1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Med Chem. Author manuscript; available in PMC 2017 February 11.

-, HHS Public Access
«

Published in final edited form as:
J Med Chem. 2016 August 11; 59(15): 7011-7028. doi:10.1021/acs.jmedchem.5b01499.

The Nociceptin Opioid Receptor (NOP) as a Therapeutic Target:
Progress in Translation from Preclinical Research to Clinical
Utility

Nurulain T. Zaveri, Ph.D.”
Astraea Therapeutics, 320 Logue Avenue, Suite 142, Mountain View, CA 94043, USA

Abstract

In the two decades since the discovery of the nociceptin opioid receptor (NOP) and its ligand,
nociceptin/orphaninFQ (N/OFQ), steady progress has been achieved in understanding the
pharmacology of this fourth opioid receptor/peptide system, aided by genetic and pharmacologic
approaches. This research spawned an explosion of small-molecule NOP receptor ligands from
discovery programs in major pharmaceutical companies. NOP agonists have been investigated for
their efficacy in preclinical models of anxiety, cough, substance abuse, pain (spinal and peripheral)
and urinary incontinence, whereas NOP antagonists have been investigated for treatment of pain,
depression and motor symptoms in Parkinson’s disease. Translation of preclinical findings into the
clinic is guided by PET and receptor occupancy studies, particularly for NOP antagonists. Recent
progress in preclinical NOP research suggests that NOP agonists may have clinical utility for pain
treatment and substance abuse pharmacotherapy. This review discusses the progress towards
validating the NOP-N/OFQ system as a therapeutic target.

INTRODUCTION

The nociceptin opioid peptide receptor (NOP) was discovered in 1994, after cloning of the
other three opioid receptors mu, delta and kappa (MOP, DOP and KOP in [IUPHAR
nomenclature).1- The characterization that rapidly followed clearly placed the NOP
receptor (previously named the Opioid Receptor-like receptor-1, ORL-1) in the opioid
receptor family of GPCRs, which couples to Gi/Go and inhibits adenylate cyclase activity.
These properties informed the quest for an endogenous ligand for this ‘then orphan’ opioid
receptor, and a year later, resulted in the successful identification, by two independent
groups, of a heptadecapeptide from rat and porcine brains, which was hamed nociceptin and
orphanin FQ, respectively.%7 This neuropeptide, henceforth referred to as N/OFQ, has a high
degree of similarity with the heptadecapeptide dynorphin, an endogenous neuropeptide that
binds the kappa opioid receptor. It is therefore remarkable that N/OFQ has a 1000-fold lower
affinity for the kappa opioid receptor than for NOP.8 Further, N/OFQ has no measurable
affinity for the mu or delta opioid receptors. While both the NOP receptor and its
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endogenous ligand N/OFQ have structural and functional similarity to the other three opioid
receptors and their endogenous ligands respectively, the NOP receptor does not bind
classical opioid ligands, whereas the endogenous NOP ligand N/OFQ does not bind to the
other opioid receptors, making the NOP—N/OFQ receptor-ligand system a class in itself,
distinct from the opioid family in several important ways.

The NOP-N/OFQ Receptor-Ligand System

Over the two decades since its discovery, the study of NOP-N/OFQ pharmacology revealed
similarities and differences of this system from the opioid receptor family, and continues to
be actively pursued, in the hope that the NOP receptor can prove to be a valuable therapeutic
target for pharmacotherapy of various human conditions, provided that suitable NOP
receptor-targeted compounds can be developed. The importance of the NOP-N/OFQ system
in physiological processes is suggested by its widespread distribution in the brain, spinal
cord and peripheral organs. Under normal homeostatic conditions, the endogenous peptide
N/OFQ functions primarily as an inhibitory neurotransmitter, acting via the NOP receptor, to
suppress cellular neuronal activity and release of other neurotransmitters.® This functional
activity may provide a balance with other excitatory systems, to maintain a homeostatic state
of a physiological process. At the molecular level, N/OFQ actions at the NOP receptor
results in inhibition of adenylate cyclase, increase in K* conductance (which leads to
hyperpolarization in neuronal cells) and inhibition of Ca*2 conductance.1® However,
dysregulation of the NOP-N/OFQ system has been shown for many pathophysiological
states, justifying the interest in this system as a potential therapeutic target in these disease
states. Examples of disease states where the NOP-N/OFQ system is upregulated is the
development of chronic pain, Parkinson’s disease and depression. For instance, NOP
receptor mRNA is upregulated in various regions of the brain and spinal cord in rats after
induction of chronic constriction injury, a model of neuropathic pain.11-14 Interestingly, both
NOP receptor protein and N/OFQ immunoreactivity were increased in rats with
inflammatory pain induced by Complete Freund’s adjuvant (CFA) and intrathecal
administration of N/OFQ decreased inflammatory pain markers.1® 16 The significance of the
NOP receptor as a target for pain therapeutics is on the verge of clinical validation (as
discussed below), but target validation thus far has been riddled with complexities arising
from species differences and site-specific pharmacology. N/OFQ levels were found to be
elevated in the cerebrospinal fluid of parkinsonian patients,1” providing the first clinical
evidence implicating N/OFQ upregulation in the pathophysiology of Parkinson's disease in
humans. These findings suggest a rationale for developing NOP receptor antagonists as
antiparkinsonian drugs.18-20

Alternately, the NOP-N/OFQ system may be activated (using NOP agonists) to provide
inhibitory control over physiological processes errantly upregulated during disease states.
For example, most drugs of abuse (such as opioids, nicotine, cocaine, and even alcohol)
cause an increase in dopamine levels in the nucleus accumbens, an area of the brain that is
the nexus of the brain reward circuitry.2! Exogenous administration of N/OFQ suppresses
basal and drug-induced dopamine release in the nucleus accumbens,22-25 a phenomenon
known to decrease the rewarding effects of abused drugs.26-30 NOP agonists, therefore,
would be potentially useful as medications for drug abuse.

J Med Chem. Author manuscript; available in PMC 2017 February 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zaveri Page 3

The widespread distribution of the NOP receptor and N/OFQ throughout the central nervous
system (CNS) and in many peripheral organs is now well documented from studies in
rodents, nonhuman primates and humans. However, the involvement of the NOP system in
disease states has been mainly obtained from rodent studies. Further, the majority of studies
to understand the pharmacology of NOP receptor have been carried out in rodents. A caveat
that is unfolding as the NOP receptor is being vetted as a human clinical target is that there
are significant differences in the pharmacological effects of NOP ligands in rodents,
compared to that in nonhuman primates and possibly humans, that need to be carefully
considered and which impact the success of the preclinical advancement of suitable drug
candidates and selection of clinical endpoints. Studies on localization of the NOP system in
the rodent, 3L 32 primate 33. 34 and human brain3: 36 suggests that there are important
differences in the distribution and localization of the NOP-N/OFQ system between species,
that may play a significant role in translating the validation of this system as a potential
target for different pathophysiological states.

This perspective attempts to correlate and compare NOP pharmacology from rodent and
primate studies to what is being revealed about NOP ligands in the clinic from PET and
human occupancy studies, in order to highlight challenges and promises of this target for
clinical translation. It is not the intent of this review to recapitulate the extensive literature on
NOP pharmacology. For that the reader is referred to several excellent in-depth reviews
published recently.37-40 Previous studies on NOP-N/OFQ localization in the rodent, primate
and human brain can be correlated to understand the relevance and face validity of rodent or
primate models used in preclinical development to inform efficacy in human clinical trials.
This review highlights the issues and challenges revealed in the translation of preclinical
rodent data to efficacy in human. Given that the NOP receptor is primarily a CNS target, the
development of NOP-targeted drug candidates is also faced with the usual challenges of
CNS drug development. The discussion of preclinical data presented here will hopefully
provide a broad perspective on the issues encountered during development of NOP-targeted
drug candidates and encourage new preclinical research to ease the challenges of translating
preclinical findings into human therapeutic potential.

NOP Receptor-targeted Compounds in the Pipeline from Research to the Clinic

Fast forwarding to the present, the current state of progress in translation of NOP-N/OFQ
research into clinical therapeutics development is, at the time of writing this review, limited
to just one compound, a dual-targeted NOP agonist-MOP agonist Cebranopadol*! (1, GRT
6005, Table 1) from Grunenthal, for which Phase 111 clinical trials are currently ongoing, for
treatment of various pain conditions.#2 43 Thus far, this is the most advanced into clinical
development that any NOP-targeted compound has reached (Table 1). A NOP antagonist
from Eli Lilly, 2 (LY2940094),% is also in Phase 1 clinical trials for major depressive
disorder#® and for alcohol dependence,6 but no further information is available regarding
the outcome of these trials or future progress of this compound (Table 1). MK-5757 (3,
Table 1), a NOP antagonist identified as a clinical candidate after extensive optimization by
Banyu*’, was in Phase |1 clinical trials, for the treatment of cognitive impairment in men
with schizophrenia. Although the trial has been completed, no results have been yet
disclosed.48
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One of the first investigations into the therapeutic applications of targeting the NOP-N/OFQ
system suggested that NOP agonists, including the natural peptide N/OFQ, had anxiolytic
activity in several animal models.#:50 However, the only small-molecule NOP agonist that
appears to have entered human clinical trials is 5 (JNJ-19385899)°1, for which no structural
or biological information is available. A Phase | pharmacodynamics/pharmacokinetics
(PKPD) and safety study suggested an inverted U-shaped dose-response curve for this NOP
agonist,®1 however, no further information is available on the status of its development.
Among peptidic NOP agonists, compound 6 (ZP-120, Table 1), a dodecapeptide NOP partial
agonist,52-55 now called SER100 (licensed from Zealand Pharmaceuticals by Serodus ASA,
Norway), completed a Phase Ila clinical trial for systolic hypertension. However, there is no
further information on the future clinical progression of 6. Zealand Pharma previously
advanced 6 up to Phase 11 clinical trials for urinary incontinence, but its development was
terminated because of a blood pressure-lowering side effect. This sodium-sparing
peripherally-targeted peptide was resurrected by Serodus, who capitalized on the blood
pressure-lowering side effect as a potential approach in patients with treatment-resistant
isolated systolic hypertension and advanced it to Phase lla, with plans for further
development with an oral formulation.>®

There have been NOP-targeted compounds that were advanced into clinical development,
but later terminated due to various reasons. The NOP full agonist 4 (SCH486757, Figure 1)
was advanced into Phase | clinical trials as a potential treatment for cough. 57:58 However, its
development was terminated due to lack of efficacy and therapeutic window separating the
efficacy and the somnolence effect in patients. NOP antagonist 7 (JTC-801, from Japan
Tobacco, Table 1) was also taken into Phase 11 clinical trials in Japan and the UK, as an
injectable and oral formulation for the treatment of neuropathic and postoperative pain,>® but
was dropped from further development due to unknown reasons. The natural peptide N/OFQ
itself has also been investigated in patients, as an intravesical injection for the control of
neurogenic detrusor overactivity in a placebo controlled, randomized exploratory trial in
Italy, and demonstrated clinical efficacy during 10 days of treatment.60-62 While these
findings support the use of NOP agonists as a potential therapy for urinary incontinence, no
investigations of this therapeutic approach have been reported with small-molecule NOP
agonists.

The discovery of the endogenous nociceptin/orphanin FQ peptide and investigations into the
pharmacology of the NOP-N/OFQ system spawned a large effort to discover small-molecule
NOP ligands in almost every major pharmaceutical company.%3-67 From this effort, several
small-molecule NOP agonists and antagonists emerged as being suitable for in vivo
pharmacological evaluation in animal models using systemic routes of administration. These
NOP ligands have been invaluable as tools to investigate the modulation of NOP
pharmacology for therapeutic benefit and characterize other target-related pharmacology that
may impact a useful therapeutic profile, and as lead compounds for drug development.
Presented below is the collection of small-molecule NOP agonists and antagonists that have
been well characterized in the literature. The pharmacological characterization of these
‘literature” NOP compounds in various preclinical disease models (Table 2) reveals several
issues and challenges that have plagued NOP-targeted drug development and slowed the
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clinical validation of the NOP receptor as a pharmacological target. Rather than being an
exhaustive compilation of every study published with these known NOP ligands, the
discussion below presents the interesting observations from these studies that point to the
therapeutic potential of NOP ligands and highlights the issues related to animal models, on-
target/off-target effects and other challenges that must be addressed on the path to translation
of the NOP receptor as a viable clinical target for various CNS disorders.

NOP agonists

R064-6198 (8) (Figure 1) was among the first small-molecule NOP agonists reported, from a
series of 1,3,8-triazaspirodecanones disclosed by Hoffman La-Roche,%8:69 and has been the
most widely studied nonpeptide NOP agonist. It has subnanomolar binding affinity for NOP,
100-fold binding selectivity over MOP and negligible affinity for KOP or DOP (Figure
1).89.70 Its potency as a full agonist at NOP is comparable to that of the endogenous agonist
N/OFQ.%9.70 Compound 8 has been invaluable as a pharmacological tool to validate NOP
receptor agonists as a potential treatment of several conditions such as anxiety, substance
abuse, pain, and cough. Importantly, however, characterization of the in vivo pharmacology
of 8, after systemic administration, in several pharmacological tests and in different species,
has been very informative for identifying the issues and challenges for translational
development of NOP agonists as therapeutics. One of the first indications of the potential
clinical utility of NOP agonists came from the demonstration that 8 and its congeners (e.g. 9,
R065-6570,%8 Figure 1, also see below) showed significant anxiolytic activity in many
different assay paradigms,>%-69 later independently confirmed in a report from Schering-
Plough researchers, which characterized the anxiolytic properties of 8 across three different
rodent species and a variety of conditioned and unconditioned tests of anxiety.”!

While these studies clearly established the anxiolytic potential of 8 after systemic
administration, they also revealed several issues regarding systemic effects of NOP agonists
that confound behavioral assays, particularly in rodents—

(i) For example, in mice, compound 8 showed significant anxiolytic activity only at doses at
which it adversely affected general neurological functions such as rotarod performance,
locomotor activity and body temperature.”! A detailed study of the effect of 8 on rodent
neurological functions previously showed that at doses 3 mg/kg and above, in mice,
compound 8, given intraperitoneally, produced marked suppressive effects on body posture,
rotarod performance, grip strength and righting reflex.’? Together, these studies showed that
in mice, there is no dose separation between anxiolytic doses and doses that disrupt general
behavior. This is also observed with other selective NOP agonists studied in mouse anxiety
assays such as 13 (SCH655842)"2 (Figure 1). Interestingly, there seems to be some influence
of the mouse strain on the severity of these adverse behavioral effects, as no decrease in
locomotor or other activity was observed in ICR mice, using a different selective NOP
agonist 16 (SR16835)126 (Figure 1), at doses at which it inhibited morphine-conditioned
place preference (see below)’4. Similarly, no adverse effects on activity were observed at
anxiolytic doses with the Pfizer NOP agonist 10 (MCOPPB)’® (Figure 1) (Table 2) in ddY
mice, a general purpose inbred mouse strain used in Japan.”® The anxiety studies with 8
were all conducted in mice with a C57BI/6 background and consistently showed dose-
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dependent disruptive effects on mouse behavior (Table 2).71.72.76 |t appears that the C57BI/6
mice are sensitive to the adverse neurological effects of NOP agonists. Interestingly, in
studies in isolated tissue preparations, 8 mimicked the effect of N/OFQ in Swiss mouse vas
deferens, but this effect was not reversed by NOP antagonists or by naloxone, suggesting
that in this mouse strain also, 8 appears to have effects mediated by an uncharacterized
biological target.”’

(i) In rats, however, compound 8 and other NOP agonists mentioned above show distinct
and consistent dose separation of at least >3-fold between the doses at which anxiolytic
effects are observed in a variety of assay paradigms, and those at which decreased activity is
observed. Compound 8 not only showed significant anxiolytic activity, comparable to
benzodiazepines in several rat anxiety assays, but also showed a better side-effect profile
than benzodiazepines at efficacious doses, pointing to potential therapeutic utility as a novel
approach for anxiolytics.2%:71.76 Moreover, unlike the case with C57BI/6 mice, the disruptive
neurological effects of 8 in rats were only observed at doses of 10 mg/kg and above.”2

Another dimension to species differences in the pharmacological profile of 8 was revealed in
the studies by Ko et al. in nonhuman primates, which showed that 8, given systemically (s.c.
or i.v), did not cause sedation or other adverse effects at doses at which it exhibited
significant antinociceptive efficacy.”87® However, the anxiolytic potential of 8 (or any other
NOP agonist) has not been reported in nonhuman primates.

Compound 8 has also been useful in highlighting the complexities of the role of the NOP-
N/OFQ system in modulation of pain pathways. It is well documented that the effect of NOP
agonists in pain modulation in animal models varies with the assay, route of administration
and species.80-82 Compound 8 has been investigated in animal models of various pain
modalities, and shows differential effects depending on the route of administration and the
type of pain assay. However, recent developments in the characterization of the NOP ligands
in nonhuman primates reveals important information suggesting that NOP agonists may
have some unique advantages over classical opioid therapy, offering opioid-type analgesia
without the classical opioid liabilities such as itch, constipation, sedation and
dependence.82.83

As expected of a NOP agonist, compound 8, given i.p., suppressed the antinociceptive effect
of an acute injection of morphine in the mouse warm water tail immersion test, but did not,
by itself, increase the latency of response to this thermal stimuli.8 These results were in line
with the observations by the Hoffman La-Roche researchers who first reported the
pharmacological characterization of 8 in rat anxiolytic assays, but found no effect of this
compound on pain thresholds in rat tail-flick assay or on tactile allodynia measured with Von
Frey hairs.50 Further characterization of 8 in other acute pain paradigms in C57BL/6 mice
showed that it /ncreased pain sensitivity in the tail-flick test at the 1 and 3 mg/kg doses given
i.p., but showed antinociceptive effects in the hot-plate test and shock threshold tests.8°

In contrast to these effects in rodent acute pain assays, 8, administered systemically (s.c.) to
nonhuman primates, showed significant antinociceptive efficacy against an acute noxious
stimulus (50° C water) tail-immersion test’8:86 and also inhibited capsaicin-induced
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allodynia manifested as reduced warm water tail-flick latency when capsaicin was injected
into the monkey tail.”® Clearly, the effect of systemic administration of NOP agonist 8 was
different between rodents and nonhuman primates. Since the effect of systemic
administration is a net effect of central (supraspinal and spinal) and peripheral action, it is
possible that in rodents, the supraspinal NOP-receptor mediated hyperalgesia is countered
by spinal and peripheral antinociceptive effects of NOP agonists (such as 8), resulting in a
net outcome of ‘no effect’” on antinociception in rodents after systemic administration, as
was observed with 8. The fact that in primates, systemic 8 consistently shows significant
antinociceptive activity, points to a differential role of the NOP-N/OFQ in modulation of
pain pathways in rodents and primates, and at the different physiological sites (supraspinal,
spinal and peripheral) in the two species. Indeed, a recent report by the Ko group shows that,
unlike the hyperalgesic effect of icv N/OFQ in rodents, supraspinal administration of
N/OFQ to nonhuman primates via an intracisternal injection produced robust antinociceptive
effects without increasing scratching response.8” These provocative results suggests that
supraspinal actions of N/OFQ and its involvement in regulating pain may be different in
rodents versus nonhuman primates, and possibly humans, and offers the possibility of
obtaining antinociceptive efficacies in humans, using NOP agonists, without the
confounding side-effects such as itch, that accompanies the traditional opioids like
morphine.

On the other hand, the intrathecal (i.t.) route of administration has been explored in larger
animals such as NHPs, with peptides such as N/OFQ and a synthetic peptide agonist
UFP-112,% which showed significant acute thermal antinociception in the warm water test
and capsaicin-induced allodynia.88-90 However, small-molecule NOP agonists such as 8
have not yet been reported to be administered intrathecally to nonhuman primates.

In chronic pain models in rodents, such as the rat sciatic nerve injury model, 8 showed anti-
allodynic and antinociceptive effects only upon intrathecal and intraplantar (local peripheral)
administration, but not systemic (s.c.) administration.®? In nonhuman primates however,
systemic administration (s.c) of 8 shows significant antinociceptive effects against
carrageenan-induced hyperalgesia (a model of inflammatory pain), with potencies similar to
mu opioid agonists, but without producing the itch and respiratory depression effects
typically associated with mu opioid-type analgesics.86 Taken together, the results of the
extensive characterization of 8 in acute and chronic pain models in rodents and primates via
various routes of administration, suggest that selective NOP agonists may have clinical
utility as analgesics in humans, providing efficacies similar to opioids, but without opioid-
associated side-effects such as pruritis, respiratory depression, and dependence (see
below).83

Given that the NOP-N/OFQ system is in the opioid family, and present in areas of the brain
associated with reward processing, NOP ligands have been investigated for their rewarding
and motivational properties. Early studies with 8 showed that it did not induce a place
preference in rats, up to doses of 3.2 mg/kg, when administered systemically.%2 However, a
more recent study in rats showed that 8, at doses 2.5 mg/kg and 3.16 mg/kg, produced a
significant place preference, reversible by the D2 antagonist haloperidol, but not by
naloxone or the NOP antagonist J-113397 (18, Figure 2)137, suggesting a dopaminergic
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effect of 8.93 The reasons for this discrepancy are not known, but could be attributed to
several factors, including the chemical supply of 8 itself, given that these two studies were
conducted in different laboratories. Compound 8 (0.3, 1, and 3.2 mg/kg) was shown not to
significantly modify the threshold for intracranial self-stimulation (ICSS) in animals
implanted with electrodes into the ventral tegmental area, in contrast to cocaine, which,
expectedly, rapidly decreased the ICSS threshold.>? These studies further confirmed that
compound 8 was devoid of reward-stimulating effects characteristic of pyschostimulants
such as cocaine.

On the other hand, 8 was shown to produce a discriminative stimulus effect in rats,

reversible by the NOP antagonist 18 (Figure 2), and weakly generalized to morphine, but not
kappa or delta agonists.®4 This discriminative stimulus was not as strong as that produced by
mu opioid agonists, suggesting that NOP agonists are likely to be devoid of reinforcing or
euphorigenic effects. In nonhuman primates, 8 did not produce reinforcing effects at doses at
which it showed significant antinociceptive effects.”® For potential clinical utility as
analgesics, as discussed above, NOP agonists may provide opioid-like efficacies without the
abuse liabilities of classical opioids.

The natural peptide agonist N/OFQ reduces basal and drug-induced dopamine release in the
nucleus accumbens,22-25 pointing to the potential of NOP agonists in reducing drug-induced
dopamine release and consequently the rewarding effects of abused drugs.?® Indeed, 8 (and
other small-molecule NOP agonists, see below) was shown to decrease the acute rewarding
effects of morphine in the conditioned place preference paradigm in C57BL/6 mice at a dose
of 1 mg/kg, at which it does not produce nonspecific effects on locomotion or activity of the
animals.?6 Compound 8 has, however, not been tested for its effect on morphine drug reward
in rats, nor has it been tested for effects on drug reward induced by psychostimulants such as
cocaine. However, i.c.v., N/OFQ itself has been shown to block the conditioned place
preference induced by cocaine, amphetamine and methamphetamine in mice and rats.27-30
On the other hand, 8 however, has been shown to block the acquisition and reinstatement of
alcohol place preference in NMRI mice at the 1 mg/kg dose s.c. without nonspecific effects
on activity.9” The inhibitory effect of 8 on alcohol-induced rewarding effects were further
confirmed in rats, where it was shown to reduce alcohol self-administration and deprivation-
induced relapse-like alcohol drinking in Wistar rats, when administered i.p. at doses up to 1
mg/kg.98 However, in genetically modified alcohol-preferring rats, 8, at 1 mg/kg
administered i.p., actually increased alcohol consumption.®9 This effect was not observed
with other NOP agonists, and was inhibited by naloxone, hence attributed to a residual mu
opioid agonist activity of 8. Notably, recently, another nonpeptidic NOP agonist 15
(MT-7716, Figure 1)190 was shown to decrease ethanol-seeking in alcohol-preferring rats.100
Therefore, the potential of NOP agonists to reduce alcohol reward needs further
investigation.

Although 8 has been extensively characterized in vivo and shown to have good brain
penetration,%.71 it was not further developed for any of the above indications, likely because
its oral bioavailability in multiple preclinical species, was poor (1% in cynomolgous
monkeys and 4% in rodent species).101
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R065-6570 (9) was another congener from the same family of 1,3,8-triazaspirodecanones as
8, reported by Hoffman La-Roche, but not as extensively characterized. Compound 9 differs
from 8 only in the structure of the piperidine nitrogen substituent (Figure 1).68.102
Interestingly, this small structural change results in a significant difference in binding
affinity for the NOP and MOP receptor (Figure 1), compared to 8, such that its selectivity
for NOP is lower than that of 8 (~10-fold, compared to 100-fold for 8).103 Nevertheless,
both compounds are full agonists at the NOP receptor. While it has not been directly
compared with 8 in any study, compound 9 was reported to show dose-dependent anxiolytic
effects in the elevated plus maze test in rats in doses (1 and 3.2 mg/kg i.p.) at which it did
not affect motor performance.102 However, its low selectivity versus the mu opioid receptor
may be responsible for the ‘increase’ in locomotor activity observed with 3 and 6 mg/kg
doses in rats, as well as increase in cocaine-induced hyperactivity, when 9 was administered
prior to cocaine in the conditioned place preference paradigm.?’ In the same study, 9 was
also shown to produce a significant place preference alone, at doses of 3 mg/kg and 6 mg/kg,
at which it produced an increase in locomotor activity, while having no effect on the
expression of cocaine place preference. While this study did not report the effect of 9 on the
acquisition (development) of cocaine CPP, a later study showed that 9 increased the minimal
effective doses of morphine, heroin, oxycodone and cocaine, but not amphetamine, to
produce a place preference, when it was administered as a 15-min pretreatment, but not
when administered 30-sec before these drugs.?3 These results show that while NOP agonists
reduce the rewarding effects of opioids and psychostimulants, the attenuation of rewarding
effects is more consistent with abused drugs of the opioid class. The discrepancy between
the effect of 9 on CPP induced by psychostimulants cocaine versus amphetamine is not
entirely clear, and points to the need to study the efficacy of well-characterized selective
NOP agonists for their effects on psychostimulant reward.

Unlike 8, compound 9 has not been extensively evaluated in antinociceptive assays, possibly
because of its lower selectivity profile. However, consistent with observations with 8,91
compound 9 showed robust peripheral anti-hyperalgesic activity when administered
intraplantarly to rats with diabetic polyneuropathy, showing efficacy similar to that of
morphine, administered by the same route.1%4 Similarly to 8, compound 9 also did not show
significant antihyperalgesic efficacy, with a good dose separation from confounding side
effects, when administered systemically to rats.19% 106 Nevertheless, these results with both
NOP agonists 8 and 9 further attest that NOP agonists may be useful for relief of peripheral
pain associated with chronic pain conditions such as diabetic neuropathy, and opens up
possibilities for development of peripherally targeted NOP agonists which may be devoid of
centrally-mediated side-effects such as suppression of locomotor activity at higher doses.

SCH 221510 (12) and SCH 655842 (13) belong to a class of N-benzhydryl nortropane-
based NOP agonists (Figure 1) developed by Schering-Plough Corporation.197 These two
NOP agonists were characterized extensively by Schering-Plough in rodent models of
anxiety,”3108 hoth in rat and mouse, and found to have robust anxiolytic profiles, in a variety
of anxiety paradigms, similar to that observed with 8. Notably, the anxiolytic efficacy of 12
and 13 was observed at doses at which there was no nonspecific disruption of activity, as
was observed with classical benzodiazepines. As seen with agonist 8,1 there appeared to be
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a better dose separation between efficacy and reduction in activity in the rat, compared to
mouse.”3 Although both SCH agonists were reported to have good oral bioavailability and
modest brain penetration (average rat brain-to-plasma ratio for 13 = 0.43-0.59), neither of
these compounds were advanced into clinical trials. While it is not expressly discussed or
reported, it is possible that its pharmacokinetic profile (e.g. modest brain penetration
observed with 13) preclude an effective therapeutic window between anxiolytic effects and
target-based side effects.’2 As discussed below, others have investigated different NOP
agonists (e.g. 10,109 by Pfizer, Figure 1) as anxiolytics, but have not progressed these NOP
agonists into clinical trials for this indication. The clinical activity of the only NOP agonist
that was advanced into Phase | trials for anxiety (5) (Table 1) has not been reported thus far.

Compound 12, however, is now commercially available as a selective NOP agonist research
tool, and its availability has spawned investigations into the utility of NOP agonists for
several indications, including those investigated with compound 8 (such as drug abuse, pain)
and others such as gastrointestinal disorders. Sukhtankar et al. have shown that, in rats, 12 is
not reinforcing on its own, but attenuates self-administration of the opioid remifentanil.
Interestingly, this effect of decreasing opioid reinforcing effects was only observed when 12
was administered intracisternally (directly into the brain) to rats, but not when administered
systemically (s.c.).119 Following s.c. administration, 12 was found to cause adverse
behavioral abnormalities in rats at doses of 30 mg/kg and above. Even though 12 was shown
to have oral efficacy in anxiety assays, it seems likely that its further development was
negatively impacted by its poor distribution into the brain.108

Unlike agonist 8, compound 12 has not been evaluated for efficacy as an antinociceptive in
rodents. However, a recent study in primates showed that NOP agonists 8 and 12 enhanced
opioid buprenorphine antinociception synergistically, without causing a concomitant
increase in respiratory depression or itch, adverse effects typically observed with opioid-type
antinociceptives.111 A further confirmation of the antinociceptive efficacy of 12 in primates
comes from a recent study by Kangas and Bergman, who utilized a novel operant paradigm
to evaluate antinociceptive efficacies of compounds, and showed that compound 12, injected
intramuscularly, showed antinociceptive efficacy exceeding that of morphine, as a significant
increase in the thermal threshold and pull duration of a thermode-driven operant food reward
in a novel thermal threshold antinociceptive assay (Table 2).112 These results with 12 further
confirm the notion that NOP agonists have the potential to have potent antinociceptive
activity in nonhuman primates and therefore likely in humans.

Among recent therapeutic applications explored in animal models with compound 12 as a
NOP agonist tool compound, are reports that NOP agonists show significant antinociceptive
and anti-inflammatory efficacy in mouse models of intestinal disorders such as inflammatory
bowel disease (IBD)!13 and diarrhea-predominant IBD.114 Interestingly, only the i.p. and
oral routes of administration were effective for the antinociceptive effects of 12; direct
intracolonic administration did not have an effect on the intestinal swelling observed in these
animals.}14 It has been speculated that N/OFQ and therefore NOP agonists may play a role
in neurogenic inflammation and pain, such as that in IBD.115 These interesting findings,
however, warrant further investigation before these applications can be translated to the
clinic.
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SCH486757 (4)116 a NOP agonist, also belongs to the N-benzhydryl-nortropane series of
NOP ligands developed by Schering-Plough (Figure 1). This was the first small-molecule
NOP agonist to enter human clinical testing.>” This compound and a close analog 14
(SCH225288, Figure 1)117 are high affinity NOP full agonists, and were extensively
characterized in experimental models of cough (guinea pig capsaicin-induced cough, and cat
mechanical-induced cough) and shown to be more potent than commonly used antitussives
codeine and dextromethorphan.116:117 |ndeed, the natural peptide N/OFQ, given
intravenously, has also been shown to inhibit cough in experimental models at doses that do
not affect general activity in the animal.118-120 |nterestingly, compound 8 was also tested in
the same models of experimental cough, and found to be effective, when administered i.p. up
to 3 mg/kg.12! The authors hypothesized that the antitussive action of N/OFQ and 8 could be
mediated by a peripheral mechanism, and proposed that oral NOP agonists that do not
penetrate the blood-brain barrier may provide a novel approach for the treatment of cough,
without central effects on activity. Further support for this hypothesis came from the work of
Lee et al.,222 which showed that the inhibition of acid-induced cough effect by nociceptin
results from the inhibition of acid-induced transient receptor potential vanilloid-1 (TRPV1)
activation in peripheral C-fibers.

Compound 4 was advanced into Phase Ib/11 clinical trials in patients with subacute cough;>’
however, the development of this NOP agonist was terminated due to a lack of significant
efficacy and therapeutic window. The high doses at which cough suppression was observed
also resulted in significant somnolence in patients. It is possible that 4 was not sufficiently
excluded from the blood brain barrier at the high dose at which antitussive efficacy was
observed, resulting in an unwanted effect of sleepiness.

MT-7716 (15)100 is a NOP agonist belonging to the benzimidazolone class, similar to the
well-known NOP antagonist 18 (Figure 2). Compound 15 is a high-affinity and potent NOP
full agonist, with greater affinity and selectivity than compound 8. It was recently shown to
decrease alcohol drinking in the genetically alcohol-preferring Marchigian Sardinian P rats
(msP rats) after chronic treatment (p.o, twice daily dosing) for 14 days, an effect that lasted
after the drug was discontinued.1%0 Compound 15 also significantly inhibited stress- and
cue-induced reinstatement of alcohol drinking in these rats.1%0 When administered to Wistar
rats made dependent on ethanol and withdrawn from ethanol, compound 15 (3 and 10 mg/kg
p.o.) decreased the expression of withdrawal signs up to 4 h after administration.100
Interestingly, 15 appeared to preferentially decrease alcohol drinking and reinstatement in
post-dependent Wistar rats, but was ineffective in non-dependent rats.123 On the other hand,
compound 8 was found to inhibit reinstatement of deprivation-induced alcohol seeking in
Wistar rats that were non-dependent.%8 The reason for this difference between the two NOP
agonists is unclear, but likely has to do with their overall profiles of NOP efficacy and
selectivity, their pharmacokinetics and brain penetration. Notably, compound 15, previously
characterized as W212393,124 was shown to have significant affinity at SERT, albeit with a
20-fold lower affinity than for NOP.124 However, the differences between the effect of 15 in
post-dependent versus non-dependent rats suggest that alcohol dependence leads to
neuroadaptations in the N/OFQ-NOP system, and that NOP agonists offer a potential
approach to treat alcohol dependence, particularly relapse.123
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SR16835 (16, now named AT-202) and SR14150 (17, now named AT-200) (Figure 1) are
NOP agonists from the dihydroindolinone class of NOP ligands.12%126 The NOP binding
affinities for 16 and 17, while not in the subnanomolar range as for compounds 8 and 15, are
comparable to those of the SCH series (compounds 4, 12-14) and the Pfizer agonists 10 and
11127 (Figure 1). Compound 16 is a NOP full agonist whereas 17 shows partial agonist
activity at NOP (Figure 1).12 Interestingly, both these compounds, administered
systemically, show significant antinociceptive and anti-allodynic activity in a mouse spinal
nerve ligation model of neuropathic pain, which is reversed by a NOP antagonist but not an
opioid antagonist.128 Notably, even though both these NOP agonists have modest selectivity
versus the MOP receptor, their antinociceptive efficacy in the chronic pain model is
mediated only via their NOP agonist efficacy, since an opioid antagonist did not affect the
overall efficacy, when co-administered.128 A further confirmation of the potential
antinociceptive efficacy of NOP agonists in chronic pain comes from a recent study in which
17 was shown to have antinociceptive and anti-allodynic activity superior to morphine, in a
transgenic mouse model of sickle-cell disease pain, in which the transgenic sickle mice
develop spontaneous hyperalgesia akin to the pain observed in patients with sickle cell
disease.12? The potent antinociceptive efficacy of 17 in this animal model was reversed only
by the NOP antagonist 19 (SB-612111, Figure 2)139 but not by the opioid antagonist
naloxone. Moreover, the antinociceptive efficacy of 17 did not diminish over a 7-day daily
treatment, in contrast to that of morphine. As expected of NOP agonists, both 17 and 16
show no abuse liabilities, as determined in mouse conditioned place preference assays.’*

The antinociceptive action of 16 and 17 mediated by their NOP agonist efficacy in chronic
pain is consistent with the efficacy observed with NOP agonists 8 and 11 (Table 2) in rodent
peripheral neuropathy models, and suggests that spinal and peripheral NOP receptors
provide inhibitory control in pain pathways activated in these conditions. Further
mechanistic studies are needed to shed light on this, however. In the light of the efficacies
observed with NOP agonists in nonhuman primates, it is clear that NOP agonists may have
the potential of antinociceptive efficacies in human chronic pain conditions, offering
therapeutic efficacy equal to or superior to that of traditional opioids.

on the Therapeutic Potential of NOP agonists

From the extensive pharmacological characterization of a variety of NOP agonists from
different chemical classes, a few common themes emerge that suggest that NOP agonists
still hold significant promise as therapeutics in several clinical indications, where the NOP
agonist pharmacological profile offers unique advantages over current approaches. Two such
applications are (i) Treatment of neuropathic, inflammatory and other chronic pain
conditions (ii) substance abuse medications, particularly to prevent stress-induced relapse
and maintain abstinence.

Treatment of chronic, neuropathic and inflammatory pain—As discussed above,
studies in rodent and nonhuman primate models of pain show that NOP agonists,
administered systemically or spinally, show significant antinociceptive activity in
neuropathic and inflammatory pain, with efficacies similar to that of opioids, but without the
usual opioid-induced side effects such as itch, respiratory depression and abuse liability. One
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might argue that the locomotor-inhibiting activity of NOP agonism may lead to undesired
sedative effects; however, NOP agonists 8 and 12 showed no sedative effects in nonhuman
primates at antinociceptive doses.’® 111 Given that the antinociceptive activity of NOP
agonists and N/OFQ is likely through a spinally-mediated mechanism and the sedative
properties are mediated via a supraspinal mechanism, it may be possible to design NOP
agonists with limited penetration into the brain. Such NOP agonists may also be useful for
peripheral neuropathic pain as well as pain conditions such as IBD.

Treatment of substance abuse—Studies with NOP agonists discussed above indicate
that they reduce the rewarding effects of drugs of abuse. From the different classes of abused
substances, the data for alcohol dependence appears to be the most

compelling.37. 100. 123,130, 131 Notwithstanding the inhibitory effect of NOP agonism on
dopamine release in the nucleus accumbens and dopamine neurotransmission, the anti-CRF
effect of NOP agonists in the central amygdalal32: 133 may be particularly relevant for the
therapeutic use of NOP agonists in preventing relapse and maintaining abstinence. Further,
NOP agonism was also shown to reduce alcohol withdrawal symptoms in rats.100-131 Even
for psychostimulants, studies with NOP agonist 16 show that it blocks stress- and drug
prime-induced reinstatement of cocaine conditioned place preference in mice, at doses at
which there is no effect on locomotor activity.134 Clearly, NOP agonism appears to be a
promising approach for substance abuse treatment that should be evaluated in the clinic.
Studies in nonhuman primates may also provide a suitable translational model to evaluate
NOP agonists for cocaine abuse treatment, although such studies have yet to be reported.

NOP antagonists

There has been a significantly higher interest in pharmaceutical companies for developing
NOP antagonists than has been for NOP agonists. The potential therapeutic indications
explored are depression, cognitive impairment, obesity and Parkinson’s disease, to name a
few.38.66.135 As seen in Table 1, NOP antagonists from Lilly and Merck were advanced to
Phase Il clinical trials for major depressive disorder and schizophrenia-associated cognitive
impairment, respectively, although no further information on the development of these
compounds is available. After the discovery of the NOP-N/OFQ receptor/endogenous
peptide system, both peptide (e.g. UFP-101) and small-molecule (18, 19) NOP antagonist
ligands (Figure 2) were reported in the literature, and significantly aided the characterization
of NOP-mediated pharmacology.136-141 These NOP antagonist tool compounds continue to
be used today, are commercially available and serve as invaluable tools to study NOP
pharmacology and therapeutic potential. The intense effort in pharmaceutical companies
around developing small-molecule NOP antagonists also culminated in the development of
radioligand and PET tracers (Figure 3), to aid clinical trials and human receptor occupany
studies for NOP antagonists that entered the clinic (Table 1). The NOP antagonist tool
compounds and radiotracers are briefly described below. It is interesting to note that in
contrast to NOP agonists, which have been explored in many pharmacological paradigms for
uncovering their therapeutic potential (anxiolytic, drug abuse treatment, pain, cough, Gl
disorders), there are very few explorations of NOP antagonists in pathophysiological states
that indicate their therapeutic potential. As discussed below, NOP antagonist tool
compounds have primarily been used as ‘pharmacological knock-outs’ to confirm the
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involvement of the NOP-N/OFQ system in disease states or to confirm the mechanism of
action of NOP agonists. The exceptions to this are reports of the effect of NOP antagonists
in inhibiting parkinsonian symptoms in rodent and primate models of Parkinson’s

disease, 1920 and the antidepressant effects of NOP antagonists in rodent models.38:142-145
As noted in the discussion above and seen in Table 1, small-molecule NOP antagonists have
had a much higher success rate of entering the clinic, compared to small-molecule NOP
agonists, albeit the outcome of the clinical trials with NOP antagonists are not disseminated
or published yet.

J-113397 (18) (Figure 2) was the very first small-molecule NOP ligand and antagonist to be
reported, by researchers at Banyu Japan.137 Since, unlike peptidic NOP antagonists available
at that time, 18 could be administered systemically, there were several reports independently
characterizing 18 in vitro and in vivo.103.138.146 These consistently reported that 18 was a
high affinity, competitive antagonist at NOP but had modest selectivity (~15-fold, see Figure
2) versus the mu opioid receptor. Nevertheless, it was active when administered
systemically, and reversed the hyperalgesic effect of icv N/OFQ quite effectively.138
Interestingly, when administered s.c., 18 was found to be rewarding in mice and stimulated
accumbal dopamine release by a non-NOP receptor-mediated mechanism,147 suggesting that
its in vivo effects may be a composite of actions at the NOP receptor and another
undetermined target. Nevertheless, compound 18 has been a very popular NOP antagonist
that is still used in pharmacological studies to block actions mediated by the NOP receptor.

Compound 18 was also very instrumental in the seminal results from the Morari group that
showed NOP receptor blockade attenuates Parkinson-like symptoms in rodent and in
nonhuman primate models of Parkinson’s disease.20:148.149 These results were recapitulated,
at least in rodent models, with other NOP antagonists, such as 1-[1-cyclooctylmethyl-5-(1-
hydroxy-1-methyl-ethyl)-1,2,3,6-tetrahydropyridin-4-yl1]-3-ethyl-1,3-dihydro-
benzoimidazol-2-one (GF-4),1%0 2-[3-[4-(2-Chloro-6-fluoro-phenyl)-piperidin-1-
ylmethyl]-2-(morpholine-4-carbonyl)-indol-1-yl]-acetamide (Nik-21273),18 and 1-(1-
Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-tetrahydro-pyridin-4-yl)-3-ethyl-1,3-dihydro-
benzoimidazol-2-one (Trap-101),151 suggesting that NOP antagonists may represent a novel
approach to treat symptoms in Parkinson's disease. Although NOP antagonists such as 18
were determined to enhance the effect of levodopa, findings which were validated in
nonhuman primate models of Parkinson’s disease,® no NOP antagonist has been developed
to progress into human clinical trials for Parkinson’s disease symptom management.

Compound 18 was also the first small-molecule NOP antagonist to be tested in the mouse
forced swim test, an assay usually employed to investigate an anti-depressant-like profile.144
Compound 18, administered i.p. at 20 mg/kg, showed a significant reduction in immobility
time, 144 an effect that was absent in NOP —/- mice.143 In the same study, 18 was shown to
have no effect on general locomotor activity of mice in an open field test, indicating that the
reduction in immobility time was not due to increase in locomotion.144 This anti-depressant-
like activity of 18 was later confirmed with other NOP antagonists such as 19 and peptide
UFP-101.141. 3142 |nterestingly, NOP-/- mice have also been characterized to possess an
anti-depressant-like phenotype.142 These studies have provided an important basis for the
translation of NOP-targeted pharmacology into the clinical setting, since NOP antagonist 2
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(LY2940094) was advanced to Phase I clinical trials for major depressive disorder (see
Table 1 and discussion above).*°

SB-612111 (19) (Figure 2) is a high affinity, highly selective NOP antagonist reported by
GSK.139 |t is significantly more selective for NOP versus the other opioid receptors than is
18, when compared in the same study (Figure 2)13°. Compound 19 has been widely used to
reverse the effects of N/OFQ. When administered systemically (i.p. or s.c.), 19 effectively
reverses hyperalgesia produced by an icv injection of N/OFQ139 as well as antinociception
produced by an intrathecal injection of N/OFQ.141 Compound 19 was also shown to have
antihyperalgesic effects to thermal hyperalgesia in the rat carageenan inflammatory pain
model and reverse the expression of morphine tolerance.13? Interestingly, the
aminoquinoline NOP antagonist JTC-801 (7, Table 1) also showed an antihyperalgesic effect
in the rat formalin model.152 However, the evaluation of NOP antagonist 18 has not been
reported in models of nociception. None of the above-mentioned antagonists or their
congeners have successfully been investigated for their clinical potential as antinociceptives
or anti-hyperalgesic agents for chronic or inflammatory pain. The clinical trials of 7, on the
other hand, were discontinued, and its antinociceptive activity was speculated to be due to a
non-NOP-mediated effect.

Compound 19 was also shown to ameliorate parkinsonian symptoms in the 6-
hydroxydopamine hemilesioned rat model of Parkinson’s disease, and synergized with L-
DOPA to provide motor benefit in parkinsonian rats.18 Rizzi et al. also showed that 19
decreased immobility time in the forced swim test for anti-depressant-like activity, an effect
that was abolished in NOP—/— mice,141 confirming the anti-depressant potential of NOP
antagonists.38 Compound 19 was not further developed, and is commercially available as a
NOP antagonist tool compound.

The NOP antagonist 20 (C-24)153 was reported by researchers at Banyu, and later fully
characterized by Fischetti et al.1>* As expected of a small-molecule NOP antagonist,
systemic administration of up to 10 mg/kg of 20 inhibited the effect of N/OFQ in analgesia
assays.15# Compound 20 was also used as the bound ligand for crystallization of the NOP
receptor GPCR.1%°

NOP antagonists PET and Radioligands

Perhaps one of the more useful developments in the NOP field, signaling the translation of
NOP-targeted ligands into clinical trials, has been the development of PET tracers, which
have been used to guide clinical trials of NOP antagonists from Lilly and Merck (Table 1).
PET tracers are valuable for clinical development because they can enable quantitation of
the target, receptor occupancy by the test compound, and pharmacodynamic assessments,
particularly during Phase | clinical trials. Development of a suitable CNS PET tracer
involves a significant effort in medicinal chemistry and optimization due to the demanding
criteria of a CNS-penetrant PET tracer. Multiple parameters have to be simultaneously
optimized, including the choice of the PET isotope and the synthesis route. Previous
attempts to make PET radiotracers out of high-affinity NOP ligands 8 (viz. [11C]-Methyl-Ro
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64-6198), and 18 (viz. [11C]-CPEB) were not successful due to problems of high nonspecific
binding and low brain uptake.156.157

Pike and coworkers reported the development of [11C] NOP-1A (21, Figure 3), a NOP
antagonist-based PET tracer, which has subnanomolar affinity for NOP and excellent
selectivity versus the opioid receptors and a majority of other CNS targets.158. 159
Compound 21 was used to label NOP receptor sites in rhesus monkey34 and human
brain.36: 160 A 18F_containing PET tracer, [18F]-MK0911 (22, Figure 3) was recently
reported by Merck scientists, which was developed to support the clinical development of
NOP antagonist 3 (Table 1).161 Compound 22 was also investigated in both rhesus monkeys
and humans, and showed high specific binding in monkey and human brains, dose-
dependently displaced by test NOP antagonists being developed in their studies.161

Pfizer scientists recently reported the development of a tritiated NOP antagonist radioligand,
for use in rodent in vivo imaging and receptor occupancy studies, to support lead
optimization and clinical candidate selection. [3H]PF-7191 (23, Figure 3) was developed
after significant SAR and optimization of its physicochemical properties.162 Robust labeling
of rat binding sites with high NOP receptor expression was observed, which were
displaceable with a test NOP antagonist in a dose-dependent manner, indicating the
suitability of this radioligand for in vivo receptor occupancy studies.

CONCLUSIONS

In the twenty years following the discovery of this fourth opioid receptor and its endogenous
ligand, the NOP-N/OFQ research field has been actively engaged, using state-of-the-art
approaches on all fronts—pharmacologic, genetic, drug discovery, and tracer discovery, to
understand the role of this system in normal function and in pathophysiological states. Given
the widespread distribution of the NOP-N/OFQ system in areas of the brain and periphery, it
is clear that this system plays an important role in several physiological processes. At the
same time, this also poses a challenge in targeting the NOP receptor for therapeutic
applications. Nevertheless, the discussion above shows that the NOP-targeted therapies may
have key advantages over existing approaches in several therapeutic areas, notably, chronic
pain and substance abuse for NOP agonists, and psychiatric disorders for NOP antagonists.
Other therapeutic areas under active investigation include treatment of gastrointestinal,
inflammatory disorders and possibly Parkinson’s disease symptom management.

The NOP-N/OFQ field is at the cusp of an exciting time, because of the entry and successful
progression of NOP-targeted compounds into the clinic (Table 1). It is hoped that the
findings from these clinical investigations will be disseminated to benefit the ongoing
research into the validating the NOP receptor system as a viable clinical target.
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CPP Conditioned place preference
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i.m. intramuscular

i.p. intraperitoneal

i.t. intrathecal

IUPHAR International Union of Basic and Clinical Pharmacology

[RY2 intravenous
KOP kappa opioid receptor
MOP mu opioid receptor

MPTP 1-methyl-4-phenyl 1,2,3,6 tetrahydropyridine

N/OFQ nociceptin/orphaninFQ peptide

NOP nociceptin/orphaninFQ peptide receptor
PET Positron emission tomography

p.o. peroral

s.C. subcutaneous
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SERT Serotonin transporter
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Structures and in vitro pharmacological profiles of known NOP agonists. Note that the in

vitro data from the cited references are from different laboratories and use different
radioligands and protocols for the assays, and therefore cannot be directly compared.
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Structures and in vitro pharmacological profiles of NOP antagonists widely used as tool

compounds. Note that the in vitro data from the cited references are from different

laboratories and use different radioligands and protocols for the assays, and therefore cannot

be directly compared.
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NOP ANTAGONIST PET and RADIOLIGANDS
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Structures and in vitro pharmacological profiles of NOP antagonist-based PET tracers and

radioligands recently developed for the NOP receptor.
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Table 1

Status of NOP-targeted compounds that entered clinical development

NOP agonist

Exploratory Phase 1150

Colr\';';r?]gnd Structure NOP profile Clinical Phase (Ref) Indication
F '“,./-:;:‘I
~ NOP full
1 ={ — N or Ongoing Various Pain
Cebranopadol <;O_f<_\__ ,\< a?&?';;;'\ggtp Phase 1114243 modalities
A o Major Depressive
2 S - . Completed Disorder
L'Y2940094 i O NOP antagonist Phase 114546 Alcohol
" Dependence
: _ Cognitive
MK—35757 r NOP antagonist %%:Szlﬁfg Impairment in
o o Schizophrenia
N
4 oy > Completed
=N A_a NOP full agonist Phase | Cough
SCH4S67ST ] (Discontinued)®”
5 . . Completed Phase | Anxiety and
JNJ-19385899 Not available NOP agonist (No information)5! Depression
. Treatment
6 NOP partial Completed . .
Ac-RYYRWKKKKKKK-NH, - 56 resistant systolic
Ser100, (ZP120) agonist Phase Ila hypertension
Neuropathic Pain
JTC7-801 NOP antagonist (;?]?Szlﬁgg Postoperative
Pain
: Neurogenic
N/OFQ FGGFTGARKSARKLANQ ~ hawural ligand Completed urinary

incontinence
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Table 2

NOP-selective Agonists and Antagonists: Preclinical testing and outcomes

(decrease in locomotion observed at 3

J Med Chem. Author manuscript; available in PMC 2017 February 11.

— Preclinical Preclinical Model .
Indication Compound Species (Dose, route) Outcomes (Side-effects) Ref.
NOP Agonists
Lk 8 Elevated plus-maze Decreased open arm avoidance (70 effect
Anxiety Rats (1.0, 3.2 mg/kg, i.p.) on locomotion at these doses) 50
. . Attenuated startle responses (1o effect on
Fear-pge;trgﬁ a}llidlt?w)startle locomotion at 3.2 mg/kg dose, but impaired 50
o 0/kg, 1.p- motor activity at 10 mg/kg dose)
Modified Geller-Seifter conflict Bell-shaped dose-response, highest
procedure response at 1 mg/kg (no effect on 50
(0.3, 1and 3.2 mg/kg, i.p.) locomotion at these doses)
Conditioned lick suppression (punished 3 and 10 mg/kg doses increased punished
responding) licking (impaired motor activity at 10 mg/kg 71
(1, 3,10 mg/kg, i.p.) and above)
o . No effect at 1 and 3.2 mg/kg (impaired motor
Panic-like anxiety test g
h activity at 10 mg/kg dose, but not lower 50
(1,3.2,10 mg/kg, i.p.) doses)
Separation-induced rat pup vocalization 1and 3 mg/kg doses decreased vocalization n
(0.3, 1 and 3 mg/kg, i.p.) (no effect on locomotion at these doses)
Vogel conflict drinking (punished 1 and 3 mg/kg doses increased punished
responding) drinking (no effect on locomotion at these 76
(0.1, 0.3, 1and 3 mg/kg, i.p.) doses)
Social approach avoidance All three doses increased time in social 76
(0.3, 1 and 3 mg/kg, i.p.) compartment
Mice : . N
- i . Increase in punished responding at 3 mg/kg
((1:259731‘5 Mouse Ge(llle;nfjeéﬂnir lc[(() nf: |ct)p rocedure dose (decreased time on rotarod and 71
mixed) 0/kg, 1.p- locomotor activity at 3 and 10 mg/kg)
In novel cage, decrease in latency to drink at
. i . 1 mg/kg and increase in milk intake at 0.3
(CQA7II(3:?/6) Nc(>\0/e3ltyl 'anr?;%eg] h/);(popihag);la and 1 mg/kg. (/n home cage, increase in 76
e 9/Kg, 1.p- latency to drink and decrease in intake at 1
and 3 mg/kg, due to sedative effects)
: : . All three doses reversed stress-induced
(C;\ggﬁ /6) St(rgsg—llnzﬁtcjeg I[lﬂyp/ﬁnhierm)la hyperthermia (o effect on baseline 76
e 9/kg, 1.p- temperature measures at these doses)
Increased time in open arms at 1 and 3.2
9 Rats © 35 I?_V:;Zdap;u; n/\ﬁze ip) mg/kg doses (no effect on locomotion at 102
e -2 My/kg, 1.p. these doses)
12 Increased open arm time and entries at 3
Rats @ %Iea\:]agefopri:isl-lznazeo) and 10 mg/kg doses (7o effect on 108
! 9/Kg. p-O. locomotion at these doses)
Vogel conflict drinking (punished 3, 10 and 30 mg/kg doses increased
responding) punished drinking (no effect on locomotion at 108
(1, 3, 10 and 30 mg/kg, p.0.) these doses)
Conditioned Ilrcel;;gﬁé)ir:;mn (punished Only the 10 mg/kg dose increased punished 108
(L, 3, 10 mglkg, p.0.) licking (o effect on locomotion at this dose)
Fear-potentiated auditory startle Attenuated startle responses at 10 mg/kg 108
(3, 6 and 10 mg/kg, p.o.) (no effect on locomotion at these doses)
13 Conditioned lick suppression (punished 3 and 10 mg/kg doses increased punished
Rats responding) licking response (o effect on locomotion at 73
(1, 3,10 mg/kg, p.o.) these doses)
: Decreased startle response at 3 and 10
Fear-potentiated startle -
mgl/kg (no effect on locomotion at these 73
(1, 3 and 10 mg/kg, p.o.) doses)
: cpi : Increase in punished responding at 30
(C;\ggﬁ /6) Mouse ((;:e!llgraﬁslglgrmco;g lict %rg)cedure mg/kg dose only (decreased time on rotarod 73
! 9/kg, p.0. and locomotor activity at 30 mg/kg)
. - Decreased in number of marbles buried at
(yi(r)b;g%%"rﬂg /ic""'tg) 30 mg/kg dose only (decreased time on 73
' 9/kg, p.0. rotarod and locomotor activity at 30 mg/kg)
Only the 10 mg/kg dose increased the
10 Mice (ddY Mouse Vogel conflict test number of shocks accepted, bell-shaped 75
strain) (3, 10 and 30 mg/kg, p.0.) dose-response (110 decrease in locomotion
observed at these doses)
Pain (Acute) 8 Mice (Swiss) Thermal Tail immersion test No effect on latency (ataxia observed at both 84
(1 and 3 mg/kg, i.p.) doses in mice for first 30 mins)
. - Increases in pain sensitivity, decrease in tail-
Mice Tail-flick test "
(C57BL/6N) (0.3, Land 3 mg/kg, i.p.) flick latency at 1 and 3 mg/kg doses 85
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Indication Compound Pr;;:gécsal Pr(elglgrslécetlozltlg)del Outcomes (Side-effects) Ref.
mg/kg dose)
- : Decreases in pain sensitivity, increase in
Hot-plate test (forepav‘;lllcklng and jump latency of forepaw licking at 3 mg/kg and g5
: jump latency at all three doses (decrease in
(0.3, 1and 3 mgrkg, i.p.) locomotion observed at 3 mg/kg dose)
: No effect on flinch latency, increase in
vocaﬁggﬁ';mfé’:]uId;szt.grl:‘nc{;q?;?]old) vocalization latency at all doses, trend to g5
(03,1 angy3 m /]k f’ ) increase in jump threshold (decrease in
- 0/kg, 1.p- locomotion observed at 3 mg/kg dose)
Nonhuman o P Increase in withdrawal latency at all doses
primate Wa"?g"géitg’gec% te;;(l w;ttu;rawal (no side-effect on respiration, itch response 78
(rhesus) . . 9/Kg, s.C. or activity observed)
Capsaicin-induced allodynia (46°C Increase in withdrawal latency at all doses
warm water withdrawal latency) (no side-effect on respiration, itch response 78
(0.001-0.06 mg/kg, s.c.) or activity observed)
A Produced larger antinociceptive effects than
Nonhuman Operant antinociception assay morphine, increased thermal threshold and
12 primate (Increase in thermal threshold and pull pull duration of a thermode linked to a food 112
(squirrel duration of thermode for a food reward) reward in the operant paradigm. (110
monkeys) (0.003, 0.01 and 0.03 mg/kg, i.m.) disruptions in activity noted)
. Tail-flick assay No effect on tail-flick latency (o effect on
16 Mice (ICR) (3, 10 and 30 mg/kg, s.c.) locomotor activity at these doses) I
e Increase in tail-flick latency at the 10 and 30
: Tail-flick assay
17 Mice (ICR) mg/kg doses (30 mg/kg dose causes 74
(8, 10and 30 mg/kg, s.c.) decrease in locomotor activity)
UFP-112 Paw pressure/vocalization or withdrawal Antinociceptive response at the 0.1 and 0.3
Rats threshold nmol doses, lower doses than morphine (10 163
(0.03, 0.1 and 0.3 nmol i.t.) effect on activity)
Nonhuman o P Increase in withdrawal latency at 3 and 10
primate Warm gatSeragEéolg)n:ﬁglwiltr;drawal nmol doses (o side-effect on itch response 90
(rhesus) ' H observed)
Capsaicin-induced allodynia (46°C R
! Increase in withdrawal latency up to 4 hours
warm wa;elz)wnlsqh(ﬂre}\n‘/f;l latency) (no side-effect on itch response observed) 90
Pain (Chronic, 8 Anti-allodynic effects (Von Frey) and
neuropathic, Rats Sciatic nerve injury (thermal cold water allodynia) at doses 91
inflammatory) (0.2,23,11.5,23 nmol, i.t.) above 2.3 nmol (no locomotor effects
reported)
- . Anti-allodynic effects (Von Frey) and
Sciatic nerve injury ( -
T thermal cold water allodynia) at the 46 and 91
(23, 46, 69 nmol, intraplantar) 69 nmol doses
fgéazt'ﬁmnzp'fgm;%n)’ No anti-allodynic effects observed 91
Carrageenan-induced thermal . . .
Nonhuman hyperalgesia ((46°C warm water Dose;glepentﬁnt |nc:eas(:3 mf‘;/l’ ma><|ur]’c|jum 86
Primates withdrawal latency) possible antihyperalgesic effect (o side-
(0.0003,0.001 and 0.003 mg/kg, s.C.) effects on respiration, itch or activity)
9 Streptozotocin-induced diabetic Dose-dependent increase in % maxiumum
Rats polyneuropathy (mechanical paw possible antihyperalgesic effect (no 104
withdrawal) confounding effects via this route at these
(7.1, 23.8 and 71.4 nmol, intraplantar) doses)
Formalin paw withdrawal (formalin- Dose-dependent inhibition of formalin-
Mice (ICR) induced licking, flinching, paw-lifting) induced hyperalgesic effects (highest dose 106
(0.03, 0.1, 0.3 and 1 micromol/kg, i.v.) caused loss of righting reflex)
1 Mice Mustard O'E?cde“ﬁ?hagﬂ?g;'nal pain in Significant antinociceptive activity in an 114
(BalbC) (3 mglkg p.0.) acutely inflamed intestinal colitis model
Spinal nerve ligation model of Significant mechanical anti-allodynic effects
16 Mice (ICR) neuropathic pain (Von Frey) but not thermal antinociception in 128
(10 and 30 mg/kg, s.c.) tail-flick (no effect on locomotor activity)
. - Significant mechanical anti-allodynic effects
17 Mice (ICR) Spinal r?:l:\r,g Ilagt]sitlconari?]udel of (Von Frey) and thermal antinociception in 128
(3and 18 m lkp sc) tail-flick assay (no decrease in locomotor
0/kg, s.C. activity at these doses)
11 Chronic constriction injury model of Significant mechanical anti-allodynic effects
Rats neuropathic pain (Von Frey) (no effect on locomotor activity at 127
(1.0, 10 and 30 mg/kg, s.c.) these doses)
Chronic C?]Sf}rr(;malg'?i[;m;irr){ model of Significant mechanical anti-allodynic effects 127
(55,55 ang 170 npmol i) (Von Frey) at 55 and 170 nmol doses
Chronic Cﬁ:ﬂ;ﬁ;?ﬁé?;g model of No anti-allodynic effects (Von Frey) at any 127
(5.5, 55 and 170 nmol, i.c.v.) dose
Substance 8 1 mg/kg blocked acquisition of morphine
Abuse Mice Morphine conditioned place preference CPP and morphine prime-induced %
Disorders * (C57BL/6) (0.3and 1 mg/kg, i.p.) reinstatement of CPP, but not the expression

of morphine CPP or the rate of extinction of
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Indication Compound Pr;;:gécsal Pr(elglgrslécetlozltlg)del Outcomes (Side-effects) Ref.
morphine CPP (no effect on locomotor)
0.3 and 1 mg/kg blocked acquisition,
Mice (NMRI) Alcohol conditioned place preference expression as well as alcohol prime-induced 97
(0.1, 0.3, and 1 mg/kg, i.p.) reinstatement of alcohol CPP (decrease in
locomotor activity at this dose)
Rats Alcohol self-administration and Dose-dependent decrease in alcohol self-
(Wistar) deprivation-induced relapse administration. Decreased deprivation- 98
(0.1, 0.3 and 1 mg/kg, i.p.) induced increase in alcohol intake
Rats
(alcohol- Alcohol self-administration Increase in alcohol consumption at the 1 99
preferring (0.3 and 1 mg/kg, i.p.) mg/kg dose, reversible by naloxone
msP rats)
12 Only the 30 mg/kg dose decreased
Rats Remi il (opioid) self-administration i il self-administration (af this dose, 110
(1,3, 10,30 mg/kg s.c.) rats were unresponsive and showed loss of
righting reflex)
Remi il (opioid) self-admini: ion All three doses decrease remifentanil self- 110
(0.3, 1, 3 micrograms intracisternally) administration (at 3 pg, sedation observed)
15 Rats (msP Alcohol self-administration, and cue- Decrease in alcohol self-administration and
rats) and stress-induced reinstatement reinstatement (1o effect on locomotion 100
(0.3, 1 and 3 mg/kg p.o.) observed)
Rats Alcohol withdrawal in dependent rats Decreased withdrawal signs at 3 and 10 100
(Wistar) (1, 3 and 10 mg/kg, p.o.) mg/kg doses
Alcohol self-administration and . I
reinstatement in post-dependent rats Decrease in alcroet;gléif-";a:nT|n|strat|0n and 123
(0.3 and 1 mg/kg p.o.)
16 Mice (ICR) Morphine CPP Decrease in morphine CPP (o effect on 74
(3, 10 and 30 mg/kg, s.c.) locomotor activity at these doses)
. . No effect on acquisition of cocaine CPP. But
: Cocaine CPP and prime- and siress- 30 mgkg blocked cocaine prime- and stress-
Mice (ICR) induced reinstatement f : 134
(3, 10 and 30 mg/kg, s.c.) induced reinstatement of CPP (no effect on
' 9/kg, s.C. locomotor activity at this dose)
2,4,6-trinitrobenzesulfonic acid (TNBS)-
Inflammatory 12 Mice induced colitis Attenuation of TNBS colitis via both routes, 114
bowel disease (BalbC) (Twice daily 0.1 and 1 mg/kg i.p. or 3 but not intracolonic route
mg/kg p.o.)
NOP Antagonists
Depression . Forced swim test Decreased immobility time (no effect on
18 Mice (CD-1) (20 mg/kg, i.p.) general locomotor activity) 144
19 Mice (Swiss) @ SFOarr?gdlgvrvrI]ElEZﬂi ) 10 mg/kg dose decreased immobility time 141
2 Rats (102?:5%%5::]2?;;95; 0) 30 mg/kg decreased immobility time 44
Parkinson’s 18 L . . Improved motor performance in several
disease Mice MPTP- |rzguc;:1ede;;lr(kmisor; s model motor tests (higher doses 10 mg/kg 20
: 0/kg, 1.p. worsened hypokinesia)
Nonhuman MPTP-induced Parkinson’s model Improvement in Parkinsonian scores (but
primate 20
(macaques) (0.01 mg/kg, i.m.) less than that with L-DOPA)
Rats B-hydroxydopanr;lllggelremlIeswned rat Relieved akinesia and attenuated motor 148
(0.3, 1and 3 mglkg, i.p.) asymmetry in hemiparkinsonian rats
19 Rats 6-hydr0xydopanr;|]|(r]1§ell19m|Ieswned rat Relieved akinesia and improved motor 18
(0.01,0.1 and 1 mglkg, i.p.) performance in hemiparkinsonian rats
Pain (Chronic, Carrageenan-induced inflammatory pain . . .
inflammatory) 19 Rats model Increase in ;)r?c\jcvswr:]th/dl:av;glsées\tenues at3 139
(0.1,03, 1, 3, 5 mg/kg, i.v)) 9/kg
7 Rats Formal|n-|ndu0ﬁldo:jnefllammamry pain Decreased licking response up to 45 152
(3 mgikg, p.o.) minutes after administration
Hyperalgesia in the single prolonged
Rats stress model of post-traumatic stress Decreased mechanical allodynia, thermal 164

disorder
(6 mg/kg, i.p. once daily, 21d)

hyperalgesia

*
Preclinical assays in nonhuman primates not reported
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