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Abstract

Following the identification of the nociceptin/orphanin FQ (N/OFQ) peptide (NOP) as an
endogenous ligand for the NOP receptor, ample evidence has revealed unique functional profiles
of the N/OFQ-NOP receptor system. NOP receptors are expressed in key neural substrates
involved in pain and reward modulation. In non-human primates (NHPs), NOP receptor
activation effectively exerts antinociception and anti-hypersensitivity at the spinal and supraspinal
levels. Moreover, NOP receptor activation inhibits dopaminergic transmission and synergistically
enhances mu-opioid peptide (MOP) receptor-mediated analgesia. In this article, we discuss the
functional profiles of ligands with dual NOP and MOP receptor agonist activities and highlight
their optimal functional efficacy for pain relief and drug abuse treatment. Through coactivation
of NOP and MOP receptors, bifunctional NOP/MOP receptor “partial” agonists (e.g., AT-121,
BU08028, and BU10038) reveal a wider therapeutic window with fewer side effects. These newly
developed ligands potently induce antinociception without MOP receptor agonist-associated side
effects such as abuse potential, respiratory depression, itch sensation, and physical dependence.
In addition, in both rodent and NHP models, bifunctional NOP/MOP receptor agonists can
attenuate reward processing and/or the reinforcing effects of opioids and other abused drugs.
While a mixed NOP/opioid receptor “full” agonist cebranopadol is undergoing clinical trials,
bifunctional NOP/MOP “partial” agonists exhibit promising therapeutic profiles in translational
NHP models for the treatment of pain and opioid abuse. This class of drugs demonstrates the
therapeutic advantage of NOP and MOP receptor coactivation, indicating a greater potential for
future development.
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1. Introduction

Twenty-five years ago, nociceptin/orphanin FQ (N/OFQ), an endogenous 17-amino acid
peptide, was identified as a multifunctional ligand for the opioid receptor-like 1 (ORL1)
(Meunier et al. 1995; Reinscheid et al. 1995), with ORL1 renamed to N/OFQ peptide (NOP)
receptor (Cox et al. 2015). Despite the high homology of the NOP receptor and other
classical (i.e., mu-, delta-, and kappa-) opioid receptors (MOP, DOP, and KOP, respectively),
N/OFQ does not bind to classical opioid receptors owing to its unique structure (Bunzow

et al. 1994; Fukuda et al. 1994; Mollereau et al. 1994; Nishi et al. 1994; Wang et

al. 1994). Biochemical and crystal structure analysis revealed that the hydrophobic and
hydrophilic features of the binding pockets of the NOP receptor and that of other opioid
receptors are different due to key amino acid sequences (Granier et al. 2012; Manglik et

al. 2012; Thompson et al. 2012; Wu et al. 2012), underlying the marked differences in the
binding selectivity of corresponding ligands between the NOP receptor and classical opioid
receptors. Notably, the amino acid sequence of N/OFQ, derived from a precursor peptide
prepro-N/OFQ (ppN/OFQ), as well as NOP receptor, is well conserved across mammalians,
and ppN/OFQ and N/OFQ are widely distributed in the peripheral and central nervous
system (CNS) of both rodents and primates (Berthele et al. 2003; Neal et al. 1999a; Neal et
al. 1999b; Peluso et al. 1998; Witta et al. 2004).

The NOP receptor is coupled to the pertussis toxin (PTX)-sensitive Gi/o proteins that
inhibit adenylate cyclase and voltage-gated calcium channels and activate inward potassium
channels like classical opioid receptors (Hawes et al. 2000; Ma et al. 1997; Margas et al.
2008). On the other hand, PTX-insensitive NOP receptor signaling is mediated through G
protein-coupled kinases that lead to beta-arrestin recruitment (Parker and Bruchas 2019;
Zhang et al. 2012). These pathways are also associated with activation of protein kinases,
whereas the intracellular events following NOP receptor activation can reduce synaptic
transmission through presynaptic or postsynaptic actions (Connor et al. 1996a; Connor et al.
1996b; Knoflach et al. 1996). Given that N/OFQ and NOP receptors are abundant in several
regions of the brain and spinal cord, the N/OFQ-NOP receptor system exhibits multiple
effects in the CNS (Kiguchi et al. 2016; Lambert 2008; Schroder et al. 2014). In fact, it
was reported that NOP receptor activation inhibits the release of various neurotransmitters
(dopamine, noradrenaline, 5-HT, glutamate, and GABA), and largely contributes to several
CNS functions such as reward, emotion, memory, motor function, and sensory processing
(Nicol et al. 1998; Nicol et al. 1996; Schlicker and Morari 2000). Although NOP receptor
activation drives various intracellular events similar to classical opioid receptors, some of
the NOP receptor-mediated effects through G protein and beta-arrestin pathways may be
more complicated (Parker and Bruchas 2019). In this review, we highlighted the functional
profiles of the N/OFQ-NOP receptor system for modulating pain and reinforcing effects and
propose the therapeutic potential of NOP receptor activation for the treatment of pain and
drug abuse.
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2. Roles of NOP receptor activation in pain and drug abuse

2.1. Expression of N/OFQ and NOP receptor in nervous systems

Ample evidence indicates that NOP receptors are widely distributed in the dorsal root
ganglia (DRG), spinal dorsal horn (SDH), and brain areas that are involved in pain
processing. Based on histological approaches and reporter fluorescent protein expression

in rodents (Anton et al. 1996; Chen and Sommer 2006; Florin et al. 2000; Neal et al.

1999a; Ozawa et al. 2015), NOP receptors are expressed in both small- and large-diameter
neurons of the DRG and trigeminal ganglia, found in both peptidergic and nonpeptidergic
C-fibers, indicating that activation of the NOP receptor affects thermal and mechanical pain
sensitivities (Ozawa et al. 2018; Toll et al. 2019). Consistently, abundant NOP receptor
expression was also observed in the superficial area (laminae | and Il) of the SDH that
receive projections from sensory C-fibers. Importantly, such findings have been translated to
NOP receptors present in most small- and large-diameter human DRG neurons (Anand et al.
2016).

Like other classical opioid receptors, N/OFQ and NOP receptors were abundantly expressed
in cortical regions (i.e., frontal cortex and cingulate cortex) and other multiple regions of
the brain such as periaqueductal gray (PAG), locus coeruleus, and rostral ventromedial
medulla (RVM), which directly impact ascending and descending pain pathways (Kiguchi
and Ko 2019; Schroder et al. 2014; Toll et al. 2019). Moreover, N/OFQ and NOP receptors
were observed in the main mesolimbic pathway consisting of the central amygdala, the bed
nucleus of the stria terminals, the ventral tegmental area (VTA), and nucleus accumbens
(NAC), and also expressed in the hippocampus, thalamus, striatum, and other brain regions
(Gehlert et al. 2006; Letchworth et al. 2000; Neal et al. 1999b; Sim-Selley et al. 2003;

Sim and Childers 1997; Slowe et al. 2001). These findings concerning the NOP receptor
expression in the brain were also confirmed by additional studies using other animal species,
including primates, by neuroanatomical or imaging techniques (Bridge et al. 2003; Kiguchi
and Ko 2019; Kimura et al. 2011; Lohith et al. 2014; Lohith et al. 2012). Given the
similarities of the N/OFQ-NOP receptor and other opioid receptor systems, NOP receptor
activation may largely contribute to pain processing and substance use disorders in rodents
and primates.

2.2. Effects of selective NOP agonists in the primary sensory neurons

Based on behavioral assays in rodents, peripherally-administered N/OFQ shows opposite
effects in pain processing depending on the dosage. Intraplanter (i.pl.) administration

of ultra-low doses (at femtomoles) of N/OFQ produced nociceptive behaviors through
substance P release from peripheral nerve endings (Inoue et al. 1998), whereas higher
doses (at picomoles) of i.pl. N/OFQ demonstrated antinociceptive effects (Sakurada et al.
2005). Moreover, Ro65-6570, a nonpeptidic NOP receptor agonist, attenuated mechanical
hyperalgesia following i.pl. administration in diabetic rats (Schiene et al. 2015). These
actions of NOP receptor agonists are consistent with electrophysiological studies showing
that NOP receptor activation can inhibit voltage-gated calcium channels (Cav) in small-
and medium-diameter DRG neurons via Gi/o protein-dependent pathways (Abdulla and
Smith 1998; Winters et al. 2019). N/OFQ preferentially inhibits N-type current to a greater
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degree than other Cav-mediated current in the DRG neurons (Beedle et al. 2004; Winters
et al. 2019). It is worth noting that N/OFQ prevented capsaicin-elicited calcium increases
in human DRG neurons (Anand et al. 2016), suggesting that activation of peripheral NOP
receptors may produce antinociceptive effects.

2.3. Effects of selective NOP agonists in the spinal cord

Despite the early reported dual actions of intrathecal (i.t.) N/OFQ, i.e., N/OFQ at
femtomoles produced pain-like behaviors (Inoue et al. 1999; Sakurada et al. 1999), whereas
higher doses (at nanomoles) demonstrated antinociceptive effects, a majority of publications
reported that spinal NOP receptor activation results in antinociception (Erb et al. 1997;
Kiguchi et al. 2016; King et al. 1997; Xu et al. 1996; Yamamoto et al. 1997a). UFP-112,

a peptidic NOP receptor agonist, presenting increased agonist potency and decreased
peptidase sensitivity, was generated by chemical modifications of N/OFQ, and exerted
antinociceptive effects with higher potency and a longer duration than N/OFQ in mice
(Calo et al. 2011; Rizzi et al. 2007). Electrophysiological studies revealed that activation

of presynaptically and postsynaptically located NOP receptors can inhibit the excitatory
glutamatergic transmission via Gi/o protein-dependent intracellular pathways, as well as
MOP receptor activation (Ahmadi et al. 2001a; Ahmadi et al. 2001b; Le Cudennec et al.
2002; Liebel et al. 1997; Winters et al. 2019), indicating that NOP receptor activation
displays antinociception at the spinal level in rodents. Additionally, NOP receptor activation
in the SDH effectively suppressed inflammatory pain, as i.t. N/OFQ inhibited carrageenan-
or complete Freund’s adjuvant (CFA)-induced thermal hyperalgesia in rodents (Chen and
Sommer 2007; Hao et al. 1998; Yamamoto et al. 1997b). Moreover, i.t. N/OFQ or Ro64—
6198, a nonpeptidic NOP receptor agonist, exerts potent alleviation of neuropathic pain
(i.e., thermal hyperalgesia and mechanical allodynia) elicited by chronic constriction injury
(CCI)- or spinal nerve ligation (SNL) in rodents (Corradini et al. 2001; Courteix et al. 2004;
Obara et al. 2005; Yamamoto and Nozaki-Taguchi 1997).

Unlike in rodents, i.t. N/OFQ over a wide dose range (i.e., from femtomoles to nanomoles)
only produced NOP receptor antagonist-reversible antinociception and enhanced morphine-
induced antinociception in NHPs (Ko and Naughton 2009). Notably, N/OFQ was the

most potent endogenous peptide among all opioid peptides, such as B-endorphin and
enkephalins, regarding spinal analgesia under inflammatory pain conditions, as i.t. N/OFQ
completely inhibited carrageenan-induced hyperalgesia in NHPs (Lee and Ko 2015).
Furthermore, the inhibitory effects of i.t. UFP-112 on acute thermal nociception and
capsaicin-induced thermal allodynia in NHPs was 10 times more potent than morphine (Hu
et al. 2010). Another NOP receptor agonist PWT2-N/OFQ generated by peptide welding
technology (PWT) also displayed potent antinociception with a 40-fold higher potency and
a markedly prolonged duration in NHPs (Calo et al. 2018; Rizzi et al. 2015). Generally, i.t.
administration of MOP receptor agonists, which are gold standard analgesics for severe pain,
often causes itch (pruritus) that compromises the analgesic value of spinal opioids (Ganesh
and Maxwell 2007; Waxler et al. 2005). Given that i.t. MOP receptor agonists, but not NOP
receptor agonists, elicit robust itch-related scratching behaviors in NHPs (Ko and Naughton
2000; Ko et al. 2006), pharmacological studies using NHPs provide a translational bridge to
validate novel spinal analgesics without the itch side effect.
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2.4. Effects of selective NOP agonists in the brain

In rodents, supraspinal NOP receptor activation often has a pronociceptive role.
Intracerebroventricular (i.c.v.) administration of N/OFQ produced mild pronociceptive
effects in hot plate and tail-flick tests and i.c.v. N/OFQ attenuated morphine-induced
antinociception (King et al. 1998; Meunier et al. 1995; Reinscheid et al. 1995), supported
by i.c.v. UFP-101, a peptidic NOP receptor selective antagonist, which demonstrated
antinociceptive effects in the formalin test (Rizzi et al. 2006). Hence, supraspinal NOP
receptor activation mainly cause hyperalgesic effects under physiological and inflammatory
conditions in rodents (Kiguchi et al. 2016; Schroder et al. 2014). On the other hand, with
advanced surgical techniques, the supraspinal actions of N/OFQ were determined in NHPs
(Ding et al. 2015). It is interesting to note that the intracisternal administration of N/OFQ
produced only antinociceptive effects, antagonized by a NOP receptor antagonist. Moreover,
supraspinal NOP receptor activation did not attenuate, instead enhanced, morphine-induced
antinociception (Ding et al. 2015). These data indicate that there are distinct functional
profiles for supraspinal NOP receptor activation between rodents and NHPs, and propose
the impact of N/OFQ-NOP receptor system in the CNS for attenuating pain processing in
primates.

Based on the classical opioid-like expression patterns and analgesic functions, the role

of NOP receptor activation in the reward system has been extensively investigated.
Microdialysis experiments revealed that i.c.v. N/OFQ reduced morphine- or cocaine-induced
dopamine release in the NAC (Di Giannuario and Pieretti 2000; Lutfy et al. 2001; Murphy
et al. 1996), with such effects supported by the microinjection of N/OFQ into NAC or

VTA reduced extracellular dopamine levels in the NAC (Murphy and Maidment 1999;
Vazquez-DeRose et al. 2013). Furthermore, these findings indicate that the ability of the
NOP receptor activation to inhibit dopamine release in the mesolimbic system might
counteract the rewarding and/or reinforcing effects of opioids and psychostimulants. In
rodents, the conditioned place preference (CPP) test was used to evaluate the suppressive
effects of NOP receptor activation on the rewarding effects of opioids. In addition to opioids,
psychostimulant-induced reward effects were inhibited by N/OFQ-NOP receptor system,

as cocaine- or amphetamine-induced CPP behaviors were attenuated by the administration
of NOP receptor agonists (Kotlinska et al. 2003; Murphy and Maidment 1999; Rutten et

al. 2010; Sakoori and Murphy 2004; Toll et al. 2016). Furthermore, the administration

of peptidic or nonpeptidic NOP receptor agonists suppressed alcohol consumption in
rodents (Ciccocioppo et al. 2003; Ciccocioppo et al. 2002; Kuzmin et al. 2007; Kuzmin

et al. 2003). It is interesting that not only agonists but also antagonists for NOP receptor
reduced the motivation for alcohol (Ciccocioppo et al. 2019). Nevertheless, the majority

of publications suggest that NOP receptor activation negatively regulate the abuse potential
of drugs. This notion is also supported by a recent study demonstrating that activation of
NOP receptor expressing VTA dopamine neurons suppressed motivation for reward (Parker
et al. 2019). Notably, Ro64-6198 and SCH221510, which are nonpeptidic NOP receptor
agonists, attenuated opioid intake through NOP receptor activation in rats and NHPs,
without behavioral selectivity. Intracisternal administration of SCH221510 attenuated the
reinforcing effects of not only remifentanil, but also sucrose in rodents (Sukhtankar et al.
2014a). Ro64-6198 attenuated reinforcing effects of remifentanil in NHPs under sedation
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(Podlesnik et al. 2011). Furthermore, it is also important to note that MOP agonist-induced
rewarding and reinforcing effects did not fully require dopamine neurotransmission (Fields
and Margolis 2015; Hiranita et al. 2013). Therefore, NOP receptor selective agonists may
demonstrate moderate capacity for attenuating the reinforcing effects. Further studies are
necessary to understand the interactions between NOP and MOP receptor activation for
modulating a drugs’ reinforcing effects and abuse potential.

2.5. Therapeutic potential of coactivation of NOP/MOP receptors

Even though potent MOP receptor agonists (i.e., morphine, oxycodone, and fentanyl) have
been used as essential analgesics to relieve severe pain, the clinical use of such MOP
receptor agonists is limited due to several side effects, such as abuse liability, respiratory
depression, itch sensation, and constipation. In particular, the recent marked increase in
prescription opioid analgesic abuse and opioid overdose mortality has severely impacted our
society (Brady et al. 2016; Volkow and McLellan 2016). In spite of improved understanding
of the beneficial or undesirable effects of MOP receptor agonists in the past few decades, the
lack of alternative analgesics may have contributed to the current opioid crisis (Degenhardt
et al. 2014; Gunther et al. 2018; Volkow and Collins 2017). Hence, there is an unmet need
for discovering novel potent analgesics devoid of MOP receptor-associated side effects.
Notably, unlike MOP receptor agonists, NOP receptor agonists do not demonstrate such
dose-limiting side effects, but could produce sedation in NHP (Kiguchi and Ko 2019; Lin
and Ko 2013). Based on the unique pharmacological profiles of NOP receptor activation,
some NOP receptor agonists have entered human clinical trials for different applications
(Calo and Lambert 2018; Tzschentke et al. 2019; Zaveri 2016). Given that NOP receptor
activation can inhibit dopaminergic transmission (Di Giannuario and Pieretti 2000; Murphy
et al. 1996) and synergistically enhance MOP receptor-mediated analgesia (Cremeans et al.
2012; Hu et al. 2010), it is hypothesized that the coactivation of NOP and MOP receptors
may produce analgesia with reduced side effects (Lin and Ko 2013). Specifically, a ligand
with dual NOP and MOP agonist actions may have a wider therapeutic window, exerting
functional efficacy for pain relief and drug abuse treatment (Lin and Ko 2013; Toll et al.
2016; Zaveri 2016).

3. Therapeutic potential of bifunctional NOP/MOP agonists as spinal

analgesics

Since the unique amino acid residue of N/OFQ determines the selectivity for NOP receptors
and classical opioid receptors, the introduction of a 2,6-dimethyltyrosine (Dmt) residue

at the N-terminal generated a bifunctional peptidic ligand (Preti et al. 2019). [Dmt}]N/
OFQ(1-13)-NH> activated not only the NOP receptor but also the MOP receptor, with the
i.t. administration of [Dmt]N/OFQ(1-13)-NH, producing antinociceptive effects in mice
with acute pain (Kiguchi et al. 2016). On the other hand, BU08028 was developed as

a buprenorphine-derived novel orvinol analog demonstrating buprenorphine-like binding
profiles to classical opioid receptors (MOP, DOP, and KOP) and a higher binding affinity
and efficacy at the NOP receptor (Khroyan et al. 2011). BU08028, i.t.-administered,
exerted potent and effective anti-hypersensitive effects in mouse models of neuropathic
pain and inflammatory pain (Sukhtankar et al. 2013). Interestingly, i.t. SR16435, a non-
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morphinan bifunctional NOP/MOP agonist, also reported potent antiallodynic effects in
mice. Furthermore, the development of analgesic tolerance to SR16435 following repeated
administration was slower in comparison with buprenorphine (Sukhtankar et al. 2013).
These lines of evidence indicate that bifunctional NOP/MOP ligands have a strong
therapeutic potential as spinal analgesics.

Consistent with findings in rodents, i.t. [Dmt}JN/OFQ(1-13)-NH, was more potent than
N/OFQ in terms of antinociception in NHPs (Molinari et al. 2013). Moreover, PWT-based
chemical modification (Calo et al. 2018) developed PWT2-[Dmt}]N/OFQ(1-13)-NH, that
exerted complete antinociceptive effects, demonstrating higher potency and longer duration
in NHPs (Cerlesi et al. 2017). Nonetheless, higher doses of [Dmt]]N/OFQ(1-13)-NH, than
the antinociceptive doses caused robust itch sensation in NHPs owing to MOP receptor
activation in the SDH. Recently, BU10038 was synthesized as a naltrexone-derived analog
with partial agonist activity for both NOP and MOP receptors (Kiguchi et al. 2019). It

is worth noting that i.t. BU10038 produced potent and long-lasting antinociceptive and
antiallodynic effects compared to morphine in NHP (Fig. 1), and i.t. BU10038 did not
cause an itch sensation and tolerance even when daily administered for 4 weeks (Kiguchi
et al. 2019). These results suggest that the appropriate balance between NOP and MOP
receptor activation display ideal pharmacological profiles (i.e., higher potency without itch
sensation and tolerance development), and such ligands demonstrate potential as novel
spinal analgesics.

4. Therapeutic potential of bifunctional NOP/MOP agonists for treatment

of pain and opioid abuse

4.1. Morphinan NOP/MOP partial agonists

Systemically administered NOP receptor agonists demonstrate integrated effects of
peripheral, spinal, and supraspinal actions (Kiguchi and Ko 2019). Although the role of

the N/OFQ-NOP receptor system in pain processing remains complicated in rodents, it
produces only antinociceptive effects, regardless of the sites of action in NHPs (Ko and
Naughton 2009; Podlesnik et al. 2011; Sukhtankar et al. 2014b). Given the synergistic
antinociceptive effects between NOP receptor agonists and buprenorphine (Cremeans

et al. 2012), it has been hypothesized that the systemic administration of bifunctional
NOP/MOP agonists may display more potent analgesic effects (Lin and Ko 2013). Based
on the unique pharmacological profiles of buprenorphine affecting analgesia and reinforcing
effects, BU08028, a buprenorphine analog presenting partial agonist activities for both
NOP and MOP receptors might produce beneficial effects in comparison with clinically
used opioid analgesics (Khroyan et al. 2011). Interestingly, systemic administration of
BU08028 exerted morphine-comparable antinociceptive effects in the tail-flick test in mice,
and was enhanced by NOP receptor antagonist SB612111 and attenuated by MOP receptor
antagonist naloxone. Notably, similar to morphine, BU08028 increased global activity and
caused CPP behavior suggesting the presence of abuse liability (Khroyan et al. 2011).
These lines of evidence indicate that MOP receptor-associated activity overpowers NOP
receptor-mediated functions regarding the integrated effects of BU08028 in rodents.
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In NHPs, BU08028 produced long-lasting (up to 30 h) antinociceptive and antiallodynic
effects. BU08028-induced antinociception was antagonized by the NOP receptor and MOP
receptor antagonist to the same degree (Ding et al. 2016). In addition, as measured by the
progressive-ratio schedule of drug self-administration, BU08028 did not elicit reinforcing
effects in comparison with buprenorphine and cocaine in NHPs. BU08028, at higher doses
than antinociceptive doses, did not affect respiratory and cardiovascular activities, whereas
potent MOP receptor agonists, such as fentanyl, cause respiratory depression in NHPs (Ding
et al. 2016). Collectively, there is a translational gap regarding the functions of bifunctional
NOP/MOP receptor ligands between rodents and NHPs. Through the coactivation of

NOP and MOP receptors, BU08028 provides the first functional evidence for bifunctional
NOP/MOP partial agonists as safe and non-addictive analgesics.

4.2. Non-morphinan NOP/MOP partial agonists

As bifunctional NOP/MOP agonists exhibit potent analgesic effects in rodents and NHPs,
researchers have developed several non-morphinan compounds that bind to both NOP and
MOP receptors (Zaveri 2011; Zaveri and Meyer 2019). Among the several nonpeptidic
NOP receptor ligands, AT-121 has been identified as a non-morphinan bifunctional
NOP/MOP agonist showing high binding affinity and partial agonist efficacy for both
NOP and MOP receptors (Ding et al. 2018). In NHPs, systemic administration of AT-121
produced morphine-comparable antinociceptive and antiallodynic effects. AT-121-induced
antinociception was 100-fold more potent than morphine, and was antagonized by either
NOP receptor antagonist J-113397 or MOP receptor antagonist naltrexone (Ding et al.
2018). Moreover, systemic AT-121 elicited neither itch sensation, nor respiratory depression
and cardiovascular dysfunctions. Even after repeated administration of AT-121, opioid-
induced hyperalgesia, physical dependence and tolerance were not observed in NHPs.
Furthermore, AT-121 produced no reinforcing effects and also attenuated the reinforcing
effects of oxycodone, an abused prescription opioid, without disrupting food intake (Fig.
2) (Ding et al. 2018). These lines of evidence further support that bifunctional NOP/MOP
partial agonists may have a dual therapeutic action for the treatment of pain and opioid
abuse.

4.3. Mixed NOP and opioid receptor agonist

Cebranopadol was discovered as a potent mixed NOP and opioid receptor agonist, revealing
high affinities with nearly full agonist activities for NOP and MOP, and partial agonist
activity for KOP receptors (Fantinati et al. 2017; Linz et al. 2014; Rizzi et al. 2016).
Systemic (intravenous; i.v.) administration of cebranopadol exhibited highly potent and
efficacious antinociceptive, anti-hypersensitive effects in rodent models of neuropathic
pain with EDgq of 0.5-5.6 pg/kg. Notably, cebranopadol was more than 100-fold potent
and long-lasting compared to morphine-induced analgesia. The anti-hypersensitive effects
of cebranopadol were partially reversed by J-113397 or naltrexone, indicating that the
coactivation of NOP and MOP receptors underlies this activity (Calo and Lambert 2018;
Linz et al. 2014; Raffa et al. 2017; Schiene et al. 2018). Unlike morphine, cebranopadol
did not affect respiratory and motor functions at analgesic doses. More importantly, the
beneficial effects of cebranopadol can be translated to NHPs, as it also produced potent
antinociceptive and anti-hypersensitive effects following systemic (1-5.6 pg/kg) or i.t. (1
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ug) administration without eliciting itch. Cebranopadol caused reinforcing effects in the
fixed-ratio schedule of self-administration, but its reinforcing strength was lower than the
MOP receptor full agonist fentanyl (Kiguchi and Ko 2019; Trapella et al. 2018).

Since the oral bioavailability of cebranopadol is 13-23%, it can be orally administered, and
the duration of orally-administered cebranopadol was more than 9 h (Calo and Lambert
2018; Linz et al. 2014; Schunk et al. 2014). Given the half-life of 4.5 h and its moderate
ability to elicit side effects, there is potential for clinical use to treat severe pain following
systemic administration. In phase | and phase Il clinical trials of cebranopadol for analgesic
indications, pharmacokinetic properties of cebranopadol were demonstrated, as it displayed
a 4-6 h of maximum plasma concentration and 14-15 h of half-life in patients (Calo

and Lambert 2018; Kleideiter et al. 2018). Of note, even though oral administration of
cebranopadol (0.6 mg) produced drug-liking effects, such effects were less or shorter than
the usual MOP receptor full agonist hydromorphone (Gohler et al. 2019). These reports
suggest that cebranopadol exhibits safer pharmacological profiles than other clinically

used opioid analgesics (Calo and Lambert 2018; Tzschentke et al. 2019). The analgesic
efficacy of cebranopadol in patients with low back pain was evaluated in randomized,
double-blind, placebo-controlled trials, and produced significant analgesic effects over the
placebo control, with fewer undesirable side effects (e.g., miosis, respiratory depression,
constipation, dizziness, and nausea) (Christoph et al. 2017). In patients with cancer pain,
cebranopadol displayed effective and safer profiles (Eerdekens et al. 2019). Collectively,
these findings support the notion that the coactivation of NOP and MOP receptors can
provide safer pain relief with reduced side effects.

5. Treatment of drug abuse by coactivation of NOP and MOP receptors

Unlike buprenorphine, recently developed bifunctional NOP/MOP partial agonists (i.e.,
BU08028, BU10038, and AT-121) itself did not exhibit reinforcing effects in NHPs (Ding
et al. 2016; Ding et al. 2018; Kiguchi et al. 2019), whereas the mixed NOP and opioid
receptor full agonist cebranopadol has moderate reinforcing effects (Kiguchi and Ko 2019;
Trapella et al. 2018). In addition, the abuse potential of cebranopadol has been indicated

in a recent study reporting that cebranopadol displayed drug-liking effects in humans, but
lower than hydromorphone (Gohler et al. 2019). By comparing the reinforcing effects of
BU08028, AT-121, and cebranopadol using the same drug-self-administration setting in
NHPs, it appears that NOP receptor activation may suppress the reinforcing effects mediated
by partial, but not full, MOP agonists. This hypothesis is consistent with a recent report
showing that BPR1M97, a NOP/MOP full agonist, exerts potent antinociception without
changing reward behavior in mice (Chao et al. 2020). Further studies using several ligands
with different intrinsic efficacies at NOP and MOP receptors could determine the functional
role of NOP receptor activation in modulating abuse liability based on MOP receptor
activation.

Notably, daily systemic AT-121 pretreatment significantly attenuated oxycodone-induced
reinforcing effects without disrupting food-maintained operant behavior, and the degree of
AT-121-induced attenuation was similar to that of buprenorphine (Ding et al. 2018). This
effect of AT-121 might be mediated by the coactivation of NOP and MOP receptors with

J Neurosci Res. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiguchi et al.

Page 10

partial agonist activities. This is the first evidence demonstrating the identification of a novel
bifunctional NOP/MOP agonist that inhibits abuse liability of prescription opioid oxycodone
with behavioral selectivity. Moreover, a recent report demonstrated that BU08028 selectively
attenuate alcohol intake without affecting food-maintained operant behaviors in NHPs
(Flynn et al. 2019). Acute systemic administration of BU08028 decreased ethanol drinking,
and the effective doses of BU08028 were lower than that of buprenorphine. In addition,
chronic dosing of BU08028 also attenuated ethanol drinking, with the effects maintained

for several weeks without inducing tolerance and adverse effects (Flynn et al. 2019). Given
that AT-121 and BU08028 alone did not produce reinforcing effects (i.e., abuse liability)

in NHPs, bifunctional NOP/MOP partial agonists may have great therapeutic potential for
treating not only pain but also substance use disorders with fewer side effects.

6. Conclusion

Collectively, NOP receptor activation plays a significant role in modulating pain processing
and rewarding/reinforcing effects. Given the similarities of anatomical and neurochemical
features between human and NHPs, pharmacological studies dissecting the functional
significance of ligand-receptor systems using NHPs provide a greater translational platform
to facilitate basic research and drug development. Notably, several NOP receptor agonists
produce potent antinociceptive and anti-hypersensitive effects, synergistically enhancing
morphine-induced antinociception in NHPs without eliciting MOP receptor-associated

side effects. Emerging evidence has shown a promising functional profile of bifunctional
NOP/MOP partial agonists as safe and non-addictive analgesics (Kiguchi et al. 2016;
Kiguchi and Ko 2019; Lin and Ko 2013) (Table 1). Furthermore, recent clinical trial
outcomes of cebranopadol support the therapeutic benefits of NOP and MOP receptor
coactivation. However, it should be reiterated that cebranopadol produces reinforcing
effects in humans and NHPs, indicative of the abuse potential. While coactivation of

NOP and MOP receptors may provide a viable treatment option for pain and drug abuse,
caution is warranted for bifunctional NOP/MOP “full” agonists. Based on accumulating
evidence, bifunctional NOP/MOP “partial” agonists display favorable functional profiles in
translational NHP models for the treatment of pain and opioid abuse. This class of drugs
demonstrates the therapeutic advantage of coactivation of NOP and MOP receptors and
demonstrates a great potential for future development.
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Significance statement

The nociceptin/orphanin FQ peptide (NOP) receptors and mu-opioid peptide (MOP)
receptors share similar intracellular events. Interestingly, activation of NOP receptors
enhances MOP receptor-mediated analgesia and inhibits dopaminergic transmission. This
article summarizes the key findings of ligands with dual NOP/MOP receptor agonist
activities. Bifunctional NOP/MOP receptor “partial” agonists not only could be safe,
non-addictive analgesics, but also attenuate rewarding and reinforcing effects of opioids
and other abused drugs. This class of drugs demonstrates the therapeutic advantage of
coactivation of NOP and MOP receptors as a treatment option for pain and opioid abuse.

J Neurosci Res. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kiguchi et al.

% Maximum Possible Effect vs.

BU10038
A 001mgkg’
W 0.003
@® 0.001

5 O o

$100

o

< 80 *

wn

-é 60 %

S 40

L

8 20

=

20

o | —— S

8

123 6 24 3048

Time after administration (hr) Time after administration (hr)

o)

% Maximum Possible Effect vs.
capsaicin allodyniain 46 °gwater

ocenmp

*

BU10038
0.01 mg kg’
0.003

0.001

0

>k

1

16

24

48

o

% Maximum Possible Effect vs.

°C water
-

® o

o o

acute nociception 50

N & O
o O O O

Page 20

A BU10038 A BU10038
B Morphine ) B Morphine
O Vehicle g5 °

Y )

] y 8 2100

v o 80

§ w

2 5 60

g8

c 8 40 1

= %

E 2 20

32

=3 0

X ®

16 24 48

Time after administration (hr)

0.0010.01 0.1 1
Dose (mg kg™)

Fig. 1. Effects of systemic administration of BU10038 on nociceptive responsesin nonhuman

primates.

(A) Antinociception against acute noxious stimulus, 50°C water. (B) Antihypersensitivity
against capsaicin-induced allodynia in 46°C water. (C) Comparison of antinociceptive
duration of BU10038 (0.01 mg kg™1) and morphine (1.8 mg kg™1). (D) Comparison of
antinociceptive potency of BU10038 and morphine. Each data point represents mean + SEM
(n=4). All compounds were delivered subcutaneously. *P<0.05, significantly different from
vehicle condition from the first time point to the corresponding time point. Reprinted with
permission from Kiguchi et al. 2019.
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Fig. 2. Effects of AT-121 on reinforcing effectsin nonhuman primates.
(A and B) Number of injections received as a function of dose in monkeys responding to

cocaine (C; 0.03 mg/kg per injection), remifentanil (R; 0.3 ug/kg per injection), saline (S;
~0.14 ml/kg per injection), AT-121 (0.3 to 10 ug/kg per injection), or oxycodone (0.3 to 10
pa/kg per injection) under a progressive-ratio schedule of reinforcement. (C) Effects of the
vehicle (0.1 ml/kg), AT-121 (0.03 mg/kg), buprenorphine (0.1 mg/kg), or naltrexone (0.01
mg/kg) on the reinforcing effects of oxycodone (3 ug/kg per injection). Each compound
was administered intramuscularly 30 min before starting the progressive-ratio schedule of
oxycodone. (D) Effect of the vehicle (0.1 ml/kg) or AT-121 (0.03 mg/kg) on the reinforcing
effects of food pellets. AT-121 or its vehicle was administered intramuscularly 30 min before
starting the fixed-ratio schedule of food pellets. Each data point represents mean + SEM
(n=4). Data were analyzed by one-way ANOVA with repeated measures, followed by
Bonferroni’s multiple comparisons test. *~ < 0.05, a significant difference from saline or
vehicle. Reprinted with permission from Ding et al. 2018.
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