. Our data suggest that these modi-
fications could be responsible for the changes in the pharmacodynamics
of OCF especially in cardiorespiratory function which suggests high
respiratory and cardiac toxicities that could induce major fatalities
(Coopman et al., 2016; EMCDDA, 2017).

Furanylfentanyl is the compound displaying the most divergent
pharmacological profile compared to FENT and the other analogues. In
fact, in vivo FUF was the only compound with no motor stimulatory
effects and the only compound that did not alter pulse distention and
oxygen saturation in cardiorespiratory measurements. Moreover, FUF
displayed a distinct pharmacological profile also in vitro acting as
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partial agonist in calcium mobilization studies and as a mu agonist
strongly biased toward G protein in BRET studies. This profile for FUF is
worthy of further discussion. Classical studies of the Bohn research
group performed using p-arrestin 2 gene knockout mice (Barr2(—/—))
suggested that the analgesic properties of mu agonists depend on G
protein signaling while side effects such as respiratory depression and
constipation on parr2 signaling (Bohn et al., 1999; Raehal et al., 2005).
The logical consequence of this hypothesis is that mu receptor agonists
biased toward G protein may act as safer opioid analgesics. This has been
corroborated through the identification of novel mu ligands including
oliceridine (TRV130) (DeWire et al., 2013), PZM21 (Manglik et al.,
2016) and SR-17018 (Schmid et al., 2017) that behaved in vitro as G
protein biased agonists and displayed in vivo a larger therapeutic index
compared to classical opioid drugs such as morphine or FENT. Impor-
tantly oliceridine has recently been approved by the FDA for intravenous
use in moderate to severe pain in adults (Lambert and Calo, 2020).
However, recent data questioned the above mentioned hypothesis. In
fact, the higher therapeutic index of morphine in parr2(—/—) mice has
not been confirmed by a consortium of three laboratories (Kliewer et al.,
2020). Moreover, a very elegant study demonstrated that mice geneti-
cally engineered with G-protein-biased mu receptors display increased
sensitivity to both the analgesic actions and side effects of opioid drugs
(Kliewer et al., 2019). In addition, a very rigorous pharmacological
study comparing the in vitro and in vivo actions of opioid drugs
including oliceridine, PZM21, and SR-17018 demonstrated a robust
correlation between their therapeutic indices and their efficacies, but
not their bias factors (Gillis et al., 2020a). Therefore, the importance of
biased vs partial agonism in the search for safer opioid analgesics is still
an open question (Azevedo Neto et al., 2020, 2021; Gillis et al., 2020b;
Vandeputte et al., 2020). We propose that FUF should be added to the
panel of mu receptor ligands useful for performing further studies in this
very important field of research.

Tolerance is an important factor that is highly implicated on opioid
abuse. Indeed, it is well documented that FENT induces tolerance and
physical dependence in a rapid and robust manner compared to
morphine and other opioids (Bohn et al., 2004; Raehal and Bohn, 2011).
Moreover, it has been reported in a recent elegant study the role of
B-arrestin 2 in the severity of antinociceptive tolerance and physical
dependence (Raehal and Bohn, 2011). Yet, FENT analogues in particular
ACRYLF and OCF can induce tolerance and dependence in abusers like

Tail pinch

Tail withdrawl
Rotarod

Drag test

Grip strength
Heart rate

Pulse distention
Respiratory rate
Sp02 saturation

Acrylfentanyl

Pododdodd

¢4

200

150+

Response (%,
E
L

@
S
1

Dose (mg.kg i.p)

Furanylfentanyl

Dose (mg.kg i.p)

Fig. 12. Dose response curves to FENT (panel A), ACRYLF (panel B), OCF (panel C) and FUF (panel D) on the tail pinch test, tail withdrawal test, accelerod, drag test,
grip strength and cardiorespiratory parameters (heart rate, pulse distention, respiratory rate and oxygen saturation) in mice.

13



S. Bilel et al.

FENT via intracellular mechanisms that involves p-arrestins signaling
(Bohn et al., 2004; Raehal& Bohn, 2011) and thus increasing their risk of
abuse toxicity and death with overdose (Helander et al., 2017; Kuc-
zynska et al., 2018; Frisoni et al., 2018). Future studies on tolerance of
FENS are needed to better understand their abuse liability.

4.5. Naloxone antagonism

The present findings demonstrate that the analgesic, motor and
cardiorespiratory actions of FENT as well as of FENS are sensitive to
NLX; this suggest the involvement of opioid receptors, particularly the
mu receptor, in these actions. However, NLX efficacy in blocking the
effects of FENS was variable in the different assays. At this regard is
should be underlined that NLX behaves as a competitive opioid receptor
antagonist therefore its final effect depends on the relative antagonist/
agonist ratio of concentrations in the brain areas controlling the
different functions (Nakamura et al., 2020; Walker et al., 2021). Indeed,
many factors are involved in FENT ‘s affinity for and the kinetics of its
association and dissociation with the opioid receptor which greatly
impact its reversal by naloxone (Yassen et al., 2007; Varshneya et al.,
2022). Naloxone transfers and equilibrates rapidly between the plasma
and the brain, and has a blood effect-site equilibration half-life of 5 min
comparable to that of FENT. Yet, in rats, the brain mu receptors occu-
pancy by intravenous (IV) NLX was greater than 90% at 5 min for
clinically relevant doses of IV administered NLX (0.035 mg/kg, Human
Equivalent Dose (HED) 0.4 mg; 0.17 mg/kg, HED 2 mg). Only 50%
occupancy remained at 27.3 min and at 85 min after 0.035 mg/kg and
0.17 mg/kg NLX, respectively (Research report by Kang et al., 2022). In
humans a dose of 1 mg in an 80 kg individual of NLX will occupy 50% of
available receptor sites in the human brain and since NLX is a compet-
itive antagonist at the mu-opioid receptor, this dose may be insufficient
to reverse toxicity (respiratory depression) due to very large doses of
FENS and their higher affinity for the mu-opioid receptor, in which very
few opioid binding sites remain unoccupied (Yassen et al., 2007).
Moreover, it is suggested in clinical cases of FENT overdose to use a
repeat NLX dosing in order to avoid the reappearance of the effects
(Klebacher et al., 2017). Thus the above mentioned evidences may likely
explain the different effects of NLX in blocking FENS actions in com-
parison with other opioids e.g. morphine (Bilel et al., 2020). On the
other hand, our findings do not rule out that non-opioid mechanisms
might be involved into the in vivo actions of FENS as suggested by recent
studies (Baumann et al., 2018; Varshneya et al., 2022). This issue can be
eventually addressed in future studies by comparing the in vivo actions
of FENT and FENS in wild type and in mice knockout for the mu receptor
gene.

5. Conclusions

The present study demonstrates that ACRYLF, OCF and FUF, behave
similarly to FENT as mu opioid agonists. In contrast to FENT and the
other analogues, FUF acts as a partial agonist in vitro at mu opioid re-
ceptors, and as G protein biased mu agonist; this is associated with lower
potency in vivo in cardiorespiratory depression. Collectively our data
reveal the high risk associated with the use of these compounds and the
strong relationship between the chemical structure and the pharmaco-
toxicology of fentanyl analogues, a drug class playing an important
role in the current opioid epidemic.
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