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Fentanyl is a key therapeutic, used in anaesthesia and pain management. It is also

increasingly used illicitly and is responsible for a large and growing number of opioid

overdose deaths, especially in North America. A number of factors have been

suggested to contribute to fentanyl's lethality, including rapid onset of action, in vivo

potency, ligand bias, induction of muscle rigidity and reduced sensitivity to reversal

by naloxone. Some of these factors can be considered to represent ‘anomalous’
pharmacological properties of fentanyl when compared with prototypical opioid

agonists such as morphine. In this review, we examine the nature of fentanyl's

‘anomalous’ properties, to determine whether there is really a pharmacological basis

to support the existence of such properties, and also discuss whether such properties

are likely to contribute to overdose deaths involving fentanyls.

LINKED ARTICLES: This article is part of a themed issue on Advances in Opioid Phar-

macology at the Time of the Opioid Epidemic. To view the other articles in this sec-

tion visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v180.7/issuetoc
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1 | INTRODUCTION

Fentanyl, a μ receptor agonist, was introduced into clinical medicine

in 1963 as a potent, relatively short-acting intravenous analgesic

agent (Stanley, 2014). Subsequently, several congeners including

alfentanil, sufentanil and remifentanil were developed for medical

use and carfentanil was introduced into veterinary practice. In human

medicine, these fentanyls are used for the treatment of intractable

and breakthough cancer pain, and to produce balanced intravenous

anaesthesia. Over the last 10 years, fentanyl and structurally related

medicinal and illicit compounds (generically referred to as ‘fentanyls’)
have become major illicit drugs, especially in North America. There

has been a dramatic rise in acute opioid overdose deaths involving

fentanyls in the United States since 2013 (Jannetto et al., 2019). Of

the 50,000 deaths in 2019 involving opioids, just over 36,000

involved fentanyls, exceeding those involving heroin or prescription

opioids such as oxycodone (National Institute on Drug Abuse, 2021).

Despite the vast scientific literature describing the varied

pharmacological properties of the fentanyls that have been

produced over the past 60 years, some important misconceptions

about how these drugs act are promulgated in both the scientific

literature and media reports. In the present review, we will concentrate

primarily on fentanyl itself and consider a number of anomalous

aspects to the pharmacology of fentanyl, considering how these may

have contributed to the misconceptions alluded to above. The term

‘anomalies’ here refers to fentanyl behaving pharmacologically in ways

that appear to be different from those observed with other widely used

μ receptor agonists such asmorphine and oxycodone (Gill et al., 2019).

Anomalous pharmacological properties of fentanyl are as follows:

• in vitro and in vivo potency does not correlate with measurements

of affinity or efficacy.

Abbreviations: cryo-EM, cryogenic electron microscopy; DAMGO, [D-Ala2,N-MePhe4,Gly-

ol5]-enkephalin; GIRK, G protein-coupled inwardly rectifying potassium channel; GRK, GPCR

kinase; MD, Molecular Dynamics; β-CNA, β-chlornaltrexamine; β-FNA, β-funaltrexamine.
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• the potential for the fentanyl molecule to orientate in various ways

within the orthosteric binding pocket of the μ receptor.

• access to the orthosteric binding pocket via a lipophilic pathway.

• potential for arrestin-biased signalling.

• lower cross-tolerance to heroin in vivo.

• induction of respiratory muscle rigidity.

• reduced sensitivity to reversal by naloxone compared with other

opioid agonists.

2 | COMPARISON OF THE AFFINITY AND
EFFICACY OF FENTANYL AND MORPHINE AT
THE μ RECEPTOR

A range of in vivo studies indicate that fentanyl is at least 50-fold and

in some cases over 100-fold more potent than morphine for inducing

μ receptor-related behavioural effects (Tables 1A and 1B) (Hill

et al., 2020; Schwienteck et al., 2019; Suzuki & El-Haddad, 2017). This

has led to the widespread assertion that fentanyl has a much higher

affinity and/or efficacy than morphine at the μ receptor. However, in

in vitro radioligand binding studies using recombinant or endogenous

μ receptors, fentanyl has been shown to have similar affinity for the

receptor as morphine (Table 1C). This is true whether assays were

performed in the absence or presence of a physiologically relevant

concentration of sodium ions. The presence of sodium ions reduces

the affinity of high efficacy agonists to a greater extent than the

affinity of lower efficacy (partial) agonists (Pert et al., 1973; Simon

et al., 1975) and although this could have confounded the comparison

of fentanyl and morphine, the fact that there was no difference in

receptor affinity in the absence or presence of sodium negates this

potential confounder. Thus, at the molecular level, the affinity of

fentanyl for the μ receptor is not markedly different from that of

morphine.

Furthermore, in the long-established [35S]GTPγS binding assay to

measure potency and efficacy for GPCR activation, fentanyl is

reported to be only slightly more potent than morphine (2.4-fold,

taken as an average of the 16 separate studies listed in Table 1D). It is

also possible, when the Emax values are lower than that of the full

agonist [D-Ala2,N-MePhe4,Gly-ol5]-enkephalin (DAMGO), to use the

comparative Emax values of lower efficacy agonists as a surrogate

measure of their relative agonist efficacies. In a number of such

studies, fentanyl was observed to have efficacy that was slightly lower

than, equal to, or slightly higher than that of morphine (Table 1D). In

our own study of agonist-induced binding of [35S]GTPγS to the μ

receptor, we observed that fentanyl was slightly more potent than

morphine. Using the operational model of Black and Leff (1983) to

calculate operational efficacy, we determined that fentanyl had higher

efficacy than morphine but less than that of DAMGO and methadone

(McPherson et al., 2010).

These data on affinity of binding, agonist potency and efficacy do

not fit with the concept that fentanyl has exceptionally high affinity

at, or high efficacy for, the μ receptor. However, these experiments

were all performed using membrane homogenates and when cell

signalling assays were carried out using intact cells, a different picture

emerged for fentanyl (Table 1E). In the case of whole-cell assays, the

difference in potency between fentanyl and morphine is larger than

for membrane or homogenate preparations. Overall, for cell-based

assays, the difference in potency between fentanyl and morphine was

marked (13.9-fold, taken as an average of the 20 studies listed in

Table 1E; c.f. 2.4-fold difference for homogenate [35S]GTPγS binding

assay). This difference was present irrespective of the nature of the

cell-based assay, be it G-protein activation, G protein-coupled

inwardly rectifying potassium channel (GIRK; Kir3.x) activation,

inhibition of cAMP accumulation or GPCR kinase (GRK) and arrestin

recruitment (Table 1E). The difference was independent of the

amplification factor in the cellular assay, being evident in assays with

low or non-existent amplification (arrestin recruitment) as well as in

assays with high amplification (inhibition of cAMP accumulation).

This increased difference in potency between fentanyl and mor-

phine in cell-based assays could potentially be explained by a relative

increase in affinity and/or efficacy for fentanyl over morphine at the μ

receptor in intact cells. Although measurements of fentanyl affinity

for the μ receptor in intact cells as opposed to membranes are rarely

performed, one study (Lambert et al., 1993) reported no difference in

TABLE 1A Comparison of fentanyl and morphine in in vitro and in vivo assay systems: Intact tissue assay

Assay Species
Fentanyl
EC50 (nM)

Morphine
EC50 (nM)

Relative potency of
fentanyl:morphine Reference

Inhibition of nerve-evoked

contractions

Guinea pig ileum 0.92 69 75-fold Kosterlitz and Leslie (1978)

TABLE 1B Comparison of fentanyl and morphine in in vitro and in vivo assay systems: In vivo assays

Assay Species
Fentanyl
ED50 (mg�kg�1)

Morphine
ED50 (mg�kg�1)

Relative potency
of fentanyl:morphine Reference

Antinociception (thermal tail flick) Rat 0.049 8.07 165-fold Schwienteck et al. (2019)

Antinociception (thermal tail flick) Mouse 0.041 2.82 68-fold Chan et al. (1995) and

Sirohi et al. (2008)

Respiratory depression Mouse 0.6 25 42-fold Hill (2019)
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binding affinity of fentanyl and morphine at the μ receptor. However,

it is possible that the suspension of SH-SY5Y cells used in that study

disrupted any possible membrane-induced concentration gradient

(see below). On the other hand, fentanyl does exhibit somewhat

higher efficacy than morphine in cell-based assays. Precise

estimations of agonist relative efficacy in cell-based assays comparing

maximum responses are confounded because fentanyl behaves as a

full agonist in most of these assays. However, in one study (Gillis,

Gondin, et al., 2020) where functional receptor number was

reduced by pretreatment of cells with the irreversible antagonist

β-chlornaltrexamine (β-CNA), the Emax values for fentanyl- and

morphine-induced activation of GIRK currents were 74% and 56%,

respectively, with DAMGO taken as 100%. In another study of

arrestin recruitment (Schmid et al., 2017), the relative Emax values for

TABLE 1C Comparison of fentanyl and morphine in in vitro and in vivo assay systems: Radioligand binding (membrane homogenates)

Species of μ
receptor (tissue)

Fentanyl

(Ki, nM)

Morphine

(Ki, nM)

Relative affinity of

fentanyl:morphine Reference

High Na+ (100–137 mM) Rat 158 250 1.6-fold McPherson et al. (2010)

Rat 157 132 0.8-fold Emmerson et al. (1996)

Guinea pig (brain) 162 177 1.1-fold Kosterlitz and Leslie (1978)

Human 2.8a 6.4a 2.2-fold Schmid et al. (2017)

Zero Na+ Human 1.6 4.0 2.6-fold Hassanien et al. (2020)

Human 0.5 0.8 1.6-fold Heusler et al. (2015)

Rat 0.135 0.252 1.9-fold Eshleman et al. (2020)

Rat 0.35 0.58 1.7-fold Torralva et al. (2020)

Rat 0.16 0.16 1.0-fold Emmerson et al. (1996)

Guinea pig (brain) 4.2 2.7 0.6-fold Kosterlitz and Leslie (1978)

aIn this study by Schmid et al., the authors state that the assay was performed in the presence of Na (100 mM), but the high affinity for both ligands (low

nM values) would indicate the absence of Na. Either way it does not matter as the ratio is close to 1.

TABLE 1D Comparison of fentanyl and morphine in in vitro and in vivo assay systems: Stimulation of [35S]GTPγS binding (membrane
homogenates)

Species of μ receptor
Fentanyl
EC50 (nM)

Morphine
EC50 (nM)

Relative potency of
fentanyl:morphine

Emax (relative efficacy)
of fentanyl:morphine
(c.f. DAMGO 100) Reference

Recombinant receptors

Human 32 150 4.7-fold 89:98 Hassanien et al. (2020)

Human 43 64 1.5-fold 80:81 Schmid et al. (2017)

Human 2.6 3.6 1.4-fold 112:111 Heusler et al. (2015)

Human 27.8 125 4.5-fold 107:90 Obeng et al. (2021)

Human Saidak et al. (2006)

Gai1 119 213 1.8-fold 69:66

GaoA 67 89 1.3-fold 72:88

Rat 21.4 26.1 1.2-fold 89:82 Eshleman et al. (2020)

Rat 18 38 2.1-fold 92:86 Torralva et al. (2020)

Rat 56.8 97.5 1.7-fold 110:94 McPherson et al. (2010)

Rat 58 73 1.3-fold 86:74 Clark et al. (2006)

Rat — 28.3 — 97:83 Emmerson et al. (1996)

Mouse 59.7 36.3 0.6-fold — Zaki et al. (2000)

Mouse 23 120 5.2-fold 110:106 Selley et al. (1997)

Native tissue (species)

SK-N-SH cells (human) 37.5 138 3.7-fold 66:73 Selley et al. (1997)

SH-SY-5Y cells (human) 15.2 26.7 1.8-fold 91:75 Traynor and Nahorski (1995)

Spinal cord (mouse) 135 407 3.0-fold 83:78 Madia et al. (2012)

Thalamus (rat) 117 434 3.7-fold 58:56 Selley et al. (1997)
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fentanyl and morphine were 60% and 24%, respectively (again

DAMGO taken as 100%). Whereas, in our own study of arrestin

recruitment (McPherson et al., 2010), the efficacy of fentanyl relative

to morphine, as calculated by operational analysis, was 2.9-fold

greater. Thus, in cell-based assays, fentanyl may exhibit slightly

greater efficacy over morphine, but this seems unlikely to be sufficient

to explain the increased potency of fentanyl relative to morphine in

this experimental setting.

A possible reason for the increased separation of fentanyl and

morphine potency in cell-based assays is that the concentration of the

highly lipophilic fentanyl in the immediate vicinity of the μ receptor

may be substantially greater than that in the medium bathing the cells

and that such a ligand-concentrating effect is less evident with the

much less lipophilic morphine. The idea that lipophilic ligands become

concentrated in the aqueous layer just above the intact cell membrane

has been demonstrated for another GPCR, the β2 adrenoceptor

(Gherbi et al., 2018), this effect was due to the presence of the cell

membrane (Figure 1). The higher lipid solubility of fentanyl compared

with morphine will mean that more fentanyl may enter the cell

membrane, thus leading to higher concentrations of fentanyl than

morphine around the μ receptor, even though the concentration of

these drugs in the general bathing medium was the same. If such a

ligand-concentrating effect was weaker or absent with membrane

fragments compared with intact cells, then this could lead to an

apparent increase in fentanyl's potency in cell-based assays. The idea

that the higher lipid solubility of fentanyl compared with morphine

could contribute to apparent anomalous effects of fentanyl is further

discussed in Section 4.

TABLE 1E Comparison of fentanyl and morphine in in vitro and in vivo assay systems: Cell-based assays

Assay

Species of

μ receptor

Fentanyl

EC50 (nM)

Morphine

EC50 (nM)

Relative potency

of fentanyl:morphine Reference

Inhibition of cAMP

accumulation

Human 0.26 5.04 19.4-fold Crowley et al. (2020)

Human 0.13 3 23.1-fold Zebala et al. (2020)

Human 10.2 209 20.5-fold Manabe et al., 2019

Human 0.54 26 48.1-fold Schmid et al. (2017)

Mouse 0.63 7.9 12.5-fold Gillis, Gondin, et al. (2020)

Mouse 2.06 4.9 2.4-fold Zaki et al. (2000)

Cell impedance Human 15.1 251 16.6-fold Manabe et al. (2019)

G-protein activation

NB33 Mouse 43.6 213.8 4.9-fold Gillis, Gondin, et al. (2020)

mGsi Mouse 22.9 114.8 5.0-fold Gillis, Gondin, et al. (2020)

Gαi2 Mouse 2.1 19.1 9.1-fold Gillis, Gondin, et al. (2020)

GIRK activation Human 1.8 23.3 12.9-fold Dasgupta et al. (2021)

Mouse 0.5 10.5 21.0-fold Gillis, Gondin, et al. (2020)

Mouse 0.5 19.9 39.8-fold Knapman et al. (2012)

GRK2 translocation Mouse 46.8 166 3.5-fold Gillis, Gondin, et al. (2020)

Arrestin translocation Human 38 380 10-fold Crowley et al. (2020)

Human 35 352 10.1-fold Zebala et al. (2020)

Human 53 372 7.1-fold Schmid et al. (2017)

Rat 210 322 1.5-fold McPherson et al. (2010)

Mouse 79.4 331 4.2-fold Gillis, Gondin, et al. (2020)

+GRK overexpression Mouse 8.3 48.9 5.9-fold Gillis, Gondin, et al. (2020)

F IGURE 1 Schematic illustrating increased local ligand

concentration in the vicinity of the cell membrane and pathways for
ligand binding to the receptor: Pathway 1—ligand entering the lipid
membrane; Pathway 2—ligand binding to the receptor via the
aqueous route; and Pathway 3—ligand diffusing into the orthosteric
binding pocket of the receptor from the lipid. Adapted from Gherbi
et al. (2018)
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It is also possible to estimate the efficacy of fentanyl relative to

that of morphine in vivo. In one study, morphine or fentanyl was micro-

injected into the periaqueductal grey of rats after treatment with dif-

ferent doses of the irreversible μ receptor antagonist β-funaltrexamine

(β-FNA) (Bobeck et al., 2012). It was found that β-FNA treatment

produced a similar degree of rightward shift of the concentration–

response curves for morphine- and fentanyl-induced analgesia,

suggesting that the two agonists have similar efficacy at endogenous μ

receptors in this experimental system. Similar effects were observed

with β-FNA treatment in pigeon drug discrimination experiments

(Barrett et al., 2003). Calculation of agonist operational efficacies in

these experiments indicated that fentanyl and morphine had similar

efficacy, whereas methadone, sufentanil and etorphine had signifi-

cantly higher efficacies. On the other hand, another study of drug

discrimination in pigeons reported fentanyl to have slightly higher

efficacy than morphine (Morgan & Picker, 1998). Estimates of agonist

efficacy for analgesia in thermal nociception in monkeys (Cornelissen

et al., 2018) and analgesia for tail flick in rats (Adams et al., 1990) also

indicated fentanyl to have slightly higher efficacy than morphine.

Finally, in a series of studies (Madia et al., 2012; Pawar et al., 2007;

Sirohi et al., 2008), operational analysis was employed to determine

the in vivo efficacy of various opioid agonists to produce antino-

ciception in mice. They calculated the efficacies (as τ values) of

fentanyl and morphine to be 58 and 39, respectively. This reflects the

ratio of efficacy values for fentanyl and morphine in [35S]GTPγS exper-

iments using membrane homogenates (Table 1D). Taken together,

these studies indicate that as observed with in vitro assays, the in vivo

efficacy of fentanyl relative to morphine is not markedly higher.

Overall, these studies indicate that the affinity of fentanyl for

the μ receptor is similar to that of morphine and that although

fentanyl's efficacy at the μ receptor is in some cases somewhat

higher than that of morphine, it is less than that of high efficacy

agonists such as DAMGO and methadone (McPherson et al., 2010).

Because methadone has higher efficacy at the μ receptor than

fentanyl, yet is not a particularly potent opioid in vivo (Schwienteck

et al., 2019), then it seems likely that factors other than efficacy

contribute to the high potency of fentanyl in cell-based assays and

in vivo. The discussion of fentanyl's agonist efficacy at the μ receptor

should not be viewed as an esoteric exercise of interest only to

some molecular pharmacologists. As we describe below, several of

the anomalous features of fentanyl's actions in vivo are readily

explained if fentanyl is considered to be a high efficacy agonist; but

is the fact that it exhibits somewhat higher efficacy than morphine

in intact cell and in vivo assays sufficient to define it as a high

efficacy agonist?

3 | FENTANYL BINDING WITHIN THE
ORTHOSTERIC BINDING POCKET OF THE μ
RECEPTOR

Atomistic molecular dynamics (MD) simulations provide high-

resolution detail on the ligand binding pose and receptor residue

interactions within the orthosteric binding pocket of GPCRs

(Latorraca et al., 2017). Such studies have confirmed the details of the

binding pose of morphinan and peptide ligands in the μ receptor

originally obtained from agonist and antagonist bound crystal

structures (Huang et al., 2015; Manglik et al., 2012) and cryogenic

electron microscopy (cryo-EM) studies (Koehl et al., 2018). So far,

there have been no structural (crystal or cryo-EM) studies for

fentanyls at the μ receptor, but a number of molecular modelling

studies have been undertaken, ranging from docking studies

(Subramanian et al., 2000) through to more recent atomistic molecular

dynamics simulations based on the published crystal structures of the

μ receptor (Lipi�nski et al., 2019). Surprisingly, such studies reveal that

in silico, fentanyl may interact with the orthosteric binding pocket of

the μ receptor in more than one way, that is, with the fentanyl ligand

positioned in different orientations in the orthosteric binding pocket.

On the other hand, there is currently no evidence that morphinan

ligands such as morphine can take up more than one general binding

pose in the μ receptor (Kapoor et al., 2017).

Fentanyls are unlike most other opioid ligands in that the proton-

ated nitrogen, which forms a key interaction with Asp1473.32 of the μ

receptor, is located in the middle of the molecule (Figure 2a). It is

probably this central nitrogen along with the elongated and flexible

structure of fentanyl that, at least in silico, allows it to adopt different

orientations in the μ receptor pocket, whilst maintaining the amine–

F IGURE 2 (a) Chemical structures of fentanyl, morphine and
naloxone. Coloured boxes around fentanyl indicate the chemical

moieties within the structure: red—N-phenylpropanamide; purple—
piperidine ring; and blue—N-phenethyl. The three predicted binding
poses of fentanyl in the μ receptor orthosteric binding pocket:
(b) phenethyl group towards inside of cell, (c) phenethyl group
towards outside of cell and (d) phenethyl towards inside of cell but in
deeper pose. In each case, the position of Asp1473.32 in
transmembrane 3 is shown in blue
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Asp1473.32 interaction. One reported fentanyl orientation is with the

phenethyl group positioned towards the intracellular side in the μ

receptor pore and the N-phenylpropanamide group extended towards

the extracellular side of the receptor (Figure 2b; Dosen-Micovic

et al., 2006; Ellis et al., 2018; Eshleman et al., 2020; Lipi�nski

et al., 2019; Subramanian et al., 2000). Another orientation is the

opposite (180� rotation), with the phenylethyl group positioned

towards the extracellular face of the pocket (Figure 2c; de Waal

et al., 2020; Huang et al., 2000; Ricarte et al., 2021). Indeed, some

studies have observed both stable poses for fentanyl (Jaro�nczyk

et al., 2017; Podlewska et al., 2020). However, either structural stud-

ies such as cryo-EM or in vitro receptor mutation studies will be

required to determine which of these poses is the one that occurs

in vivo or indeed whether both might occur. Although the idea that a

ligand can switch orientations and adopt two poses in the binding

pocket may intuitively seem unlikely given the normally high specific-

ity of ligand–GPCR interactions, the ability of a ligand to switch

between different binding orientations in the orthosteric site has

previously been suggested from in silico analysis of adenosine binding

to the adenosine A2A receptor (Sabbadin et al., 2015).

Recently, it has been observed that fentanyl can, in addition to

the poses mentioned above, adopt a deeper binding position in the

active-state μ receptor (Vo et al., 2021; Figure 2d). In this pose,

the phenethyl group extends down to the allosteric sodium site,

disruption of which may be a mechanism for μ receptor activation

(Sutcliffe et al., 2017). Whether or not these upper and lower poses

of fentanyl in the binding site reflect different stages of binding of

this ligand leading to receptor activation remains to be determined.

As yet a similar pose for fentanyl with the N-phenylpropanamide

group deep in the binding pocket has not been reported, neither

has a deep binding pose for other opioid ligands such as morphine

been reported.

In summary, the mode of binding of fentanyl (and probably all

fentanyl-related molecules) in the μ receptor orthosteric binding

pocket may be more complex than for other opioid ligands, which in

part may result from the long, flexible nature of the fentanyl molecule.

Currently, three fentanyl binding poses are evident from in silico

studies, which if correct would indeed make fentanyl anomalous

compared with other opioid agonists. Structural studies such as cryo-

EM or in vitro mutation studies will however be needed to clarify

which of these ligand orientations are relevant to fentanyl interaction

with the μ receptor in vivo.

4 | FENTANYL LIPID PATHWAY

Fentanyl has high lipid solubility compared with many other opioid

agonists (XlogP of 3.94 for fentanyl and 0.49 for morphine; https://

www.guidetopharmacology.org/). This explains the ability of fentanyl

to rapidly enter the CNS with consequent fast onset of centrally

mediated effects relative to morphine and heroin (Hill et al., 2020). In

addition, as discussed below, high lipid solubility may also be

important with regard to the molecular mode of action of fentanyl.

In the field of molecular modelling, coarse-grained molecular

dynamics simulations can be used to overcome the sampling issues of

all-atom molecular dynamics and can enable the rare event of ligand

binding to be visualized in silico. We have used coarse-grained molec-

ular dynamics simulations of membrane-embedded μ receptor to

investigate the interaction of fentanyl and morphine with the receptor

(Sutcliffe et al., 2021). These simulations showed first that fentanyl,

even in its protonated form, can penetrate the cell membrane to a

significant depth, whereas morphine does not (Figure 3). This probably

reflects the relative lipid solubilities of the two ligands. The movement

of fentanyl in and out of the membrane in the vicinity of the μ recep-

tor may increase the probability of fentanyl binding to the receptor

simply due to the availability of fentanyl immediately above the recep-

tor (Pathway 2 in Figure 1). Second, and most interestingly, following

entry into the lipid membrane surrounding the μ receptor, we

observed that fentanyl could penetrate the side of the μ receptor

through a pore between transmembranes 6 and 7 and then enter the

orthosteric pocket of the receptor (Figure 3a and Pathways 1 and 3 in

Figure 1). In comparison, we only observed morphine to enter the

orthosteric binding pocket of the μ receptor via the well-documented

aqueous route from above the receptor (Figure 3b; Dror et al., 2011;

F IGURE 3 The lipid binding pathway for
fentanyl identified by coarse-grained molecular
dynamics simulations. (a) A molecule of fentanyl

approaches and then enters the lipid membrane,
before entering the μ receptor through a pore
between transmembrane domains 6 and 7 of the
receptor and eventually entering the orthosteric
binding pocket. (b) A molecule of morphine
approaches and then enters the μ receptor from
above the receptor (the aqueous route)

802 KELLY ET AL.

 14765381, 2023, 7, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.15573 by C

ochrane M
exico, W

iley O
nline L

ibrary on [09/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=19
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=19
https://www.guidetopharmacology.org/
https://www.guidetopharmacology.org/


Schneider et al., 2015, 2016). We further employed umbrella sampling

and free energy calculations to demonstrate that fentanyl would be

able to access the binding pocket by both aqueous and lipid routes

(Sutcliffe et al., 2021). It may be that, in addition to high lipid solubil-

ity, the flexible nature of fentanyl's structure with six rotatable bonds

is an essential property that enables fentanyl to penetrate the pore

for entry into the receptor via this lipid route. However, as with the

binding orientation of fentanyl in the orthosteric binding pocket

discussed above, mutation experiments will be required to verify

that this entry route to the μ receptor via a lipid pathway does

actually occur.

The entry of fentanyl into the μ receptor from the lipid pathway

has not been shown for any other opioid receptor ligands, but the

lower resolution of the coarse-grained approach makes it highly likely

that other fentanyls such as carfentanil will behave in the same way,

whereas morphinan ligands, such as oxycodone and naloxone, with

lower lipid solubility will not. Indeed, a major reason why the lipid

route is probably not accessible to morphinan ligands is that, even if

they could pass through a pore between transmembrane domains,

they are not sufficiently lipid soluble to ever reach a high enough

concentration around the pore to enter via this route. The entry of

lipophilic ligands from the membrane through the transmembrane

domains into the orthosteric pocket has previously been suggested

for other GPCRs, for example, the endogenous cannabinoid 2-AG at

the CB2 receptor (Hurst et al., 2010), the endogenous ligand at the

sphingosine-1-phosphate receptor (S1P1; Hanson et al., 2012) and

the antagonist vorapaxar at PAR1 (Bokoch et al., 2018). The signifi-

cance of the present observation with fentanyl at the μ receptor is

that it may explain a number of other anomalous findings that are

discussed in this review. Thus, the enhanced potency of fentanyl rela-

tive to morphine in intact cells could occur because not only does the

concentration of fentanyl increase around the μ receptor as the drug

concentrates in the lipid membrane, but this high concentration of

fentanyl in the membrane also makes the drug much more likely to

enter the receptor via the transmembrane domains (Pathway 3 in

Figure 1).

Whatever the case, this unique mode of entry of fentanyl into the

μ receptor, if confirmed as a route of ligand entry to the μ receptor

in vitro or in vivo, does mark fentanyl as having a novel receptor

pharmacology, which may well contribute to other anomalous

properties of the drug discussed in this review.

5 | FENTANYL, ARRESTIN SIGNALLING
BIAS AND RESPIRATORY DEPRESSION

For GPCRs, ligand bias can be regarded as the propensity of an

agonist, relative to a reference agonist, to selectively activate one

downstream signalling pathway over another (Conibear & Kelly, 2019;

Kelly, 2013). In most cases, the signalling pathways studied with

regard to bias are those mediated by G proteins and arrestins.

With regard to fentanyl-induced cell signalling and potential bias, our

initial studies (McPherson et al., 2010; Rivero et al., 2012) did not find

fentanyl displaying bias between G protein and arrestin pathways.

More recently, it was reported that fentanyl is arrestin biased (Schmid

et al., 2017), but in that study fentanyl was reported to be arrestin

biased when G-protein activity was assessed by [35S]GTPγS binding,

yet was oppositely suggested to be G protein biased when G-protein

activity was assessed by inhibition of cAMP accumulation. Other

recent studies have concluded either that fentanyl displays the same

moderate G-protein bias as morphine relative to DAMGO (Crowley

et al., 2020) or that relative to morphine, fentanyl appeared to be

either G protein or arrestin biased depending upon the type of bias

calculation employed (Burgueño et al., 2017). In a comprehensive

study covering five different assays of G-protein activation and com-

pared with arrestin recruitment, fentanyl was found not to be arrestin

biased; rather, it was unbiased in four G-protein activation assays and

showed moderate G-protein bias in the fifth assay of GIRK activation

as a measure of G-protein activity (Gillis, Gondin, et al., 2020). Overall,

there is little evidence to support the idea of fentanyl being arrestin

biased or indeed consistently biased in any way. This is important as

the assumption that fentanyl is arrestin biased is repeated in other

studies as a basis to understand fentanyl's pharmacological effects

(e.g. de Waal et al., 2020; Mori et al., 2017). Instead, fentanyl is best

regarded as unbiased and so in this aspect is not anomalous relative

to standard agonists such as DAMGO or morphine.

Respiratory depression is the major cause of death in opioid over-

dose and results from activation of the μ receptor rather than other

opioid receptor subtypes (Matthes et al., 1998). We know this to be

true for fentanyl because depression of respiration is not observed in

μ receptor knockout mice (Hill et al., 2020; Schmid et al., 2017). The

opioid field and the development of new opioid analgesic drugs have,

in recent years, been heavily influenced by the notion that opioid

agonists acting at the μ receptor induce analgesia through G-protein

signalling and induce respiratory depression through arrestin signal-

ling. This hypothesis arose from the observation that in β-arrestin2

knockout mice, morphine analgesia was enhanced, whereas respira-

tory depression was greatly attenuated (Raehal et al., 2005). The same

group subsequently reported that fentanyl, which they suggested

showed β-arrestin2 bias over G-protein signalling (but see discussion

above), was more likely to induce respiratory suppression at lower

doses compared with morphine (Schmid et al., 2017). However, the

idea that respiratory depression by opioids such as fentanyl is medi-

ated by arrestin signalling has recently been refuted. First, three

independent research groups collaborated to show that respiratory

depression induced by morphine and fentanyl was not attenuated in

β-arrestin2 knockout mice (Kliewer et al., 2020), a direct contradiction

of the initial report cited above. Second, using mice that expressed a

mutated form of the μ receptor, in which the COOH-terminal serine

and threonine phosphorylation sites had been mutated to alanine

(11S/T-A mice), thereby preventing phosphorylation by GRKs and

arrestin binding, it was observed that both morphine and fentanyl still

depressed respiration (Kliewer et al., 2019). There is therefore now

considerable doubt about the validity of the hypothesis that respira-

tory depression by fentanyl and other μ receptor agonists results from

arrestin signalling (Gillis, Gondin, et al., 2020; see also Gillis, Kliewer,
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et al., 2020) with the evidence instead indicating that G-protein

signalling largely mediates this effect (Montandon et al., 2016).

In summary, fentanyl should not be regarded as anomalous with

regard to signalling bias as the evidence shows that it is not

consistently biased in any direction. This together with the recent

finding that β-arrestin2 does not mediate fentanyl-induced respiratory

depression therefore provides no basis on which to propose that

fentanyl is unusually effective at causing respiratory depression

because it selectively engages arrestin signalling.

6 | TOLERANCE TO FENTANYL AND
CROSS-TOLERANCE WITH OTHER OPIOIDS

On repeated or prolonged exposure to opioid agonists, tolerance may

develop whereby the response produced by the same dose declines,

to maintain the same level of response the dose must be increased

(Williams et al., 2013). The extent to which tolerance develops varies

with the pharmacological properties of the opioid drug and between

different behavioural effects. In animal models, tolerance develops

rapidly to the acute antinociceptive effect of morphine. In contrast,

although tolerance to the respiratory depressant effects of morphine

and methadone does develop, it is slower to develop than the toler-

ance to their antinociceptive effects (Hill et al., 2016). Indeed, using a

single daily dosing regimen for morphine, Paronis and Woods (1997)

failed to observe tolerance to respiratory depression in rhesus

monkeys. White and Irvine (1999) have suggested that in man,

tolerance develops more rapidly and to a greater extent to the desired

(rewarding) effects of heroin than to respiratory depression.

An important question relating to fentanyl overdose is whether

prolonged heroin use and the resulting induction of tolerance to

opioid respiratory depression provide protection to fentanyl, that is,

does heroin use induce high levels of cross-tolerance to fentanyl.

People using illicit fentanyls may do so unknowingly because the her-

oin has been cut with fentanyls or they may switch from heroin or

prescription opioids to fentanyls due to changes in the availability of

different illicit opioids. In both instances, the degree of protection

afforded by their previous opioid use will be important. Again, if toler-

ance results from a reduction in the number of functional μ receptors,

then following tolerance induced by prolonged heroin use there may

be less cross-tolerance to fentanyl because, if it is indeed a higher

efficacy agonist (but see discussion above), fentanyl would have a

greater receptor reserve and thus need to occupy fewer receptors to

produce the same level of response. Therefore the loss of some

functional receptors would impact fentanyl less. Indeed, in our study

of morphine–fentanyl cross-tolerance to respiratory depression, we

observed that prolonged morphine treatment produced a lower

level of cross-tolerance to fentanyl than to morphine itself (Hill

et al., 2020).

Numerous drug discrimination studies in non-human primates,

rodents and pigeons have demonstrated the ability of fentanyl to

substitute fully for morphine and other μ receptor agonists (Morgan &

Picker, 1996; Obeng et al., 2021; Paronis & Holtzman, 1994; Platt

et al., 2001; Walentiny et al., 2019; Walker et al., 1997). Similarly,

morphine can substitute for fentanyl in rats trained to discriminate

fentanyl (Emmett-Oglesby et al., 1988; Schwienteck et al., 2019). In

such drug discrimination studies, the potency of fentanyl has been

reported to be 40- to 200-fold higher than that of morphine, which is

similar to their relative potency to produce antinociception (Suzuki &

El-Haddad, 2017). Although in such tests repeated dosing with mor-

phine has been reported to produce cross-tolerance to fentanyl

(Emmett-Oglesby et al., 1988; Walker et al., 1997), the degree of

cross-tolerance to fentanyl may be less than the tolerance to

morphine itself (Paronis & Holtzman, 1994). Indeed, in one study,

Hughes et al. (1996) failed to observe cross-tolerance between mor-

phine and fentanyl.

Conversely, if users regularly take fentanyl, would they develop

significant levels of tolerance? Tolerance induction is a function of

dose, agonist efficacy and biological half-life, that is, it is a function

of both the extent and duration of receptor activation. To study the

influence of efficacy alone, Madia et al. (2009) and Sirohi et al. (2008)

used infusions of opioid agonists and reported that fentanyl infusion

induced less tolerance than infusions of equiactive analgesic doses of

morphine or oxycodone. A number of other studies have also

reported that following continuous infusion, higher efficacy opioids

produce less analgesia tolerance at equieffective doses than lower

efficacy agonists (Duttaroy & Yoburn, 1995; Kumar et al., 2008;

Paronis & Holtzman, 1992; Pawar et al., 2007; Sirohi et al., 2008;

Stevens & Yaksh, 1989). However, it is possible that repeated drug

administrations may induce different levels of tolerance due to the

peaks and troughs in drug levels that will occur.

Any discussion of the level of tolerance induced by fentanyl

would certainly be easier if we fully understood its agonist intrinsic

efficacy (see discussion above). In studies of antinociception, it was

observed that the efficacy of fentanyl was greater than that of mor-

phine (Madia et al., 2009; Pawar et al., 2007; Sirohi et al., 2008), but it

is unclear whether the difference is sufficient to describe fentanyl as

having ‘high’ efficacy and morphine as having ‘low’ efficacy. Differen-

tial development of tolerance between true high and low efficacy

agonists would be predicted if tolerance is a direct consequence of

receptor occupancy and subsequent loss of receptor function (desen-

sitization) as with equiactive doses of the agonists. Lower receptor

occupancy would be required for a high efficacy agonist to produce

the same response as a low efficacy agonist and thus resulting in less

receptor desensitization. Furthermore, given that in vivo the duration

of action of fentanyl is shorter than that of morphine, as fentanyl is

sequestered into fat, then if a repeated dosing protocol was used to

mimic illicit opioid use it might be predicted that not only would fewer

receptors be occupied by fentanyl but the duration of receptor occu-

pancy would also be less, further reducing the degree of tolerance

development induced by fentanyl. In behavioural tests, it has been

reported that even continuous fentanyl treatment did not produce

tolerance to its discriminative stimulus effects nor cross-tolerance to

morphine (Paronis & Holtzman, 1994). However, others have reported

that with higher doses and frequent or continuous administration of

fentanyl, tolerance to its discriminative stimulus effects and cross-
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tolerance to those of morphine can be observed (Emmett-Oglesby

et al., 1988, 1989; Walker et al., 1997).

It is possible therefore that with illicit drug use, prior intermit-

tent use of other opioid agonists such as heroin may not convey

significant tolerance to fentanyl and also that intermittent fentanyl

use by itself may not induce significant tolerance. Although

multiple molecular mechanisms have been proposed to underlie μ

receptor desensitization and the development of tolerance to

different opioid agonists (for comprehensive review, see Williams

et al., 2013), it might be expected that symmetric cross-tolerance

would be evident even if the receptor is desensitized by different

molecular mechanisms by different agonists. Further studies on

tolerance to the respiratory depressant effects of fentanyls and

cross-tolerance with other opioid agonists are definitely required as

differential tolerance represents a crucial risk factor in fentanyl

overdose deaths.

7 | MUSCLE RIGIDITY

Another anomaly of the fentanyls is their ability in humans to produce

skeletal muscle rigidity, whereas other opioids such as heroin seem to

have little propensity to produce such an effect even in overdose.

Skeletal muscle rigidity is a well-established clinical complication

of administering high intravenous doses of medicinal fentanyls

(Comstock et al., 1981; Grell et al., 1970; Jaffe & Ramsey, 1983). The

onset and degree of rigidity is directly correlated with the dose and

speed of injection (Grell et al., 1970). Although rigidity induced by

fentanyls can be observed in skeletal muscles throughout the body, it

is the glottic and supraglottic airway obstruction (Abrams et al., 1996;

Bennett et al., 1997), along with sustained contracture of the intercos-

tal muscles and diaphragm (Benthuysen et al., 1986), that produces

what is described colloquially as ‘wooden chest syndrome’ that

reduces the ability to breathe. Respiratory muscle rigidity induced by

fentanyls is reported to be reversed by the opioid antagonist,

naloxone (Ackerman et al., 1990; Çoruh et al., 2013; Dewhirst

et al., 2012; Vaughn & Bennett, 1981), but in general anaesthetic

procedures, it is normally counteracted by the administration of a

neuromuscular blocking agent and artificial ventilation in order to

retain fentanyl-induced analgesia (Comstock et al., 1981; Jaffe &

Ramsey, 1983). In overdose deaths involving illicit fentanyls, upper

airway obstruction and respiratory muscle rigidity are likely to be

significant factors (Burns et al., 2016).

In experimental animal studies, opioid-induced muscle rigidity

has been observed in both respiratory and non-respiratory muscle

groups and results from μ receptor activation in the brain, resulting in

enhanced asynchronous motor output that can be recorded either as

an increase in peripheral motor nerve activity (Willette et al., 1982)

or as an increase in electromyographic (EMG) activity (Blasco

et al., 1986; Campbell et al., 1995; Lui et al., 1989; Yang et al., 1992).

Muscle rigidity is not only produced by fentanyls, etonitazene has

also been reported to increase EMG activity (Rackam, 1980) as have

the opioid peptide agonists DAMGO and β-endorphin, but as these

peptides have low lipid solubility and do not penetrate the blood–

brain barrier, their effect on muscle stiffness is only observed when

they are injected directly into the brain (Slater & Starkie, 1987;

Vankova et al., 1996; Widdowson et al., 1986). It has been suggested

that because the fentanyls have high lipid solubility, they are more

likely to produce rigidity than other as less lipid soluble opioids, such

as morphine and heroin, as they will permeate the brain rapidly,

resulting in relatively high peak brain concentrations following

peripheral administration (Bowdle, 1998). We have used an in

situ perfused heart–brainstem preparation (Levitt et al., 2015;

Paton, 1996) to measure rat respiratory muscle EMG activity

(Pearson et al., 2005) at steady-state drug concentrations and

observed that the ability of opioids (fentanyls and non fentanyls) to

produce muscle stiffness is a function of agonist efficacy (Cavallo

et al., 2021). Thus, it is likely that all opioid agonists that have

sufficient lipid solubility to penetrate the brain will have a reasonably

high efficacy to induce rigidity.

In rodents, muscle rigidity induced by fentanyls can be blocked

by pretreatment with the α1 adrenoceptor antagonist prazosin

(Tsou et al., 1989). It has been suggested that fentanyls could bind

to and activate α1 adrenoceptors (Torralva & Janowsky, 2019).

However, fentanyl and carfentanil have micromolar affinity for

binding to α1 adrenoceptors and in functional assays, they act as

α1 adrenoceptor antagonists not as agonists (Torralva et al., 2020).

Furthermore, clinical case reports indicate that chest wall rigidity

following fentanyl administration can be reversed by naloxone

(Ackerman et al., 1990; Çoruh et al., 2013; Dewhirst et al., 2012;

Vaughn & Bennett, 1981) and in rodent studies, fentanyl-induced

muscle stiffness was reversed by microinjection of the quaternary

opioid antagonist methylnaloxonium into discrete brain regions

(Blasco et al., 1986; Weinger et al., 1991). These observations are

more compatible with fentanyl activating the μ receptor rather

than binding to α1 adrenoceptors.

Another possibility is that fentanyls activate descending norad-

renergic projections from the locus coeruleus to release

noradrenaline onto α1 adrenoceptors in the ventral horn of the

spinal cord (Fu et al., 1997; Lui et al., 1993). However, the predomi-

nant effect of μ receptor agonists on locus coeruleus neurones is

inhibitory through activation of G protein-activated inwardly

rectifying potassium channels (Pepper & Henderson, 1980; Travagli

et al., 1995; Williams et al., 1982). There have been two reports of

fentanyl exciting locus coeruleus neurones (Pan et al., 2004;

Rasmussen & Jacobs, 1985), but the effects observed were modest,

showing at most a doubling of firing frequency, and are likely to be

below the level required to produce profound muscle rigidity. There

is a need for further studies to validate the role of locus coeruleus

excitation in the respiratory muscle rigidity and airway obstruction

induced by fentanyls and other opioid agonists in rodents and of

the applicability of this phenomenon to the situation in humans. It

raises the possibility that the combination of an α1 adrenoceptor

antagonist plus an opioid antagonist might be a better antidote in

fentanyl overdose that an opioid antagonist such as naloxone alone

(Torralva & Janowsky, 2019).
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8 | NALOXONE REVERSAL

In recent years, there have been numerous reports suggesting that

more naloxone, in the form of multiple or higher doses, is required

to reverse overdoses involving fentanyls compared with overdoses

involving other opioids such as heroin (Mahonski et al., 2020;

Mayer et al., 2018; Moe et al., 2020; Moss & Carlo, 2019; Somer-

ville et al., 2017; Sutter et al., 2017). In the treatment of opioid

overdose, the antagonist, usually naloxone, is administered to coun-

teract the effect of the drug causing the overdose; that is, it is

administered after the response to the agonist has developed. This

is not the same as in pharmacological studies of antagonism

(e.g. in studies determining antagonist pA2 values) where the

antagonist is administered first and allowed to come to equilibrium

with the receptors before the agonist is administered. Below, we

focus on studies in which the antagonist is administered after the

opioid agonist.

One reason why more naloxone may be required to reverse over-

doses involving fentanyls might be that, given the high potency of

many fentanyls in vivo, it would be relatively easy to ‘over’ overdose,
that is, inject a much too high dose of a fentanyl (Rzasa Lynn &

Galinkin, 2018). To investigate naloxone sensitivity, we chose to

examine the ability of naloxone to reverse respiratory depression in

response to equiactive, sublethal doses of morphine and fentanyl (Hill

et al., 2020). By allowing the effect of both drugs to reach steady state

before administering naloxone, we also avoided any possible pharma-

cokinetic complications arising from the more rapid onset of action of

fentanyl. What we observed was that it required a 10-fold higher dose

of naloxone to reverse fentanyl than morphine (Figure 4). This finding

demonstrates that even relatively low doses of fentanyl exhibit

reduced sensitivity to reversal by naloxone. This lower sensitivity to

naloxone was not due to fentanyl acting on other, less naloxone-

sensitive, opioid receptor types (i.e. the δ receptor or the κ receptor)

to depress respiration as fentanyl did not depress respiration in μ

receptor knockout mice. Interestingly, the lipophilic opioid antagonist,

diprenorphine (Revivon®), was equieffective in reversing fentanyl and

morphine depression of respiration (Hill et al., 2020). These observa-

tions suggest that there may be a non-equilibrium interaction

between naloxone and fentanyl at the μ receptor as, under equilibrium

conditions, naloxone, a competitive antagonist, should reverse both

agonists equally irrespective of their affinity and efficacy at the

receptor. Indeed, a similar ability of competitive μ receptor antago-

nists to antagonize morphine and fentanyl has been observed in

studies of various opioid responses where the antagonist is adminis-

tered first and pA2 values determined (Negus, Burke, et al., 1993; Pitts

et al., 1996; Walker et al., 1994). The irreversible μ receptor

antagonist, methocinnamox, has been observed to prevent respiratory

depression and antinociception induced by fentanyl in rats (Gerak

et al., 2019). It remains to be determined whether, when administered

after the opioid agonist, methocinnamox shows differential

antagonism between heroin/morphine and fentanyl.

It has also been suggested that muscle rigidity is not reversed

by naloxone (Davis & Behm, 2020), but of the references cited in

that review to support that view, none studied the effects of

naloxone; rather, they examined the possible involvement of

noradrenergic mechanisms, which may in fact be downstream of μ

receptor activation by fentanyls (see above). There is in fact good

evidence for opioid antagonists, when administered in adequate

F IGURE 4 A higher concentration of naloxone is required to
reverse respiratory depression by fentanyl than by morphine. Data are
from Hill et al. (2020) in which respiration was monitored in freely

moving mice by plethysmography and drugs injected intraperitoneally
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doses, being able to reverse muscle rigidity induced by fentanyls in

animal studies (Blasco et al., 1986; Negus, Pasternak, et al., 1993;

Weinger et al., 1991, 1995; Weinger & Taurek, 1990; Wilcox &

Levitt, 1978) and wooden chest syndrome in humans (Ackerman

et al., 1990; Çoruh et al., 2013; Dewhirst et al., 2012; Vaughn &

Bennett, 1981). Indeed, Negus, Pasternak, et al. (1993) reported

that fentanyl-induced antinociception and muscle rigidity were

equally reversed by naloxone. The effect of naloxone on upper air-

way obstruction by fentanyls does however still need to be

determined.

9 | CONCLUSIONS

Does fentanyl exhibit anomalous pharmacological properties? Do such

properties contribute to overdose deaths due to fentanyl? The aim of

this review was to examine the pharmacological evidence concerning

these questions and we suggest that on balance, the answer to both

questions is ‘yes’. An important property of fentanyl that is likely to

contribute to what might be regarded as anomalous behaviour is its

high lipid solubility. This physicochemical property, apart from causing

the very rapid movement of fentanyl into the brain from the periph-

ery, may underlie some of the anomalous properties discussed here.

Further experimentation is however now required to verify this. In the

longer term, it is hoped that such studies will facilitate new

approaches that will significantly reduce the risk of death from the

illicit use of fentanyl.

9.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked

to corresponding entries in the IUPHAR/BPS Guide to

PHARMACOLOGY http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2019/20 (Alexander et al., 2019).
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