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Abstract

Background and Purpose: Fentanyl analogues have been implicated in many cases of
intoxication and death with overdose worldwide. The aim of this study is to investi-
gate the pharmaco-toxicology of two fentanyl analogues: butyrylfentanyl (BUF) and
4-fluorobutyrylfentanyl (4F-BUF).

Experimental Approach: In vitro, we measured agonist opioid receptor efficacy,
potency, and selectivity and ability to promote interaction of the u receptor with G
protein and B-arrestin 2. In vivo, we evaluated thermal antinociception, stimulated
motor activity and cardiorespiratory changes in female and male CD-1 mice injected
with BUF or 4F-BUF (0.1-6 mg-kg™1). Opioid receptor specificity was investigated
using naloxone (6 mg-kg™1). We investigated the possible role of stress in increasing
cardiorespiratory toxicity using the corticotropin-releasing factor 1 (CRF;) antagonist
antalarmin (10 mg-kg™%).

Key Results: Agonists displayed the following rank of potency at u receptors:
fentanyl > 4F-BUF > BUF. Fentanyl and BUF behaved as partial agonists for the
B-arrestin 2 pathway, whereas 4F-BUF did not promote f-arrestin 2 recruitment. In
vivo, we revealed sex differences in motor and cardiorespiratory impairments but not
antinociception induced by BUF and 4F-BUF. Antalarmin alone was effective in
blocking respiratory impairment induced by BUF in both sexes but not 4F-BUF. The
combination of naloxone and antalarmin significantly enhanced naloxone reversal of
the cardiorespiratory impairments induced by BUF and 4F-BUF in mice.

Conclusion and Implications: In this study, we have uncovered a novel mechanism
by which synthetic opioids induce respiratory depression, shedding new light on the

role of CRF; receptors in cardiorespiratory impairments by L agonists.

Abbreviations: 4F-BUF, 4-fluorobutyrylfentanyl or para-fluorobutyrylfentanyl; ANT, antalarmin; BB_ie, breath length, computed by adding inspiration + expiration duration. Expressed in ms;
BRET, bioluminescence resonance energy transfer; BUF, butyrylfentanyl; FR ie, breathing frequency derived from BB_ie. Expressed in bpm; MV, minute volume; NPSs, novel psychoactive
substances; NSOs, novel synthetic opioids; PLETH, plethysmography.

Chemical compounds studied in this article: fentanyl (PubChem CID: 3345), butyrylfentanyl (PubChem CID: 621174), 4-fluorobutyrylfentanyl (PubChem CID: 86280430), naloxone (PubChem

CID: 5284596) and antalarmin (PubChem CID: 177990).
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1 | INTRODUCTION

The European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA) has been monitoring more than 930 novel psychoactive
substances (NPSs) since 2009, 41 of which were first reported in
Europe in 2022 (EMCDDA, 2022). Novel synthetic opioids (NSOs) are
a small class of NPSs that includes about 74 new opioids identified in
the European drug market since 2009 (EMCDDA, 2022).

Although the number of NSOs is low with respect to the other
classes such as cathinones, recent signals, mostly from Baltic coun-
tries, suggest increased availability and harms (including intoxications
and death) linked to fentanyl (fentanyl) derivatives and benzimidazole
opioids. Recent reports from Estonia and Lithuania revealed an
increase in lethal NSO overdose, which reveals the risk of life-threat-
ening poisoning by these compounds (EMCDDA, 2022).

Butyrylfentanyl (BUF) is a fentanyl analogue, with an N-butyryl
group replacing the N-propionyl group of fentanyl (Figure 1). It is sold
on the NPS market as a substitute for heroin or prescription opioids.
Seven case reports on BUF intoxication and deaths were reported in
2014, and this number increased to 81 reports in 2015. This com-
pound was designated as a Schedule | substance under the Controlled
Substances Act in 2016 (Drug Enforcement Administration, Depart-
ment of Justice, 2016). BUF showed lower pharmacological efficacy
with respect to fentanyl (Varshneya et al, 2023). Carboxy- and
hydroxy-BUF metabolites were majorly found in the blood, urine and
organs of a fatal case (Staeheli et al., 2016).

4-Fluorobutyrylfentanyl or para-fluorobutyrylfentanyl (4F-BUF) is
a structural analogue of BUF. 4F-BUF and BUF share a common basic
chemical structure characterized by a phenethylamine core (Figure 1).
While BUF features a butyryl group, 4F-BUF contains a para-fluoro
substitution on the phenethylamine backbone (Figure 1). This struc-
tural variance can significantly impact pharmacodynamic properties
(Varshneya et al., 2023). 4F-BUF was first detected in 2015 (Biackberg
et al.,, 2015). The European Monitoring Centre for Drugs and Drug
Addiction (EMCDDA) reported the seizure of this drug in different
forms including powders, tablets, electronic cigarette liquid and nasal
spray formulations (EMCDDA, 2015). One case of intoxication by 4F-
BUF was reported in Sweden, and two deaths were reported from
Poland (WHO, 2017). Since September 2017, 4F-BUF has been con-
trolled in Cyprus, Finland, Czech Republic, Sweden, Poland, Denmark
and France (WHO, 2017). Functional studies using the [3°SIGTPyS
binding assay demonstrated that 4F-BUF showed a reduced efficacy
for u and K opioid receptor activation compared with fentanyl (WHO,
2017), and in vivo, this drug showed a lower analgesic efficacy with
respect to fentanyl (WHO, 2017). The metabolic pathway of 4F-BUF
was investigated in vitro using human liver microsomes and suggests

three major metabolites: nor-4F-BUF, 4-fluorofentanyl (4F-fentanyl)

What is already known

e Fentanyl analogues induce cardiorespiratory impairments

that are reverted by naloxone.

What does this study add

e CRF, receptors are involved in cardiorespiratory impair-

ments induced by fentanyl analogues.

What is the clinical significance

e This study uncovers a novel mechanism underlying fenta-
nyl analogue-induced respiratory depression.
e This potentially paves the way for development of more

effective antidotes for synthetic opioid overdoses.

and hydroxyl-4F-BUF (Richeval et al., 2019). Similar to fentanyl, the
most common adverse effects reported with BUF and 4F-BUF were
disorientation, miosis, bradycardia, respiratory depression and apnoea,
which may lead to death in some cases (Bickberg et al., 2015). Since
the appearance of fentanyl analogues in the NPS drug market, the
number of cases of intoxication and death due to these substances
increased exponentially. The recent world drug report revealed an
important increase in female non-medical pharmaceutical opioids
users (increase of 47%) as compared to opiates users (increase of
25%). This may explain the increasing rate of opioid use disorders in
the last few years (United Nations Office on Drugs and Crime
[UNDOC], 2023, executive summary).

Sex differences in opioid use, pharmacology and consequences
are an important area of study in medical and scientific research
(Fattore et al., 2020). While opioids affect both males and females,
there are notable differences in how these drugs impact each
gender (Fattore et al., 2020). Indeed, research on sex-based treat-
ment differences in opioid use disorders has increased; however,
studies focusing on sex-dependent differences in the pharmaco-
toxicological aspects of these potent synthetic opioids have not yet
been reported.

Therefore, the aim of this study was to investigate the pharmaco-
dynamic profile of the BUF and 4-fluoro-furanylfentanyl (4F-FUF).
To evaluate the in vitro basic pharmacological profile of these
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FIGURE 1 Chemical structures of
fentanyl, butyrylfentanyl,
4-fluorobutyrylfentanyl, naloxone and
antalarmin.
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compounds, a calcium mobilization assay was performed using cells
expressing opioid receptors and chimeric G proteins (Camarda &
Calo', 2013). Moreover, a bioluminescence resonance energy transfer
(BRET) assay was also used to investigate the ability of the com-
pounds to promote p receptor interaction with G protein and
B-arrestin 2 (Molinari et al., 2010). We investigated the acute effects
of BUF and 4F-BUF in vivo by evaluating thermal antinociception
using the tail withdrawal test, the motor impairments using the
rotarod test and by measuring cardiorespiratory changes using non-
invasive electrocardiogram (ECG) (heart rate [HR], RR interval and
QRS complex) and plethysmography (PLETH) (breath rate, breath
length and minute volume [MV]) in CD-1 female and male mice.
Naloxone pre-treatment was applied to investigate receptor specific-
ity in the cardiorespiratory responses of male and female mice. More-
over, many studies revealed the role of functional antagonism of
corticotropin-releasing factor (CRF) neurotransmission, in particular
CRF; receptors, in reducing stress and ameliorating negative
affective-like states associated with opioid withdrawal and depen-
dence (Heinrichs et al., 1995; Shaham et al., 1998; Stinus et al., 2005).
Yet the role of CRF receptors in reducing the acute effects of opioids,
especially the cardiorespiratory impairments, is unknown. To fill the
gap on this issue, we investigated the possible involvement of this
stress factor in worsening cardiorespiratory impairments related to
opioids in female and male animals using the CRF, receptor antago-

nist antalarmin (ANT) alone and in combination with naloxone.

2 | METHODS

2.1 | Invitro studies

2.1.1 | Drugsand reagents

All cell culture media and supplements were from Invitrogen (Thermo
Fisher Scientific Inc., MA, USA). Dermorphin, (D-PenZD-Pen®)-
enkephalin (DPDPE) and dynorphin A were synthetized in the labora-
tory of Prof. Remo Guerrini (University of Ferrara, Italy). fentanyl,

BUF, 4F-BUF and ANT were purchased from LGC Standards (LGC
Standards S.r.l, Sesto San Giovanni, Milan, Italy) (authorization
SP/141 24/11/2021 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
dimethyl sulfoxide (DMSO) at a final concentration 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

Chinese hamster ovary (CHO) cells (IZSLER Cat# BS CL 15, Brescia,
Italy, RRID:CVCL_0214) stably co-expressing the human recombinant
u or k opioid receptors with the C-terminally modified Gogis and CHO
cells co-expressing the & opioid receptor and the Gagcespis chimeric
protein were generated as previously described (Camarda &
Calo, 2013). Cells were cultured in medium consisting of Dulbecco's
modified Eagle's medium (DMEM)/Ham's F-12 (1:1) supplemented
with 10% fetal bovine serum (FBS), penicillin (100 IU-ml~1), strepto-
mycin (100 mg-ml~2), geneticin (G418; 200 pg-ml~1) and hygromycin
B (100 pg-ml~?). Cell cultures were kept at 37°C in 5% CO,/humidi-
fied air. When confluence was reached (3-4 days), cells were sub-
cultured as required using trypsin/ethylenediaminetetraacetic acid
(EDTA) and used for experimentation. Cells were seeded at a density
of 50,000 cells per well into 96-well black, clear-bottom plates. After
24 h of incubation, the cells were incubated with Hank's balanced salt
solution (HBSS) supplemented with 2.5-mM probenecid, 3 uM 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 per
well of HBSS, HEPES (20 mM, pH 7.4), 2.5-mM probenecid and
500-puM Brilliant Black. Subsequently, 100 ul per well of the same
buffer was added. After placing cell culture and compound plates into
the FlexStation Il (Molecular Devices, Sunnyvale, CA, USA), the
changes in fluorescence of the cell-loaded calcium-sensitive dye

Fluor-4 AM were measured.
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2.1.3 | BRET assay

SH-SY5Y cells (RRID:CVCL_0019) stably co-expressing different pairs
of fusion proteins, that is, u-RLuc/GB1-RGFP or mu-RLuc/B-arrestin
2-RGFP, were prepared using a pantropic retroviral expression system
as described previously (Malfacini et al., 2015; Molinari et al., 2010).
Cells were grown in DMEM/Ham's F12 (1:1) supplemented with 10%
FBS, penicillin G (100 pug:ml~2), streptomycin (100 pg-ml~2),
l-glutamine (2 mM), fungizone (1 ugml™Y), geneticin (G418;
400 pg-ml~?) and hygromycin B (100 pg-ml~?) in a humidified atmo-
sphere of 5% CO, at 37°C. For G-protein experiments, enriched
plasma membrane aliquots from p-RLuc/GB1-RGFP cells were pre-
pared by differential centrifugation (Beckman Coulter, CA, USA); cells
were detached with phosphate-buffered saline (PBS)/EDTA solution
(1 mM, pH 7.4, NaOH) and then, after 5 min 200 g of centrifugation,
Dounce-homogenized (30 strokes) in cold homogenization buffer (Tris
5 mM, ethylene glycol-bis(-amino ethyl ether)tetraacetic acid [EGTA]
1 mM, dithiothreitol [DTT] 1 mM, pH 7.4, HCI) in the presence of
sucrose (0.32 M). Threeconsecutive centrifugation steps were per-
formed for 10 min at 1000 g (4°C), and the supernatants were kept.
Membrane enrichment was achieved through two consecutive centri-
fugation steps at 24,000 g for 20 minutes each, at 4°C. The second
step was performed without sucrose. Following centrifugation, the
supernatant was discarded, and the enriched membranefractions were
resuspended in ultrapure water and stored at -80°C (Vachon
et al,, 1987). Membrane protein was determined using the QPRO-
BCA kit (Cyanagen Srl, Bologna, ltaly) and the multimode EnSight
plate reader (PerkinElmer, Waltham, MA, USA). Luminescence in
membranes and cells was recorded in 96-well white opaque micro-
plates (PerkinElmer) using the Victor 2030 luminometer (PerkinElmer).
For the determination of receptor/G-protein interaction, membranes
(3 pg of protein) prepared from cells co-expressing u-RLuc/Gp1-RGFP
were added to wells in Dulbecco's PBS (DPBS). For the determination
of receptor/B-arrestin 2 interaction, whole cells co-expressing p-
RLuc/p-arrestin 2-RGFP were plated 24 h before the experiment
(100,000 cells per well). The cells were prepared for the experiment
by substituting the medium with PBS with MgCl, (0.5 mM) and CaCl,
(0.9 mM). Coelenterazine at a final concentration of 5uM was
injected 15 min prior to reading the cell plate. Different concentra-
tions of ligands in 20 ul of PBS-bovine serum albumin (BSA) 0.01%
were added and incubated for 5 min before reading luminescence. All

experiments were performed at room temperature.

2.1.4 | Data analysis and terminology

The pharmacological terminology adopted in this report is consistent
with the International Union of Basic and Clinical Pharmacology
(IUPHAR) recommendations. All data are expressed as the mean
+ standard error of the mean (SEM) of n experiments. For potency
values, 95% confidence limits (CLgsy,) were indicated. In calcium mobi-
lization studies, agonist effects were expressed as the maximum

change in per cent over the baseline fluorescence. Baseline
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fluorescence was measured in wells treated with saline. In BRET stud-
ies, agonist effects were calculated as the BRET ratio between counts
per second (CPS) measured for the RGFP and RLuc light emitted using
510(10) and 460(25) filters (PerkinElmer), respectively. Maximal ago-
nist effects were expressed as a fraction of the dermorphin maximal
effect, which was determined in every assay plate (dermorphin
Enax = 1.00). The concentration-response curve to agonists was

fitted with the four-parameter logistic nonlinear regression model:

E max — Baseline
+ 10(LogEC50—Log((cmpomd)HiIIsIope)

Effect = Baseline +
1

For all assays, agonist potencies are given as pECsq, that is, 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 follow-
ing equation: pA, = —log[(CR — 1)/[All, assuming a slope value equal
to unity, where concentration ratio (CR) indicates the ratio between
agonist potency in the presence and absence of antagonist and [A] is

the molar concentration of the antagonist (Kenakin, 2004).

2.2 | Invivo studies

221 | Animals

Four hundred eighty female and male Institute of Cancer Research
(ICR) (CD-1®) adult mice weighing 30-35 g (Centralized Preclinical
Research Laboratory, University of Ferrara, Italy) were group housed
(five mice per cage; floor area per animal was 80 cm?; minimum enclo-
sure height was 12 cm), exposed to a 12:12-h light-dark cycle (light
period from 6:30 am to 6:30 pMm) 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 UK Animals (Scientific Procedures) Act
of 1986 and associated guidelines and the new European Communi-
ties Council Directive of September 2010 (2010/63/EU). Experimen-
tal protocols were approved by the Italian Ministry of Health (Licence
No. 223/2021-PR, CBCC2.46.EXT.21) and by the Animal Welfare
Body of the University of Ferrara. Animal studies are reported in com-
pliance with the ARRIVE guidelines (Percie du Sert et al., 2020) and
with the recommendations made by the British Journal of Pharmacol-
ogy (Lilley et al., 2020).

2.2.2 | Drug preparation and dose selection

Drugs were initially dissolved in absolute ethanol (final concentration:
5%) and Tween 80 (2%) and brought to the final volume with saline
(0.9% NaCl). Drugs were administered by intraperitoneal (i.p.) injection
at a volume of 4 pl-g~*. The dose range of BUF and 4F-BUF (0.1-
6 mgkg™! ip.) was chosen based on our previous studies (Bilel
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et al., 2022). In antagonist experiments, the opioid receptor antagonist

-1 i.p.) was administered 15 min before test com-

naloxone (6 mg-kg
pound injections, similar to our previous study (Bilel et al., 2022). The
dose of ANT was chosen based on a previous study (Ducottet
et al., 2003). Also, ANT was given intraperitoneally 15 min before the
administration of the agonists (Broadbear et al., 2004). Animals were
also injected with the combination ANT (10 mg-kg™1) and naloxone
(6 mg-kg™) 15 min before the administration of the test agonists.
Female and male mice treated with naloxone alone (6 mg-kg’l), ANT
alone (10 mg-kg™Y) or their combination did not show any cardiorespi-
ratory alterations during the 60-min period of measurements (data

not shown).

2.2.3 | Tail withdrawal test

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 (s) the tail
was kept in the water was recorded. The test was repeated three
times (the final value represents the average), and a cut-off of 15 s
was set to avoid tissue damage (Bilel et al., 2020). Acute thermal
nociception was measured at 0, 5, 30, 60 and 120 min after

injection.

224 | Rotarod test

Animals were placed on a rotating cylinder (Ugo Basile, Italy) that
automatically increases in velocity in a constant manner (0-60
rotations/min in 5 min). The time spent on the cylinder was measured
(Bilel et al., 2020). The accelerod test was performed at O, 5,
30, 60 and 120 min after injection.

2.25 | Cardiorespiratory analysis

As previously reported by Marchette et al. (2023), ECG and PLETH
were performed in conscious animals using a non-invasive ECG and
PLETH-TUNNEL system with an acquisition frequency of 1000 Hz
(emka TECHNOLOGIES, Paris, France). All PLETH recording sessions
were performed during the daytime, and data were analysed using the
I0OX2 data acquisition analysis software (emka TECHNOLOGIES). A
cylinder-shaped tube (i.e., restraining tunnel) restrains the animal
firmly but gently, without causing trauma. Animals were trained to
stay in the restraining system 1 week before the experimentation. In
particular, in the habituation protocol, each mouse was allowed inside
the dome for 15 min and then liberated and reinserted for 65 min.
This process was repeated for three to four consecutive days. On the
day of the experiments, animals were inserted inside domes for 1 min
before the starting of measurements. The experiment provides base-
line recording lasting for 15 min, followed by a recording session of
65 min immediately after vehicle or drug administration (Marchette
etal, 2023).

2.2.6 | Data and statistical analysis

Antinociception (tail withdrawal test) is calculated as the per cent of
maximal possible effect. Data are expressed as Enya.x%: {Emax% =
[(test — control latency)/(cut-off time — control)] x 100}.

For the rotarod test, data are expressed as percentage of basal
value (% of basal).

Emka TECHNOLOGIES ECG and PLETH analyser software were
used to analyse tracings recorded during data acquisition. Six leads of
ECG were recorded using specific software (IOX®, emka TECHNOLO-
GIES): Three leads were measured (L1-L3), and three were calculated
(aVR, aVL and aVF). The parameters reported in this work were
obtained from L1 and L2.

For the ECG analysis, HR (bpm), RR interval (ms; time between
two consecutive peaks) and QRS (ms; time from the start to the end
of the QRS complex) were expressed as % change of basal value.

For PLETH, BB_ie (ms; breath length, sum of the duration of inspi-
ration and the duration of expiration), FR_ie (bpm; breathing frequency
derived from BB_ie) and MV (F/min; computed from tidal volume and
breathing frequency FR_ie) were expressed as % change of basal value.

Statistical analysis of the effects of the substances at different
doses over time and of antagonism studies was done via repeated
measures two-way analysis of variance (ANOVA) followed by a
Bonferroni test for multiple comparisons (GraphPad Prism, Version
9, San Diego, CA, USA). Post-hoc tests were run only if F achieved
P<0.05 and there was no significant variance inhomogeneity. The mean
effect values represent the average of the effects induced by each com-
pound at each dose over the time course of the experiment.

For all tests, a P value of <0.05 was considered statistically signifi-
cant. The data and statistical analysis comply with the recommenda-
tions of the British Journal of Pharmacology on experimental design
and analysis in pharmacology (Curtis et al., 2022).

2.2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander Christopoulos, et al., 2023; Alexander, Fabbro
etal., 2023).

3 | RESULTS

3.1 | Invitro studies

3.1.1 | Calcium mobilization studies

In CHO cells stably transfected with the human p opioid receptor,
the standard agonist dermorphin evoked a robust concentration-
dependent stimulation of calcium release displaying high potency
(PECs0 of 8.19) and maximal effects (319 + 13% over the basal values).
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fentanyl and its derivatives were able to activate the u opioid receptor
in a concentration-dependent manner with the following rank order of
potency: fentanyl > 4F-BUF > BUF. Regarding ligand efficacy, fentanyl
and BUF were able to elicit maximal effects similar to those of dermor-
phin, while 4F-BUF displayed statistically significantly lower maximal
effects, thus behaving as a partial agonist (Table 1).

In CHOgyeita cells, the standard agonist DPDPE evoked a robust
concentration-dependent stimulation of calcium release with high
potency (pECso of 7.47) and maximal effects (230 + 18% over the
basal values). fentanyl, BUF and 4F-BUF were inactive or displayed an
incomplete concentration-response curve, stimulating calcium mobili-
zation only at micromolar concentrations.

In CHOy,ppa cells, the standard agonist dynorphin A evoked a
robust concentration-dependent stimulation of calcium release with
very high potency (pECso of 8.81) and maximal effects (257 + 34%
over the basal values). fentanyl, BUF and 4F-BUF were either inactive
or displayed an incomplete concentration-response curve, stimulating
calcium mobilization only at micromolar concentrations.

3.1.2 | BRET studies

In the BRET G-protein assay, dermorphin promoted u/G-protein
interaction in a concentration-dependent manner with pECsq of 7.71
(7.41-8.01) and maximal effect of 0.96 + 0.11 stimulated BRET ratio.
fentanyl, BUF and 4F-BUF mimicked stimulatory effects elicited by
dermorphin, showing similar maximal effects and slightly higher
potency (Figure 2 and Table 2).

In the BRET p-arrestin assay, dermorphin stimulated the interac-
tion of the W receptor with B-arrestin 2 in a concentration-dependent
manner with pECsg 6.96 (6.56-7.37) and maximal effects correspond-
ing to 0.24 + 0.09 stimulated BRET ratio. Fentanyl and BUF were able
to promote the interaction of the L receptor with p-arrestin 2, showing
similar potency but significantly reduced efficacy; in fact, the two

compounds behaved as partial agonists. In the BRET p-arrestin assay,

TABLE 1
receptors and chimeric G proteins.
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4F-BUF was completely inactive as an agonist (Figure 2d). Thus, 4F-
BUF was further investigated as an antagonist of fentanyl-induced
B-arrestin 2 recruitment. At 0.1 uM, 4F-BUF was able to shift the
concentration-response curve to fentanyl to the right with no modifi-
cations of the agonist maximal effect (see Figure S1); a pA, of 7.81
was derived from these experiments for 4F-BUF.

3.2 | Invivo studies

3.21 | Tail withdrawal test

Acute thermal pain stimuli were not affected in female and male mice
treated with the vehicle (Figures 3 and 4). Systemic administration of
BUF and 4F-BUF (0.1-6 mg-kg™! i.p.) increased the threshold to the
acute thermal pain stimulus in female and male mice in the tail with-
drawal test (Figures 3 and 4). In particular, after the administration of
BUF, thermal antinociception was significantly affected by treatment
(Figure 3). Maximal antinociception threshold was reached at the dose
of 6 mg-kg™? after 5 min of injection in both sexes (Figure 3a-c). The
antinociceptive effect of BUF (6 mg-kg™!) was long-lasting in female
mice, while it disappeared after 120 min from the injection in males
(Figure 3a-c).

Pre-treatment with naloxone alone (6 mgkg™t i.p.) fully pre-
vented the antinociception induced by BUF (6 mg-kg™? i.p.) in male
mice (Figure 3d), while in female mice, it reappeared at 120 min
(Figure 3b). Moreover, pre-treatment with ANT (6 mg-kg™* i.p.) did
not prevent antinociception in both sexes (Figure 3b-d).

Systemic administration of 4F-BUF (0.1-6 mg-kg ™! i.p.) increased
the threshold to the acute thermal pain stimulus in female and male
mice in the tail withdrawal test (Figure 4). In particular, after the
administration of 4F-BUF, thermal antinociception was significantly
affected by treatment (Figure 4). Maximal antinociception was

-1

reached at the dose of 6 mg-kg™ " after 5 min of injection in both

sexes (Figure 4a-c), and the effect persisted until the end of the test

Effects of dermorphin, fentanyl, BUF and 4F-BUF in calcium mobilization experiments performed in CHO cells co-expressing opioid

1l ) K
PECs0 (CLgsy) Emax * SEM % PECs0 (CLosy) Emax * SEM % PECs0 (CLosg) Emax * SEM %
Standard agonists 8.19 319 + 13 7.47 230+ 18 8.81 257 + 34
(8.02-8.36) (7.09-7.85) (8.22-9.40)
Fentanyl 8.13 326 + 13 CRC incomplete CRC incomplete
(7.73-8.52)
BUF 7.32 283+ 18 CRC incomplete CRC incomplete
(6.70-7.93)
4F-BUF 7.50 258 + 8* Inactive Inactive
(6.92-8.09)

Note: Data are mean of at least three separate experiments made in duplicate. Standard agonists were dermorphin, DPDPE and dynorphin A for p, & and k
opioid receptors, respectively (data on standard agonists and fentanyl were reported in Bilel et al., 2022).

Abbreviations: 4F-BUF, 4-fluorobutyrylfentanyl or para-fluorobutyrylfentanyl; ANOVA, analysis of variance; BUF, butyrylfentanyl; CHO, Chinese hamster
ovary; CLoss, 95% confidence limits; CRC: concentration- response curve; DPDPE, (D-Pen?,D-Pen®)-enkephalin.

*P < 0.05 versus dermorphin according to ANOVA followed by Dunnett's test.
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FIGURE 2 Bioluminescence resonance energy transfer assay. Concentration-response curve to (a) dermorphin, (b) fentanyl,
(c) butyrylfentanyl and (d) 4-fluorobutyrylfentanyl for p receptor/G-protein and p receptor/p-arrestin 2 interaction. Data are the mean + SEM of

five separate experiments made in duplicate.

W receptor/G protein W receptor /B-arrestin2
PECso (CLgss) o+ SEM PECso (CLoss) o+ SEM
Dermorphin 7.71 1.00 6.96 1.00
(7.41-8.01) (6.56-7.37)
Fentanyl 8.28 1.11 £ 0.07 6.86 0.67 +0.02°
(8.06-8.49) (6.54-7.18)
BUF 7.87 0.94 +0.10 6.54 0.39 +0.10*
(7.34-8.40) (5.83-7.25)
4F-BUF 8.02 1.20+0.19 Inactive
(7.65-8.40)

Note: Data on standard agonists and fentanyl were reported in Bilel et al. (2022).

Abbreviations: 4F-BUF, 4-fluorobutyrylfentanyl or para-fluorobutyrylfentanyl; BRET, bioluminescence
resonance energy transfer; BUF, butyrylfentanyl; CLgse, 95% confidence limit. *The inclusion of the
standard's E,ax Within the CLgsy, of a ligand was used as a criterion to determine whether there was a
significant difference from the standard.

TABLE 2 Effects of dermorphin,
fentanyl and its derivatives in BRET
experiments investigating mu/G-protein

and mu/B-arrestin 2 interaction.
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FIGURE 3 Tail withdrawal test: effect of the systemic administration of butyrylfentanyl (BUF) (0.1-6 mg-kg~* i.p.) in (a) female and (c) male
mice. (b, d) Interaction of the effective dose of BUF (6 mg-kg™1) with the opioid receptor antagonist naloxone (NLX) (6 mg-kg~1) or the
corticotropin-releasing factor 1 antagonist antalarmin (ANT) (10 mg-kg™?) or their combination (ANT 10 mg-kg~* + NLX 6 mg-kg™?). Data are
expressed as percentage of maximum (see Section 2) and represent the mean + SEM of 6 determinations for each treatment. Statistical analysis
was performed by two-way analysis of variance followed by Bonferroni's test for multiple comparisons for the dose-response curve of the

compounds at different times (a-d). *P < 0.05 versus vehicle.

(Figure 4a-c). In contrast to females, 4F-BUF (1 mg-kg™?) induced a
significant and moderate antinociception in male mice only after 5 min
of injection (Figure 4c).

Pre-treatment with naloxone alone (6 mg-kg™?!

i.p.) totally pre-
vented the antinociception induced by 4F-BUF (6 mg-kg™! ip.) in
female and male mice (Figure 4b-d). Moreover, pre-treatment with
ANT (6 mg-kg™? i.p.) did not significantly modify antinociception in
both sexes (Figure 4b-d).

The comparison of the dose-response curves of BUF and 4F-BUF
on female and male mice (Figure S2A,B) did not reveal sex differences
in terms of thermal antinociception. The extrapolation based on the
slope of the dose-response curves (Figure S2A-D) reveals a similar
value of EDsg + 3 mg-kg~?! of the two compounds and in both sexes.

The comparison of the dose-response curves of BUF and
4F-BUF on male mice revealed significant differences of effectiveness
between the two compounds at the dose of 6 mg-kg™* (Figure $2D).

All the statistical analyses are illustrated in Table S1.

3.2.2 | Rotarod test
Female and male mice treated with a vehicle did not change
their performance in the rotarod test (Figures 5 and 6). Systemic admin-
istration of BUF and 4F-BUF (0.1-6 mg-kg™?) significantly modified ani-
mal performance in the rotarod test. In particular, BUF produced
monophasic inhibitory effects in female mice (Figure 5a), while in males,
the effect was biphasic with transient inhibitory effects at 1 mg-kg™2
and persistent facilitatory effects at 6 mg-kg~* (Figure 5¢).

Pre-treatment with naloxone (6 mg-kg™* i.p.), ANT (6 mg-kgi.p.)
or their combination totally prevented motor impairments induced by
BUF 6 mg-kg~! i.p. in female mice (Figure 5b). Pre-treatment with nal-
oxone (6 mg-kg™! ip.), ANT (6 mgkg™! i.p.) or their combination
totally prevented the motor facilitatory effects of BUF (6 mg-kg™ i.p.)
in male mice (Figure 5d).

Systemic administration of 4F-BUF (0.1-6 mg-kg™!) significantly
modified female and male mice performances in rotarod test
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TAIL WITHDRAWAL TEST 4-FLUOROBUTYRYLFENTANYL
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FIGURE 4 Tail withdrawal test: effect of the systemic administration of 4-fluorobutyrylfentanyl (4F-BUF) (0.1-6 mg-kg~t i.p.) in (a) female
and (c) male mice. (b, d) Interaction of the effective dose of butyrylfentanyl (BUF) (6 mg-kg~1) with the opioid receptor antagonist naloxone (NLX)
(6 mg-kg™Y) or the corticotropin-releasing factor 1 (CRF;) antagonist antalarmin (ANT) (10 mg-kg~*) or their combination (ANT 10 mg-kg~* 4+ NLX
6 mg-kg™?1). Data are expressed as percentage of maximum (see Section 2) and represent the mean = SEM of 6 determinations for each
treatment. Statistical analysis was performed by two-way analysis of variance followed by Bonferroni's test for multiple comparisons for the
dose-response curve of the compounds at different times (a-d). *P < 0.05 versus vehicle.

(Figure 6). In particular, the administration of 4F-BUF produced
biphasic effects in female mice (Figure 6a) with transient stimulatory
effects at 1 mg-kg™* and inhibitory effects at 6 mg-kg™* (Figure 6c),
while in males, the effect was monophasic and stimulatory at the
doses of 1 and 6 mg-kg ™.

Pre-treatment with naloxone alone (6 mg-kg™! i.p.), ANT alone
(6 mg-kg~t i.p.) or the combination of ANT (10 mg-kg~? i.p.) and nal-

~1 i.p.) totally prevented motor impairments induced

oxone (6 mg-kg
by 4F-BUF (6 mg-kg~* i.p.) in female and male mice (Figure 6b-d).

The comparison of the dose-response curves of BUF and
4F-BUF on female and male mice (Figure S3A,B) reveals sex differ-
ences in female and male performances at the dose of 6 mg-kg™2.

The comparison of the dose-response curves of BUF and
4F-BUF on female and male mice revealed significant differences of
effectiveness between the two compounds at the dose of 1 mg-kg™!
(Figure S3C) between females and 1 and 6 mgkg™! between males

(Figure S3D). All the statistical analyses are illustrated in Table S1.

3.2.3 | Cardiorespiratory analysis

The vehicle used in this experiment showed a stable profile during the
80 min of the ECG (HR, RR and QRS) and PLETH (FR_ie, BB_ie and
MV) parameter measurement in both sexes (Figures 7-14). Systemic
administration of BUF and 4F-BUF (0.1-6 mg-kg™! i.p.) induced
important variations in cardiorespiratory parameters in female and
male mice, especially at the highest dose tested (see Figure S4). All

the statistical analyses are illustrated in Table S2.

3.24 | ECG:BUF
Female ECG measurements
HR (Figure 7) was immediately and significantly affected by BUF
treatment (Figure 7a). In addition, RR interval increased immediately

and significantly in female BUF-treated mice (Figure 7c). The QRS
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FIGURE 5 Rotarod test: effect of the systemic administration of butyrylfentanyl (BUF) (0.1-6 mg-kg ™1 i.p.) in (a) female and (c) male mice. (b,

d) Interaction of the effective dose of BUF (6 mg-kg™~?) with the opioid receptor antagonist naloxone (NLX) (6 mg-kg™2) or the corticotropin-
releasing factor 1 (CRF4) antagonist antalarmin (ANT) (10 mg-kg %) or their combination (ANT 10 mg-kg~? + NLX 6 mg-kg™1). Data are expressed
as percentage of basal value (see Section 2) and represent the mean + SEM of 6 determinations for each treatment. Statistical analysis was
performed by two-way analysis of variance followed by Bonferroni's test for multiple comparisons for the dose-response curve of the

compounds at different times (a-d). *P < 0.05 versus vehicle.

complex increased immediately and significantly with the dose of
6 mg-kg~?! of BUF (Figure 7e).

Pre-treatment with naloxone (6 mg-kg™? ip.; Figure 7b)
partially prevented female BUF bradycardia. The pre-treatment with
ANT (10 mg-kg™! i.p.) was not effective in preventing the effects of
BUF on HR (Figure 7b), RR interval (Figure 7d) and QRS complex
(Figure 7f).

Male ECG measurements

HR (Figure 8) was immediately and significantly affected by BUF
treatment (Figure 8a). In addition, RR interval increased immediately
and significantly in male BUF-treated mice (Figure 8c). The QRS com-
plex increased immediately and significantly with the doses of 1 and
6 mg-kg~! of BUF.

Pre-treatment with naloxone (6 mg-kg~? i.p.; Figure 8b) partially
prevented female BUF bradycardia, while ANT (10 mg-kg™?! i.p.) was
not effective in preventing the effects of BUF on HR (Figure 8b), RR
interval (Figure 8d) and QRS complex (Figure 8f).

3.25 | PLETH: BUF

Female PLETH measurements

Respiratory rate (Figure 9) was immediately and significantly affected
by BUF treatment (Figure 9a). In addition, breath length increased
immediately and significantly in female BUF-treated mice (Figure 9c).
MV also decreased immediately and significantly after the administra-
tion of BUF (Figure 9e).

Pre-treatment with naloxone alone (6 mg-kg™! i.p.; Figure 9b) par-
tially prevented BUF bradypnoea but did not prevent MV reduction
(Figure 9f). However, ANT (10 mg-kg~* i.p.) alone or ANT (10 mg-kg ™!
i.p.) in combination with naloxone (6 mg-kg™ i.p.) was effective in pre-
venting the effects of BUF on FR_ie (Figure 9b), BB_ie (Figure 9d) and
MV (Figure 9f).

Male PLETH measurements
Respiratory rate (Figure 10) was immediately and significantly affected

by BUF treatment (Figure 10a). In addition, breath length increased
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ROTAROD TEST 4-FLUOROBUTYRYLFENTANYL
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FIGURE 6 Rotarod test: effect of the systemic administration of 4-fluorobutyrylfentanyl (4F-BUF) (0.1-6 mg-kg™t i.p.) in (a) female and

(c) male mice. (b, d) Interaction of the effective dose of butyrylfentanyl (BUF) (6 mg-kg 1) with the opioid receptor antagonist naloxone (NLX)

(6 mg-kg™Y) or the corticotropin-releasing factor 1 (CRF,) antagonist antalarmin (ANT) (10 mg-kg™?) or their combination (ANT 10 mg-kg™* + NLX
6 mg-kg™1). Data are expressed as percentage of basal value (see Section 2) and represent the mean + SEM of 6 determinations for each
treatment. Statistical analysis was performed by two-way analysis of variance followed by Bonferroni's test for multiple comparisons for the
dose-response curve of the compounds at different times (a-d). *P < 0.05 versus vehicle.

immediately and significantly in BUF-treated mice (Figure 10c). MV
also decreased immediately and significantly after the administration
of BUF (Figure 10e).

Pre-treatment with naloxone alone (6 mg-kg™* i.p.; Figure 10b)
partially prevented male BUF respiratory depression and MV reduc-
tion (Figure 10f). However, ANT (10 mg-kg’1 i.p.) alone or ANT

(10 mg-kg™! i.p.) in combination with naloxone (6 mg-kg*

i.p.) was
effective in preventing the effects of BUF on FR_ie (Figure 10b),

BB_ie (Figure 10d) and MV (Figure 10f).

3.2.6 | ECG:4F-BUF

Female ECG measurements

HR (Figure 11) was immediately and significantly affected by 4F-BUF
treatment (Figure 11a). In addition, RR interval increased immediately
and significantly in female BUF-treated mice (Figure 11c). The QRS
complex increased immediately and significantly with the dose of
6 mg-kg~! of BUF (Figure 11e).

Pre-treatment with naloxone (6 mg-kg~* i.p.; Figure 11b) partially
prevented female 4F-BUF bradycardia. ANT (10 mg-kg™? i.p.) alone
was not effective in preventing the effects of BUF on HR
(Figure 11b), RR interval (Figure 11d) and QRS complex (Figure 11f).
However, the pre-treatment with ANT (10 mgkg™! i.p.) in combina-
tion with naloxone (6 mg-kg™! i.p.) reduced significantly the cardiore-
spiratory impairments with respect to their single administration
(Figure 11b-d,f), and the transitory effect of naloxone became more

persistent in the presence of ANT.

Male ECG measurements
HR (Figure 12) was immediately and significantly affected by 4F-BUF
treatment (Figure 12a). In addition, RR interval increased immediately
and significantly in 4F-BUF-treated mice (Figure 12c). The QRS com-
plex increased immediately and significantly with the doses of 1 and
6 mg-kg™?! of 4F-BUF (Figure 12e).

Pre-treatment with naloxone alone (6 mg-kg™* i.p.; Figure 12b)
partially prevented male 4F-BUF bradycardia. ANT (10 mg-kg™* i.p.)
alone was not effective in preventing the effects of 4F-BUF on HR
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Electrocardiogram measurements: systemic administration of butyrylfentanyl (BUF) (0.1-6 mg-kg™* i.p.) in (a) heart rate, (c) RR
interval and (e) QRS complex in female mice. (b, d, f ) Interaction of the effective dose of BUF (6 mg-kg~!) with the opioid receptor antagonist
naloxone (NLX) (6 mg-kg™2) or the corticotropin-releasing factor 1 (CRF4) antagonist antalarmin (ANT) (10 mg-kg™2) or their combination (ANT
10 mg-kg~! 4+ NLX 6 mg-kg™1). Data are expressed as percentage of baseline (see Section 2) and represent the mean + SEM of 6 determinations
for each treatment. Statistical analysis was performed by two-way analysis of variance followed by Bonferroni's test for multiple comparisons for
the dose-response curve of the compounds at different times (a-f). *P < 0.05 versus vehicle.
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FIGURE 8 Electrocardiogram measurements: systemic administration of butyrylfentanyl (BUF) (0.1-6 mg-kg ™1 i.p.) in (a) heart rate, (c) RR
interval and (e) QRS complex in male mice. (b, d, f) Interaction of the effective dose of BUF (6 mg-kg 1) with the opioid receptor antagonist
naloxone (NLX) (6 mg-kg™2) or the corticotropin-releasing factor 1 (CRF4) antagonist antalarmin (ANT) (10 mg-kg™%) or their combination (ANT
10 mg-kg~! 4+ NLX 6 mg-kg™1). Data are expressed as percentage of baseline (see Section 2) and represent the mean + SEM of 6 determinations
for each treatment. Statistical analysis was performed by two-way analysis of variance followed by Bonferroni's test for multiple comparisons for
the dose-response curve of the compounds at different times (a-f). *P < 0.05 versus vehicle.
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FIGURE 9 Plethysmography measurements: systemic administration of butyrylfentanyl (BUF) (0.1-6 mg-kg ™1 i.p.) in (a) breath rate, (c) breath
length and (e) minute volume in female mice. (b, d, f) Interaction of the effective dose of BUF (6 mg-kg™1) with the opioid receptor antagonist
naloxone (NLX) (6 mg-kg™2) or the corticotropin-releasing factor 1 (CRF4) antagonist antalarmin (ANT) (10 mg-kg~2) or their combination (ANT

10 mg-kg~? + NLX 6 mg-kg™?). Data are expressed as percentage of baseline (see Section 2) and represent the mean + SEM of 6 determinations
for each treatment. Statistical analysis was performed by two-way analysis of variance followed by Bonferroni's test for multiple comparisons for
the dose-response curve of the compounds at different times (a-f). *P < 0.05 versus vehicle.

d 'T '5202 'T8ESALYT

andsday//sdny woy

85UB017 SUOWLIOD SAITE8ID 3|qeal|dde au Aq peusenob ae Safoile YO ‘8sn JO'Sa|nJ 4oy Aeud 1 8U1jUO AB]1IAA UO (SUONIPUOO-pUR-SLUB) W00 A3 | 1M Aleiq U |uoy/:Sdiy) SUonIpuoD pue swie | 8y &8s *[6Z0zZ/0T/9T] Uo Aklqiauljuo A|Im 8D qig 8| Jed 0suely Ip 01UsD YAOQAVd 1a V.LISYIAINN AQ €621 Yda/TTTT 0T/I0p/woo A8 |imA.



BILEL ET AL.

118 BRITISH
PHARMACOLOGICAL:
SOCIETY

BUTYRYLFENTANYL male

=53

o +=4=4

3
=3

*

(% of basal)
2z

7
S

FR_ie
>

*

*

[ZFN
S S

>

W'
h ¢
*

* * * *

- Vehicle

¢ 0.1 mg-kg™
- 1 mg.kg-1
< 6 mg-kg™

uo BASELINE 15 INJ 10 15 20 25 30 35 40 45 50 55 60 65

Time (min)

220
200
180
160
140

120

ie (% of basal)

BB_ie

100
80
60

- Vehicle

* 0.1 mg-kg™'
- 1 mg-kg"
o 6 mg.kg—1

*

( % of basal)

FR_ie

(d)

BB_ie (% of basal)

-»- Vehicle

- BUF 6 mg-kg™

- BUF 6 mg-kg™" + NLX 6 mg-kg™’

4 BUF 6 mg-kg™ + ANT 10 mg-kg™'

-+ BUF 6 mg-kg™ + ANT 10 mg-kg™'
+ NLX 6 mg-kg™

2204
2001
1801
160+
1404
1204
1001

804

60+

INJ 10 15 20 25 30 35 40 45 50 55 60 65
Time (min)

- Vehicle

-+ BUF 6 mg-kg™

- BUF 6 mg-kg™ + NLX 6 mg-kg™'

+ BUF 6 mg-kg™ + ANT 10 mg-kg™'

-+ BUF 6 mg-kg™ + ANT 10 mg-kg™
+ NLX 6 mg-kg™

0 BASELINE 15 INJ 10 15 20 25 30
Time (min)

MV_ie(% of basal)
- N =) 3 - -3
> > > < < >

w
=

35 40 45 50 55 60 65

- Vehicle

* 0.1 mg-kg™'
- 1 mg.kg—1
< 6 mg-kg™

20 i —r——T—
0 BASELINE 15 INJ 10 15 20 25 30 35
Time (min)

FIGURE 10
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Plethysmography measurements: systemic administration of butyrylfentanyl (BUF) (0.1-6 mg-kg ™1 i.p.) in (a) breath rate (FR ie),

(c) breath length (BB ie) and (e) minute volume (MV) in male mice. (b, d, f) Interaction of the effective dose of BUF (6 mg-kg™?) with the opioid
receptor antagonist naloxone (NLX) (6 mg-kg™?) or the corticotropin-releasing factor 1 (CRF4) antagonist antalarmin (ANT) (10 mg-kg™?) or their
combination (ANT 10 mg-kg™* + NLX 6 mg-kg™?). Data are expressed as percentage of baseline (see Section 2) and represent the mean + SEM of
6 determinations for each treatment. Statistical analysis was performed by two-way analysis of variance followed by Bonferroni's test for multiple
comparisons for the dose-response curve of the compounds at different times (a-f). *P < 0.05 versus vehicle.
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FIGURE 11 Electrocardiogram measurements: systemic administration of 4-fluorobutyrylfentanyl (4F-BUF) (0.1-6 mg-kg~* i.p.) in (a) heart
rate, (c) RR interval and (e) QRS complex in female mice. (b, d, f) Interaction of the effective dose of 4F-BUF (6 mg-kg™1) with the opioid receptor
antagonist naloxone (NLX) (6 mg-kg™1) or the corticotropin-releasing factor 1 (CRF4) antagonist antalarmin (ANT) (10 mg-kg~1) or their
combination (ANT 10 mg-kg™? + NLX 6 mg-kg™?). Data are expressed as percentage of baseline (see Section 2) and represent the mean + SEM of
6 determinations for each treatment. Statistical analysis was performed by two-way analysis of variance followed by Bonferroni's test for multiple
comparisons for the dose-response curve of the compounds at different times (a-f). *P < 0.05 versus vehicle.

(Figure 12b), RR interval (Figure 12d) and QRS complex (Figure 12f). cardiorespiratory impairment with respect to their single administra-
However, the pre-treatment with ANT (10 mg-kg ™! i.p.) in combina- tion (Figure 12b-d,f), and the transitory effect of naloxone became
tion with naloxone (6 mgkg™! ip.) reduced significantly the more persistent in the presence of ANT.
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Electrocardiogram measurements: systemic administration of 4-fluorobutyrylfentanyl (4F-BUF) (0.1-6 mg-kg~ i.p.) in (a) heart

rate, (c) RR interval and (e) QRS complex in male mice. (b, d, f) Interaction of the effective dose of 4F-BUF (6 mg-kg 1) with the opioid receptor
antagonist naloxone (NLX) (6 mg-kg ™) or the corticotropin-releasing factor 1 (CRF4) antagonist antalarmin (ANT) (10 mg-kg™1) or their
combination (ANT 10 mg-kg~* + NLX 6 mg-kg™?). Data are expressed as percentage of baseline (see Section 2) and represent the mean + SEM of
6 determinations for each treatment. Statistical analysis was performed by two-way analysis of variance followed by Bonferroni's test for multiple
comparisons for the dose-response curve of the compounds at different times (a-f). *P < 0.05 versus vehicle.
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3.2.7 | PLETH: 4F-BUF

Female PLETH measurements

Respiratory rate (Figure 13) was immediately and significantly affected
by 4F-BUF treatment (Figure 13a).

In addition, breath length increased immediately and significantly in
female 4F-BUF-treated mice (Figure 13c). MV also decreased immedi-
ately and significantly after the administration of 4F-BUF (Figure 13e).

Pre-treatment with naloxone alone (6 mg-kg™! i.p.; Figure 13b)
partially prevented female 4F-BUF-induced bradypnoea, while MV
reduction was potentiated with naloxone (Figure 13e). However, ANT
(10 mg-kg~! i.p.) alone or ANT (10 mg-kg~? i.p.) in combination with
naloxone (6 mg-kg™! i.p.) was effective in preventing the effects of
BUF on FR_ie (Figure 13b), BB_ie (Figure 13d) and MV (Figure 13f).

Male PLETH measurements

Respiratory rate (Figure 14) was immediately and significantly affected
by 4F-BUF treatment (Figure 14a). In addition, breath length
increased immediately and significantly in male 4F-BUF-treated mice
(Figure 14c). MV also decreased immediately and significantly after
the administration of 4F-BUF (Figure 14e).

Pre-treatment with naloxone alone (6 mg-kg™* i.p.; Figure 14b)
partially prevented male 4F-BUF respiratory depression, while MV
reduction was potentiated with naloxone (Figure 14f). However, ANT
(10 mg-kg~1 i.p.) alone or ANT (10 mg-kg™! i.p.) in combination with
naloxone (6 mg-kg™! i.p.) was effective in preventing the effects of
BUF on FR_ie (Figure 14b), BB_ie (Figure 14d) and MV (Figure 14f).

3.3 | Comparison of cardiorespiratory response to
BUF and 4F-BUF on female and male mice

The comparison of the dose-response curves of BUF and 4F-BUF on
female mice revealed significant differences of effectiveness between
the two compounds on the HR (doses of 0.1 and 6 mg-kg™%) and the
RR interval (6 mg-kg™1) but no differences on the breath rate and
the breath length (see Figure S5).

The comparison of the dose-response curves of BUF and 4F-
BUF on male mice did not show significant differences of the cardio-
respiratory parameters with the two compounds similarly acting on

ECG and PLETH in the dose range examined (see Figure Sé).

3.4 | Sexdifferences on the cardiorespiratory
responses of BUF and 4F-BUF

The comparison of the dose-response curves of BUF on female and
male mice (Figure S7) revealed sex differences in responses to RR
interval (Figure S7B), respiratory rate (Figure S7C) and breath length
(Figure S7D). However, no sex difference was revealed with BUF on
the HR.

The comparison of the dose-response curves of 4F-BUF on

female and male mice (Figure S8) revealed sex differences in
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responses to HR (Figure S8A), RR interval (Figure S8B), respiratory
rate (Figure S8C) and breath length (Figure S8D).
The antagonistic profile of naloxone and ANT on cardiorespira-

tory responses of female and male mice is illustrated in Figure S5.

4 | DISCUSSION

Our study presents novel results regarding the in vitro and in vivo
characterization of BUF and 4F-BUF, two fentanyl analogues that
have emerged as NSOs. In vitro, in the calcium mobilization assay,
BUF and its fluorinated analogue were able to activate the pu opioid
receptor in a concentration-dependent manner, and BUF was able to
elicit maximal effects similar to that of dermorphin and fentanyl,
while 4F-BUF behaved as a partial agonist. In the BRET G-protein
assay, the two compounds mimicked the maximal effects of
dermorphin. BUF behaved similarly to fentanyl as partial agonist for
the B-arrestin 2 pathway, whereas 4F-BUF was inactive in promoting
B-arrestin 2 recruitment. In vivo, in mice, the two compounds induced
thermal antinociception, produced variable effects on motor functions
and impaired cardiorespiratory parameters; moreover, sex differences
were detected at the highest dose for the cardiac responses and at
the lower dose (1 mg-kg™') for the respiratory responses. 4F-BUF
showed lower potency for inhibiting cardiorespiratory function. Nal-
oxone sensitivity of the actions of the two compounds was variable in
cardiac and respiratory responses. Interestingly, the CRF; receptor
antagonist ANT alone was able to block the respiratory impairment
induced by BUF in both sexes but not 4F-BUF. The combination of
naloxone and ANT significantly enhanced the action of naloxone
reversal of the cardiorespiratory impairments induced by BUF and
4F-BUF in female and male mice.

41 | Role of naloxone and ANT in antinociceptive
and motor effects of BUF and 4F-BUF

The two fentanyl analogues induced a significant increase in thermal
antinociception in female and male mice. The effect was more pro-
nounced and prolonged at the highest dose tested (6 mg-kg™* i.p.).
Comparison of the dose-response curves in the tail withdrawal
(Figure S4) tests demonstrated no major differences in terms of anti-
nociceptive potency between BUF and 4F-BUF in both sexes
(EDso =3 mgkg™). In contrast to our results, a previous study
revealed higher analgesic potency of BUF (EDso = 0.11 mg-kg™1) with
respect to 4F-BUF (EDso = 0.91 mgkg™Y); (Varshneya et al., 2022,
2023). The range of doses tested in our study is selected based on our
previous study on fentanyl (Bilel et al., 2022). The different results
obtained with respect to Varshneya et al. (2023) could be possibly
explained by the difference in the animal strain, the route of adminis-
tration and the intensity of the stimulus. Moreover, no sex differences
were evident in that test. In accordance with our data, previous stud-
ies on fentanyl in rats showed no sex differences in the tail withdrawal
test (Peckham & Traynor, 2006; Schwienteck et al., 2019). The pre-
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FIGURE 13 Plethysmography measurements: systemic administration of 4-fluorobutyrylfentanyl (4F-BUF) (0.1-6 mg-kg ™1 i.p.) in (a) breath
rate (FR ie.), (c) breath length (BB ie) and (e) minute volume (MV) in female mice. (b, d, f) Interaction of the effective dose of butyrylfentanyl (BUF)
(6 mg-kg~1) with the opioid receptor antagonist naloxone (NLX) (6 mg-kg~1) or the corticotropin-releasing factor 1 (CRF;) antagonist antalarmin
(ANT) (10 mg-kg™?) or their combination (ANT 10 mg-kg~* + NLX 6 mg-kg~2). Data are expressed as percentage of baseline (see Section 2) and
represent the mean + SEM of 6 determinations for each treatment. Statistical analysis was performed by two-way analysis of variance followed
by Bonferroni's test for multiple comparisons for the dose-response curve of the compounds at different times (a-f). *P < 0.05 versus vehicle.

treatment with naloxone was effective in totally blocking the analge- (Bilel et al., 2022). The similarity could be related to their similar effi-
sic effect of 4F-BUF in both sexes (Figure 5a,b). It is worth noting that cacy on p opioid receptors (Table 1; Bilel et al., 2022). In female mice
the effect of 4F-BUF is very similar to furanylfentanyl in the same test treated with BUF, the analgesic effect reappeared at 120 min when
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FIGURE 14 Plethysmography measurements: systemic administration of 4-fluorobutyrylfentanyl (4F-BUF) (0.1-6 mg-kg ™! i.p.) in (a) breath
rate (FR ie.), (c) breath length (BB ie and (e) minute volume (MV in male mice. (b, d, f) Interaction of the effective dose of butyrylfentanyl (BUF)
(6 mg-kg™1) with the opioid receptor antagonist naloxone (NLX) (6 mg-kg™?1) or the corticotropin-releasing factor 1 (CRF;) antagonist antalarmin
(ANT) (10 mg-kg™2) or their combination (ANT 10 mg-kg™* -+ NLX 6 mg-kg™1). Data are expressed as percentage of baseline (see Section 2) and
represent the mean + SEM of 6 determinations for each treatment. Statistical analysis was performed by two-way analysis of variance followed
by Bonferroni's test for multiple comparisons for the dose-response curve of the compounds at different times (a-f). *P < 0.05 versus vehicle.

compared to male mice (Figure 5a,b). This difference is related to the disappeared at 120 min in male mice. Our results reveal that ANT
difference in BUF distribution between female and male, as clearly alone did not induce any effect on mice. Furthermore, pre-treatment
demonstrated in Figure 5c¢,d, where the analgesic effect has already with ANT, whether alone or in combination with naloxone, did not
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influence the antinociceptive effects of the two agonists. These
results suggest that ANT does not have a direct action on p opioid
receptors and that CRF4 receptors are not involved in mechanisms by
which opioids induce antinociception. To the best of our knowledge,
there are no studies on the antinociceptive properties of ANT or other
pyrrolopyrimidine analogues. However, it was demonstrated in animal
studies that various stressors, even non-painful ones, induce analgesia
that shows cross-tolerance with morphine and is counteracted by nal-
oxone (Girardot & Holloway, 1984; Rodgers & Randall, 1985).

The systemic administration of BUF and 4F-BUF induced changes
in motor performance in female and male mice. BUF induced inhibi-
tion of motor activity in females, while in males, its effect was biphasic
(Figure 5a-c). Contrastingly, the effect of 4F-BUF was biphasic in
females and stimulatory in males. The current results were unex-
pected, as it has been reported that BUF and 4F-BUF evoke stimula-
tory effects in male mice (10 mgkg™?!) using the open field test
(Varshneya et al., 2023). Moreover, in our previous study, we demon-
strated a biphasic effect in accelerod with fentanyl, ocfentanil and
acrylfentanyl but not with furanylfentanyl (Bilel et al., 2022). The cur-
rent findings confirm what has already been suggested regarding the
role played by the chemical substitution of fentanyl analogues in their
effects on motor behaviour (Bilel et al., 2022, 2023; Varshneya
et al, 2019, 2023). We also confirm that fluorine substitutions on
BUF's aniline ring play a key role in p-mediated effects (Varshneya
et al., 2023). Sex differences were revealed with the two drugs only at
the dose of 6 mg-kg™? (Figure S5A,B). Because previous studies on
fentanyl were mostly performed in male mice, the effect on females
was ascertained (Bilel et al., 2022, 2023; Varshneya et al., 2019,
2023). Yet our study reveals that the responses of females treated
with BUF and 4F-BUF are different in dose and latency, confirming
the difference in the pharmacokinetics of the opioid agonist between
both sexes (Di Francesco et al., 2024; reviewed in Little & Koston,
2023). The pre-treatment with naloxone totally blocked the motor
actions induced by BUF and 4F-BUF in both sexes. These results are
consistent with previous studies on the same compounds and with
fentanyl and furanylfentanyl, confirming that u opioid receptors medi-
ate the facilitative and inhibitory effects of both compounds in this
test (Bilel et al., 2022; Varshneya et al., 2023). Surprisingly, ANT was
also effective in blocking the motor effects of the two compounds in
both sexes. To the best of our knowledge, this is the first study evalu-
ating the effect of ANT on blocking the acute motor effects induced
by opioid agonists. These results highlight the role played by CRF,
receptors in the motor effects of opioids. The neurochemical mecha-
nisms by which opioids induce excitatory and inhibitory motor effects
are not yet fully understood. One primary mechanism for the facilita-
tory effects of opioids involves the stimulation of the mesolimbic
dopamine (DA) pathway. It has been shown that systemic or direct
infusions of W agonists into the ventral tegmental area (VTA) increase
DA release in the dorsal striatum (Di Chiara & Imperato, 1988),
thereby enhancing locomotion and motor sensitization. This is likely
due to the activation of u receptors located on GABAergic interneu-
rons in the VTA (Matsui et al., 2014). Moreover, it has been suggested
the involvement of the cholinergic system in opioid locomotor effects.

In particular, it has been demonstrated that laterodorsal tegmental
(LDTg) and/or rostromedial tegmental nucleus (PPTg) cholinergic
inputs to VTA mediate opioid-induced locomotion and DA activation
via VTA M5 muscarinic Ms receptors. Both cholinergic inputs to the
rostromedial tegmental nucleus (RMTg) also modulate opioid-induced
locomotion (reviewed in Steidl et al., 2017). It has been demonstrated
that more than 90% of cholinergic neurons in the LDTg express CRF4
receptors (Sauvage & Steckler, 2001). In addition, Fernandez et al.
demonstrated that acute activation of CRF4, but not CRF,, receptors
markedly increased the firing of cholinergic LDTg neurons. They also
showed that local antagonism of CRF, in the LDTg is sufficient to
reverse cellular and behavioural markers of stress in their preclinical
model of depression (Fernandez et al., 2018). Taken together, this evi-
dence suggests that CRF4 receptors in the cholinergic system play a

role in the locomotor actions of u opioid agonists (Pintér et al., 2021).

4.2 | Comparison of the cardiorespiratory
responses between BUF and 4F-BUF

Many preclinical studies have been recently conducted to evaluate
the cardiorespiratory effects of fentanyl analogues (Bilel et al., 2022;
Varshneya et al., 2023). BUF and 4F-BUF reduced cardiorespiratory
responses at intermediate and high doses (1 and 6 mgkg™1). The
effect of BUF seemed to be more profound at the highest dose tested
in both sexes. Moreover, only with BUF (6 mg-kg™®) we detected
arrhythmia and apnoea at 10 min after injection in female and male
mice (Figure S2). 4F-BUF differs from BUF with the para-fluoro sub-
stitution on the phenethylamine backbone. Interestingly, this chemical
modification could change the potency and efficacy of the compound.
Indeed, Varshneya et al. (2023) revealed in their recent elegant study
that BUF showed higher effectiveness in reducing MV (whole-body
PLETH) when compared to 4F-BUF. Our results confirm the findings
of Varshneya et al. (2023) on the higher effects of BUF with respect
to 4F-BUF and shed light on the role of fluorine substitution on BUF's
W opioid receptor-mediated cardiorespiratory effects. Additionally, our
in vitro data showed that the two compounds display different u opi-
oid receptor efficacy and ability to promote receptor interaction with
arrestin. The lower efficacy of 4F-BUF and inability to recruit arrestin
could have an impact on the intensity of the physiological responses
triggered, as seen with other fentanyl analogues such as furanylfenta-
nyl (Bilel et al., 2022) and carfentanil (Ramos-Gonzalez et al., 2023).
Structurally related BUF substitutes such as isobutyrylfentanyl and
para-methoxybutyrylfentanyl showed significant analgesic and higher
safety/protective index (PI) than fentanyl and even buprenorphine
(Varshneya et al., 2022). Tsai et al. (2023) suggested that the high
intrinsic efficacy of NSOs such as fentanyl and non-fentanyl ana-
logues (nitazenes) in G; protein signalling is a common property that
may contribute to their high risk of intoxication and overdose.
However, in vitro functional characterization of fentanyl analogues
revealed high efficacy of isobutyrylfentanyl (E..x = 94%) and para-
methoxybutyrylfentanyl (En.x = 55%) (Eshleman et al., 2020), which
have a greater safety index with respect to fentanyl (Varshneya
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et al., 2022). In addition, a recent study on the highly potent nitazenes
suggests that these compounds display a superagonism on both G;
and B-arrestin pathways when compared to morphine and fentanyl
(Malcolm et al., 2023). It was demonstrated in the same study that
transduction coefficients of isotonitazene and N-desethyl isotonita-
zene showed a slight preference for the G-protein pathway over
B-arrestin recruitment, and the superagonism exhibited by isotonita-
zene is related to its ability to induce p-arrestin recruitment even in
the absence of G protein-coupled receptor kinase (GRK) proteins.
These findings suggest that conformational dynamics between p opi-
oid receptors and the ligand play a key role in opioid actions (Malcolm
et al., 2023; Zhao et al., 2024). Collectively, in vitro u opioid G-protein
efficacy and ability to recruit arrestin should not be considered as the
only predictive parameter of opioid safety profiles (Varshneya
et al., 2022, 2023), suggesting that other in vivo factors, including the
administration route, dose, Absorption, Distribution, Metabolism and
Excretion (ADME) variables and blood-brain barrier (BBB) permeabil-
ity, contribute to the behavioural actions of NSOs (Bilel et al., 2022;
Eshleman et al., 2020; Vandeputte et al., 2021).

4.3 | Sex differences on the cardiorespiratory
responses of BUF and 4F-BUF

The death rate with fentanyl overdose was reported to be two to three
times higher for men than women (Butelman et al., 2023); however,
the incidence of opioid use disorders and death with overdose by syn-
thetic opioids has increased in women (Barbosa-Leiker et al., 2021;
VanHouten et al., 2019). The primary cause of death from fentanyl and
its analogue overdose is respiratory depression and hypoxia.

We evaluated the cardiorespiratory effects of two fentanyl ana-
logues in female and male mice. We found a sex difference on the car-
diac responses (RR interval) with BUF, where females showed higher
responses at the highest dose tested than males. In addition, females
showed higher sensitivity to the respiratory depression and hypoven-
tilation at the intermediate dose when compared to males
(1 mg-kg™1). Most of the studies on the respiratory effects of opioids
are performed in male rodents, and the respiratory effects of BUF and
4F-BUF measured in males are very similar to fentanyl (Varshneya
et al., 2023). In addition, a recent study in female and male rats
injected with increasing doses of fentanyl showed a higher respiratory
sensitivity of the female compared to male rats. In particular, female
rats showed a greater maximum effect on minute ventilation and peak
inspiratory flow and longer lasting respiratory depressing effects than
male rats (Marchette et al., 2023). These results are in accordance
with our findings on the sex-respiratory differences induced by BUF
and 4F-BUF (1 mg-kg™1). While the respiratory responses clearly dem-
onstrate a higher sensitivity of female than male mice, the results
obtained on the cardiac responses are somewhat different. In fact, in
the case of BUF (6 mg-kg™?), female mice showed a higher increase of
RR interval compared to male mice. Conversely, with 4F-BUF
(6 mg-kg™1), male mice showed slightly higher cardiac sensitivity with

respect to female mice. It is noteworthy that differences in cardiac
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versus respiratory responses between female and male rodents have
also been reported with fentanyl. In particular, Haile et al. (2022) mea-
sured the physiological effects of fentanyl (0.1 mg-kg™?) in a set of
male and female Sprague-Dawley rats using the pulse oximetry sys-
tem. They found that fentanyl significantly decreased oxygen satura-
tion, HR and general activity in male rats. However, in female rats,
only oxygen saturation was significantly decreased by the same dose
of fentanyl. Adding to our findings, these results reveal sex-dependent
effects of fentanyl and fentanyl analogues (Kaplovitch et al., 2015;
Towers et al., 2022). The sex differences observed in our results might
be explained by differences in u opioid receptor distribution between
female and male animals (Zhang et al., 2014) and the influence of cir-
culating ovarian hormones and/or androgens on p-mediated physio-

logical responses (reviewed in Sharp et al., 2022).

44 | Role of naloxone and ANT in p opioid- and
CRF1-mediated cardiorespiratory effects of BUF
and 4F-BUF

Following on our previous study on fentanyl analogues (Bilel
et al., 2022), we here demonstrated that BUF and 4F-BUF impaired
cardiorespiratory activity when administered to female and male mice
at the range dose 0.1-6 mg-kg™ . Both compounds reduced HR,
increasing RR interval, and increased the QRS complex, reduced the
breath rate, increased breath length and reduced MV. The mecha-
nisms by which opioid agonists induce bradycardia, respiratory
depression and hypoventilation have been previously detailed (Bilel
et al., 2020, 2022; Varshneya et al., 2023). Naloxone pre-treatment
(6 mg-kg™Y) partially prevented the cardiorespiratory impairment
induced by BUF and 4F-BUF. These results are in accordance with
several preclinical (Bilel et al., 2022; Glatfelter et al., 2023; Haile
et al.,, 2022; Varshneya et al., 2023) and clinical reports (Amaducci
et al., 2023; Krantz et al., 2021; Rzasa Lynn & Galinkin, 2018) that
prove the necessity of naloxone redosing to reverse cardiorespiratory
alterations of fentanyl or its analogues.

In the search of other mechanisms such as stress that might be
triggered by the activation of u receptors, which results in undesired
effects, specifically cardiorespiratory depression, we investigated the
possible role played by CRF, receptors in the physiological responses
induced by opioid agonists as seen with opioid withdrawal and depen-
dence (Papaleo et al., 2007). To the best of our knowledge, this is the
first study investigating the possible involvement of this stress factor
in worsening cardiorespiratory impairments related to opioids in
female and male animals using ANT alone or in combination with nal-
oxone. Unexpectedly, our results revealed that ANT alone is able to
block the respiratory depression induced by BUF (6 mgkg™) in
female and male mice but not in the case of 4F-BUF. In addition, pre-
treatment with ANT and naloxone enhanced the reversal action of
naloxone. One of the mechanical mechanisms by which fentanyl
induces respiratory depression is the chest wall rigidity (Haouzi &
Tubbs, 2022). It is worth noting that naloxone did not prevent MV
reduction induced by the two drugs. Our data suggest a non-opioid
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receptor mechanism involved in this effect. Indeed, it was suggested
that the decrease of MV may result from rapid closure of the vocal
cords, followed by rigidity in the diaphragm, chest wall and upper air-
way (wooden chest syndrome), involving the noradrenergic and cho-
linergic systems (Torralva & Janowsky, 2019). It has been
demonstrated that fentanyl microinjection into the rat locus coeruleus
(LC) increased the electromyographic (EMG) activity of the caudal lat-
eral extensor and gastrocnemius muscles considered as a correlate of
opioid-induced muscular rigidity, which was inhibited by the a4-
adrenoceptor blocker prazosin (Lui et al., 1990). While the mechanism
by which opioids could lead to CRF, receptor activation has not been
clearly investigated, it is worth highlighting that CRF receptors and m
receptors are co-localized in the nucleus LC of rodents (Reyes
et al., 2007). This may possibly explain the direct interaction of the
opioidergic and noradrenergic systems in response to stress stimulus
activated by opioid agonists (Guajardo & Valentino, 2021). Regarding
the cholinergic system, it has been demonstrated that the activation
of CRF; receptors in the hippocampus increased the release of acetyl-
choline that was significantly reduced by the pre-treatment with ANT
(Pintér et al., 2021). These findings strongly support the hypothesis of
the involvement of CRF, receptor in the deep respiratory depression
induced by u opioid agonists. The effectiveness of ANT alone in
blocking respiratory depression in male and female mice treated with
BUF but not the fluorinated (4F-BUF) needs further investigation. The
block of CRF; receptors enhances the reversal effect of naloxone in
cardiac and respiratory responses. These findings corroborate the
hypothesis on the role of stress factor in worsening the acute cardio-
respiratory impairment triggered by the potent synthetic opioids and,

in particular, the class of fentanyl analogues (Algera et al., 2019).

4.5 | Insights from ANT use in preclinical studies
for opioid overdose

ANT, belonging to the pyrrolopyrimidine class, is the antagonist most
closely related structurally to CP-154,526. It has slightly greater
in vitro affinity for the CRF; receptor compared to CP-154,526
(K; = 0.8 vs. 2.7 nM, respectively; Chorvat et al., 1999). It is a highly
lipophilic compound (ClogP = 6.98; Hsin et al., 2002) that is readily
able to cross the blood brain barrier (BBB) (Deak et al., 1999; Esposito
et al., 2003). Previous pharmacokinetic studies on primates revealed
that intravenous injections of ANT show a higher bioavailability with
respect to oral administration (Habib et al., 2000). CRF; receptors are
heterogeneously distributed throughout the rat brain, with the highest
density found in the cortex, hypothalamus and pituitary (Seymour
et al., 2003). CRF; receptors were also found in the periphery and in
the testis and intestine in mice (Seymour et al., 2003). The metabolic
profile of ANT is not yet established. Our results in vivo revealed that
this compound is able to prevent motor and cardiorespiratory impair-
ments induced by the potent fentanyl analogues. In contrast to previ-
ous studies that are mainly focusing on long-term effects of stress in
the opioidergic system, this study examined the direct role of stress

on opioid side effects, particularly respiratory depression. We have

uncovered new mechanisms by which opioids may induce motor and
cardiorespiratory alterations. We demonstrated that CRF, receptors
are involved in motor and cardiorespiratory effects but not nocicep-
tion. ANT blocked respiratory depression with BUF, and we suggested
that this mechanism is played by off-target receptors of the adrener-
gic and cholinergic systems. CRF; antagonists should be considered

more in preclinical studies of opioid toxicity and overdose.

5 | CONCLUSIONS

The present study revealed that BUF behaves similarly to fentanyl as
a W receptor agonist. In contrast to BUF, 4F-BUF acts as a partial ago-
nist in vitro at u opioid receptors and as a G protein-biased p agonist.
In vivo, the two compounds induced antinociception, modifications of
motor activity and impaired cardiorespiratory functions in female and
male mice, with a higher sensitivity of females to respiratory depres-
sion. In this study, we have uncovered a novel mechanism by which
synthetic opioids might increase respiratory depression, shedding new
light on the role of CRF4 receptors in cardiorespiratory impairments
caused by U receptor agonists. This finding increases our understand-
ing of W receptor-mediated mechanisms and may have implications

for antidotal therapies in case of overdose with synthetic opioids.
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