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Abstract

Opioids are widely used in chronic pain management, despite major concerns about their risk of adverse events, particularly
abuse, misuse, and respiratory depression from overdose. Multi-mechanistic opioids, such as tapentadol and buprenorphine,
have been widely studied as a valid alternative to traditional opioids for their safer profile. Special interest was focused on
the role of the nociceptin opioid peptide (NOP) receptor in terms of analgesia and improved tolerability. Nociceptin opioid
peptide receptor agonists were shown to reinforce the antinociceptive effect of mu opioid receptor (MOR) agonists and modu-
late some of their adverse effects. Therefore, multi-mechanistic opioids involving both MOR and NOP receptor activation
became a major field of pharmaceutical and clinical investigations. Buprenorphine was re-discovered in a new perspective, as
an atypical analgesic and as a substitution therapy for opioid use disorders; and buprenorphine derivatives have been tested
in animal models of nociceptive and neuropathic pain. Similarly, cebranopadol, a full MOR/NOP receptor agonist, has been
clinically evaluated for its potent analgesic efficacy and better tolerability profile, compared with traditional opioids. This
review overviews pharmacological mechanisms of the NOP receptor system, including its role in pain management and in the
development of opioid tolerance. Clinical data on buprenorphine suggest its role as a safer alternative to traditional opioids,
particularly in patients with non-cancer pain; while data on cebranopadol still require phase III study results to approve its
introduction on the market. Other bifunctional MOR/NOP receptor ligands, such as BU08028, BU10038, and AT-121, are
currently under pharmacological investigations and could represent promising analgesic agents for the future.

Flaminia Coluzzi and Laura Rullo have contributed equally to this
work.

1 Introduction

Chronic pain is defined as pain that lasts or recurs for longer
than 3 months and that persists beyond normal healing time,
hence lacks the acute warning function of physiological
nociception [1]. This pathological condition affects about
30% of people worldwide [2] and although mortality rates
are highest for other pathologies, it represents one of the
main sources of human suffering and disability that pro-
foundly impacts patients’ quality of life.

Even though therapeutic schemes should be mechanism
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based and tailored for each patient, opioids still represent
one of the main choices for moderate-to-severe pain, in both
patients with cancer [3] and non-cancer patients [4]. How-
ever, chronic opioid use is often linked to a series of adverse
effects, of which the most common is opioid-induced bowel
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Multi-mechanistic opioids involving both mu opioid
receptor (MOR) and nociceptin opioid peptide (NOP)
receptor activation currently represent a major field of
pharmaceutical and clinical investigations because the
activity on the NOP receptor may reinforce the antino-
ciceptive effect of MOR agonists and modulate some of
their adverse effects.

Buprenorphine has been recently rediscovered as an
“atypical analgesic” for its activity on all the opioid
receptors (MOR, delta opioid receptor, kappa opioid
receptor, and NOP) and as an alternative to methadone
for the treatment of opioid use disorders, in many differ-
ent innovative formulations.

Cebranopadol and other bifunctional MOR/NOP recep-
tor ligands, such as BU08028, BU10038, and AT-121,
are currently under investigations as promising analgesic
agents for the management of acute and chronic pain
syndromes.

dysfunction, which comprises a wide range of signs and
symptoms, for example, nausea, vomiting, and opioid-
induced constipation [5]. In the last few years, major con-
cerns emerged from other emerging opioid-related side
effects, particularly the risk of dependence, abuse, and mis-
use. The current opioid epidemic, faced by the US, repre-
sents a limiting factor, which strongly impacts opioid pre-
scriptions even in other countries [6]. Several causes are
responsible for the opioid crisis outcome including their
misuse and/or abuse, as well as social and economic condi-
tions [7].

Moreover, continuous activation of opioid receptors,
owing to the prolonged opioid administration, results in the
paradoxical enhancement of pain sensitivity and induces
a series of molecular adaptive changes, which seem to be
responsible of the decrease of the drug’s effects over time
(tolerance). Opioid-induced hyperalgesia and tolerance to
the analgesic effect may impair the clinical effect of long-
term opioid therapy, leading to the reduction/cessation of
opioid administration or to an increase in the opioid dosage
in order to maintain adequate analgesia [8].

These dose-limiting adverse effects of traditional opioids
are mainly related to p-opioid receptor (MOR) activation
(respiratory depression, itching, gastrointestinal side effects,
physical dependence, and abuse liability), which is also the
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main mechanism by which opioids provide analgesia. There-
fore, the pharmaceutical research has been focused in the
last few years in the identification of innovative analgesics,
characterized by similar potency and efficacy compared to
the common opioid agonists (i.e., morphine, oxycodone,
fentanyl), but with a better tolerability profile (fewer side
effects and abuse liability).

Current therapeutic strategies include the use of multi-
mechanistic opioids, which are a class of molecules acting
through distinct mechanisms. Tapentadol represents one of
these drugs, as the first in class of a family of analgesics,
named the MOR agonist and norepinephrine reuptake inhibi-
tors, known as the MOR/norepinephrine reuptake inhibitors.
Given its dual mechanism of action, tapentadol showed a
good safety and tolerability profile compared to “classical”
MOR agonists, especially for gastrointestinal side effects [9],
providing better clinical outcomes at lower costs [10]. The
norepinephrine reuptake inhibitor activity is responsible for
enhancing inhibitory descending pathways, which play a key
role in the maladaptive neuronal plasticity [11]. In addition,
the lack of activity on the serotonin pathway ensures a safer
profile, reducing the risk of nausea, vomiting, hypoglycemia,
and serotonin syndrome, when compared with other drugs
acting on both inhibitory descending neurotransmitters, such
as tramadol [12]. Tapentadol has been considered an “atypi-
cal” opioid because of its ability as a strong analgesic, with-
out being a strong opioid. Its activity on MOR is, indeed,
50-fold lower than morphine; however, in clinical trials, its
effect was comparable to that of oxycodone [13]. This evi-
dence led to the hypothesis that dual mechanistic opioids,
through a lower activity on MOR, could be also evaluated
for their potential in combating opioid misuse [14].

Methadone has also a unique multi-mechanistic pharma-
cological profile, as it is a potent agonist at the MOR and
delta opioid receptor (DOR), but it has also been assumed to
be a potent inhibitor of the N-methyl-D-aspartate (NMDA)
receptor. This dual mechanism of action makes this drug
interesting for treating severe chronic pain syndromes char-
acterized by hyperalgesic states, such as in patients with can-
cer pain, in the context of opioid rotation, when other drugs
lose their efficacy [15]. However, recent evidence showed
that, at therapeutic doses, and by analyzing in vitro activities
on different receptors, methadone is unlikely to have interac-
tions with the NMDA receptors, which could play a role in
analgesia. Its profile seems, indeed, to be closer to that of
tramadol, in terms of serotonin reuptake inhibition. Based
on these observations, ketamine could be considered a good
adjuvant during methadone treatment, while antidepressants
should be avoided for reducing the risk of serotonin syn-
drome [16]. The good oral bioavailability, the long half-life,
the lack of active metabolites, and the low tolerance poten-
tial makes methadone suitable for the treatment of heroin
and other opioid dependencies [17]. However, because of
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its long half-life and the potential risk of respiratory depres-
sion, closer medical monitoring is needed compared with
other drugs, such as buprenorphine. Moreover, because of
the inhibitory activity on the cardiac ion channel KCNH2,
methadone may induce prolongation of the QT interval and
torsades de pointes; therefore, it requires routine electrocar-
diogram monitoring [18].

Similarly, levorphanol displays multiple mechanisms of
action: it shows strong affinity for the opioid receptors, acts
as a noncompetitive NMDA antagonist, and, finally, inhibits
serotonin and noradrenaline reuptake. Similarly to metha-
done, plasma concentrations needed for obtaining serotonin
reuptake inhibition are significantly lower compared with
that required for NMDA antagonism [16]. However, prob-
ably because of the poor clinical experience on this drug,
serotonin syndrome has been never described with levor-
phanol. This molecule displays a number of advantages over
other opioids, such as the reduced risk of tolerance, the lack
of interaction with the cytochrome P450 system and, con-
versely to methadone, it does not induce QTc prolongation
[19].

Recently, the simultaneous multiple opioid receptor
(MOR, DOR or 6, kappa opioid receptor [KOR] or x, and
nociceptin-opioid receptor [NOP]) activation has been pro-
posed to reduce the excessive MOR overstimulation and its
related side effects. This strategy led to the development
of several mixed opioid receptor agonist and mixed ago-
nist—antagonist ligands capable of carrying out MOR-KOR
agonism, MOR—-NOP receptor agonism, MOP-DOR dual
agonism, MOR agonism—DOR antagonism, and KOR-DOR
agonism [20].

In this frame, particular attention has been once again
addressed to buprenorphine because of its unique pharmaco-
logical properties, mainly owing to its ability to interact with
all four opioid receptors. Indeed, as reported by several stud-
ies, this atypical opioid compound appears able to induce a
potent analgesia and to reduce the intensity of several classi-
cal opioid-related side effects, such as respiratory depression
and abuse liability [21].

As there is a growing evidence that NOP receptor ago-
nists could reinforce the antinociceptive effect of MOR ago-
nists and modulate some of their adverse effects [22], the
aim of this review was to elucidate how current and future
multi-mechanistic approaches, involving both MOR and
NOP receptor activation, could be useful to ensure effective
and safe pain management.

2 Endogenous Opioid System

The endogenous opioid system consists of four main
families of opioid ligands represented by fB-endorphins,
enkephalins, dynorphins, and nociceptin/orphanin FQ (N/

OFQ) and comprises four seven-transmembrane G protein-
coupled receptors, which are MOR, DOR, KOR, and NOP
[23-25]. These opioid neuropeptides and their correspond-
ing receptors are widely distributed across the neuraxis, and,
in particular, in pain pathways [23]. Additionally, evidence
showed that they also participate in the control of many
different functions, such as stress responses, depression,
anxiety, reward/aversion behavioral response, gastrointes-
tinal transit, and the neuroendocrine and immune functions
[26-28]. Upon agonist activation, either endogenous or
exogenous, the inhibitory G proteins (Gai—Gao) dissociate
and subsequently engage a variety of effectors that induce
neuronal depression [24], through the inhibition of adenylate
cyclase and ion channel modulation [29, 30]. The opioid
receptor activation leads to a reduction in neurotransmitter
release and membrane hyperpolarization [31, 32]. In addi-
tion, the G-protein-mediated signal, opioid receptor agonists
also result in arrestin effector recruitment, which might play
a key role in the balance between therapeutic and adverse
effects of opioids [33, 34].

2.1 N/OFQ-NOP Receptor System

In 1994, after the discovery of MOR, KOR, and DOR opioid
receptors, a fourth receptor has been identified [35], and it
has been called opioid receptor-like 1 until its endogenous
ligand, the heptadecapeptide N/OFQ was identified in 1995
(“FQ” refers to its first and last amino acid residues, F [Phe]
and Q [GIn]) [36, 37]. Thereafter, opioid receptor-like 1 has
been renamed NOP receptor. Despite the fact that NOP owns
a 63-65% structural homology with MOR, classical opioid
ligands seem to be unable to bind or activate this orphan
receptor at a low concentration [38].

Via Gi/o protein coupling, NOP receptor inhibits ade-
nylate cyclase, hence reducing cAMP accumulation,
increases inwardly rectifying K+ channel conductance,
and, via coupling to Pertussis toxin-sensitive Gi/o proteins,
it closes Cav2.2 N-type channels, thus blocking calcium
ions entrance in the presynaptic neuron. The effects on K*
and Ca?* conductance may depend on signal transducer and
activator of transcription 3 pathway modulation. After cou-
pling to Gi proteins, the By-subunit is free to regulate phos-
phatidylinositol 3-kinase and Src-kinase pathways. More-
over, NOP receptor is able to activate PLC, PLA2, PKC,
ERK1/2, JNK (c-Jun N-terminal kinase), p38 MAPK, and
NF-Kb pathways. When phosphorylated by G protein-cou-
pled receptor kinase 3, NOP receptor participates in recep-
tor desensitization, arrestin recruitment, internalization, and
arrestin-dependent JNK-ROCK (Rho-associated coiled-coil-
containing protein kinase) signaling (Fig. 1). Unlike MOR,
this receptor can also couple to Pertussis toxin-insensitive
G-proteins, Gz, Gs, and G16. All these pathways eventually
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lead to reduced neuronal excitability and neurotransmitter
release, especially dopamine, noradrenaline, serotonin, ace-
tylcholine, and glutamate [39, 40].

The N/OFQ and NOP receptors are widely expressed both
in the central and peripheral nervous systems, as well as in
peripheral organs (e.g., heart, intestines) and the immune
system (e.g., macrophages, lymphocytes) of rodents, non-
human primates (NHPs), and humans. Given their distribu-
tion, N/OFQ and NOP receptors contribute to the regula-
tion of different functions such as memory, emotion, reward,
motor function, and sensory processing [22]. Moreover,
this system seems to be also able to regulate respiratory
functions and cough reflex, urinary bladder function, and
micturition reflex, in addition to renal and cardiovascular
functions, with special regard to sympathetic and parasym-
pathetic regulation [40-42].

2.1.1 Role of N/OFQ-NOP Receptor System in Pain

Considering that NOP receptors are highly distributed in the
brain, spinal cord, and dorsal root ganglia, there is growing
evidence that suggests the involvement of this system in pain
modulation [43]. However, NOP receptor agonist effects can
be different according to the dose, the site of action, the
animal species, and the experimental pain modalities [41,
43, 44]. Furthermore, these drugs showed different effects in
nociceptive pain and in neuropathic pain, where they seem
to be more effective than traditional opioids [41].

Spinal NOP receptor activation produces anti-hyperalge-
sic and anti-allodynic effects in different animal models of

Adenylate
Cyclase

[ ERK 1/2 ][ JNK ]

[ p38MAPK ] [ NF-Kb ]

Fig.1 Via Gi/o proteins coupling, NOP receptor inhibits adenylate
cyclase, hence reducing intracellular cAMP, increases inwardly rec-
tifying K+ channels conductance, and closes Cav2.2 N-type chan-
nels. The p-y-subunit regulates phosphatidylinositol 3-Kinase (PI3K)
and Src-kinase pathways. Moreover, NOP receptor activates ERK1/2,
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chronic pain [43]. Indeed, the intrathecal N/OFQ administra-
tion inhibited thermal hyperalgesia in rat models of inflam-
matory chronic pain induced by carrageenan or complete
Freund’s adjuvant [46, 47] and similar effects were observed
in neuropathic pain models caused by chronic constriction
injury (CCI) or spinal nerve ligation [47].

As studies in different chronic pain models reported either
an increase or a decrease of NOP receptor at spinal cord and
dorsal root ganglia levels [48, 49], the mechanism of NOP
receptor agonist efficacy in chronic pain is somehow dif-
ficult to explain and may be dependent on specific cellular
alterations involved in the development of this pathological
condition [38]. Alterations of the N/OFQ-NOP receptor sys-
tem caused by painful conditions have been also reported at
the supraspinal level [42, 50] and, results about NOP recep-
tor agonist effects at the supraspinal level appear to depend
on the pain modalities. In fact, pronociceptive effects have
been reported after N/OFQ-NOP receptor system activa-
tion in rodent inflammatory pain models [38, 51], while, in
CCl-lesioned rats, both agonists (GRT-TA2210, Ro65-6570)
and antagonists (UFP-101) of NOP receptor appear able to
attenuate tactile allodynia [52, 53]. The effects of systemic
administration of NOP receptor agonists could rely on the
relative activation of peripheral, spinal, and supraspinal
receptors. For instance, Ro64-6198 (NOP receptor agonist)
does not increase tail flick latencies in rodent models of
acute pain [40, 54]. On the contrary, systemic administration
of GRT-TA2210 and Ro65-6570 decreases chronic inflam-
matory pain in rats [55], thus supporting the potential anal-
gesic effects of systemic NOP receptor agonists in chronic
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JNK (c-Jun N-terminal kinase), p38 MAPK, and NF-Kb path-
ways. When phosphorylated by G protein-coupled receptor kinase 3
(GRK3), NOP receptor participates in arrestin-dependent INK-ROCK
(Rho-associated coiled-coil-containing protein kinase) signaling
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pain. The potential usefulness of these molecules is sup-
ported by findings in monkeys indicating that NOP receptor
agonists generally produce analgesic effects across different
non-human primate models, comprising acute, inflamma-
tory, and capsaicin-induced pain. Interestingly, and differ-
ently from what observed in rodents, the analgesic effect of
NOP agonists is independent of the route of administration
[43, 56] in NHPs.

2.1.2 Role of N/OFQ-NOP Receptor System in Opioid
Tolerance

In addition to the above-mentioned function of N/OFQ-NOP
receptor system in chronic pain, a role of this system has
been also proposed in the development of opioid-induced
tolerance. Indeed, it has been demonstrated that tolerance
to morphine was reduced in NOP receptor knockout mice
[57]. In addition, the upregulation of NOP receptor mRNA
in the spinal cord reported after long-term morphine treat-
ment seems to be reduced by a subcutaneous or intrathe-
cal administration of the NOP receptor antagonists, such
as SB-612111 or J-113397. These results suggest that the
appearance of morphine-induced tolerance could be related
to an upregulation of the NOP system [57, 58]. Moreover,
there is evidence that the intracerebroventricular adminis-
tration of N/OFQ after daily systemic morphine treatment
counteracts the development of tolerance [59]. However,
the presence of conflicting data highlights the need for bet-
ter clarification of the effects of NOP receptor agonists or
antagonists in attenuating opioid tolerance.

3 Current Multi-mechanistic (MOR/NOP)
Opioids

3.1 Buprenorphine

Buprenorphine is an oripavine derivative mainly used in
clinical practice for pain management. However, in the last
20 years, this analgesic drug has also been used for the treat-
ment of opioid dependence.

Buprenorphine is an atypical opioid generally clas-
sified as a partial agonist. The therapeutic effects of this
molecule are mediated through the interaction with all the
opioid receptors (MOR, DOR, KOR, and NOP). In particu-
lar, buprenorphine mainly acts as a MOR partial agonist
endowed with a very high binding affinity but low efficacy.
Unlike classical opioids, it shows a multi-mechanistic effect
on the other receptors, as it also acts as an antagonist with a
high binding affinity at the DOR and KOR and as an agonist
with lower binding affinity for NOP receptor [21, 60]. Fur-
thermore, the involvement of the truncated 6 transmembrane
MOR-1 variant activation has been shown for buprenorphine

actions [61]. Even though this molecule induces a lower total
G-protein signaling activation, when compared to full MOR
agonists, it has been demonstrated that it is able to provide a
sufficient analgesic efficacy and, at the same time, to reduce
opioid-related side effects (i.e., respiratory depression, eupho-
ria, and abuse liability) [62]. Indeed, in moderate-to-severe
post-operative pain and cancer pain, this molecule has been
shown to have an analgesic efficacy comparable to that of
morphine, oxycodone, and fentanyl [63]. While the pharma-
cological effects result from partial MOR agonism, the reduced
side effects associated with buprenorphine treatment could be
related to its ability to interact with DOR, KOR, and NOP
receptors [64]. However, it is also interesting to point out that
recent studies conducted by a rich panel of in vitro assays
highlighted that the buprenorphine profile is closer to recently
developed Gi-biased drugs (e.g., TRV 130 and PZM21) than
morphine or fentanyl [65]. The partial MOR agonism, the slow
dissociation from receptors, and the low potential for physical
dependence made buprenorphine much more interesting as a
potential candidate for the management of opioid use disorder
(OUD), for which it received indication, in 2002, by the US
Food and Drug Administration [66].

Buprenorphine is a highly lipophilic molecule, making
it suited for sublingual (SL), transdermal (TD), and buccal
formulations. Currently, two different formulations are avail-
able for the treatment of chronic pain: TD patches and buccal
films. Transdermal and buccal formulations overcome the
hepatic “first-pass” effect, hence increasing bioavailability
and maintaining stable steady-state plasma concentrations.
These two formulations have been approved for around-the-
clock management of severe chronic pain requiring up to
160 mg/day of morphine milligram equivalents [64, 67].

Transdermal patches are available in two formulations:
5-20 mcg/h with a 1-week duration of effect and 35-70
mcg/h with up to 4 days duration of effect. These formula-
tions have been approved for the treatment of chronic pain,
but their availability may vary among different countries.
Transdermal buprenorphine is applied on the deltoid region
or the upper chest, with sites of application to be rotated in
order to avoid cutaneous reactions, for example, rash, ery-
thema, and pruritus [64, 67]

Buccal films of buprenorphine (Belbuca®) have been
approved in the US for the treatment of severe chronic pain,
and are available as 75-900 mcg per film. Starting doses
range from 75 mcg to 300 mcg in a daily/12-h application.
Treatment should be individualized by titration up to 1800
mcg daily. In clinical trials, doses were titrated every 4—8
days, reaching a mean effective dose between 450 and 900
mcg in an average of 24.5 days. Buccal films have a higher
bioavailability than the SL formulations, as their back layer
enhances the release of the drug into the buccal mucosa
in a unidirectional manner, with less medication lost in the
buccal cavity [68].
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Higher dosages of buprenorphine are recommended when
treating patients with OUD with a range from 2 mg up to
24 mg [69]. Innovative formulations have been specifically
studied for the treatment of OUD. Sublingual tablets are
available containing either buprenorphine alone (Subutex®)
or combining buprenorphine and naloxone at the 4:1 ratio
(Zubsolv® and generics). Naloxone is incorporated in trans-
mucosal buprenorphine products, in order to decrease mis-
use of these formulations. Combinations of buprenorphine
and naloxone are also available as sublingual films (ratio
4:1 buprenorphine and naloxone) [Suboxone®] and buc-
cal films (Bunavail®). Novel buprenorphine products with
unique delivery systems have been recently introduced in the
market. Two long-acting formulations are currently avail-
able: a subdermal implant of buprenorphine with a 6-month
duration of action (Probuphine®, Sixmo®), and a monthly
subcutaneous injectable formulation (Sublocade®) [70].

The bioavailability of buprenorphine, after sublin-
gual tablet absorption, is nearly 50%, while naloxone has
extremely poor bioavailability. Therefore, the net effect of
buprenorphine/naloxone association is given by buprenor-
phine, whereas naloxone is mainly not active. However,
in the case of misuse, if the product is crushed and then
injected, both buprenorphine and naloxone become active.
Intravenous naloxone will displace buprenorphine, leading
to an uncomfortable mild-to-moderate withdrawal reaction
lasting from 60 to 90 min (Fig. 2). This mechanism makes
this association unappealing for misuse. Therefore, the cur-
rent recommendations suggest using combination tablets for
most of the patients.

Considering the safety profile of this molecule and its
analgesic properties, buprenorphine could be considered a

Fig.2 Bioavailability of
buprenorphine, after sublingual
tablet absorption, is nearly
50%, while the naloxone has
extremely poor bioavailability.
However, in the case of misuse,
if the product is crushed and
then injected, both buprenor-
phine and naloxone become
active, leading to an uncom-
fortable mild-to-moderate
withdrawal reaction

MISUSE

Crushed and injected
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valid option for the treatment of chronic pain. Transdermal
buprenorphine has been found to be effective in chronic
painful conditions, such as osteoarthritis, musculoskel-
etal, and chronic low back pain [67, 68], where it can be
considered as a first choice, in particular at the lower avail-
able doses. In patients with non-opioid-naive cancer, TD
buprenorphine was shown to be superior to placebo and not
significantly inferior in pain reduction and quality-of-life
improvement, when compared to oral oxycodone, oral mor-
phine, and TD fentanyl [71]. Guidelines on cancer-related
pain, indeed, recognize a role for buprenorphine among TD
formulations, only as an alternative option to oral opioids,
for patients unable to swallow or when oral administration
is not possible, for instance, in the case of nausea and vomit-
ing, or for head, neck, and gastrointestinal cancer [3, 72].

Nonetheless, buprenorphine is overall well tolerated and
safe when compared to classical MOR agonists, given its
peculiar pharmacodynamics. Its slow dissociation from opi-
oid receptors allows longer analgesia when compared with
other MOR agonists, with reduced opioid-induced hyperal-
gesia [64, 73]. Pharmacodynamics of buprenorphine may
also be accountable for its potential role in drug-resistant
depression [74] and neuropathic pain, both in patients with
cancer [71] and non-cancer patients [67].

Chronic pain management may be complicated by con-
comitant OUD. Stigma on this condition is still present
among physicians and the level of knowledge on therapeu-
tic options, including buprenorphine, may be inadequate, at
least among “first prescribers”, with the consequent reluc-
tance in prescribing buprenorphine [73, 75]. Buprenor-
phine, particularly in its TD formulation, may represent a
valid option for patients with OUD with chronic pain, even

SUBLINGUAL TABLETS

BUPRENORPHINE - bioavailability 50%

NALOXONE - not well absorbed

BUPRENORPHINE - ACTIVE .
Withdrawal

NALOXONE - ACTIVE reaction
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though evidence on its long-term efficacy and safety is still
poor and higher doses may be required. In this regard, pre-
clinical studies pointed out both positive and negative long-
term consequences, depending on buprenorphine dose and
route of administration [76]. Randomized controlled trials
in patients with OUD receiving buprenorphine treatment for
chronic pain are warranted [77].

The hormonal and immunological impact of buprenor-
phine is scant when compared to classical MOR agonists
[78]. Buprenorphine does not affect testosterone levels
in rats; however, the long-term effects on the hypotha-
lamic—pituitary—gonadal axis is still poorly investigated in
the clinical setting [79]. Opioid-induced androgen deficiency
can negatively affect quality of life, in terms of pain relief,
sexual function, and mood. Tapentadol and buprenorphine,
because of their lower activity on MOR, when compared
with traditional opioids showed a lower effect on the devel-
opment of hypogonadotropic hypogonadism [80].

Buprenorphine is mainly metabolized by the liver, there-
fore it is safe in patients with renal impairment [81], even
when the glomerular filtration rate is lower than 30 mL/
min and in patients with end-stage renal disease, undergo-
ing hemodialysis, where pain is very common and often
under-treated [82]. Buprenorphine is particularly suitable for
elderly patients [83], as its metabolism remains quite stable
with age and the possibility of drug—drug interactions with
other drugs prescribed for comorbidities is lower than clas-
sical opioids [84]. In the case of severe hepatic failure, bio-
availability of buprenorphine may be higher [67]. Cautions
about buprenorphine may concern QT prolongation; how-
ever, the risk of arrhythmias is dose dependent (especially at
therapeutic doses of 40—80 mcg/h), significantly lower than
that of methadone, and probably reliable on concomitant
use of other QT-prolonging drugs, such as macrolides, fluo-
roquinolones, tricyclic antidepressants, selective serotonin
receptor antagonists, and antipsychotics. In this regard, it
has been highlighted that, differently from methadone, the
mechanism of QT prolongation by buprenorphine cannot be
explained by a direct hERG channel block [85]. The safety
of buprenorphine has been also reported in pregnant women,
for OUD management [84]. However, some caution is sug-
gested by either clinical [86] and preclinical studies [87,
88], indicating the development of neurological deficits after
perinatal exposure to buprenorphine.

Buprenorphine is also suitable for acute and periopera-
tive pain management, where opioids continue to be the
cornerstone of severe acute pain, particularly in combined
analgesic regimens [89, 90]. In buprenorphine users, anes-
thesiologists may decide to continue TD buprenorphine sup-
ply. However, they should be aware that in patients taking
high buprenorphine doses (> 24 mg day) the administration

of full MOR agonists may be ineffective. If possible, as in
the case of elective surgery, buprenorphine dosage should
be gradually reduced in order to use “rescue” full MOR ago-
nists with full effectiveness [8, 91, 92].

Sublingual buprenorphine was also assessed in the perio-
perative setting [93]. Sublingual buprenorphine has a 60-min
time to reach the maximum plasma concentration, a 11.2 h
half-life, and a 35% bioavailability, and is actually approved
for opioid withdrawal, but not for chronic pain management
[84]. Nonetheless, it was found to be effective in chronic
painful conditions [64]. In addition to the currently avail-
able SL tablets, a new SL buprenorphine wafer was recently
developed and showed an higher bioavailability of about
45.4% and a reduced time to reach the maximum plasma
concentration compared with other SL formulations [94].

In conclusion, buprenorphine, as an atypical opioid,
shows many advantages in clinical practice, and the potential
for non-medical use is relatively low compared with other
opioid agents, which places buprenorphine in a unique role
in the global chronic pain epidemic. However, surprisingly,
its use is still limited by the lack of reimbursement by many
payers, driving physicians to prescribe generic versions of
the riskier Schedule II oral opioids, such as oxycodone and
morphine [62].

3.2 Cebranopadol

Cebranopadol was discovered in 2014 and it represents
a novel mixed NOP and opioid receptor agonist. More
precisely, the order of potency NOP ~ MOR > DOR >
KOR has been reported by calcium mobilization studies
[95]. In vitro studies revealed that this molecule shows high
affinities for MOR and NOP receptors and partial agonist
efficacy for KOR [96].

As reported by several studies, cebranopadol is able to
produce potent and efficacious antinociceptive, antihyper-
algesic, and antiallodynic effects after local/peripheral,
spinal, and supraspinal administration, in different models
of chronic pain in rodents [97]. In contrast to traditional
opioids, cebranopadol showed a potent analgesia even in
neuropathic pain models, such as in streptozotocin-treated
diabetic rats and in the CCI model [98]. Cebranopadol-
induced analgesia was reversed by both selective MOR and
NOP receptor antagonists, naloxone and J-113397, respec-
tively, thus demonstrating that the activity of this molecule
is strongly related to the coactivation of MOR and NOP
receptors [41, 99, 100]. In addition to being 100-fold more
potent and longer lasting when compared with morphine
[101], cebranopadol also shows a more tolerable profile
in terms of opioid-induced side effects. Indeed, in healthy
volunteers, the potency of oral cebranopadol for respiratory
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depression was shown to be three times that for analgesia,
and the blood-effect-site equilibration half-life for respira-
tory depression was 1.2h, compared with 8.1 h for analge-
sia [102]. These results confirmed the hypothesis that NOP
receptor activation may reduce MOR-induced respiratory
depression, and bifunctional combined NOP/MOR agonists
may represent a valid and safer alternative for the future of
analgesia.

Cebranopadol was also associated with delayed toler-
ance development (26 days) when compared with an equi-
analgesic dose of morphine (11 days), in the CCI model,
and negligible motor impairment [103]. Cebranopadol has
a relatively low oral bioavailability (13-23%) and reaches
maximum plasma concentrations after 4-6 h, with a long
half-value duration of 1415 h, which made the development
of an extended-release formulation unnecessary, as the cur-
rent formulation has already the required pharmacokinetic
characteristics. The pharmacokinetics of cebranopadol after
repeated doses is predictable from a single dose [104].

In clinical trials, cebranopadol has been administered at a
dosing interval of 24 h, which allowed it to achieve a steady-
state plasma concentration within 2 weeks. Several phase II
clinical trials have been completed and phase III trials are
ongoing. Results of published studies on cebranopadol are
summarized in Tables 1 and 2.

In subjects with chronic low back pain, cebranopadol, as
well as tapentadol, showed statistically significant analgesic
effects, with adverse effects (mainly constipation dizziness,
fatigue, hyperhidrosis, nausea, vomiting, and somnolence)
only occurring in < 10% of patients [105]. In patients with
cancer with severe chronic pain, cebranopadol from 200 to
1000 mcg daily was shown to be non-inferior to controlled-
release morphine, with a similar incidence of treatment-
emergent adverse events (TEAEs) [106]. In an open-label
study on long-term treatment (26 weeks) of patients with
cancer, cebranopadol was shown to be a safe analgesic drug.
The incidence of TEAEs was relatively high (84.2%), but
most of them were mild to moderate in intensity and the per-
centage of patients who discontinued treatment because of
TEAESs was negligible. Peripheral edema was the only unex-
pected TEAE [107]. Cebranopadol was also investigated in
post-operative pain after buniectomy. Its effect was larger
than that of controlled-release morphine in the first 10 h and
better tolerated. The efficacy and the incidence of TEAEs
increased with increasing cebranopadol doses (400—-600
mcg) [108]. Finally, when evaluated for its abuse potential
in non-dependent recreational opioid users, cebranopadol at
doses up to 400 mcg was not different from placebo, while at
the dose of 800 mcg its abuse potential was similar to that of

A\ Adis

hydromorphone 8 mg [109]. Therefore, clinical data confirm
the hypothesis that cebranopadol, as MOR/NOP receptor
agonists, could have a better pharmacological profile than
other traditional opioid analgesics and provide safer pain
relief with a lower risk of drug liking.

4 Future Multi-mechanistic Dual MOR/NOP
Receptor Agonists

Considering the beneficial pharmacological efficacy and the
reduced side effects showed by buprenorphine and cebrano-
padol and taking also into account the role of N/OFQ-NOP
receptor system in pain management, the pharmacological
research is currently focusing on dual MOR/NOP molecules.
BUO08028 is a buprenorphine-derived novel orvinol analog,
with a buprenorphine-like binding profile to MOR, DOR,
and KOR, but with higher binding affinity and efficacy for
the NOP receptor [110, 111]. This molecule provides long-
lasting antinociceptive effects in a tail-flick nociceptive
pain assay, but also produces conditioned place preference
in mice, thus suggesting its potential abuse liability in the
clinic [111, 112]. However, data obtained in NHPs, which
represent a better translational model compared to rodents,
demonstrate that BU08028 is able to induce dose-dependent
antinociception in the warm water tail withdrawal assay, and
to reduce the capsaicin-induced thermal allodynia in mon-
keys [113]. Moreover, BU08028 did not show reinforcing
effects when compared to remifentanil, buprenorphine, or
cocaine. Furthermore, unlike morphine, BU08028 does not
cause acute physical dependence after repeated treatment
[113]. Beyond its role in analgesia, this drug has been also
proposed for the treatment of alcohol use disorders. Some
data suggest that the ability of buprenorphine to decrease
ethanol drinking is shared by the bifunctional MOR/NOP
receptor agonist BU08028. Indeed, after short-term and
long-term administration, BU08028 was shown to be more
potent and, in long-term treatment, more effective than
buprenorphine in NHPs [114].

BU10038, a naltrexone-derived analog, is another MOR/
NOP receptor partial agonist. As reported by Kiguchi et al.
[115], it produces potent dose-dependent and long-lasting
antinociception and antihypersensitive effects in monkeys.
BU10038 did not compromise respiratory and cardiovas-
cular functions at antinociceptive doses, or ten times above
(0.01-0.1 mg kg™'). The intrathecal administration of
BU10038 (3 mcg) was able to produce a morphine-compa-
rable antinociception and antihypersensitivity, without itch-
ing. In addition, like BU08028, it seems to be associated
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Main results

Secondary outcome

Primary outcome

Study design

No. of patients

258

Type of patients

Trial (author, year) Type of study

Table 1 (continued)
Scholz, 2018 [108]

>
>
(="
=
»

Time and amount of ~ Cebranopadol doses of 400

Sum of pain inten-

Cebranopadol

Postoperative

Phase Ila, randomized,

mcg and 600 mcg (not 200

rescue analgesic
dose; TEAEs

sity 2-10 h

200/400/600 mcg sin-

acute pain

multi-center, double-

mcg) were more effective than

placebo
The effect of morphine CR 60

gle dose vs morphine

(primary bun-
ionectomy)

blind, double-dummy,

CR 60 mg vs placebo

placebo- and active-con-
trolled, parallel-group

NCT00872885

mg was smaller than that of
cebranopadol 400 mcg and

600 mcg in the first 10 h, but

emerged later
Cebranopadol 400 mcg was

better tolerated than morphine

CR 60 mg
The frequency of TEAEs

increased with increasing

cebranopadol doses

BID twice daily, COWS Clinical Opiate Withdrawal Scale, CR controlled release, C-SSRS Columbia-Suicide Severity Rating Scale, IR immediate release, LBP low back pain, OD once daily,

TEAESs treatment-emergent adverse events

#The trial was stopped early for business reasons

to a lesser degree with physical dependence or tolerance
after long-term administration. Unlike oxycodone, BU10038
lacked reinforcing effects [115].

The potential value of these new analgesics with dual
activity on the MOP/NOP receptor is also confirmed by
studies on a new developed molecule, named AT-121. In
contrast to cebranopadol, which is a full agonist at the MOR/
NOP receptor, AT-121 is a bifunctional MOR/NOP partial
agonist. Following repeated administration, AT-121 pro-
duced a potent analgesic effect (100-fold more potent than
morphine), without inducing opioid-associated hyperalge-
sia or physical dependence, and attenuated the reinforcing
effects induced by oxycodone in NHPs [116]. Moreover,
AT-121 did not compromise respiratory and cardiovascular
activity, did not affect body temperature, and did not induce
sedation or motor impairment [116]. These results suggest
a possible role of this molecule as a potential innovative
safer analgesic.

These data confirm that the NOP receptor agonists syn-
ergistically enhance MOR agonist-induced analgesia and do
not demonstrate the non-desirable adverse effects of tradi-
tional opioids in NHPs. Therefore, ligands with dual MOR
and NOP receptor agonist activities could be useful to ensure
adequate and safe pain relief across different pain modali-
ties. However, additional studies are needed to evaluate the
future development and potential application in humans.
In particular, future studies are warranted, in patients with
chronic pain, to investigate whether bifunctional MOR/NOP
receptor agonists might cause tolerance or dependance to
develop more slowly compared with traditionally used opi-
oid agonists.

5 Future Perspectives

In this review, authors focused their attention mainly on the
N/OFQ-NOP receptor system and for this reason, the current
and future multi-mechanistic approaches that are involved
in the modulation of this system have been discussed. Nev-
ertheless, as other systems participate in the development
and maintenance of chronic pain, many other therapeu-
tic strategies might be promising analgesics of the future.
Among these, valuable options could be represented by
the utilization of biased agonists (i.e., oliceridine, PMZ21,
and SR17018), monoclonal antibodies, molecules target-
ing G protein-coupled receptor heterodimers (i.e., MCC22,
NNTA), dual molecules such as MOR/KOR, KOR/DOR
agonists, and MOR agonists/DOR antagonists [117], as well
as proteasome inhibitors [23, 118] for their potential role in
pain treatment and opioid tolerance.



627

Options for Multi-Mechanistic Opioids Involving Both MOR and NOP Receptor Activation

9Teos onSofeue [ensIA SYA ‘SIUSAD 9SISADE JUSSISWR-IUSWIRAN) STVA L 102[f2 ypad xvurg

PaIINOd0
SJUQAQ ISIOAPE SNOLIAS OU :9Jes
sem uopensuiwpe jopedoueiqa)
Sw 91 suoyd
-IowoIpAy uey) I9[[RWS pue W §
JuoydIowoIpAy 0 J99J0 Je[IuIs €
ur paynsal Sow (og§ [opedouriqe)
sjuowssasse [enuajod asnqe oy}
uo 0gaoe[d WoIJ AeNUAIYIP Jou
prp Sowr Oop pue 0 [opedoueiqe)
(%8°11) ewopa [exdydrrod
sem FVHL paroadxaun Afuo ayJ,
aseyd
uonent oY) Ul SFVHL JO asneseq
panunuoossip sjuaned om) A[uQ
“Kyisudqut ut (%4 Gf) 9eropowt 1o
(%9°9¢) prw a19M SHVHL, 1SON
(%1°77) @madde paseardop
pue ‘(%¢'9¢) uorssaisoxd wserd
-oou Jueugifew ‘(%9°L7) eIUdylse
Suroq uownod 1sow Y “‘GyAL
QUO Jse9] 8 paouaLIadxe %7 8
Yyrgpueye|
‘K[oAT3oadsal a1om eISa3[eUE pUE
uorssaxdop K1ojendsar 1oy oJ1[-Jey
uoneIqInba 931s-1099-poo[q Y,
[opowt
ured [eo11o9]0 [ejuRWILIAdX? UR AQ
paInseaw eIsoS[eue Joj Jey) sown
Jo1y) sem uorssaxdop Arojerdsar
10} Jopedour1qad Jo Aouajod Y,
uorssardop
K1ojendsar pue ‘ersa3[eue ‘sisoru
Surpnpour s109p9 ay1-prordo
eo1d4) pakerdsip jopedoueiqa)

Anowog
-1idnd ¢sy00y0
2ANIU300 pue

10j0woydAsd
¢3uny1 Snip jo

soInseaw AI1e
-pu0d3s SNOLIBA

SHVHL
Jo Kysuayug

A0UBIJ[0}
ploysoy) ureq

xewyg

SVA (Juawouwr s1y) 1e)
Sunyi Snap Jo 10910 Yeod

SHVAL JO 2oudpIou]

uorssardop K1ojendsoy

soqooed 7 sa

3w 91 pue § suoydiow

-0IpAY sA Fow ()8 pue
‘00t ‘00¢ Topedoueiqa)

Sow
0001—00¢ [opedouriqa)

asop 9[3urs
3ow 9 [opedoueiqa)

(44

9L

Cl

s1osn
prordo Teuonear
-0a1 JuapuadopuoN

hhliilg)

s199)unjoA Ayi[eoy

I9A0SSOID pul[q
-9[qQnop ‘PIZIWo
-pueI-paisau

‘asop-9[3uls  [601] 610T “19[UQD

CEVIE0TOLON
wre-9[3urs
‘($99m 97) [9qe]

-uedo ‘r{oseyd  [L0T] 610T ‘40O

19seud [c0T1] L10T ‘ueyqeq

S)[NSAI UTRIA]

Qwod
-)no AIepuooas

QUIOIINO %.EECQ

ugisop Apmg  sjuaned jo "oN

sjuaned jo odA7,

Apms Jo odAy, (183K ‘TOUINe) [eLi],

K197 UO SNO0J :JopedourIqad UO S[BLI [BOIUID) ¢ d]qelL

A\ Adis



628

F. Coluzzi et al.

Declarations

Funding No financial assistance was used to conduct the study and to
prepare the article. Open access funding provided by Alma Mater Stu-
diorum — Universita di Bologna within the CRUI-CARE Agreement.

Conflict of interest The authors have no conflicts of interest to declare.
All co-authors have seen and agree with the contents of the article and
there is no financial interest to report.

Ethics approval Ethics committee approval is not required for this
article.

Consent to participate Not applicable.

Consent for publication Not applicable.
Availability of data and material Not applicable.
Code availability Not applicable.

Authors’ contributions FC and PR designed and supervised the review.
MSS, DB, and SC performed the literature search. LML, DB, MR, and
SC carefully reviewed every article. FC, LR, MR, SC, and PR wrote
the manuscript. All authors have read and approve the final submitted
manuscript, and agree to be accountable for the work.

Open Access This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any
non-commercial use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article's Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc/4.0/.

References

1. Treede R-D, Rief W, Barke A, Aziz Q, Bennett MI, Benoliel R,
et al. Chronic pain as a symptom or a disease: the IASP clas-
sification of chronic pain for the International Classification of
Diseases (ICD-11). Pain. 2019;160:19-27. https://doi.org/10.
1097/j.pain.0000000000001384.

2. Cohen SP, Vase L, Hooten WM. Chronic pain: an update on bur-
den, best practices, and new advances. Lancet. 2021;397:2082—
97. https://doi.org/10.1016/S0140-6736(21)00393-7.

3. Caraceni A, Hanks G, Kaasa S, Bennett MI, Brunelli C, Cherny
N, et al. Use of opioid analgesics in the treatment of cancer
pain: evidence-based recommendations from the EAPC. Lancet
Oncol. 2012;13:e58-68. https://doi.org/10.1016/S1470-2045(12)
70040-2.

4. Ambrosio F, Finco G, Mattia C, Mediati R, Paoletti F, Coluzzi
F, et al. STAARTI recommendations for chronic noncancer pain.
Minerva Anestesiol. 2006;72:859-80.

5. Coluzzi F, Alvaro D, Caraceni AT, Gianni W, Marinangeli F,
Massazza G, et al. Common clinical practice for opioid-induced

A\ Adis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

constipation: a physician survey. J Pain Res. 2021;14:2255-64.
https://doi.org/10.2147/JPR.S318564.

. Serrell EC, Greenberg CC, Borza T. Surgeons and perioperative

opioid prescribing: an underappreciated contributor to the opioid
epidemic. Cancer. 2021;127:184-7. https://doi.org/10.1002/cncr.
33199.

. Volkow ND, Blanco C. The changing opioid crisis: development,

challenges and opportunities. Mol Psychiatry. 2021;26:218-33.
https://doi.org/10.1038/s41380-020-0661-4.

. Coluzzi F, Bifulco F, Cuomo A, Dauri M, Leonardi C, Melotti

RM, et al. The challenge of perioperative pain management in
opioid-tolerant patients. Ther Clin Risk Manag. 2017;13:1163—
73. https://doi.org/10.2147/TCRM.S141332.

. Deeks ED. Tapentadol prolonged release: a review in pain man-

agement. Drugs. 2018;78:1805-16. https://doi.org/10.1007/
s40265-018-1007-2.

Coluzzi F, Ruggeri M. Clinical and economic evaluation of
tapentadol extended release and oxycodone/naloxone extended
release in comparison with controlled release oxycodone in
musculoskeletal pain. Curr Med Res Opin. 2014;30(6):1139-51.
https://doi.org/10.1185/03007995.2014.894501.

Pergolizzi JV, Varrassi G, Magnusson P, Breve F, Raffa RB,
Christo PJ, et al. Pharmacologic agents directed at the treatment
of pain associated with maladaptive neuronal plasticity. Expert
Opin Pharmacother. 2022;23:105-16. https://doi.org/10.1080/
14656566.2021.1970135.

Roulet L, Rollason V, Desmeules J, Piguet V. Tapentadol versus
tramadol: a narrative and comparative review of their pharma-
cological, efficacy and safety profiles in adult patients. Drugs.
2021;81:1257-72. https://doi.org/10.1007/s40265-021-01515-z.
Raffa RB, Elling C, Tzschentke TM. Does “strong analge-
sic” equal “strong opioid”? Tapentadol and the concept of
“u-Load.” Adv Ther. 2018;35:1471-84. https://doi.org/10.1007/
$12325-018-0778-x.

Coluzzi F, Mercadante S. The potential role of dual mechanis-
tic opioids in combating opioid misuse. Curr Anesthesiol Rep.
2020;10:416-22. https://doi.org/10.1007/s40140-020-00414-5.
Tan C, Wong JF, Yee CM, Hum A. Methadone rotation for cancer
pain: an observational study. BMJ Support Palliat Care. 2020.
https://doi.org/10.1136/bmjspcare-2019-002175.

Davis MP. Methadone does not block NMDA receptors. J Pain
Symptom Manag. 2021;62(3):e7-8. https://doi.org/10.1016/j.
jpainsymman.2021.05.014.

Buresh M, Stern R, Rastegar D. Treatment of opioid use disorder
in primary care. BMJ. 2021;373: n784. https://doi.org/10.1136/
bmj.n784.

Mujtaba S, Romero J, Taub CC. Methadone, QTc prolongation
and torsades de pointes: current concepts, management and a
hidden twist in the tale? J Cardiovasc Dis Res. 2013;4:229-35.
https://doi.org/10.1016/j.jcdr.2013.10.001.

Pham TC, Fudin J, Raffa RB. Is levorphanol a better option than
methadone? Pain Med. 2015;16:1673-9. https://doi.org/10.1111/
pme.12795.

Varga BR, Streicher JM, Majumdar S. Strategies towards safer
opioid analgesics: a review of old and upcoming targets. Br J
Pharmacol. 2021. https://doi.org/10.1111/bph.15760.

Gudin J, Fudin J. A narrative pharmacological review of
buprenorphine: a unique opioid for the treatment of chronic
pain. Pain Ther. 2020;9:41-54. https://doi.org/10.1007/
s40122-019-00143-6.

Kiguchi N, Ding H, Ko M-C. Therapeutic potentials of NOP and
MOP receptor coactivation for the treatment of pain and opioid
abuse. J Neurosci Res. 2020;100:191-202. https://doi.org/10.
1002/jnr.24624.

Caputi FF, Rullo L, Stamatakos S, Candeletti S, Romualdi P.
Interplay between the endogenous opioid system and proteasome


http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1097/j.pain.0000000000001384
https://doi.org/10.1097/j.pain.0000000000001384
https://doi.org/10.1016/S0140-6736(21)00393-7
https://doi.org/10.1016/S1470-2045(12)70040-2
https://doi.org/10.1016/S1470-2045(12)70040-2
https://doi.org/10.2147/JPR.S318564
https://doi.org/10.1002/cncr.33199
https://doi.org/10.1002/cncr.33199
https://doi.org/10.1038/s41380-020-0661-4
https://doi.org/10.2147/TCRM.S141332
https://doi.org/10.1007/s40265-018-1007-2
https://doi.org/10.1007/s40265-018-1007-2
https://doi.org/10.1185/03007995.2014.894501
https://doi.org/10.1080/14656566.2021.1970135
https://doi.org/10.1080/14656566.2021.1970135
https://doi.org/10.1007/s40265-021-01515-z
https://doi.org/10.1007/s12325-018-0778-x
https://doi.org/10.1007/s12325-018-0778-x
https://doi.org/10.1007/s40140-020-00414-5
https://doi.org/10.1136/bmjspcare-2019-002175
https://doi.org/10.1016/j.jpainsymman.2021.05.014
https://doi.org/10.1016/j.jpainsymman.2021.05.014
https://doi.org/10.1136/bmj.n784
https://doi.org/10.1136/bmj.n784
https://doi.org/10.1016/j.jcdr.2013.10.001
https://doi.org/10.1111/pme.12795
https://doi.org/10.1111/pme.12795
https://doi.org/10.1111/bph.15760
https://doi.org/10.1007/s40122-019-00143-6
https://doi.org/10.1007/s40122-019-00143-6
https://doi.org/10.1002/jnr.24624
https://doi.org/10.1002/jnr.24624

Options for Multi-Mechanistic Opioids Involving Both MOR and NOP Receptor Activation 629

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

complex: beyond signaling. Int J Mol Sci. 2019;20:E1441.
https://doi.org/10.3390/ijms20061441.

Corder G, Castro DC, Bruchas MR, Scherrer G. Endogenous and
exogenous opioids in pain. Annu Rev Neurosci. 2018;41:453-73.
https://doi.org/10.1146/annurev-neuro-080317-061522.

Akil H, Watson SJ, Young E, Lewis ME, Khachaturian H, Walker
JM. Endogenous opioids: biology and function. Annu Rev Neu-
rosci. 1984;7:223-55. https://doi.org/10.1146/annurev.ne.07.
030184.001255.

Caputi FF, Rullo L, Stamatakos S, Candeletti S, Romualdi P.
Modulation of the negative affective dimension of pain: focus
on selected neuropeptidergic system contributions. Int J Mol Sci.
2019;20:E4010. https://doi.org/10.3390/ijms20164010.

Drolet G, Dumont EC, Gosselin I, Kinkead R, Laforest S, Trot-
tier JF. Role of endogenous opioid system in the regulation of
the stress response. Prog Neuropsychopharmacol Biol Psychia-
try. 2001;25:729-41. https://doi.org/10.1016/s0278-5846(01)
00161-0.

Le Merrer J, Becker JAJ, Befort K, Kieffer BL. Reward pro-
cessing by the opioid system in the brain. Physiol Rev.
2009;89:1379-412. https://doi.org/10.1152/physrev.00005.2009.
Bén EG, Brassai A, Vizi ES. The role of the endogenous neu-
rotransmitters associated with neuropathic pain and in the opi-
oid crisis: the innate pain-relieving system. Brain Res Bull.
2020;155:129-36. https://doi.org/10.1016/j.brainresbull.2019.
12.001.

Al-Hasani R, Bruchas MR. Molecular mechanisms of opioid
receptor-dependent signaling and behavior. Anesthesiology.
2011;115:1363-81. https://doi.org/10.1097/ALN.0b013e3182
38bbab.

Winters BL, Gregoriou GC, Kissiwaa SA, Wells OA, Medagoda
DI, Hermes SM, et al. Endogenous opioids regulate moment-to-
moment neuronal communication and excitability. Nat Commun.
2017;8:14611. https://doi.org/10.1038/ncomms14611.

Blaesse P, Goedecke L, Bazelot M, Capogna M, Pape H-C,
Jiingling K. p-Opioid receptor-mediated inhibition of interca-
lated neurons and effect on synaptic transmission to the central
amygdala. ] Neurosci. 2015;35:7317-25. https://doi.org/10.1523/
JNEUROSCI.0204-15.2015.

Raehal KM, Schmid CL, Groer CE, Bohn LM. Functional selec-
tivity at the p-opioid receptor: implications for understanding
opioid analgesia and tolerance. Pharmacol Rev. 2011;63:1001—
19. https://doi.org/10.1124/pr.111.004598.

Grim TW, Acevedo-Canabal A, Bohn LM. Toward directing
opioid receptor signaling to refine opioid therapeutics. Biol Psy-
chiatry. 2020;87:15-21. https://doi.org/10.1016/j.biopsych.2019.
10.020.

Mollereau C, Parmentier M, Mailleux P, Butour JL, Moisand C,
Chalon P, et al. ORL1, a novel member of the opioid receptor
family: cloning, functional expression and localization. FEBS
Lett. 1994;341:33-8. https://doi.org/10.1016/0014-5793(94)
80235-1.

Meunier JC, Mollereau C, Toll L, Suaudeau C, Moisand C, Alvin-
erie P, et al. Isolation and structure of the endogenous agonist
of opioid receptor-like ORL1 receptor. Nature. 1995;377:532-5.
https://doi.org/10.1038/377532a0.

Reinscheid RK, Nothacker HP, Bourson A, Ardati A, Henning-
sen RA, Bunzow JR, et al. Orphanin FQ: a neuropeptide that
activates an opioidlike G protein-coupled receptor. Science.
1995;270:792—4. https://doi.org/10.1126/science.270.5237.792.
Toll L, Ozawa A, Cippitelli A. NOP-related mechanisms in pain
and analgesia. Handb Exp Pharmacol. 2019;254:165-86. https://
doi.org/10.1007/164_2019_214.

Di Cesare ML, Micheli L, Ghelardini C. Nociceptin/orphanin
FQ receptor and pain: feasibility of the fourth opioid family

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

member. Eur J Pharmacol. 2015;766:151-4. https://doi.org/10.
1016/j.ejphar.2015.08.012.

Schroder W, Lambert DG, Ko MC, Koch T. Functional plasticity
of the N/OFQ-NOP receptor system determines analgesic proper-
ties of NOP receptor agonists. Br J Pharmacol. 2014;171:3777—
800. https://doi.org/10.1111/bph.12744.

Calo G, Lambert DG. Nociceptin/orphanin FQ receptor ligands
and translational challenges: focus on cebranopadol as an innova-
tive analgesic. BrJ Anaesth. 2018;121:1105-14. https://doi.org/
10.1016/j.bja.2018.06.024.

Mika J, Obara I, Przewlocka B. The role of nociceptin and
dynorphin in chronic pain: implications of neuro-glial interac-
tion. Neuropeptides. 2011;45:247-61. https://doi.org/10.1016/j.
npep.2011.03.002.

Kiguchi N, Ding H, Ko M-C. Central N/OFQ-NOP receptor
system in pain modulation. Adv Pharmacol. 2016;75:217-43.
https://doi.org/10.1016/bs.apha.2015.10.001.

Toll L, Bruchas MR, Calo G, Cox BM, Zaveri NT. Nociceptin/
orphanin FQ receptor structure, signaling, ligands, functions, and
interactions with opioid systems. Pharmacol Rev. 2016;68:419—
57. https://doi.org/10.1124/pr.114.009209.

Zeilhofer HU, Calo G. Nociceptin/orphanin FQ and its recep-
tor: potential targets for pain therapy? J Pharmacol Exp Ther.
2003;3006:423-9. https://doi.org/10.1124/jpet.102.046979.
Chen Y, Sommer C. Activation of the nociceptin opioid system
in rat sensory neurons produces antinociceptive effects in inflam-
matory pain: involvement of inflammatory mediators. J Neurosci
Res. 2007;85:1478-88. https://doi.org/10.1002/jnr.21272.
Yamamoto T, Nozaki-Taguchi N, Kimura S. Effects of intrathe-
cally administered nociceptin, an opioid receptor-likel (ORL1)
receptor agonist, on the thermal hyperalgesia induced by cara-
geenan injection into the rat paw. Brain Res. 1997;754:329-32.
https://doi.org/10.1016/s0006-8993(97)00186-8.

Briscini L, Corradini L, Ongini E, Bertorelli R. Up-regulation
of ORL-1 receptors in spinal tissue of allodynic rats after sciatic
nerve injury. Eur J Pharmacol. 2002;447:59-65. https://doi.org/
10.1016/s0014-2999(02)01833-2.

Ozawa A, Brunori G, Cippitelli A, Toll N, Schoch J, Kieffer BL,
et al. Analysis of the distribution of spinal NOP receptors in a
chronic pain model using NOP-EGFP knock-in mice. Br J Phar-
macol. 2018;175:2662-75. https://doi.org/10.1111/bph.14225.
Palmisano M, Mercatelli D, Caputi FF, Carretta D, Romualdi P,
Candeletti S. N/OFQ system in brain areas of nerve-injured mice:
its role in different aspects of neuropathic pain. Genes Brain
Behav. 2017;16:537-45. https://doi.org/10.1111/gbb.12365.
Bertorelli R, Corradini L, Rafiq K, Tupper J, Caldo G, Ongini
E. Nociceptin and the ORL-1 ligand [Phelpsi (CH2-NH)Gly2]
Nociceptin(1-13)NH2 exert anti-opioid effects in the Freund’s
adjuvant-induced arthritic rat model of chronic pain. Br J Phar-
macol. 1999;128:1252-8. https://doi.org/10.1038/sj.bjp.07028
84.

Scoto GM, Arico G, Iemolo A, Ronsisvalle S, Parenti C. Involve-
ment of the nociceptin/orphanin FQ-NOP receptor system in the
ventrolateral periaqueductal gray following mechanical allodynia
in chronic pain. Life Sci. 2009;85:206-10. https://doi.org/10.
1016/j.1f5.2009.05.021.

Hashiba E, Harrison C, Galo G, Guerrini R, Rowbotham DJ,
Smith G, et al. Characterisation and comparison of novel ligands
for the nociceptin/orphanin FQ receptor. Naunyn Schmiedebergs
Arch Pharmacol. 2001;363:28-33. https://doi.org/10.1007/s0021
00000327.

Dautzenberg FM, Wichmann J, Higelin J, Py-Lang G, Kratzeisen
C, Malherbe P, et al. Pharmacological characterization of the
novel nonpeptide orphanin FQ/nociceptin receptor agonist
Ro 64-6198: rapid and reversible desensitization of the ORL1

A\ Adis


https://doi.org/10.3390/ijms20061441
https://doi.org/10.1146/annurev-neuro-080317-061522
https://doi.org/10.1146/annurev.ne.07.030184.001255
https://doi.org/10.1146/annurev.ne.07.030184.001255
https://doi.org/10.3390/ijms20164010
https://doi.org/10.1016/s0278-5846(01)00161-0
https://doi.org/10.1016/s0278-5846(01)00161-0
https://doi.org/10.1152/physrev.00005.2009
https://doi.org/10.1016/j.brainresbull.2019.12.001
https://doi.org/10.1016/j.brainresbull.2019.12.001
https://doi.org/10.1097/ALN.0b013e318238bba6
https://doi.org/10.1097/ALN.0b013e318238bba6
https://doi.org/10.1038/ncomms14611
https://doi.org/10.1523/JNEUROSCI.0204-15.2015
https://doi.org/10.1523/JNEUROSCI.0204-15.2015
https://doi.org/10.1124/pr.111.004598
https://doi.org/10.1016/j.biopsych.2019.10.020
https://doi.org/10.1016/j.biopsych.2019.10.020
https://doi.org/10.1016/0014-5793(94)80235-1
https://doi.org/10.1016/0014-5793(94)80235-1
https://doi.org/10.1038/377532a0
https://doi.org/10.1126/science.270.5237.792
https://doi.org/10.1007/164_2019_214
https://doi.org/10.1007/164_2019_214
https://doi.org/10.1016/j.ejphar.2015.08.012
https://doi.org/10.1016/j.ejphar.2015.08.012
https://doi.org/10.1111/bph.12744
https://doi.org/10.1016/j.bja.2018.06.024
https://doi.org/10.1016/j.bja.2018.06.024
https://doi.org/10.1016/j.npep.2011.03.002
https://doi.org/10.1016/j.npep.2011.03.002
https://doi.org/10.1016/bs.apha.2015.10.001
https://doi.org/10.1124/pr.114.009209
https://doi.org/10.1124/jpet.102.046979
https://doi.org/10.1002/jnr.21272
https://doi.org/10.1016/s0006-8993(97)00186-8
https://doi.org/10.1016/s0014-2999(02)01833-2
https://doi.org/10.1016/s0014-2999(02)01833-2
https://doi.org/10.1111/bph.14225
https://doi.org/10.1111/gbb.12365
https://doi.org/10.1038/sj.bjp.0702884
https://doi.org/10.1038/sj.bjp.0702884
https://doi.org/10.1016/j.lfs.2009.05.021
https://doi.org/10.1016/j.lfs.2009.05.021
https://doi.org/10.1007/s002100000327
https://doi.org/10.1007/s002100000327

630

F. Coluzzi et al.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

teceptor in vitro and lack of tolerance in vivo. J] Pharmacol Exp
Ther. 2001;298:812-9.

Satat K, Furgata A, Satat R. Evaluation of cebranopadol, a dually
acting nociceptin/orphanin FQ and opioid receptor agonist in
mouse models of acute, tonic, and chemotherapy-induced neu-
ropathic pain. Inflammopharmacology. 2018;26:361-74. https://
doi.org/10.1007/s10787-017-0405-5.

Ko M-C, Naughton NN. Antinociceptive effects of nociceptin/
orphanin FQ administered intrathecally in monkeys. J Pain.
2009;10:509-16. https://doi.org/10.1016/j.jpain.2008.11.006.
Ueda H, Yamaguchi T, Tokuyama S, Inoue M, Nishi M, Take-
shima H. Partial loss of tolerance liability to morphine anal-
gesia in mice lacking the nociceptin receptor gene. Neurosci
Lett. 1997;237:136-8. https://doi.org/10.1016/s0304-3940(97)
00832-x.

Zaratin PF, Petrone G, Sbacchi M, Garnier M, Fossati C, Petrillo
P, et al. Modification of nociception and morphine tolerance by
the selective opiate receptor-like orphan receptor antagonist
(—)-cis-1-methyl-7-[[4-(2,6-dichlorophenyl)piperidin-1-Y1]
methyl]-6,7,8,9-tetrahydro-5H-benzocyclohepten-5-Ol (SB-
612111). J Pharmacol Exp Ther. 2004;308:454—61. https://doi.
org/10.1124/jpet.103.055848.

Lutfy K, Hossain SM, Khaliq I, Maidment NT. Orphanin FQ/
nociceptin attenuates the development of morphine tolerance in
rats. BrJ Pharmacol. 2001;134:529-34. https://doi.org/10.1038/
sj.bjp.0704279.

Spagnolo B, Calo G, Polgar WE, Jiang F, Olsen CM, Berzetei-
Gurske I, et al. Activities of mixed NOP and mu-opioid receptor
ligands. Br J Pharmacol. 2008;153:609-19. https://doi.org/10.
1038/sj.bjp.0707598.

Grinnell SG, Ansonoff M, Marrone GF, Lu Z, Narayan A, Xu
J, et al. Mediation of buprenorphine analgesia by a combination
of traditional and truncated mu opioid receptor splice variants.
Synapse. 2016;70:395-407. https://doi.org/10.1002/syn.21914.
Pergolizzi JV, Coluzzi F, Taylor R. Transdermal buprenorphine
for moderate chronic noncancer pain syndromes. Expert Rev
Neurother. 2018;18:359-69. https://doi.org/10.1080/14737175.
2018.1462701.

Pergolizzi JV, Raffa RB. Safety and efficacy of the unique opi-
oid buprenorphine for the treatment of chronic pain. J Pain Res.
2019;12:3299-317. https://doi.org/10.2147/JPR.S231948.

Hale M, Garofoli M, Raffa RB. Benefit-risk analysis of buprenor-
phine for pain management. J Pain Res. 2021;14:1359-69.
https://doi.org/10.2147/JPR.S305146.

Ehrlich AT, Semache M, Gross F, Da Fonte DF, Runtz L, Col-
ley C, et al. Biased signaling of the Mu opioid receptor revealed
in native neurons. iScience. 2019;14:47-57. https://doi.org/10.
1016/j.is¢i.2019.03.011.

Robinson SE. Buprenorphine: an analgesic with an expand-
ing role in the treatment of opioid addiction. CNS Drug Rev.
2002;8:377-90. https://doi.org/10.1111/j.1527-3458.2002.tb002
35.x.

Dalal S, Chitneni A, Berger AA, Orhurhu V, Dar B, Kramer
B, et al. Buprenorphine for chronic pain: a safer alternative to
traditional opioids. Health Psychol Res. 2021;9:27241. https://
doi.org/10.52965/001¢.27241.

Hale M, Gimbel J, Rauck R. Buprenorphine buccal film for
chronic pain management. Pain Manag. 2020;10:213-23. https://
doi.org/10.2217/pmt-2020-0013.

Mattick RP, Kimber J, Breen C, Davoli M. Buprenorphine main-
tenance versus placebo or methadone maintenance for opioid
dependence. Cochrane Database Syst Rev. 2002;4:CD002207.
https://doi.org/10.1002/14651858.CD002207.

Coe MA, Lofwall MR, Walsh SL. Buprenorphine pharmacology
review: update on transmucosal and long-acting formulations.

A\ Adis

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

J Addict Med. 2019;13:93-103. https://doi.org/10.1097/ADM.
0000000000000457.

Degnan M, Mousa SA. A narrative review of buprenorphine in
adult cancer pain. Expert Rev Clin Pharmacol. 2020;13:1159-67.
https://doi.org/10.1080/17512433.2020.1822163.

Bennett MI, Eisenberg E, Ahmedzai SH, Bhaskar A, O’Brien T,
Mercadante S, et al. Standards for the management of cancer-
related pain across Europe: a Position Paper from the EFIC Task
Force on Cancer Pain. Eur J Pain. 2019;23:660-8. https://doi.org/
10.1002/ejp.1346.

Chilcoat HD, Amick HR, Sherwood MR, Dunn KE. Buprenor-
phine in the United States: motives for abuse, misuse, and diver-
sion. J Subst Abuse Treat. 2019;104:148-57. https://doi.org/10.
1016/j.jsat.2019.07.005.

Dinoff A, Lynch ST, Sekhri N, Klepacz L. A meta-analysis of the
potential antidepressant effects of buprenorphine versus placebo
as an adjunctive pharmacotherapy for treatment-resistant depres-
sion. J Affect Disord. 2020;271:91-9. https://doi.org/10.1016/j.
jad.2020.03.089.

Louie DL, Assefa MT, McGovern MP. Attitudes of primary
care physicians toward prescribing buprenorphine: a narrative
review. BMC Fam Pract. 2019;20:157. https://doi.org/10.1186/
$12875-019-1047-z.

Curtin LI, Grakowsky JA, Suarez M, Thompson AC, DiPirro JM,
Martin LBE, et al. Evaluation of buprenorphine in a postopera-
tive pain model in rats. Comp Med. 2009;59:60-71.

Lazaridou A, Paschali M, Edwards RR, Gilligan C. Is buprenor-
phine effective for chronic pain? A systematic review and meta-
analysis. Pain Med. 2020;21:3691-9. https://doi.org/10.1093/pm/
pnaa089.

Varma A, Sapra M, Iranmanesh A. Impact of opioid therapy
on gonadal hormones: focus on buprenorphine. Horm Mol
Biol Clin Investig. 2018;36:20170080. https://doi.org/10.1515/
hmbci-2017-0080.

Coluzzi F, Scerpa MS, Centanni M. The effect of opiates on bone
formation and Bone healing. Curr Osteoporos Rep. 2020;18:325—
35. https://doi.org/10.1007/s11914-020-00585-4.

Coluzzi F, Billeci D, Maggi M, Corona G. Testosterone
deficiency in non-cancer opioid-treated patients. J Endo-
crinol Investig. 2018;41:1377-88. https://doi.org/10.1007/
s40618-018-0964-3.

Coluzzi F. Assessing and treating chronic pain in patients with
end-stage renal disease. Drugs. 2018;78:1459-79. https://doi.org/
10.1007/s40265-018-0980-9.

Coluzzi F, Caputi FF, Billeci D, Pastore AL, Candeletti S, Rocco
M, et al. Safe use of opioids in chronic kidney disease and hemo-
dialysis patients: tips and tricks for non-pain specialists. Ther
Clin Risk Manag. 2020;16:821-37. https://doi.org/10.2147/
TCRM.S262843.

Kress H-G, Ahlbeck K, Aldington D, Alon E, Coaccioli S,
Coluzzi F, et al. Managing chronic pain in elderly patients
requires a CHANGE of approach. Curr Med Res Opin.
2014;30:1153-64. https://doi.org/10.1185/03007995.2014.
887005.

Cisewski DH, Santos C, Koyfman A, Long B. Approach to
buprenorphine use for opioid withdrawal treatment in the emer-
gency setting. Am J Emerg Med. 2019;37:143-50. https://doi.
org/10.1016/j.ajem.2018.10.013.

Tran PN, Sheng J, Randolph AL, Baron CA, Thiebaud N, Ren
M, et al. Mechanisms of QT prolongation by buprenorphine can-
not be explained by direct hERG channel block. PLoS ONE.
2020;15(11): e0241362. https://doi.org/10.1371/journal.pone.
0241362.

Andersen JM, Hgiseth G, Nygaard E. Prenatal exposure to metha-
done or buprenorphine and long-term outcomes: a meta-analysis.


https://doi.org/10.1007/s10787-017-0405-5
https://doi.org/10.1007/s10787-017-0405-5
https://doi.org/10.1016/j.jpain.2008.11.006
https://doi.org/10.1016/s0304-3940(97)00832-x
https://doi.org/10.1016/s0304-3940(97)00832-x
https://doi.org/10.1124/jpet.103.055848
https://doi.org/10.1124/jpet.103.055848
https://doi.org/10.1038/sj.bjp.0704279
https://doi.org/10.1038/sj.bjp.0704279
https://doi.org/10.1038/sj.bjp.0707598
https://doi.org/10.1038/sj.bjp.0707598
https://doi.org/10.1002/syn.21914
https://doi.org/10.1080/14737175.2018.1462701
https://doi.org/10.1080/14737175.2018.1462701
https://doi.org/10.2147/JPR.S231948
https://doi.org/10.2147/JPR.S305146
https://doi.org/10.1016/j.isci.2019.03.011
https://doi.org/10.1016/j.isci.2019.03.011
https://doi.org/10.1111/j.1527-3458.2002.tb00235.x
https://doi.org/10.1111/j.1527-3458.2002.tb00235.x
https://doi.org/10.52965/001c.27241
https://doi.org/10.52965/001c.27241
https://doi.org/10.2217/pmt-2020-0013
https://doi.org/10.2217/pmt-2020-0013
https://doi.org/10.1002/14651858.CD002207
https://doi.org/10.1097/ADM.0000000000000457
https://doi.org/10.1097/ADM.0000000000000457
https://doi.org/10.1080/17512433.2020.1822163
https://doi.org/10.1002/ejp.1346
https://doi.org/10.1002/ejp.1346
https://doi.org/10.1016/j.jsat.2019.07.005
https://doi.org/10.1016/j.jsat.2019.07.005
https://doi.org/10.1016/j.jad.2020.03.089
https://doi.org/10.1016/j.jad.2020.03.089
https://doi.org/10.1186/s12875-019-1047-z
https://doi.org/10.1186/s12875-019-1047-z
https://doi.org/10.1093/pm/pnaa089
https://doi.org/10.1093/pm/pnaa089
https://doi.org/10.1515/hmbci-2017-0080
https://doi.org/10.1515/hmbci-2017-0080
https://doi.org/10.1007/s11914-020-00585-4
https://doi.org/10.1007/s40618-018-0964-3
https://doi.org/10.1007/s40618-018-0964-3
https://doi.org/10.1007/s40265-018-0980-9
https://doi.org/10.1007/s40265-018-0980-9
https://doi.org/10.2147/TCRM.S262843
https://doi.org/10.2147/TCRM.S262843
https://doi.org/10.1185/03007995.2014.887005
https://doi.org/10.1185/03007995.2014.887005
https://doi.org/10.1016/j.ajem.2018.10.013
https://doi.org/10.1016/j.ajem.2018.10.013
https://doi.org/10.1371/journal.pone.0241362
https://doi.org/10.1371/journal.pone.0241362

Options for Multi-Mechanistic Opioids Involving Both MOR and NOP Receptor Activation 631

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Early Hum Dev. 2020;143: 104997. https://doi.org/10.1016/j.
earlhumdev.2020.104997.

Kongstorp M, Bogen IL, Stiris T, Andersen JM. Prenatal expo-
sure to methadone or buprenorphine impairs cognitive perfor-
mance in young adult rats. Drug Alcohol Depend. 2020;212:
108008. https://doi.org/10.1016/j.drugalcdep.2020.108008.
Schlagal CR, Dunn TJ, Xu P, Felsing DE, Merritt CR, Manja S,
et al. Maternal opioid exposure culminates in perturbed murine
neurodevelopment and hyperactive phenotype in adolescence.
Neuroscience. 2021;463:272—-87. https://doi.org/10.1016/j.neuro
science.2021.03.014.

Pergolizzi JV, Magnusson P, Raffa RB, LeQuang JA, Coluzzi
F. Developments in combined analgesic regimens for improved
safety in postoperative pain management. Expert Rev Neurother.
2020;20:981-90. https://doi.org/10.1080/14737175.2020.18060
58.

Coluzzi F, Mattia C, Savoia G, Clemenzi P, Melotti R, Raffa
RB, et al. Postoperative pain surveys in Italy from 2006 and
2012: (POPSI and POPSI-2). Eur Rev Med Pharmacol Sci.
2015;19:42619.

Pergolizzi JV, Lequang JA, Passik S, Coluzzi F. Using opioid
therapy for pain in clinically challenging situations: questions
for clinicians. Minerva Anestesiol. 2019;85:899-908. https://doi.
0rg/10.23736/S0375-9393.19.13321-4.

Warner NS, Warner MA, Cunningham JL, Gazelka HM, Hooten
WM, Kolla BP, et al. A practical approach for the management of
the mixed opioid agonist-antagonist buprenorphine during acute
pain and surgery. Mayo Clin Proc. 2020;95:1253-67. https://doi.
org/10.1016/j.mayocp.2019.10.007.

Kiabi FH, Emadi SA, Shafizad M, Jelodar AG, Deylami H. The
effect of preoperative sublingual buprenorphine on postoperative
pain after lumbar discectomy: a randomized controlled trial. Ann
Med Surg (Lond). 2021;65: 102347. https://doi.org/10.1016/j.
amsu.2021.102347.

Lim SCB, Schug S, Krishnarajah J. The pharmacokinetics and
local tolerability of a novel sublingual formulation of buprenor-
phine. Pain Med. 2019;20:143-52. https://doi.org/10.1093/pm/
pnx321.

Rizzi A, Cerlesi MC, Ruzza C, Malfacini D, Ferrari F, Bianco S,
et al. Pharmacological characterization of cebranopadol a novel
analgesic acting as mixed nociceptin/orphanin FQ and opioid
receptor agonist. Pharmacol Res Perspect. 2016;4: ¢00247.
https://doi.org/10.1002/prp2.247.

Tzschentke TM, Linz K, Koch T, Christoph T. Cebranopadol: a
novel first-in-class potent analgesic acting via NOP and opioid
receptors. Handb Exp Pharmacol. 2019;254:367-98. https://doi.
org/10.1007/164_2019_206.

Tzschentke TM, Linz K, Frosch S, Christoph T. Antihyperalge-
sic, antiallodynic, and antinociceptive effects of cebranopadol, a
novel potent nociceptin/orphanin FQ and opioid receptor agonist,
after peripheral and central administration in rodent models of
neuropathic pain. Pain Pract. 2017;17:1032—41. https://doi.org/
10.1111/papr.12558.

Satat K, Jakubowska A, Kulig K. Cebranopadol: a first-in-class
potent analgesic agent with agonistic activity at nociceptin/
orphanin FQ and opioid receptors. Expert Opin Investig Drugs.
2015;24:837—44. https://doi.org/10.1517/13543784.2015.10369
85.

Schunk S, Linz K, Hinze C, Frormann S, Oberborsch S, Sun-
dermann B, et al. Discovery of a potent analgesic NOP and
opioid receptor agonist: cebranopadol. ACS Med Chem Lett.
2014;5:857-62. https://doi.org/10.1021/m1500117c.

Raffa RB, Burdge G, Gambrah J, Kinecki HE, Lin F, Lu B, et al.
Cebranopadol: novel dual opioid/NOP receptor agonist analgesic.
J Clin Pharm Ther. 2017;42:8-17. https://doi.org/10.1111/jcpt.
12461.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Kiguchi N, Ding H, Kishioka S, Ko MC. Nociceptin/orphanin
FQ peptide receptor-related ligands as novel analgesics. Curr Top
Med Chem. 2020;20:2878-88. https://doi.org/10.2174/15680
26620666200508082615.

Dahan A, Boom M, Sarton E, Hay J, Groeneveld GJ, Neukirchen
M, et al. Respiratory effects of the nociceptin/orphanin FQ pep-
tide and opioid receptor agonist, cebranopadol, in healthy human
volunteers. Anesthesiology. 2017;126:697—707. https://doi.org/
10.1097/ALN.0000000000001529.

Linz K, Christoph T, Tzschentke TM, Koch T, Schiene K,
Gautrois M, et al. Cebranopadol: a novel potent analgesic noci-
ceptin/orphanin FQ peptide and opioid receptor agonist. J Phar-
macol Exp Ther. 2014;349:535-48. https://doi.org/10.1124/jpet.
114.213694.

Kleideiter E, Piana C, Wang S, Nemeth R, Gautrois M. Clinical
pharmacokinetic characteristics of cebranopadol, a novel first-
in-class analgesic. Clin Pharmacokinet. 2018;57:31-50. https://
doi.org/10.1007/s40262-017-0545-1.

Christoph A, Eerdekens M-H, Kok M, Volkers G, Freynhagen
R. Cebranopadol, a novel first-in-class analgesic drug candidate:
first experience in patients with chronic low back pain in a ran-
domized clinical trial. Pain. 2017;158:1813-24. https://doi.org/
10.1097/§.pain.0000000000000986.

Eerdekens M-H, Kapanadze S, Koch ED, Kralidis G, Volkers
G, Ahmedzai SH, et al. Cancer-related chronic pain: investi-
gation of the novel analgesic drug candidate cebranopadol in
a randomized, double-blind, noninferiority trial. Eur J Pain.
2019;23:577-88. https://doi.org/10.1002/ejp.1331.

Koch ED, Kapanadze S, Eerdekens M-H, Kralidis G, Létal J,
Sabatschus I, et al. Cebranopadol, a novel first-in-class analgesic
drug candidate: first experience with cancer-related pain for up to
26 weeks. J Pain Symptom Manag. 2019;58:390-9. https://doi.
org/10.1016/j.jpainsymman.2019.05.012.

Scholz A, Bothmer J, Kok M, Hoschen K, Daniels S. Cebranop-
adol: a novel, first-in-class, strong analgesic: results from a ran-
domized phase Ila clinical trial in postoperative acute pain. Pain
Physician. 2018;21:E193-206.

Gohler K, Sokolowska M, Schoedel KA, Nemeth R, Kleideiter E,
Szeto I, et al. Assessment of the abuse potential of cebranopadol
in nondependent recreational opioid users: a phase 1 randomized
controlled study. J Clin Psychopharmacol. 2019;39:46-56.
https://doi.org/10.1097/JCP.0000000000000995.

Cami-Kobeci G, Polgar WE, Khroyan TV, Toll L, Husbands SM.
Structural determinants of opioid and NOP receptor activity in
derivatives of buprenorphine. J Med Chem. 2011;54:6531-7.
https://doi.org/10.1021/jm2003238.

Khroyan TV, Polgar WE, Cami-Kobeci G, Husbands SM,
Zaveri NT, Toll L. The first universal opioid ligand, (2S)-
2-[(5R,6R,7R,14S)-N-cyclopropylmethyl-4,5-epoxy-
6,14-ethano-3-hydroxy-6-methoxymorphinan-7-Y1]-3,3-dimeth-
ylpentan-2-O1 (BU08028): characterization of the in vitro profile
and in vivo behavioral effects in mouse models of acute pain and
cocaine-induced reward. J Pharmacol Exp Ther. 2011;336:952—
61. https://doi.org/10.1124/jpet.110.175620.

Li J-X. Buprenorphine analogue BU08028 is one step closer
to the Holy Grail of opioid research. Proc Natl Acad Sci USA.
2016;113:10225-7. https://doi.org/10.1073/pnas.1612752113.
Ding H, Czoty PW, Kiguchi N, Cami-Kobeci G, Sukhtankar DD,
Nader MA, et al. A novel orvinol analog, BU08028, as a safe
opioid analgesic without abuse liability in primates. Proc Natl
Acad Sci USA. 2016;113:E5511-8. https://doi.org/10.1073/pnas.
1605295113.

Flynn SM, Epperly PM, Davenport AT, Cami-Kobeci G, Hus-
bands SM, Ko M-C, et al. Effects of stimulation of mu opi-
oid and nociceptin/orphanin FQ peptide (NOP) receptors on

A\ Adis


https://doi.org/10.1016/j.earlhumdev.2020.104997
https://doi.org/10.1016/j.earlhumdev.2020.104997
https://doi.org/10.1016/j.drugalcdep.2020.108008
https://doi.org/10.1016/j.neuroscience.2021.03.014
https://doi.org/10.1016/j.neuroscience.2021.03.014
https://doi.org/10.1080/14737175.2020.1806058
https://doi.org/10.1080/14737175.2020.1806058
https://doi.org/10.23736/S0375-9393.19.13321-4
https://doi.org/10.23736/S0375-9393.19.13321-4
https://doi.org/10.1016/j.mayocp.2019.10.007
https://doi.org/10.1016/j.mayocp.2019.10.007
https://doi.org/10.1016/j.amsu.2021.102347
https://doi.org/10.1016/j.amsu.2021.102347
https://doi.org/10.1093/pm/pnx321
https://doi.org/10.1093/pm/pnx321
https://doi.org/10.1002/prp2.247
https://doi.org/10.1007/164_2019_206
https://doi.org/10.1007/164_2019_206
https://doi.org/10.1111/papr.12558
https://doi.org/10.1111/papr.12558
https://doi.org/10.1517/13543784.2015.1036985
https://doi.org/10.1517/13543784.2015.1036985
https://doi.org/10.1021/ml500117c
https://doi.org/10.1111/jcpt.12461
https://doi.org/10.1111/jcpt.12461
https://doi.org/10.2174/1568026620666200508082615
https://doi.org/10.2174/1568026620666200508082615
https://doi.org/10.1097/ALN.0000000000001529
https://doi.org/10.1097/ALN.0000000000001529
https://doi.org/10.1124/jpet.114.213694
https://doi.org/10.1124/jpet.114.213694
https://doi.org/10.1007/s40262-017-0545-1
https://doi.org/10.1007/s40262-017-0545-1
https://doi.org/10.1097/j.pain.0000000000000986
https://doi.org/10.1097/j.pain.0000000000000986
https://doi.org/10.1002/ejp.1331
https://doi.org/10.1016/j.jpainsymman.2019.05.012
https://doi.org/10.1016/j.jpainsymman.2019.05.012
https://doi.org/10.1097/JCP.0000000000000995
https://doi.org/10.1021/jm2003238
https://doi.org/10.1124/jpet.110.175620
https://doi.org/10.1073/pnas.1612752113
https://doi.org/10.1073/pnas.1605295113
https://doi.org/10.1073/pnas.1605295113

632

F. Coluzzi et al.

115.

116.

alcohol drinking in Rhesus monkeys. Neuropsychopharmacology.
2019;44:1476-84. https://doi.org/10.1038/s41386-019-0390-z.
Kiguchi N, Ding H, Cami-Kobeci G, Sukhtankar DD, Czoty
PW, DeLoid HB, et al. BU10038 as a safe opioid analgesic with
fewer side-effects after systemic and intrathecal administration
in primates. Br J Anaesth. 2019;122:e146-56. https://doi.org/10.
1016/j.bja.2018.10.065.

Ding H, Kiguchi N, Yasuda D, Daga PR, Polgar WE, Lu JJ,
et al. A bifunctional nociceptin and mu opioid receptor agonist
is analgesic without opioid side effects in nonhuman primates.
Sci Transl Med. 2018;10:eaar3483. https://doi.org/10.1126/scitr
anslmed.aar3483.

A\ Adis

117.

118.

Sisignano M, Parnham MJ, Geisslinger G. Novel approaches to
persistent pain therapy. Trends Pharmacol Sci. 2019;40:367-77.
https://doi.org/10.1016/j.tips.2019.04.003.

Caputi FF, Di Cesare ML, Rullo L, Micheli L, Stamatakos S,
Posa L, et al. The active second-generation proteasome inhibi-
tor oprozomib reverts the oxaliplatin-induced neuropathy symp-
toms. Biochem Pharmacol. 2020;182:114255. https://doi.org/10.
1016/j.bcp.2020.114255.


https://doi.org/10.1038/s41386-019-0390-z
https://doi.org/10.1016/j.bja.2018.10.065
https://doi.org/10.1016/j.bja.2018.10.065
https://doi.org/10.1126/scitranslmed.aar3483
https://doi.org/10.1126/scitranslmed.aar3483
https://doi.org/10.1016/j.tips.2019.04.003
https://doi.org/10.1016/j.bcp.2020.114255
https://doi.org/10.1016/j.bcp.2020.114255

	Current and Future Therapeutic Options in Pain Management: Multi-mechanistic Opioids Involving Both MOR and NOP Receptor Activation
	Abstract
	1 Introduction
	2 Endogenous Opioid System
	2.1 NOFQ-NOP Receptor System
	2.1.1 Role of NOFQ-NOP Receptor System in Pain
	2.1.2 Role of NOFQ-NOP Receptor System in Opioid Tolerance


	3 Current Multi-mechanistic (MORNOP) Opioids
	3.1 Buprenorphine
	3.2 Cebranopadol

	4 Future Multi-mechanistic Dual MORNOP Receptor Agonists
	5 Future Perspectives
	References




