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Preface to “Opioids and Their Receptors: Present and
Emerging Concepts in Opioid Drug Discovery II”

Few neurotransmitter systems have fascinated as much as the opioid system (i.e., opioid ligands
and their receptors). Over the years, scientific studies of the endogenous opioid system have
uncovered a complex and subtle system that exhibits impressive diversity, based on its critical role in
modulating a large number of sensory, motivational, emotional and cognitive functions. Additionally,
its important therapeutic value for the treatment of many human disorders, including pain, affective
and addictive disorders, and gastrointestinal motility disorders, has been of persistent interest. This
book specifically covers a broad area of the opioid research, offering up-to-date and new perspectives
about opioid drug discovery. The diversity among the discussed topics ranging from medicinal
chemistry to opioid pharmacology, from basic science to translational research, is a testimony to the
complexity of the opioid system that results from the expression, regulation and functional role of
opioid ligands and their receptors. This book will serve as a useful reference to scientists while also
stimulating continuous research in the chemistry and pharmacology of the opioid system, with the
prospect of finding improved therapies of human diseases where the opioid system plays a central
role. We also thank all reviewers for their effort in evaluating the manuscripts. Last but not least, we
would like to appreciate the editorial office of the Molecules journal for their support in preparing this
book.

Mariana Spetea and Richard M. van Rijn
Editors
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A few neurotransmitter systems have fascinated the research community, as much
as the opioid system (i.e., opioid ligands and their receptors). Over the years, scientific
studies of the endogenous opioid system have uncovered a complex and subtle system
that exhibits impressive diversity, based on its critical role in modulating a large number
of sensory, motivational, emotional, and cognitive functions. Additionally, its important
therapeutic value for the treatment of many human disorders, including pain, affective and
addictive disorders, and gastrointestinal motility disorders, has been of persistent interest.

The Special Issue, “Opioids and Their Receptors: Present and Emerging Concepts
in Opioid Drug Discovery II”, which follows a similar topical Special Issue published
in 2020 [1], includes eleven research articles and three reviews. This Special Issue offers
up-to-date and new perspectives about opioid drug discovery.

Three research articles cover the discovery of novel $-opioid receptor (6OR) ligands
with distinct pharmacological profiles [2-5]. Meqbil et al. identified a novel 5OR ag-
onist with a unique scaffold lacking basic nitrogen from a high-throughput screen [4].
Molecular dynamics simulations of the molecule in the presence or absence of a docked
Leu’-enkephalin peptide suggests that this molecule interacts with SOR in a bitopic manner.
Specifically, the molecule partly occupies the orthosteric pocket in which the enkephalin
peptide resides, but it also fits in a generally idle subpocket of the binding pocket. Cellular
assays indicate that the molecule has a 10-fold preference for binding to the §OR over
p- and k-opioid receptors (LOR and kOR, respectively), and it competes with orthosteric
ligands. However, modeling and competitive functional assays suggest that the molecule
may possess some negative modulatory capabilities. The study by Karasawa et al. con-
firmed previous work by Cassell et al. showing rubiscolin-5 (Tyr-Pro-Leu-Asp-Leu) and
rubiscolin-6 (Tyr-Pro-Leu-Asp-Leu-Phe) to selectively bind and activate 5ORs without re-
cruiting (3-arrestin 2 [2,6]. The authors noted significant changes in the efficacy of rubiscolin
peptides to inhibit intracellular cAMP in cells co-expressing §OR and pOR, potentially
indicating an affinity for putative SOR-1OR heteromers; however, this type of assay comes
with multiple limitations in terms of controlling receptor expression and dissecting the
cAMP signal that originates from the monomers, this could be better resolved in a model
system that eliminates monomer signaling [7]. Tanguturi et al. reported on a couple of
novel SOR inverse agonists [3,5]. This work was inspired by a prior study by Higashi
et al. [8] and identified SRI-9342 as an irreversible antagonist and SRI-45128 as an inverse
agonist. The high affinity and selectivity for 5OR over LOR and kOR make these valuable
tools, which could, for example, be used to investigate the utility of this class of 6OR
modulators in treating Alzheimers’ disease. Similarly to the study by Karasawa et al., one
exciting strength of the study by Tanguturi et al. is that it confirms findings by a different
research team, providing much greater validity to the unique pharmacology, be it a G
protein-biased peptide or an inverse agonist.
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Wtorek et al. presented a continuation of their work on pentapeptide Tyr-c[D-Lys-Phe-
Phe-Asp]NH, (RP-170), a stabilized bifunctional pOR and kOR agonist with central and
peripheral antinociceptive properties [9]. In the current study [10], D-Lys was replaced with
either an (R)-B3-Lys (RP-171) or a (S)-p3-Lys (RP-172). Both RP-171 and RP-172 lost affinity
and potency relative to the parent compound, with RP-172 precipitously so. However,
RP-171 gained uOR selectivity in both affinity (14-fold from 3-fold) and potency (7-fold
from 2-fold) relative to RP-170. Molecular dynamics simulations suggested that RP-172
was less able to form or maintain hydrogen bonds and a salt bridge with Asp147.

Yucel et al. designed and synthesized novel molecules with thiazole and piperazine
moieties [11], based on the rationale that many analgesic drugs, such as for example
amoxapine and meloxicam, carry these structural motifs. Multiple synthesized molecules
produced antinociception in mouse models of acute nociceptive (tail-clip and hot-plate
tests) and visceral pain (acetic acid-induced writhing test) following oral administration.
The authors found the effects to be naloxone reversible, which is suggestive of an opioid
receptor mechanism. Molecular docking studies predict that the molecules can product
meaningful interactions within the pOR and 8OR binding pocket, whereas docking scores
for the molecules within the kOR structure did not correlate with behavioral efficacy, i.e.,
inactive derivatives docked equally as active derivatives.

A study by Fritzwanker et al. examines pOR phosphorylation and dephosphory-
lation by SR-17018 compared to the canonical agonist DAMGO and the partial agonist
buprenorphine [12]. The authors observed that SR-17018 has a delayed onset of pOR
phosphorylation, but it otherwise matches the full agonist profile of phosphorylating pOR
at multiple sites. Unlike the full agonist DAMGO, SR-17018-induced pOR phosphoryla-
tion persists and is resistant to washout suggestive of a slow off-rate that is, nevertheless,
naloxone reversible. SR-17018 has been demonstrated to have a large therapeutic win-
dow between antinociception and respiratory depression [13], although there is a debate
whether this profile is caused by the G protein bias [14,15]. The findings in this study
suggest that SR-17018 clearly has a distinct binding mode that may begin to explain the
opioid’s pharmacology.

Other studies in this issue also explored the behavioral pharmacology of opioids
in rodent models but outside of their antinociceptive properties. A study by Paul et al.
investigated the development of tolerance to the locomotor effects of morphine after twice
daily injection (b.i.d.) for a 10-day period [16]. The authors found significant hyperactivity
on day 10 relative to day 1. The authors also reveal that tolerance induced by b.i.d.
10 mg/kg morphine treatment was reversed by switching to a 20 mg/kg q.d. dosing
regimen. As the authors also tracked the establishment of antinociceptive tolerance, they
were able to link antinociceptive tolerance switch to morphine-induced hyper-excitatory
activity.

Targeting the kOR receptor is currently regarded as a viable strategy for develop-
ing pharmacotherapies for human disorders where the endogenous kappa opioid system
(kOR/DYN) plays a central role, including pain, itch, neurological, and addictive disor-
ders [17-19]. kOR agonists are under consideration for their antipruritic activity and one
such agonist, nalfurafine, is approved in Japan for the treatment of resistant pruritus in
hemodialysis patients [20], whereas in the United States, the peptide difelikefalin was
approved to treat moderate-to-severe pruritis in the same patient population [21]. Nal-
buphine is a third kKOR agonist that is being clinically investigated as potential anti-pruritic
agent [22]. In a report by Inan et al., in this Special Issue, a more detailed investigation on
the antipruritic effects of nalbuphine is presented [23]. The authors tested nalbuphine at
multiple doses (0.3-10 mg/kg) in three different acute itch mouse models of TAT-HIV-1 pro-
tein, deoxycholic acid, and chloroquine-induced scratching. Nalbuphine dose-dependently
inhibited scratching in all three models. The authors also showed that nalbuphine is
inactive in the chloroquine model when performed in kKOR-knockout mice.

In this issue, Nosova et al. provided a review of epigenetic and transcriptional control
of the prodynorphin (PDYN) gene in the human brain [24]. The review provides a detailed
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analysis of different mRNAs produced from the PDYN gene as well splice variants and
single nucleotide polymorphisms and the potential role of non-coding RNAs. Some of
the protein products may serve as nuclear proteins that can impact gene transcription and
epigenetic processes. The authors discuss possible transcription factors that can modulate
the expression of the PDYN gene and the link of SNPs to differential regulation of pro-
dynorphin expression in different neurological disorders. The authors review methylation
patterns and discuss differential expressions of PDYN between neurons and glia. This
review is a highly valuable resource and reference for researchers studying the pDYN/«OR
system.

The availability of high-resolution crystal structures of all opioid receptors in active and
inactive conformations offer a unique prospect for drug discovery, and has been a significant
development for opioid research [25]. Multiple articles in this issue [4,10,11,26] utilized
the power of computational techniques (molecular modeling and molecular dynamics
simulations) to explore binding mechanisms of peptides and synthetic molecules under
investigation using the crystal structures of the opioid receptors. The study by Yucel
et al. provides an example of a phenotypic screen where molecular docking aided the
investigation into the mechanism of action of the molecules bearing thiazole and piperazine
moieties in producing opioid receptor-mediated antinociception [11].

Spetea et al. reported earlier on HS-731 as a full agonist at HOR and 6OR, and a partial
agonist at kKOR [27]. Performing a structure-based molecular modeling study including
molecular dynamics simulations and generation of dynamic 3D pharmacophore models
(dynophores), Puls et al. provided important insights into dynamic interaction patterns of
HS-731 with all opioid receptors [26]. The in silico study nicely rationalizes the experimental
results on different binding and activity of HS-731 to each opioid receptor subtype. Two
residues are highlighted for HS-731 recognition at pOR, 6OR, and kOR, particularly the
conserved residue 5.39 (K) and the non-conserved residue 6.58 (LOR: K, 53OR: W and kOR:
E). At uOR, HS-731 takes part in more frequent and stronger charge interactions than in
dOR and kOR, in correlation with the highest affinity of HS-731 at pOR. A salt bridge
between transmembrane helices 5 and 6 via K227°% and E297%® was postulated to be
responsible for the kOR partial agonism of HS-731. Additionally, the lack of binding at
the NOP receptor experimentally determined is rationalized by the morphinan phenol
Y1303%,

Since the discovery of the NOP receptor as the fourth member of the opioid receptor
family, its role in different physiological and pathophysiological processes, especially pain,
and the development of potential pain therapeutics was increasingly explored [28] This
issue contains a review by El Daibani and Che, highlighting the analgesic utility of the
nociception/orphanin FQ receptor (NOP) system [29]. The authors provide a detailed
overview of almost two dozen NOP ligands and underscored the need for more high-
resolution structures to be resolved beyond the current three crystal structures of the NOP
receptor. The authors also touch upon some of the complex behavioral pharmacology
observed for NOP agonists depending on whether the animal is administered to rodents or
non-human primates at spinal or supraspinal sites. The authors conclude that more studies
into the NOP system are necessary, but that the therapeutic promise of NOP agonists as
analgesics with reduced risk for respiratory depression persists.

Three articles in this Special Issue explore dimerization and intracellular interactions
and positive or negative cooperativity between the pOR and angiotensin (AT2) recep-
tors [30], serotonin (5HT1 ) receptor [31], and free fatty acid (FFA) receptors [32]. Kiraly
et al. reviewed positive cooperativity between pOR analgesics and angiotensin receptor
inhibition [30]. The premise of the review is based on studies, for example, that found
angiotensin-converting enzyme inhibition enhancing morphine antinociception and reduc-
ing opioid antinociceptive tolerance [33] and that the activation of angiotensin AT2 receptor
decreases morphine antinociception [34]. Only a handful studies have investigated the
interplay between pOR and the angiotensin system, and some of the results have been
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contradictory. Thus, further studies will be welcome to provide better insight into possible
interactions and whether they can be exploited therapeutically.

Binienda et al. investigated but did not identify the presence of a synergistic interaction
between the opioid receptor agonists and modulators of FFA receptors [32]. Specifically,
the authors tested the pOR agonist DAMGO with FFAR2 antagonist GLPG-09734, FFAR4
agonist GSK 137647, and FFAR4 antagonist AH-7614 in a mouse model of colitis. The
FFAR4 antagonist was also tested in the presence of the 5OR agonist DPDPE but also
without a strong effect. Finally, Radoi et al. utilized fluorescence cross-correlation spec-
troscopy to examine whether the opioids morphine, codeine, oxycodone, and fentanyl
promoted heterodimerization between the serotonin 5HT; 4 receptor and pOR [31]. The
authors further assessed the ability of the four opioids to stimulate ERK1/2 and p38 phos-
phorylation in cells co-expressing pOR and 5HTa receptors. While the authors noted
differences in phosphorylation strength MAPK subtype, the experimental design limited
the conclusions that could be drawn from those findings. Since 5SHT A receptors may have
roles in nociception, the further examination of the 5SHT; o R-pOR interaction may provide
novel strategies to promote the effectiveness of opioid analgesics.

The final collection of articles in this Special issue covers a broad area of opioid research
that encompass all four opioid receptors; in silico, in vitro, and in vivo approaches; and
small molecules and peptide ligand design. Therefore, we are optimistic that there will be
relevant and useful articles amongst the collection to suit any scientist or member of the
public regardless of their specific research focus or interests.

We would like to thank all authors for their contributions to this second edition of
the Special Issue covering current and emerging concepts in opioid drug discovery. We
also thank all reviewers for their effort in evaluating the manuscripts. Last but not least,
we would like to appreciate the editorial office of the Molecules journal for their support in
preparing this Special Issue.
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to ML.S.), the University of Innsbruck (to M.S.), and the National Institute on Alcohol Abuse and
Alcoholism, grant number RO1AA025368 (to R.M.v.R.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: van Rijn is currently employed as a Principal Scientist at Septerna Inc. and
holds stock options in the company. van Rijn holds a US patent (10,954,224) describing novel delta
opioid receptor agonists. The funders had no role in writing the manuscript.

References

1.

Spetea, M.; Schmidhammer, H. Opioids and Their Receptors: Present and Emerging Concepts in Opioid Drug Discovery. Molecules
2020, 25, 5658. [CrossRef] [PubMed]

Karasawa, Y.; Miyano, K.; Fujii, H.; Mizuguchi, T.; Kuroda, Y.; Nonaka, M.; Komatsu, A.; Ohshima, K.; Yamaguchi, M.; Yamaguchi,
K.; et al. In Vitro Analyses of Spinach-Derived Opioid Peptides, Rubiscolins: Receptor Selectivity and Intracellular Activities
through G Protein- and beta-Arrestin-Mediated Pathways. Molecules 2021, 26, 6079. [CrossRef] [PubMed]

Tanguturi, P; Pathak, V.; Zhang, S.; Moukha-Chafiq, O.; Augelli-Szafran, C.E.; Streicher, ]. M. Discovery of Novel Delta Opioid
Receptor (DOR) Inverse Agonist and Irreversible (Non-Competitive) Antagonists. Molecules 2021, 26, 6693. [CrossRef] [PubMed]
Meqbil, Y.J.; Su, H.; Cassell, R.J.; Mores, K.L.; Gutridge, A.M.; Cummins, B.R.; Chen, L.; van Rijn, R.M. Identification of a Novel
Delta Opioid Receptor Agonist Chemotype with Potential Negative Allosteric Modulator Capabilities. Molecules 2021, 26, 7236.
[CrossRef]

Tanguturi, P.; Pathak, V.; Zhang, S.; Moukha-Chafiqg, O.; Augelli-Szafran, C.E.; Streicher, ]. M. Correction: Tanguturi et al. Discovery
of Novel Delta Opioid Receptor (DOR) Inverse Agonist and Irreversible (Non-Competitive) Antagonists. Molecules 2021, 26, 6693,
Correction in Molecules 2022, 27, 1969. [CrossRef]

Cassell, R.J.; Mores, K.L.; Zerfas, B.L.; Mahmoud, A.H.; Lill, M.A.; Trader, D.J.; van Rijn, R.M. Rubiscolins are Naturally Occurring
G protein-biased Delta Opioid Receptor Peptides. Eur. Neuropsychopharmacol. 2019, 29, 450-456. [CrossRef]



Molecules 2022, 27, 3140

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Van Rijn, RM.; Harvey, ].H.; Brissett, D.I.; DeFriel, ].N.; Whistler, J.L. Novel Screening Assay for the Selective Detection of
G-protein-coupled Receptor Heteromer Signaling. J. Pharmacol. Exp. Ther. 2013, 344, 179-188. [CrossRef] [PubMed]

Higashi, E.; Hirayama, S.; Nikaido, J.; Shibasaki, M.; Kono, T.; Honjo, A.; Ikeda, H.; Kamei, J.; Fujii, H. Development of Novel
delta Opioid Receptor Inverse Agonists without a Basic Nitrogen Atom and Their Antitussive Effects in Mice. ACS Chem. Neurosci.
2019, 10, 3939-3945. [CrossRef] [PubMed]

Perlikowska, R.; do-Rego, ].C.; Cravezic, A.; Fichna, J.; Wyrebska, A.; Toth, G.; Janecka, A. Synthesis and biological evaluation of
cyclic endomorphin-2 analogs. Peptides 2010, 31, 339-345. [CrossRef]

Witorek, K.; Lipinski, PE].; Adamska-Bartlomiejczyk, A.; Piekielna-Ciesielska, J.; Sukiennik, J.; Kluczyk, A.; Janecka, A. Synthesis,
Pharmacological Evaluation, and Computational Studies of Cyclic Opioid Peptidomimetics Containing 3(3)-Lysine. Molecules
2021, 27, 151. [CrossRef]

Yucel, N.T.; Osmaniye, D.; Kandemir, U.; Evren, A.E.; Can, O.D.; Demir Ozkay, U. Synthesis and Antinociceptive Effect of
Some Thiazole-Piperazine Derivatives: Involvement of Opioidergic System in the Activity. Molecules 2021, 26, 3350. [CrossRef]
[PubMed]

Fritzwanker, S.; Schulz, S.; Kliewer, A. SR-17018 Stimulates Atypical p-Opioid Receptor Phosphorylation and Dephosphorylation.
Molecules 2021, 26, 4509. [CrossRef] [PubMed]

Schmid, C.L.; Kennedy, N.M.; Ross, N.C.; Lovell, KM.; Yue, Z.; Morgenweck, ].; Cameron, M.D.; Bannister, T.D.; Bohn, L.M. Bias
Factor and Therapeutic Window Correlate to Predict Safer Opioid Analgesics. Cell 2017, 171, 1165-1175.e13. [CrossRef] [PubMed]
Gillis, A.; Gondin, A.B; Kliewer, A.; Sanchez, J.; Lim, H.D.; Alamein, C.; Manandhar, P.; Santiago, M.; Fritzwanker, S.; Schmiedel,
F.; et al. Low Intrinsic Efficacy for G Protein Activation can Explain the Improved Side Effect Profiles of New Opioid Agonists.
Sci. Signal. 2020, 13, eaaz3140. [CrossRef]

Stahl, E.L.; Bohn, L.M. Low Intrinsic Efficacy Alone Cannot Explain the Improved Side Effect Profiles of New Opioid Agonists.
Biochemistry 2021. [CrossRef]

Paul, A.K.; Gueven, N.; Dietis, N. Profiling the Effects of Repetitive Morphine Administration on Motor Behavior in Rats.
Molecules 2021, 26, 4355. [CrossRef]

Tseng, P.Y.; Hoon, M.A. Molecular Genetics of Kappa Opioids in Pain and Itch Sensations. Handb. Exp. Pharmacol. 2022, 271,
255-274.

Aldrich, J.V.; McLaughlin, J.P. Peptide Kappa Opioid Receptor Ligands and Their Potential for Drug Development. Handb. Exp.
Pharmacol. 2022, 271, 197-220.

French, A.R.; van Rijn, RM. An updated Assessment of the Translational Promise of G-protein-biased Kappa Opioid Receptor
Agonists to Treat Pain and Other Indications without Debilitating Adverse effects. Pharmacol. Res. 2022, 177, 106091. [CrossRef]
Inui, S. Nalfurafine hydrochloride to treat pruritus: A review. Clin. Cosmet. Investig. Dermatol. 2015, 8, 249-255. [CrossRef]
Deeks, E.D. Difelikefalin: First Approval. Drugs 2021, 81, 1937-1944. [CrossRef]

Pereira, M.P;; Stander, S. Novel drugs for the treatment of chronic pruritus. Expert Opin. Investig. Drugs 2018, 27, 981-988.
[CrossRef]

Inan, S.; Dun, N.J.; Cowan, A. Antipruritic Effect of Nalbuphine, a Kappa Opioid Receptor Agonist, in Mice: A Pan Antipruritic.
Molecules 2021, 26, 5517. [CrossRef]

Nosova, O.; Bazov, I; Karpyak, V.; Hallberg, M.; Bakalkin, G. Epigenetic and Transcriptional Control of the Opioid Prodynorphine
Gene: In-Depth Analysis in the Human Brain. Molecules 2021, 26, 3458. [CrossRef]

Zhao, B.; Li, W,; Sun, L.; Fu, W. The Use of Computational Approaches in the Discovery and Mechanism Study of Opioid
Analgesics. Front. Chem. 2020, 8, 335. [CrossRef]

Puls, K.; Schmidhammer, H.; Wolber, G.; Spetea, M. Mechanistic Characterization of the Pharmacological Profile of HS-731,
a Peripherally Acting Opioid Analgesic, at the Mu-, delta-, kappa-Opioid and Nociceptin Receptors. Molecules 2022, 27, 919.
[CrossRef]

Spetea, M.; Rief, S.B.; Haddou, T.B.; Fink, M.; Kristeva, E.; Mittendorfer, H.; Haas, S.; Hummer, N.; Follia, V.; Guerrieri, E.; et al.
Synthesis, Biological, and Structural Explorations of New Zwitterionic Derivatives of 14-O-Methyloxymorphone, as Potent
mu/delta Opioid Agonists and Peripherally Selective Antinociceptives. J. Med. Chem. 2019, 62, 641-653. [CrossRef]

Toll, L.; Bruchas, M.R,; Calo, G.; Cox, B.M.; Zaveri, N.T. Nociceptin/Orphanin FQ Receptor Structure, Signaling, Ligands,
Functions, and Interactions with Opioid Systems. Pharmacol. Rev. 2016, 68, 419-457. [CrossRef]

El Daibani, A.; Che, T. Spotlight on Nociceptin/Orphanin FQ Receptor in the Treatment of Pain. Molecules 2022, 27, 595. [CrossRef]
Kiraly, K.; Karadi, D.A.; Zador, F.; Mohammadzadeh, A.; Galambos, A.R.; Balogh, M.; Riba, P.; Tabi, T.; Zadori, Z.S.; Szoko, E.;
et al. Shedding Light on the Pharmacological Interactions between mu-Opioid Analgesics and Angiotensin Receptor Modulators:
A New Option for Treating Chronic Pain. Molecules 2021, 26, 6168. [CrossRef]

Radoi, V.; Jakobsson, G.; Palada, V.; Nikosjkov, A.; Druid, H.; Terenius, L.; Kosek, E.; Vukojevic, V. Non-Peptide Opioids Differ in
Effects on Mu-Opioid (MOP) and Serotonin 1A (5-HT1A) Receptors Heterodimerization and Cellular Effectors (Ca(2+), ERK1/2
and p38) Activation. Molecules 2022, 27, 2350. [CrossRef]

Binienda, A.; Makaro, A.; Talar, M.; Krajewska, ].B.; Tarasiuk, A.; Bartoszek, A.; Fabisiak, A.; Mosinska, P.; Niewinna, K,;
Dziedziczak, K.; et al. Characterization of the Synergistic Effect between Ligands of Opioid and Free Fatty Acid Receptors in the
Mouse Model of Colitis. Molecules 2021, 26, 6827. [CrossRef]



Molecules 2022, 27, 3140

33. Taskiran, A.S.; Avci, O. Effect of captopril, an Angiotensin-converting Enzyme Inhibitor, on Morphine Analgesia and Tolerance
in Rats, and Elucidating the Inflammation and Endoplasmic Reticulum Stress Pathway in this Effect. Neurosci. Lett. 2021, 741,
135504. [CrossRef]

34. Yamada, Y.; Ohinata, K.; Lipkowski, A.W.; Yoshikawa, M. Angiotensin AT(2) Receptor Agonists act as Anti-opioids via EP(3)
Receptor in Mice. Peptides 2009, 30, 735-739. [CrossRef]



molecules

Article

In Vitro Analyses of Spinach-Derived Opioid Peptides,
Rubiscolins: Receptor Selectivity and Intracellular Activities
through G Protein- and 3-Arrestin-Mediated Pathways

Yusuke Karasawa 123(), Kanako Miyano ), Hideaki Fujii 5, Takaaki Mizuguchi ®, Yui Kuroda ">
Miki Nonaka 29, Akane Komatsu 1'%, Kaori Ohshima 2, Masahiro Yamaguchi 1>7, Keisuke Yamaguchi 1-®
Masako Iseki 1'%, Yasuhito Uezono '>* and Masakazu Hayashida 1/

Citation: Karasawa, Y.; Miyano, K.;
Fujii, H.; Mizuguchi, T.; Kuroda, Y.;
Nonaka, M.; Komatsu, A.; Ohshima,
K.; Yamaguchi, M.; Yamaguchi, K.;
et al. In Vitro Analyses of
Spinach-Derived Opioid Peptides,
Rubiscolins: Receptor Selectivity and
Intracellular Activities through G
Protein- and (3-Arrestin-Mediated
Pathways. Molecules 2021, 26, 6079.
https://doi.org/10.3390/
molecules26196079

Academic Editors: Mariana Spetea
and Richard M. van Rijn

Received: 17 September 2021
Accepted: 30 September 2021
Published: 8 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pain Medicine, Juntendo University Graduate School of Medicine, 2-1-1, Hongo, Bunkyo-ku,
Tokyo 113-8421, Japan; yusuke.karasawa@viatris.com (Y.K.); y-kuroda@juntendo.ac.jp (Y.K.);
a-komats@juntendo.ac.jp (A.K.); masahiro.yamaguchi@pfizer.com (M.Y.); keisuke@juntendo.acjp (K.Y.);
miseki@juntendo.ac.jp (M.L); hayashidatoday@yahoo.co.jp (M.H.)

2 Department of Pain Control Research, The Jikei University School of Medicine, 3-25-8, Nishi-Shimbashi,
Minato-ku, Tokyo 105-8461, Japan; minonaka@jikei.ac.jp (M.N.); 3b14025@alumni.tus.ac.jp (K.O.)

Medical Affairs, Viatris Pharmaceuticals Japan Inc., 5-11-2, Toranomon, Minato-ku, Tokyo 105-0001, Japan
Division of Cancer Pathophysiology, National Cancer Center Research Institute, 5-1-1, Tsukiji, Chuo-ku,
Tokyo 104-0045, Japan; kmiyano@ncc.go.jp

Laboratory of Medicinal Chemistry and Medicinal Research Laboratories, School of Pharmacy,

Kitasato University, 5-9-1, Shirokane, Minato-ku, Tokyo 108-8641, Japan; fujiih@pharm kitasato-u.ac.jp (H.F);
mizuguchit@pharm.kitasato-u.ac.jp (T.M.)

Department of Anesthesiology and Pain Medicine, Faculty of Medicine, Juntendo University, 2-1-1, Hongo,
Bunkyo-ku, Tokyo 113-8421, Japan

7 Medical Affairs, Pfizer Japan Inc., 3-22-7, Yoyogi, Shibuya-ku, Tokyo 151-0053, Japan

*  Correspondence: yuezono@jikei.acjp

Abstract: Activated opioid receptors transmit internal signals through two major pathways: the
G-protein-mediated pathway, which exerts analgesia, and the -arrestin-mediated pathway, which
leads to unfavorable side effects. Hence, G-protein-biased opioid agonists are preferable as opioid
analgesics. Rubiscolins, the spinach-derived naturally occurring opioid peptides, are selective &
opioid receptor agonists, and their p.o. administration exhibits antinociceptive effects. Although
the potency and effect of rubiscolins as G-protein-biased molecules are partially confirmed, their
in vitro profiles remain unclear. We, therefore, evaluated the properties of rubiscolins, in detail,
through several analyses, including the CellKeyTM assay, cADDis® cAMP assay, and PathHunter®
[-arrestin recruitment assay, using cells stably expressing u, 5, k, or /& heteromer opioid receptors.
In the CellKey™ assay, rubiscolins showed selective agonistic effects for & opioid receptor and little
agonistic or antagonistic effects for u and « opioid receptors. Furthermore, rubiscolins were found
to be G-protein-biased § opioid receptor agonists based on the results obtained in cADDis® cAMP
and PathHunter® [-arrestin recruitment assays. Finally, we found, for the first time, that they are
also partially agonistic for the /3 dimers. In conclusion, rubiscolins could serve as attractive seeds,
as b opioid receptor-specific agonists, for the development of novel opioid analgesics with reduced
side effects.

Keywords: analgesic; 5 opioid receptor; G-protein-biased agonist; opioid peptide; rubiscolins

1. Introduction

Opioid analgesics are widely used as key medications for relief from pain, including
perioperative pain, cancer pain, and nonmalignant chronic pain. However, their use
is sometimes hampered in clinical practice owing to unfavorable side effects, such as
tolerance, constipation, and respiratory depression [1,2]. Thus, the discovery of safer
opioid analgesics is an urgent requirement. Opioid receptors (ORs), which belong to
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the G-protein-coupled receptor (GPCR) family [3], are classified into three subtypes—pu
(MOR), 6 (DOR), and « (KOR)—and opioid analgesics mainly bind to MOR to exert their
effects [4]. Internal signals from ORs are transmitted through two major pathways after the
ligand conjugates with Gi/o proteins, followed by internalization of membrane receptors;
the two pathways are the G-protein-mediated pathway that is required for analgesia,
which is induced by decreasing the intracellular cAMP levels, and the (3-arrestin-mediated
pathway, which is associated with side effects [5,6]. Therefore, a biased analgesic with
a pharmacological profile of favoring the activation of the G protein-mediated pathway
over that of the 3-arrestin-mediated pathway is desirable because it is considered to be
effective and has fewer adverse events [7,8]. From this perspective, some molecules have
been studied and indicated as G-protein-biased agonists in the past decades [9,10]. Among
them, TRV130 (oliceridine) has been evaluated by intravenous administration in clinical
studies and was approved as the first G-protein-biased agonist that can be used in clinical
practice [11].

Besides MOR-selective agonists, there are several compounds selective for DOR or
KOR that have been investigated in the preclinical studies [12,13]. They are expected to
become alternatives for MOR agonists, which can cause severe side effects [14]. Com-
pared with MOR agonists, DOR agonists show weaker effects in modulating acute no-
ciception [12] but obvious effects in treating chronic pain under experimental condi-
tions [15-17]. DOR can also be a therapeutic target for treating emotional disorders,
such as depression [13,18]. However, none of the DOR agonists have been developed
as an analgesic. Among the DOR agonistic compounds, rubiscolins are naturally occur-
ring opioid peptides isolated from spinach leaves, produced by a pepsin digestion of
d-ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the most abundant pro-
tein on earth [19,20]. Two types of rubiscolin—rubiscolin-5 and rubiscolin-6—exist, which
are composed of penta- or hexa-amino acid residues (Tyr-Pro-Leu-Asp-Leu: YPLDL and
Tyr-Pro-Leu-Asp-Leu-Phe: YPLDLEF), respectively (Figure 1). Interestingly, these peptides
showed antinociceptive effects upon p.o. administration in mice [21], which never oc-
curs for endogenous opioid peptides. Moreover, rubiscolins are promising in terms of
their unique effects other than analgesia, such as memory consolidation [22], anxiolytic
effect [23], stimulation of food intake [24], enhancement of glucose uptake in skeletal mus-
cle [25], and antidepressant-like effect [26]. Although the potency and actions of rubiscolins
as G-protein-biased molecules were partially confirmed in a previous study using DOR [27],
their in vitro profiles have not been sufficiently revealed.

HO HO

Rubiscolin-5 Rubiscolin-6

Figure 1. Molecular structures of rubiscolins.

The heterodimerization of ORs is also a noteworthy aspect [28,29]. It was recently re-
vealed that ORs form heterodimers, which play an important role in pain modulation, and
the selective ligand for the /6 opioid receptor (MOR/DOR) heteromer induced antinoci-
ception similar to that induced by morphine, but with less tolerance [30]. MOR/DOR
heteromers have been reported to increase in cultured DRG neurons under pathophysi-
ological conditions, such as chronic pain or subsequent exposure to morphine [31], and
heterodimerization appears to be related to morphine-mediated antinociception and de-
velopment of tolerance [32]. Therefore, MOR/DOR heteromers can also be targets for
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developing safer and more effective opioid analgesics [33,34]. We believe that it is prefer-
able for opioid compounds to activate MOR/DOR heteromers, in addition to having a
G-protein-biased property.

In the present study, we investigated the in vitro properties of rubiscolins in de-
tail, including the agonistic or antagonistic effects for ORs and intracellular activities
through the G-protein- and (3-arrestin-mediated pathways, using MOR, DOR, KOR, and
MOR/DOR heteromer.

2. Results
2.1. Effects of Rubiscolins on the Functions of ORs Evaluated Using the CellKey™ System

The effects of rubiscolins on the three types of ORs (MOR, DOR, and KOR) were
evaluated using the CellKey™ system (MDS Sciex, Foster City, CA, USA) in HEK293 cells
stably expressing Halo-tag®-MOR, T7-tag®-DOR, or Halotag®-KOR. Changes in cellular
impedance were detected as activities of OR using this system. The changes in impedance
induced by rubiscolins in positive controls of MOR (DAMGO), DOR (SNC-80), and KOR
(U-50488H) were compared to confirm their agonistic effects on each OR. Rubiscolins
showed dose-dependent effects only on DOR, whereas little effect was observed on MOR
and KOR (Figure 2).

DOR KOR
o 150 T 150
-o- DAMGO o ® & SNC-80 02 . -+ U-50488H
<
-& Rubiscolin-5 g % -& Rubiscolin-5 c3 -& Rubiscolin-5
s & 100 S @ 100- I
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EY . E
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g8 o &8 °'—v—14'—4—l—’—'—\
o >
5o -10 8 6 4 63 A0 r 8 4
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Figure 2. Effect of rubiscolins on MOR, DOR, and KOR, observed using the CellKey™ system. The cells expressing MOR
(A), DOR (B), and KOR (C) were treated with each compound (10~11-10-> M), and changes in impedance (AZiec) were
measured using the CellKey™ system. Concentration-response curves were prepared by calculating AZiec relative to the
data obtained for each positive control: 105 M DAMGO for MOR (A), 10~% M SNC-80 for DOR (B), and 10~> M U-50488H
for KOR (C). All data points are presented as means + S.E.M. for three independent experiments (1 = 3-5).

Moreover, we examined the antagonistic effects induced by a combination of rubiscol-
ins with the positive control of MOR (DAMGO) or KOR (U-50488H), by comparing with
the effect of a combination of each positive control with 10> concentration of a negative
control for MOR (naloxone) or KOR (norbinaltorphimine: norBNI), respectively. Unlike for
the combination with 10~ concentration of negative control that completely suppressed
the agonistic effects of the positive control for both MOR and KOR, rubiscolins had little
antagonistic effects on MOR and KOR (Figure 3). These results suggest that rubiscolins act
as selective DOR agonists without affecting the other subtypes (MOR and KOR) of ORs.
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Figure 3. Evaluation of antagonistic effects induced by rubiscolins combined with positive control for MOR or KOR,

observed using the CellKey™ system. The cells expressing MOR (A) and KOR (B) were treated with each positive control

alone or in combination with rubiscolin-5, rubiscolin-6, or 10~° concentration of each negative control (10_11—10_5 M), and

changes in impedance (AZiec) were measured using the CellKey™ system. Concentration-response curves were prepared
by calculating AZiec relative to the data obtained for each positive control: 105 M DAMGO for MOR (A) and 10> M
U-50488H for KOR (B). All data points are presented as means + S.E.M. for three independent experiments (1 = 3—4).
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2.2. Effects of Rubiscolins on the Intracellular cAMP Levels Evaluated Using the cADDis®
cAMP Assay

The activities of compounds through the G-protein-mediated pathway were evalu-
ated by measuring the intracellular cAMP levels for each OR using HEK293 cells stably
expressing Halotag®-MOR, T7-tag®-DOR, or Halotag®-KOR (Figure 4). After obtaining
results for rubiscolins, SNC-80 (a positive control for DOR), and KNT-127 (an existing
selective DOR agonist used as a competitor) [35], we compared the effects of rubiscolins
with those of other compounds, including each of the positive controls for the three types
of ORs. The Enax and ECsg values (pECs defined as the negative logarithm of the ECsy) for
each OR were calculated (Table 1). As was observed for SNC-80 or KNT-127, rubiscolin-6
demonstrated a robust effect on DOR at 10~° concentration. On the contrary, they had little
effect on MOR and KOR; in contrast, KN'T-127 showed full agonistic effects on both MOR
and KOR. These results indicate that rubiscolins selectively activate the G-protein-mediated
pathway of DOR to exert their pharmacological effects.

DOR KOR

150+ 150-
- DAMGO & SNC-80 -+ U-50488H
-+ Rubiscolin-5 1004 -# Rubiscolin-5 - Rubiscolin-5
-+ Rubiscolin-6 o 1 -+ Rubiscolin6 o -+ Rubiscolin-6
-+ SNC-80 ‘LL: 50 o KNT-127 E -+ SNC-80
© KNT-127 < < © KNT-127

0+
10 -8 6 -4
504 log (M)

Figure 4. Changes in intracellular cAMP levels induced by rubiscolin-5, rubiscolin-6, and opioid compounds. Cells
expressing MOR (A), DOR (B), or KOR (C) were treated with the listed compounds (10~11-10~> M), and intracellular cAMP
levels were measured with the cADDis® cAMP assay. Concentration-response curves were prepared by calculating cAMP
levels relative to the data obtained with 10> M DAMGO for MOR (A), 10> M SNC-80 for DOR (B), and 10~> M U-50488H
for KOR (C). Data are presented as means + S.E.M. for three independent experiments (1 = 3-5).
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Table 1. Enax and pECsg values for rubiscolins and opioid compounds obtained in the cAMP assay for MOR, DOR,

and KOR.
MOR DOR KOR
DAMGO 100.0 + 3.0 90.9 + 8.9 -
SNIC-80 69.8 + 6.2 % 100.0 + 3.6 377469+
By (%) U-50488H - - 100.0 + 3.0
max | /0 KNT-127 115.6 + 4.3 108.4 + 3.3 102.54+9.5
Rubiscolin-5 275+ 55%* 784+ 6.7% 96+9.0"
Rubiscolin-6 143 +32* 103.0 & 4.1 39.8 4205
DAMGO 85+0.1 62+02%* -
SNIC-80 554 0.1* 9.440.1 564037
U-50488H - - 9.140.1
PECs0 (M) KNT-127 72401* 10.0 £ 0.2 6.5+ 0.2
Rubiscolin-5 n.d. 63+02% n.d.
Rubiscolin-6 n.d. 65+01"% n.d.

Emax (means + S.E.M.) and pECsp (-LogECs, means + S.E.M.) were calculated according to the results shown in Figure 4. * p < 0.05 versus
DAMGO, * p < 0.05 versus SNC-80, * p < 0.05 versus U-50488H. n.d.; not detected.
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2.3. Effects of Rubiscolins on B-Arrestin Recruitment Measured Using the PathHunter® Assay

To determine the activities of rubiscolins through the 3-arrestin-mediated pathway,
we performed the PathHunter® B-arrestin recruitment assay using CHO-K1 cells stably ex-
pressing MOR and DOR (DiscoverX, Fremont, CA, USA), and U20S cells stably expressing
KOR (DiscoverX). We also evaluated the effects of SNC-80 and KNT-127. Compared with
SNC-80, rubiscolins displayed little effect on DOR, as shown in Figure 5, whereas KNT-127
moderately recruited (-arrestin in DOR. Given these results, among the DOR-selective
compounds used in the experiment, rubiscolin-5 and rubiscolin-6 were considered the most
irrelevant with regard to the activity through the 3-arrestin-mediated pathway. In contrast,
all the DOR-selective compounds showed little effect on MOR and KOR, compared with
each positive control.

DOR KOR
150+ 150
+ DAMGO & _ & SNC80 £z -+ U-50488H
-+ Rubiscolns £ & 100 = Rubiscoin5 £ 409 = Rubiscolin5
-+ Rubiscoins 3 g 4 Rubiscolin-6 g I —+ Rubiscolin-6
+5c8 BT g oKz E% -+ SNC-80
- KNT127 £3 9 & KNT-127
. £2 :
B o i
78 10 3 6 4 ag
50- log (M) 50 0 8 s 4
log (M)

Figure 5. Levels of p-arrestin recruitment through OR induced by rubiscolin-5, rubiscolin-6, and opioid compounds.

PathHunter® B-arrestin assay was performed in cells expressing MOR (A), DOR (B), and KOR (C) by treating with each

compound (10~1-10~% M). Concentration-response curves were prepared by calculating intracellular B-arrestin levels
relative to the data obtained for each positive control: 10> M DAMGO for MOR (A), 10~> M SNC-80 for DOR (B), and 10~°
M of U-50488H for KOR (C). All data points are presented as means + S.E.M. for three independent experiments (1 = 3-6).

2.4. Effects of Rubiscolins on the MOR/DOR Heteromer
Finally, we examined the effects of rubiscolins on the MOR/DOR heteromer through
the G-protein-mediated pathway using the cADDis® cAMP assay. As shown in Figure 6

and Table 2, rubiscolins acted as partial agonists, similarly to SNC-80, compared with
ML335 [30], a specific agonist for MOR/DOR.
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Figure 6. Changes in intracellular cAMP levels induced by rubiscolin-5, rubiscolin-6, and opioid compounds. Cells
expressing MOR (A), DOR (B), or MOR/DOR (C) were treated with the listed compounds (10~1-107> M), and the
intracellular cAMP levels were measured with the cADDis® cAMP assay. Concentration-response curves were prepared by
calculating cAMP levels relative to the data obtained with 10~5 M DAMGO for MOR (A), 10~ M SNC-80 for DOR (B), and
10~% M ML335 for MOR/DOR (C). Data are presented as means + S.E.M. for three independent experiments (1 = 6-8).

Table 2. Enax and pECsg values for rubiscolins and opioid compounds obtained in the cAMP assay for MOR, DOR, and

MOR/DOR.
MOR DOR MOR/DOR
DAMGO 100.0 &+ 3.0 90.9 + 8.9 91.1+54
SNC-80 69.8 +£62* 100.0 + 3.6 714+ 37+
Era (%) ML335 1125 +5.3 111.6 £ 3.6 100.0 + 4.2
max KNT-127 115.6 + 4.3 108.4 + 3.3 921 +24
Rubiscolin-5 275+ 55* 784 +6.7% 458 £ 63
Rubiscolin-6 143 +3.2*% 103.0 + 4.1 60.6 £63*
DAMGO 85+ 0.1 62+02% 72402
SNC-80 55+0.1* 94 +0.1 86+02%
PECso (M) ML335 76+01* 75+01% 7.0+0.1
KNT-127 724+01* 10.0 £ 0.2 95+0.1%
Rubiscolin-5 n.d. 63+02% 64+03
Rubiscolin-6 n.d. 65+01"% 6.4+ 0.2

Emax (means + S.E.M.) and pECsp (-LogECs, means + S.E.M.) were calculated according to the results shown in Figure 6. * p < 0.05 versus
DAMGO, * p < 0.05 versus SNC-80, * p < 0.05 versus ML335. n.d.; not detected.

3. Discussion

In the present study, both rubiscolin-5 and -6 were indicated as G-protein-biased
DOR full agonists without affecting MOR and KOR. The limited antagonistic effects of
rubiscolins on MOR and KOR (Figure 3) confirmed using the three types of ORs, for the first
time in this study, indicate that they rarely interfere with the cellular signaling mediated by
endogenous or exogenous opioid ligands. The endogenous opioid system plays a critical
role in modulating stress [36,37], anxiety [38,39], and the immune system [40]; hence, other
than its role in analgesia, it is preferable that opioid agonists do not exert antagonistic
effects on untargeted ORs, as these can lead to unexpected side effects that occur by
attenuating the activities of endogenous ligands, such as enkephalins, 3-endorphin, or
dynorphin A. In addition, rubiscolins can potentially be administered in combination with
exogenous ligands, such as MOR and KOR agonists and antagonists, without modulating
their expected effects, which means that they are unique and attractive seeds that exhibit
DOR selectivity, considering that the existing opioids can affect untargeted ORs to varying
degrees [4]. As for the combination therapy of analgesics including opioids, opioid-sparing
effects of non-opioid analgesics combined with opioids can reduce opioid consumption
and its related side effects, especially in the perioperative pain management in terms
of avoiding the toxicity and chronic use of opioids [41—43]. Rubiscolins can be novel
candidates for use in combination with opioids. Therefore, further research is needed to
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investigate the efficacy and safety of DOR agonists, including rubiscolins, in combination
with MOR agonists.

In view of the results of our cAMP assay, rubiscolins can be considered DOR-biased
agonists, consistent with previous reports. However, compared with the findings in a
previous study on the bias factor of rubiscolins, which found that rubiscolin-5 was more
G-protein-biased than rubiscolin-6 [27], our results indicate that rubiscolin-6 is relatively
stronger than rubiscolin-5 in activating the G-protein-mediated intracellular pathway, and
the 3-arrestin recruitment levels induced by rubiscolin-5 or rubiscolin-6 are equivalently
negligible (Table 1 and Figure 5). Indeed, there is a structural difference between the two
peptides, as rubiscolin-6 has Phe, an additional aromatic residue, at the sixth position.
Although its function is not clear, rubiscloin-6 has been shown to have a higher receptor
affinity and is about twice as potent in analgesia as rubiscolin-5 [21], as was observed in
our study. Rubiscolin-6 has also been reported to have broad beneficial effects related to the
central nervous system, other than analgesia [22-26]. As an example, for the development
of DOR selective agonists, considering such effects, NC-2800 is under Phase 1 clinical
study to determine the indication of major depressive disorder (https://jrct.niph.go.jp/
en-latest-detail /jRCT2071210033 accessed on 30 September 2021). The development of
DOR-selective agonists as alternative antidepressants is expected to offer a solution for the
unmet need related to the patient’s adherence to the current treatment of depression, since
their efficacy is independent of representative side effects of selective serotonin reuptake
inhibitors, such as digestive symptoms [13]. Their antidepressant-like or anxiolytic-like
activities are also desirable in the context of treating pain, considering psychological factors,
such as depression and anxiety, are intimately associated with pain behavior, especially in
chronic pain conditions [44-46]. Therefore, based on our results, we believe that rubiscolin-
6 has more potential to be developed as a G-protein-biased DOR agonist than rubiscolin-5,
not only as an analgesic but also as a medicine for treating other indications that are
significantly different for DOR and MOR agonists, despite their mild analgesic properties
compared with that of MOR agonists.

In OR signaling pathways, 3-arrestin-mediated pathway is involved in unfavorable
side effects, such as tolerance through the intracellular pathway in MOR or dysphoria
through that of KOR. Interestingly, 3-arrestin recruitment by rubiscolins on any type of
OR was low, although moderate changes were observed even with KNT-127 for DOR
(Emax (%): 35.4 &= 1.3), an existing selective DOR agonist [35], when compared with SNC-80
(Emax (%): 100.0 £ 2.6) (Figure 5B). Given these results, rubiscolins can be considered the
safest among selective DOR agonists, possibly with fewer side effects, such as convulsion
that sometimes occurs upon administration of DOR agonists [18], or increase in alcohol
intake correlated with (3-arrestin recruitment induced by DOR agonists [47].

Here, we report the effects of rubiscolins on MOR/DOR heteromers for the first time.
Rubiscolins showed partial agonistic effects on the MOR/DOR heteromer (Figure 6C and
Table 2). Moreover, the finding that rubiscolins have unique profiles in exerting their effects,
mainly through the activation of the G-protein-mediated pathway in DOR, and in part
through the MOR/DOR heteromer, is novel. In contrast, ML335 was reproduced as a full
agonist of MOR/DOR, consistent with the findings in a previous study [30]. However,
ML335 also acted as a full agonist for both MOR and DOR, and also partially recruited
B-arrestin through both MOR and DOR. This suggests that there is still an unmet need to
develop biased agonists that have more specific selectivity for MOR/DOR heteromers. A
limitation of the present study is that we do not have data for the induction of (3-arrestin
recruitment on the MOR/DOR heteromer by rubiscolins, because it is not commercially
available to investigate using the PathHunter® B-arrestin assay. In addition, although little
evidence has been obtained on how DOR-selective agonists affect the MOR/DOR het-
eromer, interestingly, recent research has suggested that simultaneous treatment with MOR
agonists and DOR antagonists can modulate tolerance induced by MOR agonists [48,49].
Therefore, further research is required to decipher how rubiscolins act as G-protein-biased
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molecules for MOR/DOR heteromers, how they can contribute to analgesia and other
effects, and to elucidate the utility of G-protein-biased MOR/DOR agonists.

Rubiscolins have the advantage of oral availability, although their absorption is not
well known. In general, oligopeptides are thought to be metabolized by digestive enzymes
(peptidases) and are then taken up in the form of dipeptides or tripeptides by the digestive
organs, such as the stomach and small intestine. Whereas other opioid peptides are easily
degraded, rubiscolins may not be disassembled and captured, and then pass through the
blood-brain barrier to exhibit their antinociception [20]. They have been hypothesized to
be resistant to proteolytic enzymes because of the Pro residue in the second position of
their molecular structure, although it is not a characteristic feature of rubiscolins because
the Tyr-Pro sequence at the N-terminus is generally present in the YP-type opioid peptides
and is thought to be essential for opioid activity [21]. Thus, for the development of novel
G-protein-biased DOR analgesics, further research is needed to decipher the mechanism of
their uptake and to know whether some kind of active transporter is involved.

From a clinical perspective, the opioid crisis is currently a global challenge [50]. In
general, opioid analgesics targeting MOR are shuffled to provide a “switching therapy”, so
as to balance the benefits and risks of individual opioids [51]; sometimes, a rescue dose
with immediate effect is added for breakthrough pain in cancer patients. However, the
kinds of opioid analgesics are limited, and their dosages often tend to increase owing to the
loss in efficacy, opioid-induced hyperalgesia, or tolerance. Therefore, analgesics with safer
and more effective profiles with new mechanisms of action, such as rubiscolins, appear
to be promising alternatives. Hopefully, they could be used for reducing the dosage of
current opioids and for resolving the opioid crisis, as part of the opioid rotation strategy, if
their efficacy is proven to be on par with that of the existing opioids.

4. Materials and Methods
4.1. Chemicals

The following reagents were used: D-Ala(2)-N-Me-Phe(4)-Gly-ol(5)-enkephalin (DAMGO),
(+)-4-[(aR)-a-((25,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-
diethylbenzamide (SNC-80), trans-3,4-dichloro-N-methyl-N-(2-(1-pyrrolidinyl)-cyclohexyl)-
benzeneacetamide (U-50488H), naloxone, norbinaltorphimine, forskolin, KNT-127, ML335
(Sigma-Aldrich, St. Louis, MO, USA); rubiscolin-5 (H-Tyr-Pro-Leu-Asp-Leu-OH) and
rubiscolin-6 (H-Tyr-Pro-Leu-Asp-Leu-Phe-OH) were chemically synthesized by standard
solid-phase peptide synthesis as described in Supplementary Materials. Forskolin was
diluted with dimethyl sulfoxide (DMSO) and other chemicals were diluted with water.

4.2. Cell Line

Human embryonic kidney 293 (HEK293) cells were obtained from American Type
Culture Collection (ATCC®, Manassas, VA, USA), and HEK293 cells stably expressing
Halotag®-MOR, T7-tag®-DOR, Halotag®-KOR, or Halotag®-MOR/T7-tag®-DOR were
generated by transfection of the constructed plasmids using Lipofectamine reagent (Life
Technologies, Carlsbad, CA, USA).

4.3. Cell Culture

HEK?293 cells (stably expressing Halotag®-MOR, T7-tag®-DOR, Halotag®-KOR, or
Halotag®-MOR /T7-tag®-DOR) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and
5 pug/mL puromycin (InvivoGen, San Diego, CA, USA) for Halotag®-MOR, 250 pug/mL
hygromycin B solution (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) for
T7-tag®-DOR, or 700 pg/mL genistein (Glico, Palo Alto, CA, USA) and 100 pg/mL hy-
gromycin for Halotag®-KOR and Halotag®-MOR/T7-tag®-DOR. The incubation was done
in a humidified atmosphere with 5% CO; at 37 °C.
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4.4. Functional Analysis of ORs Using the CellKey™ System

The analysis was performed as described previously [52]. In brief, cells were seeded at
a density of 5.0 x 10* in CellKey™ poly-D-Lysine (Sigma Aldrich, Saint Louis, MO, USA)-
coated 96-well microplates with an embedded electrode at the bottom of each well and
incubated for 24 h. After washing with CellKey™ buffer composed of Hanks’ balanced salt
solution (1.3 mM CaCl,-2H,0, 0.81 mM MgSQOy, 5.4 mM KCl, 0.44 mM KH,POy, 4.2 mM
NaHCO;3, 136.9 mM NaCl, 0.34 mM Nay,HPOy, and 5.6 mM d-glucose) containing 20 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 0.1% bovine serum albumin
(BSA), cells were incubated for 30 min at 28 °C, and then treated with vehicle or one of
the reagents. The change in impedance of an induced extracellular current (dZiec) in each
well was measured for 25 min, following a 5 min baseline measurement. The magnitude
of change in the dZiec value was defined as AZiec, and the value for rubiscolins was
calculated as a percentage using the highest value for each positive control.

4.5. Intracellular cAMP Assay with cADDis®

The assay was performed as described previously [53]. In brief, cells were seeded at
7.0 x 10* cells/well on black-walled, clear flat-bottom 96-well plates with recombinant
BacMam virus expressing the cADDis sensor and 0.6 uM sodium butyrate, and incubated
for 24 h at 5% CO; at 37 °C. The medium was replaced with 100 pL Krebs solution or
pretreatment reagents. The 96-well plates were incubated at 28 °C for 30 min in the dark.
Cell fluorescence was measured from the bottom of the plate using excitation/emission
wavelengths of 485 and 525 nm, respectively, on FlexStation 3 (Molecular Devices, LLC.,
San Jose, CA, USA). Cells were stimulated with 50 uM forskolin to increase the cAMP
levels. After 20 min, when the signal plateaued, cells were stimulated with the indicated
drugs, and changes in fluorescence from each well were measured every 26 s for 40 min.
Increase in fluorescence intensity reflects the decrease in cAMP, through the activation of
Gi-coupled receptor. The data were transformed to changes in fluorescence over the initial
fluorescence (AF/Fy).

4.6. B-Arrestin Recruitment Assay with Pathhunter®

This was performed as described previously [54]. In brief, U20S OPRM1, CHO-K1
OPRD1, or U20S OPRK1 cells were seeded at a density of 1.0 x 10% cells/well in 96-well
clear-bottom white plates and incubated for 48 h. The cells were stimulated for 90 min (in
the case of MOR and DOR) or 180 min (in the case of KOR) in a dilution series for each
receptor at 37 °C under 5% CO, and the PathHunter® working detection solution was
added. The luminescence intensity was measured using FlexStation 3 (BioTek Instruments
Inc., Winooski, VT, USA) for 1 h at room temperature. Data are expressed as the maximum
signal intensity of each test compound as a percentage of the maximum signal intensity of
the positive control.

4.7. Statistical Analysis and Approval for the Study

Data are presented as means & SEM for at least three independent experiments. Data
from cADDis cAMP assays were analyzed using one-way ANOVA followed by Tukey’s
multiple comparison tests. A value of p < 0.05 was considered statistically significant.
All analyses and concentration-response curve fitting were performed using Prism 8
(GraphPad Software, San Diego, CA, USA). All experiments were approved and performed
in accordance with the Guide for Genetic Modification Safety Committee, National Cancer
Center, Japan.

5. Conclusions

In the present study, we showed that rubiscolins are G-protein-biased full agonists
for DOR, as well as partial agonists for the MOR/DOR heteromers, with limited effects
on endogenous ligands or opioid analgesics that activate MOR or KOR. Considering the
evidence obtained, we believe that rubiscolins could serve as promising seeds for the
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development of novel, safer opioids and selective DOR agonists that can be orally used for
treating pain.

Supplementary Materials: The following are available online, Synthesis of rubiscolin-5 and -6.
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Abstract: The delta opioid receptor (DOR) is a crucial receptor system that regulates pain, mood,
anxiety, and similar mental states. DOR agonists, such as SNC80, and DOR-neutral antagonists, such
as naltrindole, were developed to investigate the DOR in vivo and as potential therapeutics for pain
and depression. However, few inverse agonists and non-competitive/irreversible antagonists have
been developed, and none are widely available. This leaves a gap in our pharmacological toolbox
and limits our ability to investigate the biology of this receptor. Thus, we designed and synthesized
the novel compounds SRI-9342 as an irreversible antagonist and SRI-45128 as an inverse agonist.
These compounds were then evaluated in vitro for their binding affinity by radioligand binding,
their functional activity by 3°S-GTPyS coupling, and their cAMP accumulation in cells expressing the
human DOR. Both compounds demonstrated high binding affinity and selectivity at the DOR, and
both displayed their hypothesized molecular pharmacology of irreversible antagonism (SRI-9342) or
inverse agonism (SRI-45128). Together, these results demonstrate that we have successfully designed
new inverse agonists and irreversible antagonists of the DOR based on a novel chemical scaffold.
These new compounds will provide new tools to investigate the biology of the DOR or even new
potential therapeutics.

Keywords: delta opioid receptor; inverse agonist; irreversible antagonist; non-competitive antagonist;
molecular pharmacology

1. Introduction

G-protein coupled receptors (GPCRs) are a superfamily of integral plasma membrane
proteins and are involved in a broad array of signaling pathways and subsequent phys-
iological processes. GPCRs are important drug targets, and over 25% of all approved
drugs currently on the market are known to evoke their pharmaceutical effects through
GPCRs [1]. The delta opioid receptor (DOR) is one such GPCR that has been linked to the
regulation of pain, mood, depression, and similarly important brain states [2]. Numerous
classical full/partial agonists, such as SNC80 and DPDPE, and neutral antagonists, such as
naltrindole, have been developed or described for the DOR. However, there are far fewer
inverse agonists and irreversible /non-competitive antagonists for this target.

A non-competitive antagonist is an insurmountable antagonist that can act either
in one of two ways: via binding to an allosteric site of the receptor [3] or by irreversibly
binding to the active site of the receptor. Although the mechanism of antagonism is different
for both, they are called “non-competitive” since the end result of each are functionally
the same. Unlike competitive antagonists, which commonly affect the amount of agonist
necessary to achieve a maximal response but will not affect the magnitude of that maximal
response, non-competitive antagonists decrease the level of the maximum response which
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can be accomplished by any amount of agonist. This unique property receives the name as
“non-competitive” because the effects cannot be overcome no matter how much agonist
is present. One example is the commonly used beta-funaltrexamine, which is selective
for the mu opioid receptor [4]. Only a few such ligands have been reported for the DOR,
and none are widely available. These include a naphthalene-dialdehyde modification of
6’-aminonaltrindole [5] and 5'-naltrindole-isothiocyanate [6].

By contrast, an inverse agonist does have intrinsic activity at the orthosteric site.
However, unlike an agonist, an inverse agonist shifts the energy landscape to further
disfavor the receptor active state and favor the inactive state. This suppresses baseline
receptor activity to the extent that it is below that of the unliganded state [3]. The first such
described ligand for the DOR was ICI-174864, a peptidic inverse agonist reported by Costa
and Herz [7]. Later, additional DOR inverse agonists were reported, such as (+)—KF4 [8],
naltrindole (NTI) derivatives [9], amide/sulfonamide substituted NTI [10], as well as other
peptidic [11-13] and nonpeptidic [14-17] molecules.

Here, we report the discovery and characterization of a new DOR non-competitive
antagonist (SRI-9342) and a new inverse agonist (SRI-45128). These ligands have strong
selectivity for the DOR and potent functional activity in vitro. The discovery of these
ligands further expands the limited pharmacological tools available to probe the DOR and
could even provide potential future therapeutics.

2. Results
2.1. Rational Design of DOR Ligands

The DOR ligands SRI-9342 (irreversible antagonist) and SRI-45128 (inverse agonist)
were designed based on our previously published computational docking studies of the
SRI-9409 scaffold core [18], as well as DOR ligands reported in the study, including SYK-
623 [19]. When this core binds to the orthosteric site of DOR, the right-hand side indole
moiety would face the extracellular opening of the binding pocket and be adjacent to the
functionally important K214 of DOR [20], which is also a potentially reactive residue. Thus,
the idea of adding a warhead to the scaffold to further increase its binding affinity to DOR
was explored, which resulted in SRI-9342. The «,[3-unsaturated pyridin group of SRI-9342
is supposed to be in a proper position to form a covalent bond with the nitrogen on the side
chain of K214 via Michael’s addition, turning it into an irreversible DOR antagonist. On
the other hand, the cyclopropyl group of the scaffold would face the bottom of the binding
pocket and form hydrophobic contact with the W274 of DOR, which is an important residue
responsible for the switch between agonism and antagonism [20,21]. Therefore, chemical
modifications were also explored at this position, which resulted in SRI-45128 with DOR
inverse agonism. Notably, SRI-45128 was distinct from parent scaffold SRI-9409 in the
sense that the introduction of carbonyl next to the cyclopropyl group (inspired by SYK-623)
would reduce the basicity of the neighboring nitrogen of SRI-45128, which was no longer
able to form a salt-bridge with key residue D128. In addition, SRI-45128 is distinguishable
from SYK-623 in the sense that the former possessed a pyridine-4-phenylchloride moiety
while the latter possessed an indole moiety on the right-hand side.

2.2. Synthesis of Novel DOR Irreversible Antagonist and Inverse Agonists

SRI-9342 (irreversible antagonist, Scheme 1) was synthesized with a 44% yield via the
reaction of naltrexone hydrochloride and trans-4-hydrazino-2-stilbazole dihydrochloride
following the same procedures previously reported [22,23]. SRI-45128 (inverse agonist,
Scheme 2) was synthesized in nine steps by using the procedures reported in [24], subject
to a few modifications. In our alternative route, the protecting group on the phenolic
hydroxyl group of naltrexone (1) was changed from methyl to benzyl to achieve an overall
improvement in yields. The 6-ketone group of compounds (2) was protected as 1,3-
dioxolane, which was followed by acetylation of the 14-OH under refluxing in Ac,O.
The cyclopropyl methyl group of the resulting acetate compound (3) was exchanged for a
trichloroethoxycarbonyl group at 140 °C with an excess amount of trichloroethoxycarbonyl
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chloride to afford carbamate (4). The carbamate and the acetate group in compound
(4) were further hydrolyzed with aqueous KOH at 110 °C to afford compound (5). The
reaction of compound (5) with cyclopropyl carbonyl chloride in the presence of EtsN
afforded compound (6) with an 89% yield. Removal of the 1,3-dioxolane group in amide (6)
was done by using HCl and MeOH at reflux conditions to afford ketone (7). Finally, further
deprotection of the benzyl group in (7), followed by annulation with 2-(4-chlorophenyl)-3-
hydroxy-prop-2-enal in the presence of ammonium acetate, afforded SRI-45128 in two steps.
We also synthesized SYK-623 for use as a control group (inverse agonist, Scheme 3). This
was achieved in two steps, from intermediate (7), by using the procedure reported in [19]
with the following modifications: Compound (7) was reacted with phenyl hydrazine in
acetic acid under reflux conditions followed by deprotection of the benzyl group to afford
SYK-623. All compounds were confirmed for identity and high purity, which is sufficient
for pharmacological characterization (see Methods).

44%

Naltrexone hydrochloride SRI-9342

Scheme 1. Reagents and conditions: (a) trans-4-hydrazino-2-stilbazole dihydrochloride, AcOH, 5 h,
120 °C.

] Cl

Cl
0 Cl
N

SRI-45128

Scheme 2. Reagents and conditions: (a) BnBr, K,CO3, acetone, reflux; (b) ethylene glycol, p-
TsOH.H,O, toluene, reflux; (c) AcyO, reflux; (d) TrocCl, K,COs3, 1,1,2,2-tetrachloroethane, 140 °C;
(e) KOH aq., DMSO, 110 °C; (f) cyclopropylcarbonyl chloride, EtsN, CH,Cl,, rt; (g) HCl, MeOH,
80 °C; (h) 10% Pd/C, Hy, MeOH, no further purification of the obtained crude; (i) 2-(4-chlorophenyl)-
3-hydroxy-prop-2-enal, ammonium acetate, AcOH, reflux.
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7 SYK-623

Scheme 3. Reagents and conditions: (j) phenyl hydrazine, AcOH, reflux; (h) 10% Pd/C, Hy, MeOH.

2.3. All Compounds Display High DOR Binding Affinity

All synthesized compounds were evaluated for binding to the human DOR using
competition radioligand binding. All compounds showed one site full competition, sug-
gesting full occupancy of the orthosteric binding site (Figure 1). Notably, the compounds
are also bound to the DOR with high affinity with Ky values of 4.9-24 nM (Figure 1). We
also tested SRI-45128 and SYK-623 for binding to the MOR and KOR, which would pro-
vide insight into compound selectivity. The compounds bound very weakly to the MOR,
showing incomplete curves even at 10 uM. This suggests that both compounds are at least
120-fold selective for DOR over MOR. The compounds bound slightly better to the KOR,
providing near-complete curves and Kj values, ranging from 2000 to 2500 nM, suggesting
that both compounds are at least 104-fold selective for DOR over KOR (Figure 1). These
results demonstrate that these compounds are high-affinity DOR ligands, and both inverse
agonists display strong DOR selectivity. The expected performance of SYK-623 further
confirms our findings.

Competition Binding - DOR Competition Binding - MOR Competition Binding - KOR
® Reference 4 SYK-623
125 m SRI9342 v SRI-45128 125 123
g . [} 2 = I
= 100 - ——%_ o 5 100 % 5 100
£ = i & R 5 £
o e ] i o
o 78 ' o 15 o 75
= a Ny = =
8 50 & . g so 8 50
& A . @ &
5 25— ., . %5 254 5 254
£ a i = =
0 . i “h—a— i 0 0
-10 9 -8 -7 -6 -5 10 9 -8 -7 -6 -5 10 - - .
Log[Drug], M Log[Drug], M Log[Drug], M
Binding Affinity (K,, nM)
Compound
DOR MOR KOR
Reference 200+21 44+06 72+04
SRI-9342 49406 NT NT
SYK-623 1M1 >3,333 2000 + 290
SRI-45128 2442 >3,333 2500+ 510

Figure 1. Novel compounds bound to the DOR with high affinity. Compounds were tested as concentration curves
competing with a fixed concentration of 3H-diprenorphine (see Methods). N = 3 independent replicates performed, with
summary curves shown for each set; affinity (K;) was calculated separately for each experiment and then reported as the
mean + SEM. Experimental or reference compounds (naloxone for MOR and DOR, U50-488 for KOR) were tested at each
receptor, DOR, MOR, or KOR, as noted. Reference compounds displayed expected affinities, validating the experiment,
while all compounds demonstrated high affinities at the DOR. SRI-45128 and SYK-623 showed poor affinity at MOR and
KOR, suggesting strong DOR selectivity.
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2.4. SRI-9342 Displays Irreversible Antagonism at the DOR at Low Concentrations

Now that we showed that these compounds bound with high affinity to the DOR, we
next sought to evaluate their functional activity. We tested the putative irreversible antag-
onist SRI-9342 for this activity using *S-GTPyS coupling. We ran SNC80 concentration
curves with fixed and increasing concentrations of SRI-9342 present in each successive
SNC80 curve. At 0.1 nM and 1 nM SRI-9342, we found that the SNC80 potency was actually
better than the potency of SNC80 alone, while the efficacy was successively reduced to 92%
and 84% (Figure 2). This behavior fits with the expected behavior of an irreversible antag-
onist, where potency is maintained at least initially, while efficacy is reduced. At higher
concentrations (10-1000 nM), we observed large and successive shifts in both potency and
measured efficacy, which is consistent with increasing receptor loss from the system. At
10,000 nM, we observed a puzzling partial recovery of both potency and efficacy. This may
represent a non-specific effect at high concentrations (Figure 2). Overall, these findings are
consistent with SRI-9342 displaying irreversible antagonism at low concentrations.

DOR 3°S-GTPyS - Antagonism

= DOR Functional Activity
o 125+ Condition

5 e SNC80 EC4, (nM) Emax (%)
2 100+ = +0.1nM SNC80 33114 100
& 754 4 *#10M +0.1nM 27409 923
o

® * el +1nM 30406 84+ 1
> 50 ¢ +100nM

& +10nM 2200+ 190 87 + 1
% 25| © +1,000 nM

(1]

s 10,000 +100nM >3,333 (29)
5 043 +1,000 nM >3,333 (4.8)
N il e . o

Log[Drug], M

Figure 2. SRI-9342 displayed DOR irreversible antagonism at low concentrations. SNC80 is a full DOR agonist, which
was used to perform multiple full concentration curves using the 3°S-GTPyS assay (see Methods). Increasingly large fixed
concentrations of SRI-9342 were included in subsequent SNC80 curves. N = 3 independent experiments performed, with
summary curves shown. Potency (ECsg) and efficacy (Epax) were calculated separately for each experiment and reported as
the mean & SEM. SRI-9342 caused increasing loss of efficacy at 0.1 and 1 nM without decreasing potency (which was actually
higher than SNCB80 alone), suggesting irreversible antagonism. Beginning at 10 nM, potency loss was observed, which
could indicate mixed activity or a very strong loss of receptors from the receptor pool due to irreversible antagonist activity.

2.5. SRI-45128 Displays DOR Inverse Agonism

Similar to SRI-9342, we sought to evaluate the inverse agonist functional activity of SRI-
45128 with SYK-623 as a comparison control. The GTPyS assay used above has a generally
low baseline receptor activity level, at least for the opioid receptors, so we switched assays
to a live cell cAMP accumulation assay. This assay uses forskolin to stimulate cAMP levels,
which are then inhibited /suppressed by the Gogy-coupled activity of the DOR. As expected,
SNC80 demonstrated potent and efficacious suppression of cAMP levels in DOR-CHO cells,
which is in line with the expected activity of the receptor (Figure 3). By contrast, both SRI-
45128 and SYK-623 showed efficacious inverse agonist activity and actually boosted cAMP
levels, which is consistent with suppressing the baseline activity of the DOR (Figure 3). This
activity was also efficacious, with an Eyjax of —67% and —56%, respectively. These results
suggest that SRI-45128 is a robust inverse agonist, further confirmed by the performance of
the SYK-623 comparison control.
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% of cAMP Inhibition

125
100

DOR cAMP - Inverse Agonism
e SNC80 4 SYK-623 v SRI45128

DOR Functional Activity

Compound
ECs (nM) Ewax (%)
6.1
SNC80 (1.7 - 20) 100
265 -56
S¥i62d (78 —920) (-69 —-45)

770 -67

SREAD128 (95 — Undefined) (Undefined — -49)

-100
-10
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T
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Figure 3. SRI-45128 caused DOR inverse agonist activity. SRI-45128, positive control SYK-623, and SNC80 reference
compounds were used to modulate the cAMP accumulation caused by forskolin treatment (see Methods). One independent

experiment in triplicate was performed, and the potency (ECsp) and efficacy (Epmax) were reported as the derived value

with 95% confidence intervals (in parentheses). As expected, SNC80 caused high potency and efficacy cAMP inhibition,

which is consistent with DOR agonist activity. SRI-45128 and SYK-623 caused efficacious cAMP increases, which is contrary

to DOR agonism and consistent with DOR inverse agonism.

3. Discussion

As noted in the Introduction, a limited set of DOR irreversible antagonists and inverse
agonists has been discovered and reported [5,11-17,19,25,26]. The ligands we report
here were developed from a novel naltrexone scaffold and thus represent a significant
contribution to the limited set of pharmacological tools available to probe the DOR. These
ligands will help build the structure—-activity relationship of irreversible antagonism and
inverse agonism, and they could be used to investigate DOR function in vivo.

These novel compounds also have some possibility to inform future therapeutic
candidates to target the DOR. For example, DOR activation has been associated with
Alzheimer’s disease, and DOR antagonism was shown to prevent and reverse Alzheimer’s
pathology in a mouse model [27]. Considering the long time-scales for Alzheimer’s
treatment, especially in a prevention paradigm, a long-lasting irreversible antagonist
could be of considerable therapeutic benefit versus a short-acting competitive antagonist.
Alternatively, an inverse agonist could be more effective than a standard neutral antagonist.
DOR antagonists/inverse agonists have also not been associated with seizure activity as
for some DOR agonists, suggesting their improved safety vs. agonists. This suggests that
the active development of functionally selective DOR agonists to avoid seizures should not
be necessary for these compounds [28,29]. However, one caution is that these compounds
have only been tested for brief exposures in vitro and could thus possess other toxic effects.
This will have to be examined in future studies.

Future works should also investigate these compounds in greater detail. Based on our
binding studies, it is clear that all compounds bind selectively and with a high affinity to
the DOR orthosteric site. However, the functional studies were not quite as clear. SRI-9342
displayed clear signs of irreversible antagonism at 0.1 and 1 nM. However, 10 nM caused
a rapid loss of potency that continued at 100 nM and 1000 nM. The compound could be
a full irreversible antagonist, and the activity at 10 nM could represent a rapid loss of
receptors from the system that would eventually lead to the same reduction in potency
as with other irreversible antagonists. Alternatively, the compound could have mixed
activity, with irreversible antagonism at low concentrations and different functional activity,
similar to competitive antagonism, at high concentrations. This mixed activity has been
observed with other compounds, such as naloxonazine [30]. SRI-45128 also displayed clear
inverse agonist activity. However, the potency of this activity was considerably less than
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the binding affinity. This could represent the poor intrinsic efficacy of the compounds, or it
could represent a relatively insensitive system for baseline receptor suppression. These
details should be investigated for these compounds, working out the exact mechanisms of
action and activity in different DOR-related signaling systems (e.g., ERK-MAPK activation
instead of cAMP signaling). In addition, all compounds should be investigated for in vivo
activity and whether the in vivo testing matches the predictions made via the in vitro
testing reported here.

4. Materials and Methods
4.1. Chemical Synthesis and Characterization

All solvents and reagents were used as purchased without further purification. Un-
less otherwise stated, reactions were carried out under nitrogen atmosphere. Reaction
conditions and yields were not optimized. The progress of all reactions was monitored
by thin-layer chromatography (TLC) on pre-coated silica gel (60F254) aluminum plates
(0.25 mm) from E. Merck and visualized using UV light (254 nm). Purification of com-
pounds was performed on an Isco Teledyne Combiflash Rf200 with four channels to carry
out sequential purification. Universal RediSep solid sample loading pre-packed cartridges
(5.0 g silica) were used to absorb the crude product and purified on 12 g silica RediSep
Rf Gold Silica (2040 pm spherical silica) columns using appropriate solvent gradients.
Melting points were determined in open capillary tubes with a Thomas-Hoover melting
point apparatus or SRS OptiMelt automated melting point system and are uncorrected.
High-resolution mass spectrometry (HRMS) or liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis was performed with an Agilent 1100 LC-MS TOF in-
strument using electrospray ionization (ESI) or with Agilent 1290 ultra-performance liquid
chromatography (UPLC)/Sciex Triple Quad 6500+. 'H NMR spectra were recorded at
400 MHz on an Agilent/Varian MR-400 spectrometer, and 3C NMR spectra were recorded
either at 100.574 MHz on an Agilent/Varian MR-400 spectrometer or at 125.76 MHz on
a Bruker Avance III-HD 600 MHz Spectrometer. The chemical shifts () are reported in
parts per million (ppm) and referenced according to the deuterated solvent for 'H spectra
(CDCls, 7.26, DMSO-dg, 2.50, or TMS 0.0) and '3C spectra (CDCl3, 77.2 or DMSO-dg, 39.5).
The purity of the final compounds was checked by analytical HPLC using an Agilent
1100 LC system equipped with a phenomenex Kinetex C18 column (5 um, 4.6 x 150 mm)
and a diode array detector (DAD) using the solvent system: solvent A: HyO/0.1% trifluo-
roacetic acid, solvent B: CH3CN/0.1% trifluoroacetic acid, 0-95% B over 22 min, flow rate
1 mL/min, A 254 nm and A 280 nm (System 1) or using a Waters HPLC system equipped
with a Sunfire C18 column (5 pm, 4.6 x 150 mm) and a Waters 2998 photodiode array de-
tector using the solvent system: solvent A: H,O/0.1% formic acid, solvent B: CH3CN/0.1%
formic acid, 10-90% B over 20 min, flow rate 2 mL/min, A 254 nm (System 2) or using
an Agilent 1200 LC system equipped with phenomenex Kinetex Phenyl-Hexyl column
(2.6 um, 4.6 x 50 mm) and a diode array detector (DAD) using the solvent system: solvent
A: H,0/0.1% formic acid, solvent B: CH3CN/0.1% formic acid, 0-95% B over 4.5 min, flow
rate 2 mL/min, A 254 nm (System 3). On the basis of NMR, HPLC-DAD, and HRMS (mass
error less than 5 ppm), all final compounds were >95% pure.

4.1.1. (4bS,8R,8aS,14bR)-7-(Cyclopropylmethyl)-11-((E)-2-(pyridin-2-yl)vinyl)-
5,6,7,8,14,14b-hexahydro-4,8-methanobenzofuro
[2,3-a]pyrido[4,3-b]carbazole-1,8a(9H)-diol (SRI-9342)

This compound was synthesized as previously described [22,23].
4.1.2. ((4bS,8R,8a5,13bR)-11-(4-Chlorophenyl)-1,8a-dihydroxy-5,6,8,8a,9,13b-hexahydro-

7H-4,8-methanobenzofuro[3,2-h]pyrido[3,4-g]quinolin-7-yl)(cyclopropyl)methanone
(SRI-45128)

This compound was synthesized by a modified procedure of the reported method [24]
as described below.

25



Molecules 2021, 26, 6693

4.1.3. 2,2,2-Trichloroethyl (4'R,7a’R,12b’S)-9'-(benzyloxy)-1',2’ 4’ 6'-tetrahydro-3'H,7a’ H-
spiro[[1,3]dioxolane-2,7'-[4,12]methanobenzofuro[3,2-eisoquinoline]-3’-carboxylate (2)

To a suspension of naltrexone (1) (5 g, 14.6 mmol) in acetone (200 mL), benzyl bromide
(2.6 mL, 21.9 mmol) and potassium carbonate (4.0 mg, 29.3 mmol) were added. The reaction
mixture was refluxed for 2 h; then, it was filtered, and the solid was washed with acetone
(50 mL). The filtrate was concentrated under reduced pressure to afford a crude white
solid, which was purified by the column chromatography over a column of silica gel, using
EtOAc:Hexane, 1:3 as an eluant, to afford compound (2) (5.8 g, 58%) as a white solid. H
NMR (400 MHz, CDCl3) 6 7.47-7.43 (m, 2H), 7.34 (ddt, ] = 8.1, 6.5, 1.7 Hz, 2H), 7.31-7.26 (m,
1H), 6.71 (d, ] = 8.2 Hz, 1H), 6.58-6.54 (m, 1H), 5.29 (d, ] = 12.0 Hz, 1H), 5.21 (d, ] = 8.9 Hz,
1H), 4.69 (s, 1H), 3.17 (d, ] = 5.9 Hz, 1H), 3.09-2.98 (m, 2H), 2.69 (ddt, ] = 12.1, 5.3, 1.3 Hz,
1H), 2.56 (ddd, | = 18.5, 6.1, 1.1 Hz, 1H), 2.47-2.38 (m, 3H), 2.31 (dt, ] = 14.4, 3.2 Hz, 1H),
2.13 (td, J = 12.2, 3.8 Hz, 1H), 1.93-1.86 (m, 1H), 1.71-1.52 (m, 3H), 0.92-0.83 (m, 1H),
0.59-0.51 (m, 2H), 0.16-0.11 (m, 2H). ESIMS m/z 432 [M + H]*.

4.14. (4R 4a’S,7a'R,12b’S)-9'-(Benzyloxy)-3'-(cyclopropylmethyl)-1,2/,3' 4’ 5 6/
-hexahydro-4a’H,7a’ H-spiro[[1,3]dioxolane-2,7'-[4,12]methanobenzofuro[3,2-
elisoquinolin]-4a’-yl acetate (3)

To a solution of compound (2) (5.0 g, 11.6 mmol) in toluene (50 mL) were added
p-TsOH.H;0 (3.0 g, 17.4 mmol) and ethylene glycol (3.9 mL, 69.5 mmol), and the mixture
was refluxed with a Dean-Stark apparatus for 17 h under an argon atmosphere. After
cooling to room temperature, the reaction mixture was basified with potassium carbon-
ate (3 g) and saturated aqueous NaHCOj3 solution (30 mL); then, it was extracted with
CHCl;3 (3 x 100 mL). The organic layer was washed with brine, dried over Nay;SOy, and
concentrated under reduced pressure to afford a crude product as a colorless solid. The
crude product was suspended in Ac,O (35 mL), and the mixture was refluxed for 1 h
under an argon atmosphere. After cooling to room temperature, the reaction mixture
was concentrated and co-evaporated with toluene three times. The obtained residue was
purified by column chromatography on silica gel using 0-5% MeOH in DCM to afford the
desired compound (3) (3.8 g, 87% in two steps) as a white solid. H NMR (400 MHz, CDCl3)
5 7.42-7.27 (m, 5H), 6.86 (d, ] = 8.2 Hz, 1H), 6.66 (d, ] = 8.3 Hz, 1H), 5.36 (d, ] =5.2 Hz,
1H), 5.21-5.10 (m, 2H), 4.67 (s, 1H), 4.17 (ddd, ] = 7.4, 6.6, 5.3 Hz, 1H), 4.01 (q, ] = 6.6 Hz,
1H), 3.89 (dt, | = 7.4, 6.4 Hz, 1H), 3.78 (td, ] = 6.6, 5.3 Hz, 1H), 3.46-3.32 (m, 2H), 3.23-3.06
(m, 2H), 3.02-2.89 (m, 2H), 2.66 (dt, ] = 13.8, 3.2 Hz, 1H), 2.50 (s, 4H), 1.85 (td, | = 14.4,
2.8 Hz, 1H), 1.57 (dddd, ] = 11.4, 8.5, 6.0, 3.2 Hz, 3H), 1.13-1.02 (m, 2H), 0.82-0.63 (m, 2H),
0.45 (ddt, ] =8.7,5.7, 4.5 Hz, 1H). ESIMS m/z 518 [M + H]*.

4.1.5. 2,2,2-Trichloroethyl
(4'R/A4a’S,7a'R,12b' S)-4a’-acetoxy-9'-(benzyloxy)-1',2' 4’ 4a’ 5 ,6'-hexahydro-3'H,7a’ H-
spiro[[1,3]dioxolane-2,7'-[4,12]methanobenzofuro[3,2-elisoquinoline]-3’-carboxylate (4)

To a solution of compound (3) (3.0 g, 5.8 mmol) in 1,1,2,2-tetrachloroethane (25 mL)
were added K,COs (5 g, 36.5 mmol) and 2,2,2-trichloroethyl chloroformate (5 mL, 36.5 mmol),
and the mixture was stirred at 140 °C for 14 h under argon atmosphere. The reaction mixture
was cooled to room temperature, and H,O (20 mL) was added. The mixture was extracted
with CHCl3 (2 x 100 mL). The organic layer was washed with brine, dried over NaySOy,
and concentrated under reduced pressure to give a crude residue, which was purified by
column chromatography on silica gel using 0-10% hexanes:EtOAc to afford compound (4)
(2.1 g, 56%) as a light yellow amorphous solid. 'H NMR (400 MHz, CDCl3) & 7.42 (tdd,
J=5.0,4.0,1.8 Hz, 2H), 7.39-7.28 (m, 3H), 6.83 (dd, ] = 8.3, 1.3 Hz, 1H), 6.61 (dd, ] = 8.3, 4.8
Hz, 1H), 5.62 (t, ] = 4.5 Hz, 1H), 5.16 (q, ] = 12.0 Hz, 2H), 4.93-4.85 (m, 1H), 4.70-4.63 (m, 1H),
4.60 (s, 1H), 4.21-4.15 (m, 1H), 4.07-3.98 (m, 2H), 3.91-3.86 (m, 1H), 3.80 (td, ] = 6.6, 5.2 Hz,
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1H), 3.09 (dt, ] = 18.2, 6.0 Hz, 1H), 2.98-2.73 (m, 3H), 2.39 (tt, ] = 12.6, 5.3 Hz, 1H), 2.07 (s,
1H), 2.05 (s, 1H), 1.86-1.77 (m, 1H), and 1.55-1.48 (m, 2H). ESI MS m/z 579.8 [M-AcOH]".

4.1.6. (4'R4a’S,7a'R,12b’'S)-9'-(Benzyloxy)-1',2',3' 4’ 5/ ,6'-hexahydro-4a’H,7a’ H-
spiro[[1,3]dioxolane-2,7'-[4,12]methanobenzofuro[3,2-e]isoquinolin]-4a’-ol (5)

To a suspension of compound (4) (1.5 g, 2.6 mmol) in DMSO (20 mL) was added 12M
aqueous KOH solution (7 mL), and the mixture was stirred for 6 h at 110 °C under an argon
atmosphere. After cooling to room temperature, the reaction mixture was adjusted to pH
10 with saturated aqueous NH,Cl solution (20 mL) and extracted with a mixed solution,
i-PrOH/CHCI3 = 1:3 (3 x 10 mL). The organic layer was washed with brine, dried over
NaySO;4, and concentrated under reduced pressure to afford a crude residue, which was
purified by chromatography on silica gel using 10% MeOH in DCM + 0.1% NHj3 to generate
compound (5) (0.7 g, 64%) as a colorless solid. IH NMR (400 MHz, DMSO-d,) b 7.42-7.33
(m, 4H), 7.31-7.27 (m, 1H), 6.75 (d, ] = 8.2 Hz, 1H), 6.52 (dd, ] = 8.2, 0.8 Hz, 1H), 5.12-5.02
(m, 2H), 4.84 (s, 1H), 4.33 (s, 1H), 4.02-3.97 (m, 1H), 3.83 (q, ] = 6.4 Hz, 1H), 3.78-3.66 (m,
2H), 2.89-2.78 (m, 3H), 2.55-2.49 (m, 1H), 2.34 (td, ] = 12.6, 3.8 Hz, 1H), 2.15-1.98 (m, 2H),
1.40-1.28 (m, 3H), and 1.08-1.02 (m, 1H).

4.1.7. (4'R4a’S,7a’R,12b'S)-9'-(Benzyloxy)-4a’-hydroxy-1',2’ 4’ 4a’,5' ,6'-hexahydro-
3'H,7a’ H-spiro[[1,3]dioxolane-2,7’-[4,12]methanobenzofuro[3,2-e]isoquinolin]-3'-
yl)(cyclopropyl)methanone (6)

To a stirred solution of compound (5) (500 mg, 1.14 mmol) in CH,Cl, (12 mL) were
added Et3N (0.24 mL, 1.71 mmol) and cyclopropanecarbonyl chloride (143 mg, 1.37 mmol)
at 0 °C under an argon atmosphere. After stirring for 2 h at room temperature, the reaction
mixture was diluted with CH,Cl, (10 mL) and washed with saturated aqueous NaHCO3
solution (20 mL). The organic layer was washed with brine, dried over Na;SO4, and
concentrated under reduced pressure to give a crude residue, which was purified by
column chromatography on silica gel (80-100% EtOAc in n-hexane) to afford compound (6)
(500 mg, 89%) as a colorless amorphous product. 'H NMR (400 MHz, CDCl3) § 7.45-7.41 (m,
2H), 7.39-7.28 (m, 3H), 6.81 (d, | = 8.2 Hz, 1H), 6.59 (d, ] = 8.0 Hz, 1H), 5.17 (q, ] = 12.0 Hz,
2H), 4.94 (d, ] =5.9 Hz, 1H), 4.54 (d, ] = 19.1 Hz, 1H), 440 (d, ] = 21.2 Hz, 1H), 4.19-4.12
(m, 1H), 4.11-3.78 (m, 4H), 3.22-2.77 (m, 3H), 2.67-2.34 (m, 2H), 2.17 (t, ] = 10.8 Hz, 1H),
1.71-1.45 (m, 5H), 1.10-0.92 (m, 2H), 0.80 (d, ] = 9.8 Hz, 2H).

4.1.8. (4R,4aS,7aR,12b5)-9-(Benzyloxy)-3-(cyclopropanecarbonyl)-4a-hydroxy-2,3,4,4a,5,6-
hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7(7aH)-one (7)

A mixture of compound (6) (0.10 g, 0.20 mmol) in 1 M HCl (0.8 mL) was stirred
for 15 h at 80 °C under an argon atmosphere. After cooling to room temperature, the
reaction mixture was poured in 4N NaOH solution at 0 °C and extracted with CHCls,
dried over NaySQy, filtered, and concentrated to dryness to afford the crude material.
The crude residue was purified by column chromatography on silica gel (5-15% (28%
NHj aq/MeOH = 1:9) in CHCI3) to afford intermediate (7) (75 mg, 82%) as a colorless
amorphous product with some impurities which was used as such in next step. ESI MS
m/z 446 [M + H]*.

4.1.9. ((4bS,8R,8a5,13bR)-11-(4-Chlorophenyl)-1,8a-dihydroxy-5,6,8,8a,9,13b-hexahydro-
7H-4,8-methanobenzofuro[3,2-h]pyrido[3,4-g]quinolin-7-yl)(cyclopropyl)methanone
(SRI-45128)

Compound (7) (150 mg, 0.3400 mmol) was dissolved in methanol (8 mL), and 10%
palladium black (35.8 mg, 0.03 mmol) was added to the reaction. The reaction mixture was
stirred under Hj atmosphere (balloon) for 2 h at room temperature. The reaction mixture
was filtered through a Celite pad, washed with MeOH (20 mL), and concentrated. To the
solution of crude material in acetic acid (2 mL), ammonium acetate (43.4 mg, 0.56 mmol),
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and (E)-2-(4-chlorophenyl)-3-hydroxy-prop-2-enal (77.07 mg, 0.42 mmol) were added, and
the reaction mixture was refluxed overnight. The reaction mixture was cooled to room
temperature, and acetic acid was removed. The obtained residue was diluted with water,
neutralized with ammonium hydroxide to pH 7, extracted with DCM (3 x 10 mL), dried
over NaySOy, and purified by column chromatography using 0-10% MeOH in DCM to give
a solid material, which was further purified by a preparative plate using 9:1 CHCI3-MeOH
to afford SRI-45128 (35 mg, 25%) as a white solid. TLC (10% MeOH/DCM): Rf = 0.35; 'H
NMR (400 MHz, CD;0D) 6 8.60 (dd, ] = 5.1, 2.2 Hz, 1H), 7.58 (dd, ] = 3.6, 2.3 Hz, 1H),
7.50-7.44 (m, 2H), 7.42-7.37 (m, 2H), 6.66-6.58 (m, 2H), 5.42 (d, ] = 2.7 Hz, 1H), 5.05 (d,
J =6.5Hz, 0.5H), 4.74 (d, ] = 6.5 Hz, 0.5H), 4.51-4.42 (m, 0.5H), 4.23 (dd, | = 14.0, 5.1 Hz,
0.5H), 3.38-3.30 (m, 1H), 3.28-3.15 (m, 1H), 2.88-2.75 (m, 2H), 2.55 (td, | = 12.8, 5.2 Hz,
0.5H), 2.40 (td, ] = 12.8, 5.3 Hz, 0.5H), 2.33-2.22 (m, 1H), 2.16-1.96 (m, 1H), 1.73-1.53 (m,
2H), 1.20~1.06 (m, 1H), 1.02-0.93 (m, 1H), 0.89-0.80 (m, 3H). 1*C NMR (101 MHz, CD;0D)
5173.95, 145.50, 139.99, 136.28, 136.22, 135.33, 135.19, 134.23, 131.31, 128.88, 128.23, 128.19,
123.58, 119.41, 119.34, 117.64, 88.88, 71.56, 71.38, 47.38, 47.16, 47.01, 46.95, 46.94, 38.56, 36.28,
35.04, 32.45, 31.83, 29.71, 29.04, 11.06, 10.99, 6.91, 6.59, 6.53, 6.42. HRMS (ESI) m/z calcd
for Cy9Hy5CIN,O4 [M + HJ*: 501.1576, found: 501.1570; HPLC (system 1) tg = 10.7 min,
purity = 99%.

4.1.10. Cyclopropyl((4bS,8R,8aS,14bR)-1,8a-dihydroxy-5,6,8a,9,14,14b-hexahydro-4,8-
methanobenzofuro[2,3—a]pyrido [4,3—b]carbazol-7(8H)-yl)methanone (SYK-623)

This compound was prepared by a modification of the reported protocol [19]. A
solution of compound (7) (200 mg, 0.45 mmol) in acetic acid (5 mL) was supplemented
with phenylhydrazine (58.3 mg, 0.54 mmol), and the reaction mixture was refluxed for
2 h. After cooling to room temperature, the reaction mixture was concentrated and co-
evaporated with toluene to afford a crude product. Saturated Nay,CO3 was added, and the
mixture was extracted with methylene chloride, dried over sodium sulfate, concentrated,
chromatographed on an Isco Combiflash system using 0-5% MeOH in DCM to give a white
solid which was dissolved in methanol (10 mL), and then 10% palladium black (24.6 mg,
0.02 mmol) was added to the reaction. The mixture was stirred under H, atmosphere
(balloon) for 2 h at room temperature and filtered through celite. The celite pad was washed
with MeOH (20 mL), and the filtrate was evaporated to give a white residue, which was
purified by column chromatography using 0-10% MeOH in DCM to afford SYK-623 (50 mg,
48%) as a white solid. TLC (10% MeOH/DCM): R¢ = 0.35; 'H NMR (400 MHz, CD3;0D)
57.36 (ddt, ] = 7.8, 6.7, 1.0 Hz, 'H), 7.30 (ddt, ] = 8.2, 4.1, 0.9 Hz, 'H), 7.07 (dddd, ] = 8.2,
7.0,3.8,1.2 Hz, 'H), 6.94 (dddd, ] = 8.0, 7.0, 4.7, 1.0 Hz, 'H), 6.63-6.51 (m, 2H), 5.61 (s, “°H),
5.07 (d, ] = 6.6 Hz, °H), 4.75 (d, ] = 6.6 Hz, °H), 4.49-4.38 (m, *°H), 4.18-4.08 (m, "“°H),
3.44 (dd, ] = 18.5, 6.7 Hz, *°H), 3.33-3.25 (m, 'H), 3.15 (td, ] = 13.4, 3.8 Hz, *°H), 3.00-2.58
(m, *H),2.51 (td, ] = 12.8, 5.2 Hz, *°H), 2.07 (tt, ] = 7.9, 4.8 Hz, ©°H), 1.96-1.88 (m, *°H), 1.71-
1.62 (m, 'H), 1.00-0.90 (m, 'H), 0.89-0.74 (m, *H). HRMS (ESI) m/z calcd for CpsHp4N,Oy
[M + HJ*: 429.1810, found: 429.1801; HPLC (system 1) tg = 10.7 min, purity = 96%.

4.2. Cell Culture

A Chinese Hamster Ovary (CHO-K1) parental cell line expressing the human DOR
was obtained from PerkinElmer (#RBHODM-K) and used for all experiments. Cells were
maintained in 1:1 DMEM/F12 media with 1x penicillin/streptomycin supplement and
10% heat-inactivated fetal bovine serum (all from Invitrogen/ThermoFisher) in a 37 °C/5%
CO; incubator. Maintenance cultures were further supplemented with 500 ug/mL of
(G418 to preserve receptor selection/expression (Invitrogen/ThermoFisher). Cells were
generally passaged at 1:10 every 2 days. Similar cell lines for the human mu opioid receptor
(PerkinElmer, #ES-542-C) and human kappa opioid receptor (PerkinElmer, #ES-541-C,
Cambridge, MA, USA) were used for selectivity experiments and maintained as above.
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4.3. Competition Radioligand Binding

Radioligand binding was generally carried out as reported in our previous work
(e.g., [18,31-33]). Briefly, 30 ug of cell membrane protein was combined with 0.89 nM of 3H-
diprenorphine (PerkinElmer, #NET1121250UC) and concentration curves of experimental
ligand or reference drug (see Figure Legends for details) in a 200 uL reaction volume. The
reactions were incubated at room temperature for 1 h; then, they were collected onto GF/B
filter plates (PerkinElmer) using a Brandel Cell Harvester. Then, the plates were read on
a PerkinElmer Microbeta2 scintillation counter. The resulting data were normalized to
vehicle-alone treatment (100%) and non-specific binding with 10 uM reference compound
(0%) and fit to a one-site competition binding model using GraphPad Prism 9.0. The
previously measured Kp of the diprenorphine in each cell line [34] was used to calculate
the Ky of each ligand at each receptor.

4.4. 3S-GTP~S Coupling

The 3°S-GTPyS coupling assay was also performed as in our previous work (e.g., [18,31,35]).
Briefly, 15 pg of cell membrane protein was combined with 0.1 nM of ¥S-GTPyS (PerkinElmer,
#INEG030H250UC) and concentration curves of ligand and SNC80 (see the figure legends for
details) in a 200 pL reaction volume in the presence of 40 ptM GDP. The reactions were incubated
at 30 °C for 1 h; then, they were collected and read as above. The resulting data were normalized
to stimulation caused by vehicle (0%) and 10 uM SNCB80 (100%) and fit to a 3-variable (Hill
Slope = 1) agonist model using GraphPad Prism 9.0.

4.5. cAMP Accumulation Assay

This assay was also carried out as reported in our previous work [31]. First,
20,000 cells/well were plated in a 96-well plate in growth medium as above for 24 h.
Then, cells were serum-starved in DMEM /F12 for 4 h and then incubated with 500 uM
IBMX for 20 min. Stimulation buffer contained 500 uM IBMX and 50 uM forskolin, which
is a known cAMP inducer. Serial dilutions of SNC80, a known reference DOR agonist, or
test compounds were added in stimulation buffer for 10 min. Then, incubation mixtures
were halted by adding ice-cold assay buffer and heating the plate at 80 °C for 10 min. The
plate was centrifuged at 4,000 rpm for 10 min at 4 °C; then, supernatants were transferred
into a new 96-well plate. The supernatants were co-incubated with 1 pmol of *H-cAMP
(PerkinElmer #NET1161250UC) and 7 pg of bovine protein kinase A (Sigma-Aldrich, St.
Louis, MO, USA) in 0.05% bovine serum albumin for 1 h at room temperature. Then, the
reactions were collected and measured as above. The data were normalized to cAMP
suppression caused by vehicle (0%) or 10 uM SNC80 (100%) and fit to a 3-variable (Hill
Slope = 1) agonist curve by GraphPad Prism 9.0.

4.6. Data Analysis

The data generated by the above pharmacological analyses include binding affinity
(K1) and functional potency/efficacy (ECsy/Emax). Each experiment was performed as
3 independent experiments using separate plates, drug dilutions, etc. (N = 3). The above
values were calculated separately for each independent experiment and then reported as
the mean £ SEM of the N = 3 set. Statistical comparisons are not typical for this sort of
pharmacological characterization and were not employed here.
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1. Text Correction

There was an error in the original publication [1]. The compound SYK-623 was
unintentionally labeled as our own, SRI-45127, and treated as our original compound in the
manuscript. SYK-623 was synthesized in another study as a control group. Our mistaken
claim that this compound was our own was then exacerbated due to miscommunication
amongst our scientific team. No malfeasance was intended by this mistake.

Corrections have been made throughout the text; correctly labeling SRI-45127 back to
SYK-623 and adjusting the text accordingly. Further corrections have been made, with clear
references and comparisons between SYK-623 and our own ligands, delineating what is
unique about our compounds compared to theirs. These sections include: Abstract; Intro-
duction Paragraphs 3 and 4; Results Sections 2.1, 2.2, 2.3, and 2.5; Discussion Paragraph 3;
Materials and Methods Section 4.1.10.

Corrected Text

Abstract: The delta opioid receptor (DOR) is a crucial receptor system that regulates
pain, mood, anxiety, and similar mental states. DOR agonists, such as SNC80, and DOR-
neutral antagonists, such as naltrindole, were developed to investigate the DOR in vivo
and as potential therapeutics for pain and depression. However, few inverse agonists
and non-competitive/irreversible antagonists have been developed, and none are widely
available. This leaves a gap in our pharmacological toolbox and limits our ability to
investigate the biology of this receptor. Thus, we designed and synthesized the novel
compounds SRI-9342 as an irreversible antagonist and SRI-45128 as an inverse agonist.
These compounds were then evaluated in vitro for their binding affinity by radioligand
binding, their functional activity by >*S-GTPyS coupling, and their cAMP accumulation in
cells expressing the human DOR. Both compounds demonstrated high binding affinity and
selectivity at the DOR, and both displayed their hypothesized molecular pharmacology of
irreversible antagonism (SRI-9342) or inverse agonism (SRI-45128). Together, these results
demonstrate that we have successfully designed new inverse agonists and irreversible
antagonists of the DOR based on a novel chemical scaffold. These new compounds will
provide new tools to investigate the biology of the DOR or even new potential therapeutics.

Introduction Paragraphs 3 and 4

By contrast, an inverse agonist does have intrinsic activity at the orthosteric site.
However, unlike an agonist, an inverse agonist shifts the energy landscape to further
disfavor the receptor active state and favor the inactive state. This suppresses baseline
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receptor activity to the extent that it is below that of the unliganded state [3]. The first such
described ligand for the DOR was ICI-174864, a peptidic inverse agonist reported by Costa
and Herz [7]. Later, additional DOR inverse agonists were reported, such as (+)—KF4 [8],
naltrindole (NTI) derivatives [9], amide/sulfonamide substituted NTI [10], as well as other
peptidic [11-13] and nonpeptidic [14-17] molecules.

Here, we report the discovery and characterization of a new DOR non-competitive
antagonist (SRI-9342) and a new inverse agonist (SRI-45128). These ligands have strong
selectivity for the DOR and potent functional activity in vitro. The discovery of these
ligands further expands the limited pharmacological tools available to probe the DOR and
could even provide potential future therapeutics.

Results Sections 2.1, 2.2, 2.3, 2.5
2.1. Rational Design of DOR Ligands

The DOR ligands SRI-9342 (irreversible antagonist) and SRI-45128 (inverse agonist)
were designed based on our previously published computational docking studies of the
SRI-9409 scaffold core [18], as well as DOR ligands reported in the study, including SYK-
623 [19]. When this core binds to the orthosteric site of DOR, the right-hand side indole
moiety would face the extracellular opening of the binding pocket and be adjacent to the
functionally important K214 of DOR [20], which is also a potentially reactive residue. Thus,
the idea of adding a warhead to the scaffold to further increase its binding affinity to DOR
was explored, which resulted in SRI-9342. The «,3-unsaturated pyridin group of SRI-9342
is supposed to be in a proper position to form a covalent bond with the nitrogen on the side
chain of K214 via Michael’s addition, turning it into an irreversible DOR antagonist. On
the other hand, the cyclopropyl group of the scaffold would face the bottom of the binding
pocket and form hydrophobic contact with the W274 of DOR, which is an important residue
responsible for the switch between agonism and antagonism [20,21]. Therefore, chemical
modifications were also explored at this position, which resulted in SRI-45128 with DOR
inverse agonism. Notably, SRI-45128 was distinct from parent scaffold SRI-9409 in the
sense that the introduction of carbonyl next to the cyclopropyl group (inspired by SYK-623)
would reduce the basicity of the neighboring nitrogen of SRI-45128, which was no longer
able to form a salt-bridge with key residue D128. In addition, SRI-45128 is distinguishable
from SYK-623 in the sense that the former possessed a pyridine-4-phenylchloride moiety
while the latter possessed an indole moiety on the right-hand side.

2.2. Synthesis of Novel DOR Irreversible Antagonist and Inverse Agonists

SRI-9342 (irreversible antagonist, Scheme 1) was synthesized with a 44% yield via the
reaction of naltrexone hydrochloride and trans-4-hydrazino-2-stilbazole dihydrochloride
following the same procedures previously reported [22,23]. SRI-45128 (inverse agonist,
Scheme 2) was synthesized in nine steps by using the procedures reported in [24], subject to
a few modifications. In our alternative route, the protecting group on the phenolic hydroxyl
group of naltrexone (1) was changed from methyl to benzyl to achieve an overall improve-
ment in yields. The 6-ketone group of compounds (2) was protected as 1,3-dioxolane, which
was followed by acetylation of the 14-OH under refluxing in Ac,O. The cyclopropyl methyl
group of the resulting acetate compound (3) was exchanged for a trichloroethoxycarbonyl
group at 140 °C with an excess amount of trichloroethoxycarbonyl chloride to afford carba-
mate (4). The carbamate and the acetate group in compound (4) were further hydrolyzed
with aqueous KOH at 110 °C to afford compound (5). The reaction of compound (5) with
cyclopropyl carbonyl chloride in the presence of Et3N afforded compound (6) with an 89%
yield. Removal of the 1,3-dioxolane group in amide (6) was done by using HCl and MeOH
at reflux conditions to afford ketone (7). Finally, further deprotection of the benzyl group in
(7), followed by annulation with 2-(4-chlorophenyl)-3-hydroxy-prop-2-enal in the presence
of ammonium acetate, afforded SRI-45128 in two steps. We also synthesized SYK-623 for
use as a control group (inverse agonist, Scheme 3). This was achieved in two steps, from
intermediate (7), by using the procedure reported in [19] with the following modifications:
Compound (7) was reacted with phenyl hydrazine in acetic acid under reflux conditions
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followed by deprotection of the benzyl group to afford SYK-623. All compounds were con-
firmed for identity and high purity, which is sufficient for pharmacological characterization
(see Methods).

2.3.  All Compounds Display High DOR Binding Affinity

All synthesized compounds were evaluated for binding to the human DOR using
competition radioligand binding. All compounds showed one site full competition, sug-
gesting full occupancy of the orthosteric binding site (Figure 1). Notably, the compounds
are also bound to the DOR with high affinity with K; values of 4.9-24 nM (Figure 1). We
also tested SRI-45128 and SYK-623 for binding to the MOR and KOR, which would pro-
vide insight into compound selectivity. The compounds bound very weakly to the MOR,
showing incomplete curves even at 10 uM. This suggests that both compounds are at least
120-fold selective for DOR over MOR. The compounds bound slightly better to the KOR,
providing near-complete curves and K values, ranging from 2000 to 2500 nM, suggesting
that both compounds are at least 104-fold selective for DOR over KOR (Figure 1). These
results demonstrate that these compounds are high-affinity DOR ligands, and both inverse
agonists display strong DOR selectivity. The expected performance of SYK-623 further
confirms our findings.

2.5. SRI-45128 Displays DOR Inverse Agonism

Similar to SRI-9342, we sought to evaluate the inverse agonist functional activity of SRI-
45128 with SYK-623 as a comparison control. The GTPyS assay used above has a generally
low baseline receptor activity level, at least for the opioid receptors, so we switched assays
to a live cell cAAMP accumulation assay. This assay uses forskolin to stimulate cAMP levels,
which are then inhibited /suppressed by the Gay-coupled activity of the DOR. As expected,
SNC80 demonstrated potent and efficacious suppression of cAMP levels in DOR-CHO cells,
which is in line with the expected activity of the receptor (Figure 3). By contrast, both SRI-
45128 and SYK-623 showed efficacious inverse agonist activity and actually boosted cAMP
levels, which is consistent with suppressing the baseline activity of the DOR (Figure 3). This
activity was also efficacious, with an Epjax of —67% and —56%, respectively. These results
suggest that SRI-45128 is a robust inverse agonist, further confirmed by the performance of
the SYK-623 comparison control.

Discussion Paragraph 3

Future works should also investigate these compounds in greater detail. Based on our
binding studies, it is clear that all compounds bind selectively and with a high affinity to
the DOR orthosteric site. However, the functional studies were not quite as clear. SRI-9342
displayed clear signs of irreversible antagonism at 0.1 and 1 nM. However, 10 nM caused
a rapid loss of potency that continued at 100 nM and 1000 nM. The compound could be
a full irreversible antagonist, and the activity at 10 nM could represent a rapid loss of
receptors from the system that would eventually lead to the same reduction in potency
as with other irreversible antagonists. Alternatively, the compound could have mixed
activity, with irreversible antagonism at low concentrations and different functional activity,
similar to competitive antagonism, at high concentrations. This mixed activity has been
observed with other compounds, such as naloxonazine [30]. SRI-45128 also displayed clear
inverse agonist activity. However, the potency of this activity was considerably less than
the binding affinity. This could represent the poor intrinsic efficacy of the compounds, or
it could represent a relatively insensitive system for baseline receptor suppression. These
details should be investigated for these compounds, working out the exact mechanisms of
action and activity in different DOR-related signaling systems (e.g., ERK-MAPK activation
instead of cAMP signaling). In addition, all compounds should be investigated for in vivo
activity and whether the in vivo testing matches the predictions made via the in vitro
testing reported here.
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Materials and Methods Section 4.1.10

4.1.10. Cyclopropyl((4bS,8R,8aS,14bR)-1,8a-dihydroxy-5,6,8a,9,14,14b-hexahydro-4,8-metha
nobenzofuro[2,3—a]pyrido [4,3—b]carbazol-7(8H)-yl)methanone (SYK-623)

This compound was prepared by a modification of the reported protocol [19]. A
solution of compound (7) (200 mg, 0.45 mmol) in acetic acid (5 mL) was supplemented
with phenylhydrazine (58.3 mg, 0.54 mmol), and the reaction mixture was refluxed for
2 h. After cooling to room temperature, the reaction mixture was concentrated and co-
evaporated with toluene to afford a crude product. Saturated Na,CO3 was added, and the
mixture was extracted with methylene chloride, dried over sodium sulfate, concentrated,
chromatographed on an Isco Combiflash system using 0-5% MeOH in DCM to give a white
solid which was dissolved in methanol (10 mL), and then 10% palladium black (24.6 mg,
0.02 mmol) was added to the reaction. The mixture was stirred under H, atmosphere
(balloon) for 2 h at room temperature and filtered through celite. The celite pad was washed
with MeOH (20 mL), and the filtrate was evaporated to give a white residue, which was
purified by column chromatography using 0-10% MeOH in DCM to afford SYK-623 (50 mg,
48%) as a white solid. TLC (10% MeOH/DCM): Ry = 0.35; 'H NMR (400 MHz, CD30D)
§7.36 (ddt, ] = 7.8, 6.7, 1.0 Hz, 'H), 7.30 (ddt, ] = 8.2, 4.1, 0.9 Hz, 'H), 7.07 (dddd, ] = 8.2,
7.0,3.8,1.2 Hz, 'H), 6.94 (dddd, ] = 8.0, 7.0, 4.7, 1.0 Hz, 'H), 6.63-6.51 (m, 2H), 5.61 (s, “°H),
5.07 (d, ] = 6.6 Hz, ©°H), 4.75 (d, | = 6.6 Hz, “°H), 4.49-4.38 (m, "°H), 4.18-4.08 (m, *°H),
3.44 (dd, ] = 18.5, 6.7 Hz, ©°H), 3.33-3.25 (m, 'H), 3.15 (td, ] = 13.4, 3.8 Hz, *°H), 3.00-2.58
(m, *H), 2.51 (td, ] = 12.8, 5.2 Hz, ®°H), 2.07 (tt, ] = 7.9, 4.8 Hz, ®°H), 1.96-1.88 (m, “°H), 1.71—
1.62 (m, 'H), 1.00-0.90 (m, 'H), 0.89-0.74 (m, 3H). HRMS (ESI) 1/ z calcd for CpgHysN,Oy4
[M + H]J*: 429.1810, found: 429.1801; HPLC (system 1) tg = 10.7 min, purity = 96%.

2. Figure/Table Legend

In the original publication, there was a labeling mistake as explained above in the
legends for Figures 1-3. SYK-623 was labeled as SRI-45127. The correct legends appear
below, in which the labeling has been changed from SRI-45127 to SYK-623.

Figure 1. Novel compounds bound to the DOR with high affinity. Compounds were tested
as concentration curves competing with a fixed concentration of *H-diprenorphine (see
Methods). N = 3 independent replicates performed, with summary curves shown for
each set; affinity (K;) was calculated separately for each experiment and then reported as
the mean + SEM. Experimental or reference compounds (naloxone for MOR and DOR,
U50-488 for KOR) were tested at each receptor, DOR, MOR, or KOR, as noted. Reference
compounds displayed expected affinities, validating the experiment, while all compounds
demonstrated high affinities at the DOR. SRI-45128 and SYK-623 showed poor affinity at
MOR and KOR, suggesting strong DOR selectivity.

Figure 2. SRI-9342 displayed DOR irreversible antagonism at low concentrations. SNC80 is
a full DOR agonist, which was used to perform multiple full concentration curves using the
355-GTPyS assay (see Methods). Increasingly large fixed concentrations of SRI-9342 were
included in subsequent SNC80 curves. N = 3 independent experiments performed, with
summary curves shown. Potency (ECsp) and efficacy (Epmax) were calculated separately
for each experiment and reported as the mean &= SEM. SRI-9342 caused increasing loss
of efficacy at 0.1 and 1 nM without decreasing potency (which was actually higher than
SNC80 alone), suggesting irreversible antagonism. Beginning at 10 nM, potency loss was
observed, which could indicate mixed activity or a very strong loss of receptors from the
receptor pool due to irreversible antagonist activity.

Figure 3. SRI-45128 caused DOR inverse agonist activity. SRI-45128, positive control SYK-
623, and SNC80 reference compounds were used to modulate the cAMP accumulation
caused by forskolin treatment (see Methods). One independent experiment in triplicate was
performed, and the potency (ECsg) and efficacy (Epiax) were reported as the derived value
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with 95% confidence intervals (in parentheses). As expected, SNC80 caused high potency
and efficacy cAMP inhibition, which is consistent with DOR agonist activity. SRI-45128
and SYK-623 caused efficacious cAMP increases, which is contrary to DOR agonism and
consistent with DOR inverse agonism.

3. Error in Figure/Table

In the original publication, there was a mistake in Scheme 3, Figures 1 and 3 as
published. As above, SYK-623 was mislabeled as SRI-45127. The corrected Scheme/Figures
appear below, in which the labeling has been corrected.

o)

<

N
OH

(o) o)

7 SYK-623

Scheme 3. Reagents and conditions: (j) phenyl hydrazine, AcOH, reflux; (h) 10% Pd/C, H,, MeOH.

Competition Binding - DOR Competition Binding - MOR Competition Binding - KOR
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DOR MOR KOR
Reference 200 +21 44+06 72+04
SRI-9342 49406 NT NT
SYK-623 1Mz1 >3,333 2000 + 290
SRI-45128 242 >3,333 2500 £ 510

Figure 1. Novel compounds bound to the DOR with high affinity. Compounds were tested as
concentration curves competing with a fixed concentration of *H-diprenorphine (see Methods).
N = 3 independent replicates performed, with summary curves shown for each set; affinity (Ky) was
calculated separately for each experiment and then reported as the mean + SEM. Experimental or
reference compounds (naloxone for MOR and DOR, U50-488 for KOR) were tested at each receptor,
DOR, MOR, or KOR, as noted. Reference compounds displayed expected affinities, validating the
experiment, while all compounds demonstrated high affinities at the DOR. SRI-45128 and SYK-623
showed poor affinity at MOR and KOR, suggesting strong DOR selectivity.
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DOR cAMP - Inverse Agonism
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Figure 3. SRI-45128 caused DOR inverse agonist activity. SRI-45128, positive control SYK-623, and
SNC80 reference compounds were used to modulate the cAMP accumulation caused by forskolin
treatment (see Methods). One independent experiment in triplicate was performed, and the potency
(ECsp) and efficacy (Epax) were reported as the derived value with 95% confidence intervals (in
parentheses). As expected, SNC80 caused high potency and efficacy cAMP inhibition, which is
consistent with DOR agonist activity. SRI-45128 and SYK-623 caused efficacious cAMP increases,
which is contrary to DOR agonism and consistent with DOR inverse agonism.

4. Errors in References

In the original publication, the Reference [6] has been updated as [25]; the Reference [21]
has been updated as [19]. Besides, due to adding new References, the numeration of
References with respect to the original publication has been modified. References [2-5] will
appear in the document as References [6,8-10] respectively.

The authors apologize for any inconvenience caused and state that the scientific
conclusions are unaffected. The original publication has also been updated.
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Abstract: The 5-opioid receptor (50OR) holds great potential as a therapeutic target. Yet, clinical
drug development, which has focused on 5OR agonists that mimic the potent and selective tool
compound SNCB80 have largely failed. It has increasingly become apparent that the SNC80 scaffold
carries with it potent and efficacious (-arrestin recruitment. Here, we screened a relatively small
(5120 molecules) physical drug library to identify OR agonists that underrecruit 3-arrestin, as it
has been suggested that compounds that efficaciously recruit 3-arrestin are proconvulsant. The
screen identified a hit compound and further characterization using cellular binding and signaling
assays revealed that this molecule (R995045, compound 1) exhibited ten-fold selectivity over p-
and k-opioid receptors. Compound 1 represents a novel chemotype at the SOR. A subsequent
characterization of fourteen analogs of compound 1, however did not identify a more potent 5SOR
agonist. Computational modeling and in vitro characterization of compound 1 in the presence of the
endogenous agonist leu-enkephalin suggest compound 1 may also bind allosterically and negatively
modulate the potency of Leu-enkephalin to inhibit cAMP, acting as a ‘'NAM-agonist” in this assay.
The potential physiological utility of such a class of compounds will need to be assessed in future
in vivo assays.

Keywords: chemotype; high-throughput screen; delta opioid receptor; allosteric modulation;
beta-arrestin; molecular dynamics

1. Introduction

The b-opioid receptor (SOR) has great potential as a therapeutic target to treat a myriad
diseases and disorders. Preclinical use of SOR agonists suggest their utility to reduce
anxiety, depression, alcohol use, migraine, neuropathic and inflammatory pain [1,2]. Yet,
to this day roughly 30 years since the 5OR was cloned [3,4] no 6OR selective molecule has
been FDA approved for clinical use. Between 2008-2010 a small set of SOR agonists entered
phase II clinical trials (NCT00993863, NCT01058642, NCT00759395 and NCT00979953) for
acute and chronic pain conditions as well as to treat depressive disorders [5]. However,
none of these trials progressed to phase 3 clinical trials. A common shared feature of
the phase 2 drug candidates, ADL5859, ADL5747 and AZD2327 was that their structure
was based on that of previously developed potent and highly selective SOR agonists
SNC80 and BW373U86 (SNC86), (Figure 1, [6-10]). A major concern with the original
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SNC compounds was their propensity to induce severe seizures in rodents [11]. AZD2327
exhibited proconvulsant effects [8], whereas Adolor was able to modify the SNC structure
enough to not observe tonic-clonic seizures [6,7]. However, recent studies have led to a
better understanding of the mechanism by which SNC80 can cause seizures, implicating
(3-arrestin as a critical factor [12,13]. The SNC compounds are super-recruiters of (3-arrestin,
and it appears that ADL5859 and AZD2327, recruit 3-arrestin on par with the endogenous
agonist Leu-enkephalin, if not stronger [14-16]. In 2020, Conibear et al., developed a novel
dOR agonist PN6047 (Figure 1), based on the SNC80 scaffold, which was not proconvulsant,
and which recruited (-arrestin with efficacy slightly less than ARM390 (which in our
hands has an Emax on par with Leu-enkephalin) [14,17]. Thus, PN6047 shared similarity
with the failed Adolor and Astra Zeneca compounds, looking promising in terms of
preclinical in vivo effects, but retaining high risk for a failure once moved into human
clinical trials. Thus, in order for the SOR field to progess and produce a clinically viable
candidate it is important to divert from the SNC80 scaffold. A handful of 5OR selective
small molecules have been produced that suggest this is possible: TAN-67 and KNT-127
(Figure 1) have distinct scaffolds and under-recruit 3-arrestin, respectively with Emax for
-arrestin 2 recruitment of 30%, 70% and do not induce convulsions [14,18,19]. Similarly,
kratom alkaloids, while displaying pan-opioid activity, are highly G-protein biased in
that they do not show detectable (3-arrestin 2 recruitment [20]. Our goal for this study
was to identify novel 6OR agonist scaffold(s) that under-recruit 3-arrestin (relative to
SNC80). In this study, we screened over 5000 chemical compounds from CNS-focused
drug libraries. We were able to identify a molecule (compound 1) with a novel chemical
scaffold that was selective for 5OR over the p- and k-opioid receptors (LOR and kOR) with
micromolar affinity and potency. Computational modelling of compound 1 into the §OR
crystal structure (PDB: 6PT3) suggests it is able to partially occupy the known orthosteric
binding pocket as well as an allosteric binding pocket in the presence of Leu-enkephalin.
Further in vitro analysis showed that compound 1 potentially negatively modulates the
potency of Leu-enkephalin in an allosteric manner.

N
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Figure 1. Chemical structure of SOR agonists. BW373U86 (SNC86), SNC80, AZD2327, PN6047, ADL5859, ADL5747,

(-)TAN-67 and KNT-127.

2. Results
2.1. Identification of a Novel §OR Agonist with Sub-Maximal B-Arrestin Recruitment Efficacy

We have previously reported that SNC80 super-recruits 3-arrestin 2 relative to Leu-
enkephalin but has equal 3-arrestin 1 recruitment efficacy [14,15]. Thus, for ease of setting
a cut-off threshold we decided to perform a high-throughput screen with the 3-arrestin
1 cells. We tested ~5100 compounds and identified a single positive hit, that, at a 10 pM
concentration, displayed ~50% (3-arrestin 1 recruitment relative to SNC80 (Figure 2).
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Figure 2. Screening of a CNS-targeted compound library for 3-arrestin 1 recruitment at SOR. 5200 compounds from sixteen
384-well plates from diverse CNS-targeted drug libraries were tested at 10 uM for (3-arrestin 1 recruitment at 5ORs in a
PathHunter assay. The red dot represents the hit compound (1). 10 pM SNC80 was utilized for normalization.

2.2. Compound 1 Displays 10-Fold Selectivity over yOR and kOR

Pharmacological characterization of compound 1 revealed that it had a micromolar
affinity (Figure 3A) and potency (Figure 3B) at the 6OR, which was roughly 10-fold stronger
than for the pOR and kOR (Table 1). Within the testable dose range (<100 uM) we were
unable to detect any [3-arrestin 2 recruitment for compound 1 at the pOR and kOR (Table 1,
Figure 3C). At the highest concentration we were able to detect 3-arrestin 1 and 2 recruit-
ment at the SOR (Figure 3C), but we were unable to generate pECs or alpha values in
these assays as we had not reached the maximum effect yet.
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Figure 3. Pharmacological characterization of compound 1. (A). Binding affinity for compound 1. At OR, nOR and «OR.
(B). Inhibition of forskolin induced cAMP by compound 1 in cells expressing SOR, pOR and kOR. (C). 3-arrestin recruitment
for compound 1 following stimulation of §OR, pOR and «OR.

Table 1. Pharmacological characterization of compound 1. All assays were run in three or more
independent trials. ND = not detected.

Parameter SOR nOR kOR
Affinity (pKi & SEM) 594 £ 0.16 <5 <5
cAMP Potency (pICsy = SEM) 6.01 £ 0.09 <5 <5
3-ARR2 potency (pECsp) <5 ND ND
B-ARR1 potency (pECsp) <5 - -
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2.3. Compound 1 Derivatives Exhibit Lower 6OR Potency

The hit compound (1), N’-(2-hydroxy-3-methoxybenzylidene)-3-(2-thienyl)-1H-pyrazole-
5-carbohydrazide, had a novel chemotype and in contrast to well-established §OR agonists
Leu’-enkephalin, SNC80 and ADL5859 appears to lack a basic nitrogen. Next, we per-
formed a structure activity relationship (SAR) by catalog using 14 analogs of compound 1
(Figure 4, Table 2) to investigate how compound 1 may bind to 8OR and to possibly identify
compounds with improved pharmacology. In our experience, potency for SOR agonism in
the PathHunter 3-arrestin assay is generally lower than for the cAMP assay [21]. Therefore,
to assess if analogs of compound 1 displayed improved SOR potency we first characterized
the compounds in the cCAMP assay. We found that none of the purchased analogs had
stronger potency for SOR activation than compound 1 (Table 2).

Figure 4. Chemical structures of compound 1 and 14 analogs of compound 1.
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Table 2. Potency (pICsp) and standard error (SEM) of analogs of compound 1 to inhibit cAMP
signaling at SOR. The sigma catalog number for each compound is provided. All compounds were
tested in three or more independent trials.

Compound Sigma Catalog Number pIC50 + SEM

1 R995045 6.0+0.1
2 R563412 49+0.1
3 R723622 51+£02
4 R443638 49402
5 R442488 50+0.1
6 R910759 49+02
7 R994944 ND
8 R817031 50+0.1
9 R563420 48+0.1
10 R729426 51+£02
11 R731501 54+01
12 R455865 51+£02
13 R728691 51+01
14 R729639 50+0.1
15 1262382 50+04

LeuS-enkephalin - 9.1£0.1

2.4. Compound 1 Engages Amino Acid Residues That Form the Orthosteric Binding Pocket

Given the novelty of compound 1’s scaffold, we wanted to model possible interactions
of compound 1 at the SOR. We utilized the active-like crystal structure of 5OR (PDB:
6PT3 [22]) to perform docking and molecular dynamics (MD) simulations in Schrodinger
2021-1. The crystal structure (6PT3) contains nine thermostabilizing mutations, three of
which are near at the sodium binding pocket (N 90%4%, D 95>%Y, N 131%%) and near ECL2 in
transmembrane helix 2 (TM2) (Q105%>%0 and K1082%2). Subsequently, we reverted all nine
mutations to the wild-type (WT) residues (see methods and Supplementary Material). Our
initial docking suggested that the thiophene ring of compound 1 occupies a hydrophobic
pocket near the orthosteric site formed by W1 14ECL1 124328 1125329 C198ECL2 where it
forms ionic bonds with K108%%% and hydrophobic interactions with W1145! and C198FC2
(Figure 5A). Additionally, compound 1 appeared to extend further into the orthosteric site
where it was in proximity to and interacted with D128%32, Y129%-33 and Y3087 (Figure 5B).
To confirm the initial docked poses, we docked compound 1 into multiple potential binding
sites generated using SiteMap and confirmed similar interactions with residues within the
hydrophobic pocket (Supplementary Figure S1). We then decided to further model the
interactions of compound 1 at 5OR using dynamic structures where we performed three
independent all-atom MD simulations which showed a relatively stable pose for compound
1 where it interacts with residues in TM2, ECL1, TM3 and ECL2 (L200F“"?) and occasionally
with residues in TM5 (K214°4°) and TM7 (Figure 5C,D, Supplementary Figures S2 and S3).
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Figure 5. Molecular Dynamic simulation of Compound 1 binding to the 5OR. (A). Compound 1 bound at SOR where its
positioned within the hydrophobic pocket, a predicted allosteric site. (B). Compound 1 interacts with residues forming the

hydrophobic pocket as well

as with residues deeper into the orthosteric site K108%63, W114ECL1 1125329 D1283-32,Y1293-33,

C198ECL2 1200ECL2 and K214%40. (C). A rolling average of 3 ns of the RMSD of compound 1 in a 300 ns MD simulation
showing a relatively stable binding pose for compound 1. (D). Interaction fractions between compound 1 and the 6OR in

3 different MD simulations.

2.5. Compound 1 Can Occupy an Allosteric Space alongside Leu-Enkephalin

Our modeling suggests that compound 1 interacts with residues in TM2 and TM7,
which have been previously reported to interact, potentially, with the positive allosteric
modulator BMS 986187 [23]. At the orthosteric site, compound 1 forms water-mediated
interactions, hydrogen bonds and hydrophobic interactions with D128%%2, Y1293-33 and
H278662 residues which were reported to be involved in SOR activation [22]. Additionally,
compound 1 interacts with W1 14ECLY (et stacking), V124328 1125327 C198ECL2 where its
thiophene moiety occupies a partially hydrophobic pocket that is adjacent to the orthosteric
site (Figure 5A). These unique interactions which include amino acid residues in the
orthosteric and the potential allosteric binding sites prompted us to model compound 1 in
the presence of Leu-enkephalin using molecular dynamics (MD) simulations (Figure 6A,
Supplementary Figure 54). Intriguingly, compound 1 appears to maintain a relatively stable
orientation as shown by the relatively stable RMSD in three independent MD simulations
whereas Leu-enkephalin undergoes more dramatic confirmational changes in the presence
of compound 1 (Figure 6B-D). Specifically, the presence of compound 1 appears to disrupt
the -7 interaction between Leu-enkephalin with W284%%8 where the phenyl group of Phe*
rotates away from W28468 (Figure 6C). We also observed an inward shift in ICL2 as well
as conformational changes at the intracellular side of $OR in ICL2, TM5 and TM6 when
compared to the thermostabilized crystal structure (Supplementary Figure S5).
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Figure 6. Molecular dynamic simulation of Compound 1 bound to the SOR in the presence of Leu-enkephalin. (A). a

representative binding pose for compound 1 in the presence of Leu-enkephalin obtained from a 300 ns MD simulation
where compound 1 stably occupies the partially hydrophobic pocket. (B). Leu-enkephalin forms H-bonds and water
mediated interactions with K108263, D128332, R192ECL2 C198ECL2 1301735, C3037-37 and hydrophobic interactions with
Y30874? whereas compound 1 mostly interacts with W114F¢H 1125329 C198F¢L2 and 1.200F“M2 and K214%40. (C). Poses
of Leu-enkephalin and compound 1 showing the first frame of a 300 ns MD simulation (Leu-enkephalin: light green,

compound 1: light pink, W284: cyan) aligned on the clustered poses of Leu-enkephalin and compound 1 (Leu-enkephalin:

dark green, compound 1: red, W2846-58; light grey). (D). A rolling average of 3 ns of the RMSD of compound 1 in the

presence of Leu-enkephalin obtained from a 300 ns MD simulation showing a relatively stable pose for compound 1 whereas
the disruption of Leu-enkephalin’s interaction with W284%8 causes a relatively large change in its RMSD.

2.6. Compound 1 Potentially Negatively Modulates Potency of Leu-Enkephalin through an
Allosteric Mechanism

Given that our modelling efforts suggested binding poses in a slightly allosteric
binding pocket, we next decided to measure to what degree compound 1 modulated the
activity profile of leu-enkephalin in the cAMP glosensor assay. We noted an increase in
baseline (or Tg) when Leu-enkephalin was co-incubated with increasing concentrations
of compound 1 (Figure 7A,B), without observing a chance in Epax (3 = 1). We observed
a left-shift in Leu-enkephalin potency suggestive of a negative allosteric modulation that
is affinity (or «) driven (Figure 7A,B). As such, compound 1 appears to act as a negative
allosteric modulator (NAM)-agonist [24] in the cAMP glosensor assay. It is well known
that, for example, irreversible antagonists by lowering the receptor reserve will right-shift
the potency of an agonist [25]. Thus, the potency shift could also be driven by the decrease
in receptors available for Leu-enkephalin to bind to since radioligand binding indicates
that compound 1 can bind and displace agonists (Figure 3) from the binding pocket.
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Figure 7. Compound 1 acts as a negative allosteric modulator for leu-enkephalin potency in the cAMP glosensor assay.

(A). Dose-dependent inhibition of forskolin-mediated cAMP production by Leu-enkephalin (Leu-Enk) in the absence

or presence of increasing concentrations of compound 1. (B). The decrease in Leu-enkephalin pIC50 is correlated with

increasing concentration of Compound 1.

BMS 986187

3. Discussion

Here we report on a novel SOR-selective agonist chemotype that was identified from
a 5120-compound high-throughput screen of CNS-targeted chemical libraries. The scaffold
lacks a basic protonated amine, which is generally considered a hallmark feature of opioid
ligands, needed to form a stable salt-bridge with aspartate D332 [22]. Using MolgpKa [26],
the predicted pKa of the basic nitrogen in the pyrazole ring of compound 1 is 1.4, in sharp
contrast with the pKa for protonated basic amines that is closer to physiological pH. A
second interesting feature of compound 1 is the apparent negative allosteric modulation of
the endogenous agonist Leu-enkephalin. Positive allosteric modulators (PAMs) have been
identified for the opioid receptors, including the G-protein-biased SOR ‘PAM-agonist’ BMS
986187 (Figure 8) [24,27-29]. Cannabidiol and tetrahydrocannabinol have been proposed
to be allosteric modulators of the SOR, specifically accelerating naltrindole dissociation
rate [30], however to our knowledge no NAM-agonist has previously been reported.

NTN N\"/\/N oH
|

(o]
Js
\

PZM21 Compound 81

Figure 8. Chemical structures of the allosteric G-protein-biased §OR modulator BMS 986187, the G-protein-biased pOR
agonist PZM21 and the G-protein-biased kOR agonist compound 81.

The PAM-agonist BMS 986187 does not possess an ionizable group and thus resembles
our compound 1, which also lacks the protonated amine commonly present in opioids.
However, comparisons between the suggested mode of binding of BMS 986187 and com-
pound 1 at SOR show distinct interactions that could account for the differences in their
mode of action. Notably, in the presence of the endogeneous peptide Leu-enkephalin,
compound 1 appears to occupy a partially hydrophobic pocket adjacent to the orthos-
teric site which allows compound 1 to interact with residues in ECL1 (W1 14FCLY ECL2
(C198, L200) and TM7, whereas BMS 986187 is reported to interact with residues in TM2
and TM7 in its lowest relative free-energy state in the presence of SNC80 [23]. More-
over, most of the residues reported to interact with BMS 986187 were shown to interact
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with residues in the active-like structures of SOR that constitute the orthosteric binding
site [22,23]. These differences in the interactions could account for the distinct phar-
macology of compound 1 and BMS 986187. Intriguingly, in the presence or absence of
Leu-enkephalin, compound 1 maintains a relatively stable orientation that enables it to
retain its hydrophobic and water-mediated interactions at the thiophene and pyrazole
rings, respectively (Figure 6A,D). The presence of Leu-enkephalin, however, appears to
disrupt the water-mediated interactions between compound 1 and orthosteric residues
D128%32 and Y129%33 (Figure 6B) and changes the number of hydrogen donors or acceptors
in compound 1 (Supplementary Figure S5). On the other hand, the presence of compound 1
disrupts the hydrophobic interaction between Phe* and 5OR by causing the phenyl group
of Leu-enkephalin to rotate away from the side chain of W284%38 (Figure 6C). Additionally,
H-bond and water-mediated interactions between Leu-enkephalin and R192F¢12 appear to
move ECL2 toward Leu-enkephalin which could open a cryptic binding site similar to a
previously reported allosteric binding site in the angiotensin II (AnglI) type 1 receptor [31]
(Figure 6B, Supplementary Figure 56). As such, we predict that compound 1 may induce
NAM activity by either destabilizing Leu-enkephalin or by playing an analogous role to
BMS 986187 where it stabilizes the Na* binding at SOR which increases the likelihood of
receptor deactivation. It should be noted that comparisons between the binding modes of
compound 1 and BMS 986187 at the SOR are limited due to the differences in the crystal
structures used for modeling (agonist-bound vs antagonist-bound, respectively), chemo-
type differences between compound 1 and BMS 986187, the modeling method utilized, and
the co-simulated ligand. Hence, future studies should examine the binding of compound 1
at the 5OR in the presence of small molecule agonists and the implementation of enhanced
sampling methods to model its interactions in the presence or absence of §OR agonists.

After identifying compound 1 in our screen, we had hoped to find analogs with higher
potency, through a SAR by catalog. However, none of the purchased analogs displayed
improved potency for the SOR. Our choice of catalog analogs was driven primarily by price
and availability and much less guided by intelligent design. As a result of this strategy, we
were only able to explore minor derivatization at the thiopene moiety and the 2-hydroxy-3-
methoxybenzene moiety. Therefore, it is possible that compound 1 may still be improved
on, for example, by altering or substituting on the pyrazole group, or by adding hydrogen
bond-forming and/or accepting groups on the thiophene moiety.

Another feature we set out to find in our screen was a SOR agonist that underrecruited
(-arrestin. Much effort has been devoted to identify opioids that display a preference
to recruit and activate G-proteins relative to (3-arrestin recruitment [17,21,32-34]. Our
screen was designed with the purpose of finding molecules that underrecruit 3-arrestin,
but that are not G-protein-selective i.e., that entirely avoid (3-arrestin recruitment and as
such, compound 1 does still recruit 3-arrestin. Surprisingly, we noted an unusual steep
increase in 3-arrestin recruitment at the SOR when stimulated with 100 uM compound 1,
such that we were unable to accurately predict an Emax. The sharp rise in -arrestin
recruitment at 100 uM did not appear to be a pan- interference assay effect, as we did not
observe a similar response in our pOR and kOR PathHunter cell lines (Figure 3C). The
mechanism or implication of compound 1’s -arrestin recruitment at 100 pM will require
further investigation.

With increased availability of apo-state, antagonist-bound and agonist bound opioid
structures, drug screening has moved away from screening physical libraries to screening
virtual libraries. A computational model created using the crystal structure of an antagonist
bound kOR [35] supported a virtual chemical library screen of 5 million molecules at kKOR
resulting in the identification of compound 81 (Figure 8), which is a G-protein-biased
agonist with an 0.16 pM affinity and 0.53 uM potency at the kOR [36]. A virtual screen of
3 million molecules docked at a computational model of the tOR based on the antagonist-
bound pOR crystal structure [37] resulted in the identification of a hit with 2.5 uM affinity at
the pOR, which through an analog screen was improved to a lead compound with a 42 nM
affinity and G protein bias. Further structure guided optimization of the lead compound
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resulted in the design of PZM21 (Figure 8), a G-protein-biased nOR-selective agonist with
1 nM affinity and unique chemotype [32]. Recent advances now allow for virtual screening
of libraries containing more than a billion compounds [38,39]. While it is undeniable that
large virtual screens can identify completely novel chemical matter, the ability to discover
molecules with novel pharmacology may be more limited or biased by the type of structure
(e.g., an orthosteric agonist-bound structure stabilized by a heterotrimeric G-protein or
nanobody-mimic in a single active conformation) used for docking. Thus, in conclusion,
our results highlight a current persisting value of chemical library screens in identifying
molecules with unique binding modes and pharmacology.

4. Materials and Methods
4.1. Chemicals

Leu®-enkephalin, compounds 1-15 and forskolin were purchased from Sigma-Aldrich
(St. Louis, MO USA). [D-Ala?, N-MePhe*, Gly-ol] enkephalin (DAMGO), SNC80 and
U50,488 were purchased from Tocris Bioscience (Minneapolis, MN, USA). Radiolabels were
from Perkin Elmer (Waltham, MA, USA).

4.2. Library Screen

In consultation with the Chemical Genomics Facility within the Purdue Institute for
Drug Discovery, we screened sixteen 384-well plates that were part of CNS-targeted drug
libraries. Specifically, we screened eleven plates part of a CNS-Chemdiv library, three
plates part of a Chembridge ion channel library, and two plates part of a CNS-TimTec
library. Each plate contained 320 compounds and four spare columns that were utilized
to run positive (10 uM SNCB80, 32 wells) and negative controls (0.02% DMSO, 32 wells),
which were used to calculate Z-factors (average: Z'= 0.53, hit plate: Z'= 0.58) and normalize
the data across plates. Using an Echo 525 acoustic liquid handler (Labcyte, San Jose, CA,
USA), depending on the stock concentration (1, 10 or 20 mM) of the library plate 5, 10 or
100 nL of each compound was transferred from the library plate to the assay plate, the final
concentration of each library compound was 10 uM.

4.3. Radioligand Binding Assay

Radioligand binding was performed as previously described [40,41]. For the binding
assay 50 uL of a dilution series of peptide was added to 50 uL of 3.3 nM [*H]DPDPE
(K4 =3.87 nM) or 2.35 nM of [*PHIDAMGO (K4 = 1.07 nM) or 0.8 nM of [*H]U69,593
(Kq =1.2nM) in a clear 96 well plate. Next, 100 uL of membrane suspension containing
7 ug protein was added to the agonist wells and incubated for 90 min at room temperature.
The reaction mixture was then filtered over a GE-B filter plate (Perkin Elmer) followed
by four quick washes with ice-cold 50 mM Tris HCl. The plate was dried overnight,
after which 50 uL scintillation fluid (Ultimagold uLLT) was added and radioactivity was
counted on a Packard TopCount NXT scintillation counter. All working solutions were
prepared in a radioligand assay buffer containing 50 mM Tris HCI, 10 mM MgCl,, and
1 mM ethylenediaminetetraacetic acid at pH 7.4.

4.4. Cellular Signaling Assays

cAMP inhibition and (3-arrestin 1 and 2 recruitment assays were performed as pre-
viously described [18]. In brief, for cAMP inhibition assays HEK 293 (Life Technologies,
Grand Island, NY, USA) cells were transiently transfected in a 1:3 ratio with FLAG-mouse
S0OR, or HA-mouse pOR and pGloSensor22F-cAMP plasmids (Promega, Madison, WI,
USA) using Xtremegene9 (Sigma). Two days post-transfection cells (20,000 cells/well,
7.5 uL) were seeded in low volume Greiner 384-well plates (#82051-458, VWR, Batavia, IL,
USA) and were incubated with Glosensor reagent (Promega, 7.5 L, 2% final concentration)
for 90 min at room temperature. Cells were stimulated with 5 uL drug solution for 20 min
at room temperature prior to stimulation with 5 uL forskolin (final concentration 30 pM),
for an additional 15 min at room temperature. For (3-arrestin recruitment assays, CHO-
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human pOR PathHunter @-arrestin 2 cells, CHO-human $OR PathHunter {3-arrestin 2 cells,
U20S kOR PathHunter 3-arrestin 2 cells or U20S PathHunter (3-arrestin 1 cells (DiscoverX,
Fremont, CA, USA) were plated (2500 cells/well, 10 uL) one day prior to stimulation with
2.5 uL or 5-100 nL (in the screen) drug solution for 90 min at 37 °C/5% CO,, after which
cells were incubated with 6 uL cell PathHunter assay buffer (DiscoverX) for 60 min at room
temperature as per the manufacturer’s protocol. Luminescence for each of these assays
was measured using a FlexStation3 plate reader (Molecular Devices, Sunnyvale, CA, USA).
As positive control we utilized Leu®-enkephalin or SNC80 (in the screen) for SOR, [D-Ala?,
N-MePhe*, Gly-ol] enkephalin (DAMGO) for pOR and U50,488 for kOR.

4.5. Assessment of Allosteric Modulation

We ran log-step concentration response curves for Leu-enkephalin (10 uM-1 pM) in
the presence of 0, 0.1, 0.3, 1, 3, or10 uM compound 1 in the SOR glosensor cAMP assay.

4.6. Data and Statistical Analysis

All data are presented as means + standard error of the mean, and analysis was
performed using GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA).
For in vitro assays, nonlinear regression was conducted to determine pICsy (cAMP) or
PECsg (B-arrestin recruitment). Technical replicates were used to ensure the reliability of
single values, specifically each data point for binding and (-arrestin recruitment was run
in duplicate, and for the cAMP assay in triplicate. The averages of each independent run
were counted as a single experiment and combined to provide a composite curve in favor
of providing a ‘representative’ curve.

4.7. Receptor and Ligand Preparation for Molecular Modeling

The crystal structure of the active-like 6OR (PDB: 6PT3) bound to small molecule
agonist, DPI-287, was obtained from the Protein Data Bank (PDB) [22]. Molecular modeling
was performed via Maestro (Schrodinger suite 2021-1, Schrédinger, Inc., New York, NY,
USA). The Protein Preparation Wizard was used to prepare the structures before docking. The
crystal structure was preprocessed to cap the N-terminus, remove the BRIL tag, membrane
lipids and other crystal waters or ions not involved in mediating receptor-ligand interaction.
Preliminary modeling and energy minimization of the thermostabilized receptor [22]
and the WT-reverted receptor (data not shown) showed the feasibility of performing
MD simulations using a truncated version of the WT receptor (residues 41-289) where
all 9-thermostabilizing mutations were reverted to the WT (Supplementary Figure S5).
Missing loops and side chains in the crystal structure were modeled using Prime within
Schrodinger [42—44]. H-bond were assigned using the PROPKA algorithm [45,46]. All-atom
MD simulations were performed on the modeled receptor using Desmond (Schrodinger,
Inc.) implementing the OPLS4 force field. Compound 1 was prepared using LigPrep where
the ionization states were assigned using Epik at pH 7.0 & 2.0 [47,48]. Docking grids
were generated for a representative structure from the MD simulations using Receptor Grid
Generation in Schrodinger Release 2021-1 (Schrodinger, Inc.) using default parameters.

4.8. Ligand Docking Using Glide

Compound 1 and a set of known dOR ligands (Table 1) were docked into a model WT
SOR using Glide (Table 2) [49-51]. Further structural optimization was needed to improve
the docking accuracy of the model WT 3OR (Supplemental Table S3). Additionally, given
the novelty of the compound 1’s chemotype, 5OR ligands were docked into several models
with predicted binding sites that were generated using SiteMap [52,53]. The best model
was selected for further production MD simulations. Standard precision (SP) scoring
function in Schrodinger 2021-1 was used for the initial docking of the molecules. The
extra precision (XP) scoring function was then to further refine the docked poses. Post-
docking energy minimization was performed for the top 50 poses of each small molecule,
after which top 10 poses were visually inspected. The top 50 docked poses were also
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scored using Prime MM-GBSA scoring [54]. The best pose (based on docking, visual
inspection and MM-GBSA score) was selected for subsequent production MD simulations
(Supplemental Tables 54-56).

4.9. Molecular Dynamics Simulations of Compound 1 at 6OR

Production molecular dynamics simulations (MD) were performed in Desmond as
reported previously [55]. Ligand-receptor complexes were embedded in a POPC membrane
contained in a SPC-solvated orthorhombic box while maintaining a 10 A distance from box
boundaries. Na* and CI~ ions at a concentration of 0.15 M were added to mimic biological
conditions using System Builder in Schrodinger 2021-1. The default membrane relaxation
protocol in Desmond was used for membrane relaxation. Then a constant pressure and
temperature (NPT) equilibration run was performed for 100 ns. The RESPA integrator with
a 2 fs integration step for bonded interactions and a 6 fs step for non-bonded interactions.
The Nosé-Hoover thermostat (and Martyna-Tobias-Klein barostat with semi-isotropic
coupling to maintain temperature at 300 K and pressure at 1 bar. For the production MD
simulations, three independent 200 ns NPT simulations were carried out for compound 1 in
complex with modeled SOR or compound 1 and Leu-enkephalin in complex with modeled
dOR. Each trajectory was assembled into 10 clusters using the trajectory clustering protocol
implemented in Desmond. The top five clusters with the most interacting members were
further assessed using Prime MM-GBSA (Supplemental Tables S7 and S8). The top poses
were further inspected and used for analyses and figures presented here.

Supplementary Materials: The following are available, Figure S1: Binding sites within the SOR
structure generated using SiteMap, Figure 52: Ca RMSD of SOR and compound 1 obtained from 3
independent MD simulations with varying trajectory time lengths and starting points, Figure S3:
Receptor and ligand RMSD across several MD simulations, Figure S4: Summary of key 6OR amino
acid interactions with compound 1 and Leu-Enkephalin in the presence of compound 1, Figure S5:
Pharmacophore mapping analysis using the receptor-ligand complex. Figure S6: Comparison of
the thermostabilized and simulated wild-type agonist-bound SOR structures. Table S1: Smiles of
SOR agonists and antagonists used to validate the initial docking models, Table S2: Docking and
glide scores for known 3OR agonists and antagonists used to validate the initial docking model
before structural optimization of the model SOR, Table S3: Docking and glide scores for known 5OR
agonists and antagonists used to validate the initial docking model after structural optimization,
Table S4: Compound 1 docking scores using the SP scoring function. Top 10 poses were rescored XP
scoring function, Table S5: Top 15 Leu-enkephalin poses docked into model 5OR in the presence of
compound 1, Table S6: Rescoring of top 50 poses of Leu-enkephalin docked into model 6OR using
Prime MM-GBSA, Table S7: MM-GBSA scoring of top 5 clusters from a 300 ns MD simulation for
Leu-enkephalin and compound 1, Table S8: MM-GBSA scoring of top 5 clusters from a 300 ns MD
simulation for compound 1.
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Abstract: Our formerly described pentapeptide opioid analog Tyr-c[D-Lys-Phe-Phe-Asp]NH, (desig-
nated RP-170), showing high affinity for the mu (MOR) and kappa (KOR) opioid receptors, was much
more stable than endomorphine-2 (EM-2) in the rat brain homogenate and displayed remarkable
antinociceptive activity after central (intracerebroventricular) and peripheral (intravenous) admin-
istration. In this report, we describe the further modification of this analog, which includes the
incorporation of a p3-amino acid, (R)- and (S)—B3—Lys, instead of D-Lys in position 2. The influence
of such replacement on the biological properties of the obtained analogs, Tyr-c[(R)-B3-Lys-Phe-
Phe-Asp]NH, (RP-171) and Tyr—c[(S)—[33—Lys—Phe—Phe—Asp]NH2, (RP-172), was investigated in vitro.
Receptor radiolabeled displacement and functional calcium mobilization assays were performed to
measure binding affinity and receptor activation of the new analogs. The obtained data revealed
that only one of the diastereoisomeric peptides, RP-171, was able to selectively bind and activate
MOR. Molecular modeling (docking and molecular dynamics (MD) simulations) suggests that both
compounds should be accommodated in the MOR binding site. However, in the case of the inactive
isomer RP-172, fewer hydrogen bonds, as well as instability of the canonical ionic interaction to

147

Asp'*/, could explain its very low MOR affinity.

Keywords: opioid receptors; 3-amino acids; peptide synthesis; receptor binding studies; func-
tional assay

1. Introduction

Among the three opioid receptors, mu (MOR), delta (DOR), and kappa (KOR), MOR
plays the most important role in the modulation of pain signals and, therefore, is an
important target in medicinal chemistry and drug development [1]. The two endoge-
nous compounds activating MOR are endomorphin-1 (EM-1, Tyr-Pro-Trp-Phe-NH;) and
endomorphin-2 (EM-2, Tyr-Pro-Phe-Phe-NH;) [2]. Over the years, numerous chemical
modifications of these ligands have been reported in order to provide specific informa-
tion on their structure—activity relationship and to find drug candidates with improved
therapeutic properties [3-5]. Among various modifications of opioid peptides, cycliza-
tion of their linear structures was used to restrict flexibility and to obtain better-defined
conformations, allowing for the identification of receptor binding sites [6-9].

Endomorphins are very short peptides lacking reactive side chain groups, which
makes their cyclization difficult. One of the structural elements considered essential for their
binding to MOR is the free cationic amino group of Tyr! [10-12], and this feature does not
encourage head-to-tail cyclization. In order to obtain cyclic analogs based on the structure of
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FmocNH
BocHN

—> HyN

EM-2 but still to preserve the free N-terminal amino group, we introduced into the sequence
of EM-2 additional amino acids with functionalized side chains. A pentapeptide analog Tyr-
c[D-Lys-Phe-Phe-Asp]NH; (designated RP-170), in which cyclization was achieved through
the amide bond between D-Lys and Asp side chains, displayed high affinity for MOR,
was much more stable than EM-2 in the rat brain homogenate and showed remarkable
antinociceptive activity after central (i.c.v.) and peripheral (i.v.) administration [13]. The
presence of a D-amino acid in position 2 (as in opioid peptides isolated from amphibian
skin) was shown to enforce a different conformation of a peptide, greatly improving MOR
binding as compared with Tyr-c[Lys-Phe-Phe-Asp]NH; [14]. Molecular docking studies
of RP-170 revealed that the amino group of Tyr! provided ionic interactions with Asp'¥
residue in the transmembrane helice TM III of the receptor, while Asp amide effectively
interacted with Asp?!® and Cys?!” belonging to the extracellular loop EL II. The presence
of a Lys residue allowed for the formation of another strong interaction between Asp'¥
and Lys-NH [15].

Further modifications of RP-170 produced analogs with different opioid receptor pref-
erences. Introduction of Dmt instead of Tyr! increased cyclopeptide affinity to MOR [16].
The reduction in the ring size increased MOR selectivity [17]. Substitution of the Phe
residues by amino acids fluorinated in the aromatic ring (4-F-Phe, 2,4-diF-Phe, 4-CF;Phe)
produced either high-affinity MOR /KOR agonists, non-selective MOR/DOR/KOR ago-
nists, or selective KOR agonists [18], indicating that even small modifications in the side
chains can completely change their orientation in the receptor cavity.

In the present study, we investigated the influence of a 3-amino acid on the biological
properties of RP-170. D-Lys was replaced by (R)- or (S)-B3-Lys, obtained by homologation
of D- or L-ornitine (Orn). This modification produced compounds isomeric to RP-170 with
the same size of the macrocyclic ring (17-membered), as in the parent peptide. Opioid
receptor binding and activation were studied, and the obtained results were rationalized
by molecular docking and molecular dynamics (MD) simulations.

2. Results
2.1. Synthesis of Protected (R)- and (S)-B>-Lys

(R)- and (S)-Fmoc-B3-Lys (Mtt), which are not available commercially, were obtained
by homologation of D- and L-Orn, respectively, according to the general procedure [19].
The synthetic protocol is outlined in Scheme 1.

FmocNH FmocNH O
OH — BocHN P —> BocHN
N\\N ¢ OH
0 O ©
2 3

FmocNH () FmocNH @]

—> 4MeTrHN
OH elr OH
4 5

Scheme 1. Synthesis of Fmoc-(R)- and (S)-ﬁ3-Lys(Mtt).

2.2. Synthesis of Cyclopeptides

Cyclopeptides containing a p-amino acid, Tyr-c[(R)-B3-Lys-Phe-Phe-Asp]NH, (RP-
171) and Tyr—c[(S)-[33—Lys—Phe—Phe—Asp]NH2 (RP-172) (Figure 1) were synthesized on the
solid support, using Fmoc/t-Bu strategy, with the hyper-acid labile groups (Mtt and O-2-
PhiPr) for the selective protection of amine/carboxyl side chains of (R)- and (S)—B3-Lys and
Asp, engaged in cyclization. After deprotection of the functionalized side chains, the linear
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sequences were cyclized through amide bond formation. Final products were obtained
with a purity greater than 95%, as assessed by semi-preparative RP-HPLC. The detailed
analytical data of the synthesized peptides are provided in the Supplementary Materials
(Table S1, Figures S2 and S3).

o

H2N

0]

Tyr-c[(R)-p3-Lys-Phe-Phe-Asp]NH, RP-171

o

Tyr-c[(S)-B3-Lys-Phe-Phe-Asp]NH, RP-172

H2N

Figure 1. Chemical structure of RP-171 and RP-172.

2.3. LC-MS, LC-MS", and Quantum Chemical Calculation Studies

During the routine LC-MS analysis of analogs RP-171 and RP-172, we noticed a
distinct difference in retention times and MS" patterns for these diastereoisomeric peptides.
To confirm our observation, we subjected a mixture of these peptides to LC-MS and MS"
experiments. The HPLC analysis in reversed-phase mode revealed that the isomeric
peptides separate easily, using both Cig column (Aeris Peptide) and biphenyl column
(Kinetex Biphenyl), known for additional -7t interactions [20], with a nearly 0.5 min
retention time difference in both cases in a 10 min gradient run from 5 to 80% acetonitrile
in water (Figure 2 and Figures 54-56). Such a difference in retention time suggests altered
interactions with the stationary phase, probably due to the shape of the molecules. It is
interesting that the elution order from the biphenyl column was the same as from the
Cqg column.

To assign the order of isomeric peptides in the LC-MS experiment on the RP-171 and
RP-172 peptide mixture (Figure 2), we used retention times obtained during analysis of
pure peptides, supported by MS" spectra. As expected, the MS spectra of peptides RP-171
and RP-172 were identical (panels RP-171 MS and RP-172 MS), and the difference in their
collision-induced dissociation (MS2, panels RP-171 MS/MS, and RP-172 MS/MS) was
related to an intensity of 586 m/z fragment ion. To find a more reliable distinction, the MS®
spectra were obtained for the precursors 586 from MS? spectra (panels RP-171 MS/MS/MS
and RP-172 MS/MS/MS, MS? discussion in the Supplementary Materials).
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Figure 2. LC-MS" analysis of peptides RP-171 and RP-172. Extracted ion chromatogram (XIC)
showing two peaks for the mixture of peptides (top panel): MS panels, all spectra recorded for the
retention time of indicated peaks; MS spectra, MS/MS spectra for the precursor ions m/z 700.34, and

MS/MS/MS spectra for the precursor ions m/z 586.30.

The fragment ions observed in the MS/MS spectra were typical for peptide amides
(consecutive loss of ammonia, 683 m/z, and carbon monoxide 655 m/z), whereas the
586 ion resulted from ring-opening and removal of the Asp residue. The difference in
intensity of the 586 m/z ions in panels RP-171 MS/MS and RP-172 MS/MS suggests that
the fragmentation of peptide RP-171 occurs easier than in the case of RP-172, suggesting
that peptide RP-172 containing (S)-p3-Lys is more stable.
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This observation corresponds to the results of quantum chemical calculations (performed
with Gaussian09 [21], Table S2) for both isomers. The lowest-lying (at the B3LYP/6-31G(d,p)
level) gas-phase conformer of the [(S)—{53—Lys2]— analog is more stable by 3.5 kcal/mol (AGggg)
than the lowest-lying conformer of the [(R)-B3- Lys]- analog. The structures differ with
respect to the intramolecular hydrogen bonds present (Figure 3). In the [(R)-B3-Lys]- analog,
the Tyr! amino group interacts with the backbone carbonyl oxygens of Phe* and Asp®. This
arrangement might facilitate internal cyclization upon the Asp residue loss. On the other
hand, in RP-172, the Tyr! amino group interacts with the carbonyl oxygens of (S)-B3-Lys?
and of the exocyclic CONH,.

Phe?

(S)-BLys?

RP-171 RP-172

Figure 3. The lowest-lying conformers of RP-171 and RP-172 (at the B3LYP/6-31G(d,p) in the gas
phase. Green dots show intramolecular hydrogen bonding.

2.4. Receptor Binding and Functional Activity

The binding affinities of cyclopeptides RP-171 and RP-172 toward MOR, DOR, and KOR
were determined by competitive binding against [PHIDAMGO, [3H][D—A1a2]deltorphin—2,
and U-69593, respectively, using membranes of CHO cells transfected with opioid receptors
and are summarized in Table 1.

Table 1. Receptor binding affinities (Kj) of novel cyclic analogs at MOR, DOR, KOR.

K; 2 [nM]
No. Sequence
MOR DOR KOR
RP-170 Tyr-c[D-Lys-Phe-Phe-Asp]NH, 0.55 + 0.02 198 +4.5 1.52 £0.20
RP-171 Tyr-c[(R)-B3-Lys-Phe-Phe-Asp]NH, 29 4 4.32 >1000 420 + 23
RP-172 Tyr-c[(S)-B3-Lys-Phe-Phe-Asp]NH, 950 £ 45 >1000 >1000

2 Binding affinities were determined by competitive displacement of the selective radioligands, [PHIDAMGO
(MOR), [’H]deltorphin-2 (DOR), and [*H]JU-69593 (KOR) using commercial membranes of CHO cells transfected
with human opioid receptors. Values are expressed as mean 4= SEM, n = 3.

The parent compound RP-170 displayed subnanomolar affinity to MOR, nanomolar
to KOR, and did not show substantial DOR affinity. Replacement of D-Lys with (R)-f3-
Lys generated RP-171, which showed about 50-fold lower affinity for MOR but did not
bind to the other two opioid receptors, which made this analog much more selective. The
diastereoisomeric RP-172, incorporating (S)-B3-Lys, did not bind to any of the three opioid
receptors, showing that affinity of these analogs depended on the configuration of the
[3-amino acid.
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The functional activities of the cyclopeptides in vitro were assessed at all three opioid
receptors in calcium mobilization assay in which CHO cells co-expressing human recombi-
nant opioid receptors and chimeric G proteins were used to monitor changes of intracellular
calcium levels, reflecting activation of the G protein-coupled receptors (GPCR) [22,23].

The obtained results are summarized in Table 2. Agonist potencies of peptides are
given as the negative logarithm of the molar concentration of an agonist that produces 50%
of the maximal possible effect (pECsg). Ligand efficacy was expressed as intrinsic activity
(o). Dermorphin, DPDPE, and dynorphin A were used as standard agonists for calculating
efficacy at MOR, DOR, and KOR, respectively. In CHO-MOR cells, the parent analog
RP-170 induced a significant concentration-dependent release of Ca®* ions (pECsg = 8.93,
o = 1.00), with efficacy and potency even higher than those of dermorphin (pECsg = 8.57,
o = 1.00). For peptides RP-171 and RP-172, the calculated pECs values were 6.87 and
5.45, respectively (for concentration-response curves, see Figure S57). In CHO-DOR cells,
DPDPE elicited a strong concentration-dependent Ca®* release, showing high potency and
maximal effect (pECsp = 7.23, « = 1.00), while all three cyclopeptides were inactive. In
CHO-KOR cells, dynorphin A induced a significant concentration-dependent Ca®* release
(pECsp = 9.04, & = 1.00). The potency of RP-170 was only slightly lower, showing high
potency and maximal effect (pECsp = 8.60, o« = 1.00), RP-171 displayed significantly lower
potency but high efficacy (pECsg = 5.99, « = 0.82), and RP-172 was inactive. Summing up,
in this assay, RP-171 had similar receptor preferences as the parent RP-170, while RP-172
was completely inactive, which points to the importance of the R-chirality at position 2 of
these cyclopeptides.

Table 2. Effect of new analogs at human recombinant opioid receptors coupled with calcium signaling
via chimeric G proteins.

MOR DOR KOR
Peptide
PECs5p (CLg59,) o + SEM PECs5p (CLgs9,) o + SEM PECs5p (CLg59,) o + SEM

Dermorphin 8.57 £0.07 1.00 inactive inactive

DPDPE inactive 723 £0.22 1.00 inactive
Dynorphin A 6.67 = 0.50 0.83 £0.10 7.73 +£0.27 9.04 £ 0.05 1.00

RP-170 8.93 + 0.05 1.00 inactive 8.60 £ 0.14 1.00 £ 0.03

RP-171 6.87 £ 0.14 0.82 +0.02 inactive 5.99 + 0.05 0.82 £0.05

RP-172 545+ 091 0.45 £ 0.02 inactive inactive

Dermorphin, DPDPE, and dynorphin A were used as reference agonists for calculating intrinsic activity at MOR,
DOR, and KOR, respectively: pEC50, aAgonist potency values; «, befficacy values; n > 3.

2.5. Molecular Modeling

In order to obtain insight into the structural basis for the observed affinities, the
analogs RP-171 and RP-172 were docked into the structure of the activated MOR (PDB
accession code: 6DDF [24]) using AutoDock 4.2.6 [25]. The best scored poses were then
subjected to molecular dynamics (MD) simulations (100 ns production, see Figure S8 for
RMSD plots).

A general view of the binding pose of RP-171, as found in the MD simulations at
t = 100.0 ns, is shown in Figure 4A. The interaction scheme is presented in Figure 4B.
The compound is anchored in the MOR binding site first and foremost by the canonical
interaction of the protonated amino group of Tyr! with Asp'¥’. Additionally, the amide
hydrogen of the peptide bond joining Tyr! and B3-Lys? interacts with Asp'¥’. These
two interactions are stable throughout the simulation (Figure 4C,D). Other polar contacts
stabilizing the complex are hydrogen bonds between the exocyclic carbonyl oxygen and
GIn'?* or Asn'?’, but these interactions fluctuate in the simulation time (Figure 4E,F). The
remaining contacts are of apolar character. The aromatic ring of Tyr! is involved with 7-7t
stacking with Tyr'#® and r-alkyl interactions with Ala?*? and Val?*® side chains. Other
residues in the close vicinity of this aromatic ring are Met!>! and His?®”. The aromatic ring
of the Phe? residue approaches Trp®!®, Lys®®, and Ala®™, while the Phe* aromatic ring is
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distance [A]

exposed to the solvent close to the extracellular outlet of the binding site. For other residues
participating in van der Waals contacts, refer to Figure 4B.
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Figure 4. (A) Binding mode of RP-171 (white sticks) in the MOR binding site, as found at t = 100.0 ns
of the MD production run. The receptor is shown in a simplified manner, with only selected helices
(ribbons) and side chains (thin sticks) shown. Display of nonpolar hydrogens is suppressed for
clarity. (B) Diagram showing interactions between RP-171 and the MOR binding site (interaction
types colored according to the legend). (C-F) Time evolutions of selected distances associated with
protein-ligand interactions during the MD simulations.

A general view of the binding pose of RP-172, as found in the MD simulations at
t = 100.0 ns, is shown in Figure 5A. The interaction scheme is presented in Figure 5B.
The only polar contact that is consistently present throughout the whole MD production
is the H-bond interaction of amide hydrogen of the peptide bond joining Tyr! and (3-
Lys? interacts with Asp!#” (Figure 5D). Contrary to what was found for RP-171, and
contrary to what would be expected for strong MOR agonists, the interaction between
the protonated amino group of Tyr! and Asp'¥’ is unstable (Figure 5C). This H-bond,
while present in the binding pose found by docking, is broken after the 65 ns of the
MD simulations. Another polar contact that is broken during the MD run involves the
interaction of exocyclic carbonyl oxygen with the Arg?!! side chain guanidine group. By the
end of the simulation, the carbonyl oxygen of Phe? starts with backbone amide hydrogen
of Leu?!® and hydroxyl hydrogen of Thr?!¥ (Figure 5E,F). With respect to apolar contacts
(found in the final snapshots of the simulation), the Tyr! aromatic ring interacts with the
Met!! side chain (mr-alkyl interaction). The Phe® aromatic ring approaches Trp318 and
participates in 7-alkyl interactions with the side chains of Leu?'?, Lys?3?, and Val?®¢. Other
receptor residues interacting with the peptide are shown in Figure 5B.
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Figure 5. (A) Binding mode of RP-172 (white sticks) in the MOR binding site, as found at t = 100.0 ns
of the MD production run. The receptor is shown in a simplified manner, with only selected helices
(ribbons) and side chains (thin sticks) shown. Display of nonpolar hydrogens is suppressed for
clarity. (B) Diagram showing interactions between RP-172 and the MOR binding site (interaction
types colored according to the legend). (C-F) Time evolutions of selected distances associated with
protein-ligand interactions during the MD simulations.

3. Discussion

3-Amino acids, although much less abundant than their x-analogs, are also present in
nature and exhibit interesting pharmacological properties. The difference between - and
[-amino acids is in the number of carbon atoms (one or two, respectively) that separate an
amino and a carboxy termini. 3-Amino acids with side chains other than H can exist as R
or S isomers at either the o (C2) carbon or the 3 (C3) carbon, producing p2- or p3-amino
acids, respectively.

The most common naturally occurring 3-amino acid is 3-alanine, which is a com-
ponent of pantothenic acid (vitamin Bs), which, in turn, is a component of coenzyme A.
Another example of a natural 3-amino acid is (1R,2S)-2-aminocyclopentanecarboxylic acid
(cispentacin), an antifungal antibiotic isolated from Bacillus cereus [26].

3-Peptides (made of only (3-amino acids) in general do not appear in nature, though
among the opioid peptides, there are examples of such synthetic analogs [27]. More often
mixed o/ 3-peptides, in which one or more p-residues are incorporated instead of some
a-amino acids, were constructed [28-34].

An important advantage of peptide analogs incorporating (3-amino acids over natural
peptides is their stability against proteolytic degradation [35,36], which makes (3-amino
acids desirable building blocks in the preparation of peptide-based drugs [37].

In this report, we used (R)- and (S)- [53—Lys to assess the influence of a 3-amino acid on
the conformation of the macrocycle of Tyr-c[D-Lys-Phe-Phe-Asp]NH, (RP-170), which has
nanomolar MOR and KOR affinity. The obtained diastereoisomeric analogs RP-171 and
RP-172 are also isomers of the parent compound RP-170, with which they share the same
number of atoms in the whole structure and in the macrocycle. The difference between
RP-171/RP-172 and the parent RP-170 is the point at which the exocyclic Tyr! is attached
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to the ring (one carbon atom shift as compared with RP-170). The experimental evaluation
of the binding affinity and functional activity of RP-171 showed that such minor structural
change had a significant effect on the biological properties causing 53- and 276-fold loss
of affinity for MOR and KOR, respectively, as compared with the parent. The inversion of
the configuration of 33-Lys in RP-172 induced an almost complete loss of affinity of this
peptide for the opioid receptors.

The diastereomers RP-171 and RP-172 exhibit slightly different lipophilicity, as could
be seen from their chromatographic behavior in the reversed-phase liquid chromatography
on a Cyg column. No additional effects were observed when the biphenyl stationary phase
was used, which may suggest that the arrangement of aromatic rings in the isomers was
not suitable for interactions with a biphenyl motif.

Further differences between isomers were revealed after a thorough analysis of frag-
mentation patterns in the MS™ experiments. Peptide RP-172 containing (S)-3-Lys turned
out to be more stable, and this observation corresponds with the results of conformational
analysis and quantum chemical calculations. They show a significant difference in the
structure and the energetics of the lowest-lying conformers of both diastereoisomers.

In our former work [33], we devised an interaction model for RP-170 and its analogs,
in which the peptides were anchored in the MOR binding pocket by interactions at the
three key binding subsites. According to that model, in the S1 subsite, the protonable
amino group of Tyr! interacts with Asp'#” (a typical contact for high-affinity MOR agonists
of both peptide [24] and non-peptide character [38]). In the S2 and S3 subsites reside the
aromatic rings of the Phe residues. Our analyses suggested that the ability to place Tyr!,
Phe®, and Phe* in these subsites is important for high MOR affinity.

The present results seem to corroborate this model. Replacement of D-Lys by (R)-
or (S)-B3-Lys produced a topographical shift of Phe® and Phe?* in regard to Tyr!. Asa
conse-quence (according to the molecular docking and molecular dynamics), neither RP-
171 nor RP-172 could accommodate their Phe® and Phe* aromatic rings in the way the
parent compound did. This explains the lower MOR affinity of RP-171. This compound
exhibits, however, the canonical interaction between the Tyr1 amino group and Asp147. On
the contrary, for RP-172, such interaction (while present in the docked pose) is unstable
in the MD simulations. This could be correlated to a much-diminished MOR affinity
found experimentally for this analog. The obtained experimental and theoretical data
form the basis for further work on RP-170 analogs, an important element of which will be
ADME/T evaluation.

4. Materials and Methods
4.1. Materials

All protected a-amino acids were purchased from Bachem A (Bubendorf, Switzer-
land). Opioid radioligands, [PHIDAMGO, [*H]deltorphin-2, and [*H]U-69593, and human
recombinant opioid receptors were purchased from PerkinElmer (Krakow, Poland). GF/B
glass fiber strips were obtained from Whatman (Brentford, UK). Purity of peptides was
determined by RP-HPLC and exact mass. Analytical and semi-preparative RP-HPLC was
performed using Waters Breeze instrument (Milford, MA, USA) with dual absorbance
detector (Waters 2487, Milford, MA, USA). All ESI-MS experiments were performed on a
Shimadzu IT-TOF mass spectrometer (Shimadzu, Japan) equipped with ESI source con-
nected to Nexera HPLC system (Shimadzu, Japan). The instrument was operated in the
positive-ion mode. Peptide solutions (1 uL) were introduced in a 0.2 mL/min flow of
mobile phase. For LC-MS experiments, Aeris Peptide C1g and Kinetex Biphenyl (Phe-
nomenex, Torrance, CA, USA) were used, in a gradient reversed-phase mode, from 5 to 80%
acetonitrile in water (both containing 0.1% HCOOH). 'H NMR spectra were recorded on a
500 MHz Brucker instrument in DMSO-dg, using residual DMSO as a resonance reference
at 2.5 ppm.
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4.2. Synthesis of Fmoc-Protected (R)- and (S)-B3-Lys(Mtt)

To the 500 mL three-necked, round bottom flask with Liebig’s condenser equipped
with thermometer, magnetic stirrer and protected from moisture with a tube with an-
hydrous calcium chloride, a solution of Fmoc-D-Orn-(Boc)-OH (1) (3 g, 6.6 mmol, 1 eq)
in 50 mL of tetrahydrofuran (THF) was added, stirred and cooled to —30 °C. Then, N-
methylmorpholine (1.52 mL, 13.9 mmol, 2.1 eq) was added, followed by methyl chlorofor-
mate (0.56 mL, 7.3 mmol, 1.1 eq) added dropwise, and stirring was continued for 30 min at
—30 °C. Next, the diazomethane obtained, using standard procedure, from Diazald®(8.48 g,
13.9 mmol, 6 eq.) was distilled along with diethyl ether directly to the flask. The tempera-
ture in the flask was maintained below —10 °C, and after 1 h, the cooling bath was removed.
The reaction was completed in 2 h (LC-MS analysis). Acetic acid (5 mL) was added to
decompose the excess diazomethane, and stirring was continued for 30 min. Then, 100 mL
of diethyl ether was added, and the solution was washed with water (2 x 100 mL), 5%
NaHCOj3 (2 x 50 mL), and brine. The organic fraction was dried over MgSO, to obtain,
after evaporation, 3 g (95%) of diazoketone (2), which was used in the next step without
further purification.

Diazoketone (2) (3 g, 6.3 mmol, 1 eq) was dissolved in the mixture of THF and
water (55 mL; 10:1) in a 250 mL round bottom flask. Triethylamine (1.78 mL, 17.5 mmol,
2.8 eq) and silver trifluoroacetate (0.15 g, 0.7 mmol, 0.11 eq) were added, and stirring was
continued for 30 min. The solution was diluted with diethyl ether (200 mL), followed by 5%
NaHCOj3 (200 mL). The white precipitate was filtrated off and combined with the aqueous
phase. Its pH was adjusted to 2 with 2 M HCI, and the product was extracted with ethyl
acetate (3 x 150 mL). The organic solution was washed with brine (100 mL) and dried over
MgSQj,. Evaporation of the solvent gave a white product, which, after purification by flash
chromatography (hexane:ethyl acetate = 1:1; Rf = 0.3), yielded 1.5 g (51%) of 3.

A total of 0.9 g of 3 was dissolved in dioxane (5 mL); 4N HCl/dioxane (10 mL) was
added, and the mixture was stirred until the reaction was completed (LC-MS). The solid
residue obtained after evaporation was suspended in propylene oxide (10 mL) and refluxed
for 2 h until all chloride ions reacted with the silver nitrate solution. Then, diethyl ether
was added, and the white precipitate was filtered and dried. The obtained zwitterionic
product 4 (0.71 g, yield ~100%) was used in the next step without further purification.

Intotal, 0.71 g (1.92 mmol, 1 eq) of 4 was suspended in DCM (20 mL). N,O-bis(trimethylsilyl)
acetamide (0.535 g, 2.5 mmol, 1.3 eq) was added and stirred for 30 min. Next, 4-methyltrityl
chloride (0.562 g, 1.92 mmol, 1 eq) was added along with DIPEA (2.5 mmol, 0.44 mL, 1.3 eq).
The reaction was kept overnight at r.t. and controlled with LC-MS. When completed,
the solvent was evaporated, and the residue was dissolved in ethyl acetate (200 mL) and
washed with 5% NaHCOs3 (2 x 100 mL) and brine (100 mL). The organic layer was dried
over MgSO, and evaporated. The product was purified by flash chromatography (Rf = 0.2
in DCM:MeOH = 10:1), giving 0.67 g of the final product 5 with a 50% yield. 'H NMR
spectrum (Figure S1) confirmed the structure.

4.3. Peptide Synthesis

Synthesis of linear precursors of cyclopeptides was performed by the standard manual
solid-phase procedure on MBHA Rink-Amide resin (100-200 mesh, 0.8 mmol/g), using
9-fluorenylmethoxycarbonyl (Fmoc) protection for the x-amino groups of amino acids.
N¢-amino group of (R)- and (S)-B3-Lys was protected by the 4-methyltrityl (Mtt), B-carboxy
group of Asp by 2-phenyl-isopropyl ester (O-2 PhiPr) and hydroxy group of Tyr by t-
butyl (t-Bu). Piperidine in DMF (20%) was used for the deprotection of Fmoc groups,
and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) was
employed as a coupling agent and diisopropylethylamine (DIEA) as a neutralizing base.
Fully assembled Fmoc-protected peptides were treated with 1% trifluoroacetic acid (TFA)
in dichloromethane (DCM) to remove the side chain Mtt and O-2PhiPr protecting groups,
followed by on-resin cyclization (TBTU). Cleavage from the resin was accomplished by
treatment with TFA /triisopropylsilane (TIS) /water (95:2.5:2.5) for 3 h at room temperature.
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Crude peptides were purified by preparative reversed-phase HPLC on a Vydac Cyg
column (10 pm, 22 x 250 mm), flow rate 2 mL/min, 20 min linear gradient from water/0.1%
(v/v) TFA to 80% acetonitrile/20% water/0.1% (v/v) TFA. The purity of the final peptides
was verified by analytical HPLC employing a Vydac C;g column (5 pum, 4.6 x 250 mm),
flow rate 1 mL/min, and the same solvent system over 50 min. The purity of the obtained
peptides was >95%. Calculated values for protonated molecular ions were in agreement
with those determined by high-resolution mass spectroscopy with electrospray ionization
(ESI-MS) (Table S1).

4.4. Opioid Receptor Binding Assays

The opioid receptor binding assays were performed according to the described
method [39], using commercial membranes of Chinese Hamster Ovary (CHO) cells trans-
fected with human opioid receptors. The binding affinities for MOR, DOR, and KOR were
determined by radioligand competition analysis using [PHIDAMGO, [*H]deltorphin-2, and
[PH]U-69593, respectively, as specific radioligands, respectively. Membrane preparations
were incubated at 25 °C for 120 min with appropriate concentrations of a tested peptide in
the presence of 0.5 nM radioligand in a total volume of 0.5 ml of 50 mM Tris/HCl (pH 7.4)
containing bovine serum albumin (BSA) (1 mg/mL), bacitracin (50 ug/mL), bestatin
(30 uM), and captopril (10 uM). Non-specific binding was determined in the presence
of 1 uM naloxone. Incubations were terminated by the rapid filtration through the GF/B
Whatman (Brentford, UK) glass fiber strips (pre-soaked for 2 h in 0.5% (v/v) polyethy-
lamine) using Millipore Sampling Manifold (Billerica, MA, USA). The filters were washed
three times with 4 ml of ice-cold Tris buffer solution. The bound radioactivity was mea-
sured in a Packard Tri-Carb 2100 TR liquid scintillation counter (Ramsey, MN, USA) after
overnight extraction of the filters in 4 mL of a Perkin Elmer Ultima Gold scintillation fluid
(Wellesley, MA, USA). Three independent experiments for each assay were carried out in
duplicate. The data were analyzed by a nonlinear least square regression analysis computer
program Graph Pad PRISM 6.0 (Graph Pad Software Inc., San Diego, CA, USA). The ICs
values were determined from the logarithmic concentration—displacement curves, and the
values of the inhibitory constants (K;j) were calculated according to the equation of Cheng
and Prusoff [40].

4.5. Calcium Mobilization Assay

Calcium mobilization assay was performed, as reported in detail elsewhere [41], using
CHO cells stably co-expressing human recombinant MOR or KOR and the C-terminally
modified Gogis and CHO cells co-expressing human recombinant DOR and the Gaggespis
chimeric protein (a generous gift from Prof. Girolamo Calo, University of Padova, Italy).
Cells were cultured in a culture medium consisting of Dulbecco’s MEM/HAMS F12
(1:1) supplemented with 10% fetal bovine serum, penicillin (100 IU/mL), streptomycin
(100 pg/mL), L-glutammine (2 mM), fungizone (1 pg/mL), geneticin (G418; 200 ng/mL)
and hygromycin B (100 ug/mL). Cell cultures were kept at 37 °C in 5% CO, /humidified
air. Cells were seeded at a density of 50,000 cells/well into 96-well black, clear-bottom
plates. After 24 h incubation, the cells were loaded with a medium supplemented with
probenecid (2.5 mM), calcium-sensitive fluorescent dye Fluo-4 AM (3 uM), pluronic acid
(0.01%), and HEPES (20 mM) and kept for 30 min at 37 °C. Then, the loading solution
was aspirated, and 100 uL/well of assay buffer (HBSS supplemented with 20 mM HEPES,
2.5 mM probenecid, and 500 uM Brilliant Black) was added. After placing both plates (cell
culture and compound plate) into the FlexStation II (Molecular Device, Union City, CA,
USA), the on-line additions were carried out in a volume of 50 pL/well and the fluorescence
changes were measured. Ligand efficacies, expressed as the intrinsic activity (o), were
calculated as the Ej;y ratio of the tested compound and the standard agonist. At least three
independent experiments for each assay were carried out in duplicate.
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Curve fittings were performed using Graph Pad PRISM 5.0 (GraphPad Software Inc.,
San Diego, CA, USA). Data have been statistically analyzed with one-way ANOVA followed
by the Dunnett’s test for multiple comparisons; p values < 0.05 were considered significant.

4.6. Quantum Chemical Calculations

One hundred conformers for compounds RP-171 and RP-172 were generated by
an in-house Python script using the improved ETKDG method [42]. The compounds
were protonated at the N-terminal nitrogen atom. The geometries were optimized in
Gaussian(09 [21] at the B3LYP/6-31G level in a gas phase or in water using the PCM solvent
model. The resulting geometries were then reoptimized at the B3LYP/6-31G(d,p) level.
Further attempts to increase the theory level were unsuccessful for the lack of convergence.
Top conformers were subject to harmonic frequency calculations at the B3LYP/6-31G(d,p)
level in order to ascertain that the geometries are minima (no imaginary frequencies) and
to calculate thermochemical values.

4.7. Molecular Docking

One hundred conformers of RP-171 and RP-172 (obtained as described in Section 4.6)
were docked into the activated structure of the MOR (PDB accession code: 6DDF [24], a
complex of mu opioid receptor with Gi protein, with DAMGO peptide in the orthosteric
binding site) using AutoDock 4.2.6 [25]. The ligands and the protein were processed in
AutoDock Tools 4 [25]. The ligands’ side chains were allowed to rotate, and the receptor
structure was kept rigid. The docking box was set around the position of the DAMGO
molecule in the 6DDF structure [24]. The grids (82 x 78 x 104 points, with 0.375 A spacing)
were calculated with AutoGrid, and the docking was performed using Lamarckian Genetic
Algorithm local searches according to the pseudo-Solis and Wets algorithm. Each docking
consisted of 100 runs. The results were clustered, and the top scored solutions were
visually inspected to examine their conformity to the known literature data on ligand
MOR interactions [43]. Molecular graphics were prepared in Biovia Discovery Studio
Visualizer [44].

4.8. Molecular Dynamics

The complexes of MOR with RP-171 and RP-172 (obtained by molecular docking, de-
scribed in Section 4.7) were subject to molecular dynamics simulations in GROMACS 5.1.2 [45].
The complexes were embedded in a lipid bilayer of POPC molecules (128 molecules) solvated
with water molecules (TIP3P type, 13,000 molecules) and supplied with ions (Na* and Cl1~,
0.154 M). These steps were performed with the CHARMM-GUI service [46]. CHARMM
36 force field was used for modeling the proteins, lipids, water, and ions. The ligands were
modeled using CHARMM CGenFF [47].

The complexes were minimized and equilibrated, whereafter 100 ns production was
performed (NPT ensemble, temperature = 303.15 K, integration step = 2 fs, cut-off scheme
Verlet, Nose-Hoover thermostat, Parrinello-Rahman barostat, LINCS H-bonds constraints).

Supplementary Materials: The following are available online. Figure S1: H! NMR spectrum of Fmoc-
(R)- B3-Lys(Mtt); Figures S2 and S3: high-resolution mass spectra of analogs RP-171 and RP-172;
Figures 54-S6: LC-MS and MS" analysis of analogs RP-171 and RP-172; Figure S7: concentration—
response curves of analogs in the functional assay; Figure S8: root mean square deviations of protein
and ligand in the MD simulations; Table S1: physicochemical characterization of analogs 2-9; Table S2:
total energies of top 15 conformers for RP-171 and RP-172.
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Abstract: In this study, we aimed to design and synthesize novel molecules carrying both the
thiazole and piperazine rings in their structures and to investigate their antinociceptive activity.
Targeted compounds were obtained by reacting thiosemicarbazide derivative and appropriate
2-bromoacetophenone in ethanol. The structures of the obtained compounds were determined
using data from various spectroscopic methods (IR, 'H-NMR, '*C-NMR, and LCMSMS). Experimen-
tal data from in vivo tests showed that test compounds 3a-3c, 3f, and 3g (50 mg/kg) significantly
prolonged reaction times of animals in tail-clip and hot-plate tests compared to the controls, indicat-
ing that these compounds possess centrally mediated antinociceptive activities. Furthermore, these
compounds reduced the number of writhing behaviors in the acetic acid-induced writhing tests,
showing that the compounds also possess peripheral antinociceptive activity. In the mechanistic
studies, naloxone pre-treatments abolished the antinociceptive activities of compounds 3a-3c, 3f, and
3g, indicating that opioidergic mechanisms were involved in their antinociceptive effects. Molecular
docking studies demonstrating significant interactions between the active compounds and p- and
5-opioid receptor proteins supported the pharmacological findings. This study is the first showing
that molecules designed to bear thiazole and piperazine moieties together on their structure exert
centrally and peripherally mediated antinociceptive effects by activating the opioid system.

Keywords: thiazole; piperazine; tail-clip; hot-plate; acetic acid-induced writhing test; opioid

1. Introduction

Pain is a health problem affecting the quality of life of patients due to its prevalence
and accompanying disabilities. The pharmacological agents used in the treatment of pain
include nonsteroidal anti-inflammatory drugs (NSAID), opioid analgesics, and analgesic
adjuvants (such as antidepressants and local anesthetics) [1]. Although there are various
analgesics used in clinics today, pain management is still a challenge due to concomitant
undesirable side effects of these drugs. Long-term NSAID intake increases the risk of
gastrointestinal complications, renal damage, and cardiovascular effects [2], while currently
used opioid analgesics have negative effects such as sedation, respiratory depression,
addiction, and tolerance [3]. Therefore, studies on the discovery and development of safer
alternative drugs with comparable or better analgesic efficacy than conventional drugs
are ongoing.
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Nitrogen- and sulfur-containing heterocycles are frequently used in drug synthesis.
Thiazole, a five-membered ring system carrying three carbons, one nitrogen, and one sulfur
atom, is one such structure. It has been reported that thiazole-bearing compounds have
some central nervous system (CNS)-related effects, such as anti-schizophrenic [4], anti-
parkinsonian [5], neuroprotective [6], acetylcholinesterase inhibitory [7], anticonvulsant [8],
antidepressant [9], and sedative-hypnotic [10] effects. Another heterocyclic structure,
piperazine, is a 6-membered saturated ring system containing two nitrogen atoms in
the first and fourth positions. Piperazine structure is present in several currently used
CNS-related drugs, such as amoxapine, trazodone, hydroxyzine, buspirone, clozapine,
aripiprazole [11], and vortioxetine [12].

A considerable amount of research data have been reported on the analgesic and
anti-inflammatory effects of compounds carrying thiazole [13-21] or piperazine moi-
eties [22-31]. Inhibition of COX isoenzymes [13,16], modulation of glutamatergic system
through metabotropic and ionotropic (NMDA) receptors [20], inhibition of cytokine (TNF-«
and IL-13) signaling [20], involvement of «; adrenergic, adenosinergic, and D, /3 dopamin-
ergic receptors [22,23], blockage of T-type calcium channels [24], participation of 5-HTa
and 5-HT»x serotonergic receptors [25,26], and contribution of opioid system [21,30,31]
have been suggested as some possible mechanisms underlying the aforementioned anal-
gesic effects.

The chemical structures of some analgesic agents that contain thiazole, secondary
amine, or methylsulfonyl groups, similar to our test compounds, are provided in Figure 1.

Rofecoxib

Meloxicam

Meperidine

Diphenoxylate

Figure 1. Some analgesic agents containing thiazole, secondary amine, or methylsulfonyl groups.
Thiazole, secondary amine, or methylsulfonyl groups are marked in black, electron-donating sub-
stituents are marked with green, and electron-withdrawing substituents are marked with red.

Based on the antinociceptive activities of thiazole and piperazine ring systems, we de-
signed and synthesized eight novel compounds containing both moieties and investigated
their possible antinociceptive activities by well-validated in vivo methods. In addition,
studies on the mechanism of action were performed with naloxone, a non-selective opioid
receptor antagonist, to examine the possible involvement of the opioidergic mechanisms in
the activity. Binding properties of test compounds to -, §-, and k-opioid receptors were
evaluated by in silico studies.
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2. Results
2.1. Chemistry

The compounds 3a-3h were synthesized as outlined in Figure 2.
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(3a-3h)
Compounds R
3a -H
3b -CH,3
3c -OCH,4
3d -CN
3e -NO,
3f -F
3g -Cl
3h -CF;

Figure 2. Synthesis pathway of target compounds (3a-3h).

Firstly, 4-(4-(methylsulphonyl)piperazin-1-yl) benzaldehyde (1) were prepared by reacting
1-(methylsulphonyl) piperazine with 4-fluorobenzaldehyde. Secondly, 4-(4-(methylsulphonyl)
piperazin-1-yl) benzaldehyde (1) was changed to its corresponding thiosemicarbazone by
reacting compound 1 with hydrazinecarbothioamide. Finally, target compounds (3a-3h) were
generated via ring closure reaction. The final compounds (3a-3h) were purified, and their
structures were determined using 'H-NMR, *C-NMR, and LCMSMS (see Supplementary
Materials Figures S1-532).

2.2. Prediction of ADME Parameters

Strong pharmacological activity and low toxicity profile of molecules are not suffi-
cient to make it a certain drug candidate—candidate drugs need to possess appropriate
pharmacokinetics [32]. Therefore, we calculated various physicochemical parameters of
the synthesized compounds (3a-3h) using the Molinspiration program to estimate their
absorption, distribution, metabolism, and excretion (ADME) profiles.
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The theoretical calculations of ADME parameters (topological polar surface area
(TPSA), molecular volume (MV), number of hydrogen acceptors (AHB), number of hydro-
gen donors (DHB), partition coefficient (log P), and molecular weight (MW)) are presented
in Table 1.

Table 1. Some physicochemical parameters of the compounds 3a-3h used in the prediction of
ADME profiles.

Compounds R MW TPSA logP AHB DHB MV Vio
3a -H 444.58 77.90 3.33 7 1 379.00 0
3b -CHj 455.61 77.90 3.77 7 1 395.56 0
3¢ -OCH;  471.61 87.14 3.38 8 1 404.55 0
3d -CN 466.59 101.69 3.08 8 1 395.86 0
3e -NO, 486.58 123.72 3.29 10 1 402.34 0
3f -F 459.57 77.90 3.49 7 1 383.94 0
3g -Cl 476.03 77.90 4.00 7 1 392.54 0
3h -CF3 509.58 77.90 4.22 7 1 410.30 1

The Molinspiration program is based on the principle of Lipinski’s five rules that
determine the properties a candidate drug molecule must have to be active in humans—
an orally administrated drug should not violate more than one rule. The data obtained
for compounds 3a-3h did not violate any Lipinski rule, indicated good pharmacokinetic
profiles, and increased their therapeutic potentials. On the other hand, it should also be
noted that the Lipinski rule is not sufficient on its own and further pharmacokinetic studies
are needed to draw solid conclusions.

2.3. Pharmacology

Figures 3 and 4 show the effects of compounds 3a-3h (50 mg/kg, p.o.) and morphine
(10 mg/kg, i.p.) as MPE % values in the tail-clip (F(9,60) = 20.01, p < 0.001) and hot-plate
tests (F(9,60) = 20.86, p < 0.001) respectively, in mice.
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Figure 3. Effects of test compounds (3a-3h, 50 mg/kg, p.o., administered 60 min before testing) and
morphine (10 mg/kg, i.p., administered 30 min before testing), on MPE % values in the mice tail-clip
test. Significance against control group * p < 0.05, ** p < 0.01, *** p < 0.001. Values are mean + SEM.
One-way ANOVA and post-hoc Tukey’s test, n = 7.
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Figure 4. Effects of test compounds (3a-3h, 50 mg/kg, p.o., administered 60 min before testing) and
morphine (10 mg/kg, i.p., administered 30 min before testing) on MPE % values in the mice hot-plate
test. Significance against control group * p < 0.05, ** p < 0.01, *** p < 0.001. Values are mean + SEM.
One-way ANOVA and post-hoc Tukey’s test, n = 7.

Results of the multiple comparison tests indicated that administration of compounds
3a-3c¢, 3f, and 3g (50 mg/kg, p.o.) significantly increased the calculated MPE % values
compared to the corresponding control group in both tests. Compounds 3d, 3e, and 3h
were ineffective.

Figure 5 illustrates the effects of test compounds 3a—-3h and morphine on the number of
writhing behaviors scored in the acetic acid-induced writhing test (F(9,60) = 9.13, p < 0.001).
Results of the multiple comparison tests indicated that compounds 3a-3c, 3f, and 3g
significantly decreased the acetic acid-induced writhing responses compared to the control
group. The percentage inhibitions of writhing behaviors in the acetic acid writhing test are
presented in Table 2.
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Figure 5. Effects of test compounds 3a-3h (50 mg/kg, p.o., administered 60 min before testing) and
morphine (10 mg/kg, i.p., administered 30 min before testing) on the number of writhing behaviors
of mice in the acetic acid-induced writhing test. Significance against control group ** p < 0.01,
*** p < 0.001. Values are mean + SEM. One-way ANOVA and post-hoc Tukey’s test, n = 7.
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Table 2. Effects of test compounds (50 mg/kg, p.o.) and morphine (10 mg/kg, i.p.) on protection (%)
values of mice in the acetic acid-induced writhing test.

Treatment Protection %
Control -

Morphine 76.69
3a 48.54
3b 4417
3¢ 47.57
3d 24.27
3e 19.90
3f 63.10
3g 66.99
3h 29.61

Morphine (10 mg/kg, i.p.), used as a reference drug, presented its antinociceptive
activity in all tests, as expected (Figures 3-5).

The effects of the test compounds on falling latencies recorded in the Rota-Rod tests
are shown in Figure 6. The data show that test compounds did not cause any significant
alteration in the mice’s motor coordination (F(8,54) = 0.57, p > 0.05).
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Figure 6. Effects of test compounds 3a-3h (50 mg/kg) on falling latencies of mice in the Rota-Rod
test. Values are mean + SEM. One-way ANOVA and post-hoc Tukey’s test, n = 7.

The effects of naloxone pre-treatment on the antinociceptive effects of test compounds
in the tail-clip (F(11,72) = 28.53, p < 0.001) and hot-plate (F(11,72) = 16.87, p < 0.001) tests are
shown in Figures 7 and 8, respectively. In both tests, naloxone pre-treatments significantly
reversed the increase in MPE % values induced by compounds 3a-3c, 3f, and 3g.
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100

MPE %

Figure 7. Effect of naloxone (5.48 mg/kg, i.p.) pre-treatment on antinociceptive activity induced
by compounds 3a-3c, 3f, and 3g in the tail-clip test. Significance against control group ** p < 0.01,
*** p < 0.001; significance against compound groups: 3a® p < 0.01; 3b && p < 0.01; 3¢ ** p < 0.001; 3f
" p<0.001; 3g ## p < 0.001. Values are mean + SEM. One-way ANOVA and post-hoc Tukey’s test,
n="7.
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Figure 8. Effect of naloxone (5.48 mg/kg, i.p.) pre-treatment on antinociceptive activity induced
by compounds 3a-3c, 3f, and 3g in the hot-plate test. Significance against control group * p < 0.05,
* p < 0.01, ** p < 0.001; significance against compound groups: 3a ® p < 0.01; 3b && p < 0.01; 3¢
X p<0.01;3f " p<0.001; 3g ## p < 0.001. Values are mean + SEM. One-way ANOVA and post-hoc
Tukey’s test, n = 7.

The effects of naloxone pre-treatment on the antinociceptive effects of the test com-
pounds in the acetic acid-induced writhing test are shown in Figure 9. Naloxone pre-
treatments significantly antagonized the decrease in the number of writhing movements
and reversed the antinociceptive effect of compounds 3a-3c, 3f, and 3g (F(11,72) = 12.03,
p < 0.001).
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Figure 9. Effect of naloxone (5.48 mg/kg, i.p.) pre-treatment on antinociceptive activity induced by
compounds 3a-3¢, 3f, and 3g in the acetic acid-induced writhing test. Significance against control
group ** p < 0.01, ** p < 0.001; significance against compound groups: 3a  p < 0.05; 3b & p < 0.01;
3¢ p <0.01;3f " p<0.01; 3g ™ p < 0.01. Values are mean + SEM. One-way ANOVA and post-hoc

Tukey’s test, n = 7.

2.4. Molecular Docking Studies

Molecular docking studies were performed to clarify binding profiles of the tested
derivatives to active sites of opioid receptors. For this purpose, the crystal structures
of p-opioid receptor (PDB ID: 5C1M) [33], 5-opioid receptor (PDB ID: 4N6H) [34], and
k-opioid receptor (PDB ID: 6B73) [35] were retrieved from the Protein Data Bank server
(www.pdb.org, accessed date 28 April 2021). The two-dimensional and three-dimensional
docking poses of all compounds against all receptors are presented in Figures 10-24, and
Supplementary Materials Figures S33-568.

Figure 10. The three-dimensional pose of the interaction of all compounds with the p-opioid receptor (PDB Code: 5C1M)
active site. The inactive compounds (3d, 3e, and 3h) are presented by a tube model colored with red.
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Figure 11. The two-dimensional interacting mode of compound 3f in the active region of p-opioid

receptor (PDB Code: 5C1M).

Figure 12. The three-dimensional interacting mode of compound 3f in the active region of p-opioid
receptor. The ligand and significant residues of the active site of the receptor are presented by a tube

model colored with green and white, respectively (PDB Code: 5C1M).
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Figure 13. The two-dimensional interacting mode of compound 3g in the active region of p-opioid
receptor (PDB Code: 5C1M).

Figure 14. The three-dimensional interacting mode of compound 3g in the active region of p-opioid
receptor. The ligand and significant residues of the active site of the receptor are presented by a tube
model colored with orange and white, respectively (PDB Code: 5C1M).



Molecules 2021, 26, 3350

Figure 15. The three-dimensional pose of the interaction of all compounds with the §-opioid receptor (PDB Code:4N6H)
active site. The inactive compounds (3d, 3e, and 3h) are presented by a tube model colored with red.
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Figure 16. The two-dimensional interacting mode of compound 3f in the active region of 5-opioid receptor (PDB Code: 4N6H).
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Figure 17. The three-dimensional interacting mode of compound 3f in the active region of 6-opioid receptor. The ligand
and significant residues of the active site of the receptor are presented by a tube model colored with yellow and white,

respectively (PDB Code: 4N6H).
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Figure 18. The two-dimensional interacting mode of compound 3g in the active region of 5-opioid receptor (PDB Code: 4N6H).
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Figure 19. The three-dimensional interacting mode of compound 3g in the active region of 5-opioid
receptor. The ligand and significant residues of the active site of the receptor are presented by a tube
model colored with purple and white, respectively (PDB Code: 4N6H).

Figure 20. The three-dimensional pose of the interaction of all compounds with the k-opioid receptor
(PDB Code:6B73) active site. The compound 3e is presented by a tube model colored with blue.
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Figure 21. The two-dimensional interacting mode of compound 3f in the active region of k-opioid receptor (PDB Code: 6B73).

Figure 22. The three-dimensional interacting mode of compound 3f in the active region of k-opioid receptor. The ligand
and significant residues of the active site of the receptor are presented by a tube model colored with green and white,
respectively (PDB Code: 6B73).
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Figure 23. The two-dimensional interacting mode of compound 3g in the active region of k-opioid receptor (PDB Code: 6B73).

Figure 24. The three-dimensional interacting mode of compound 3g in the active region of k-opioid receptor. The ligand
and significant residues of the active site of the receptor are presented by a tube model colored with green and white,
respectively (PDB Code: 6B73).

According to the crystallographic X-ray structure of the p-opioid receptor (PDB ID:5C1M),
the rendered docking poses of all compounds are shown in Figures 10-14 and in Supple-
mentary Materials Figures 533-544. When the compounds were analyzed all together, it is
seen that compounds 3a-3c, 3f, and 3g fit well to the active site of the receptor, whereas 3d,
3e, and 3h do not place properly (compounds colored in red) (Figure 10). The presented 2D
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and 3D docking poses of the test compounds exhibited that pharmacologically ineffective
derivatives cannot achieve to build necessary interactions with the receptor protein (See
Supplementary Materials Figures S33-544).

When the interactions are analyzed in terms of binding to the p-opioid receptor,
7-70 interactions are observed between the thiazole rings of compounds 3b, 3¢, and 3g
and the phenyl group of Tyr148. Additionally, the phenyl ring of compounds 3a and 3h
formed a 7-7t interaction with imidazole group of His54. Hydrogen bonds were the other
bonds constructing between the ligands and p-opioid receptors. The sulfonyl moieties of
compounds 3b, 3¢, 3f, and 3g formed single hydrogen bonds with the amine groups of
Lys303. Another hydrogen bond is observed between the hydrazine groups of compounds
3¢, 3f, and 3g and hydroxy group of Asp147. These results are in accordance with the
previous literature [36]. Moreover, compound 3d did not interact with this opioid receptor
subtype, while compound 3e is observed to form only a salt bridge with Lys303 amino acid
of p-opioid receptor protein.

According to the crystallographic X-ray structure of the 5-opioid receptor (PDB ID:
4N6H), the rendered docking poses of all compounds are provided in Figures 15-19 and in
Supplementary Materials Figures S45-556. Obtained findings indicated that compounds
3a-3c, 3f, and 3g fit well to the active site of the receptor, whereas 3d, 3e, and 3h do not
(compounds colored in red) (Figure 15). The presented 2D and 3D docking poses of the
test compounds exhibited that pharmacologically ineffective derivatives are not able to
form required interactions with the receptor protein (See Supplementary Materials Figures
545-556).

Docking findings obtained from $-opioid receptor studies revealed that there are two
m-70 interactions between the phenyl on thiazole ring of compound 3a and the phenyl
groups of Tyr308 and Trp274. Similar bonds are also observed for compound 3f. Another
-7t interaction is observed between the thiazole ring of compound 3b and phenyl group
of Tyr129. It is also seen that the active molecules form notable hydrogen bonds with the
receptor. The sulfonyl moieties of compounds 3a and 3f formed hydrogen bonds with
Cys198. Moreover, sulfonyl moiety and hydrazine nitrogen of compound 3b displayed
hydrogen bond interactions with Lys214 and Asp128, respectively. Thiazole ring of com-
pound 3g also formed a hydrogen bond with Asp128. Besides, compound 3e is observed
to form a 7r-cation interaction with His278. Although compound 3c fitted to the active site
of the d-receptor, no interaction was observed.

According to the crystallographic X-ray structure of the k-opioid receptor (PDB ID:
6B73), the rendered docking poses of obtained compounds are provided in Figures 20-24
and in Supplementary Materials Figures S57-568. As seen in the 3D pose, all compounds
are located in the active site (Figure 20). It is observed that 7-7 interactions occur between
the thiazole rings of compounds 3a and 3g, and phenyl group of Tyr139. Another 7-nt
interaction is seen between the phenyl rings of compounds 3a, 3b, and 3f and indole group
of Trp287. Moreover, thiazole rings of compounds 3d, 3f, and 3h are observed to form 7-7t
interactions with imidazole group of His291. Settlement of compound 3e on this receptor
protein was quite different from those of other compounds. This compound formed a 7-7t
interaction with Try139, a salt-bridge with Lys227, Glu297, and a m-cation interaction with
Lys227 and Tyr312. On the other hand, compound 3¢ did not interact with the k receptors.

Results of the docking studies are summarized in Table 3.
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Table 3. Interaction sites of opioidergic receptor subtypes with the test compounds.

. : -7t ) mi-Cation
Compound Receptor H-Bond Interaction Salt Bridge Interaction
MOR His54
3a Trp274,
DOR Cys198 Tyr308
Try139,
KOR Trp287
MOR Lys303 Tyr148
3b Lys214,
DOR Asp128 Tyrl29
KOR Trp287
Lys303,
s MOR Aspld7 Tyr148
¢ DOR
KOR
MOR
3d DOR
KOR His291
MOR Lys303
3e DOR His278
Lys227, Lys227,
KOR Try139 Glu297 Tyr312
Lys303,
3 MOR Aspl47
Trp274,
DOR Cys198 Tyr308
His291,
KOR Trp287
Lys303,
3 MOR Aspl47 Tyr148
8 DOR Asp128
KOR Tyr139
MOR His54
3h DOR
KOR His291

* Receptor crystals retrieved from the protein data bank. The PDBIDs for MOR, DOR, and KOR were 5C1M,
4N6H, and 6B73, respectively.

3. Discussion

Eight novel compounds (3a-3h) carrying thiazole-piperazine ring systems were syn-
thesized and investigated for their possible acute antinociceptive activities, in this study.

In antinociceptive activity screening studies, methods that evaluate the nociceptive
behaviors of animals induced by nociceptive mechanical, thermal, or chemical stimuli
are used. Stimuli applied to create pain perception in experimental animals should be
measurable, reproducible, and non-invasive [37].

In this study, antinociceptive activities after oral administration of the compounds
against mechanical nociceptive stimulus were investigated by the tail-clip tests. The ad-
ministration of compounds 3a-3c, 3f, and 3g, at doses of 50 mg/kg, significantly increased
the MPE % values of mice compared to the control group (Figure 3), indicating that these
compounds possess antinociceptive activity by affecting the neuronal pathways carrying
mechanical stimuli. Moreover, based on the knowledge that this test is predominantly
related to nociceptive transmission at the spinal level [38,39], it can be assumed that spinal
mechanisms play a role in the antinociceptive effects of these compounds.
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The antinociceptive activities after oral administration of the test compounds against
thermal nociceptive stimulus were examined by the hot-plate test. Results showed that
administrations of the compounds 3a-3c, 3f, and 3g significantly enhanced the MPE %
values compared to the control group (Figure 4), indicating that these compounds affect the
nociceptive pathways carrying the thermal as well as the mechanical stimuli. Based on the
well-documented association of this test with supraspinal nociceptive transmission [38-41],
it can be assumed that supraspinal mechanisms play a role in the antinociceptive effects
of these compounds, together with the spinal mechanisms. When MPE % values of the
compounds are examined in both tests, it is seen that compounds 3f and 3g (50 mg/kg,
p-o.) are as effective as the reference drug morphine (10 mg/kg, i.p.) in tail-clip tests, unlike
the effects in hot-plate tests. These findings may be due to the fact that the antinociceptive
effects of the compounds 3f and 3g on the spinal pathways are stronger than those in the
supraspinal pathways, or because these two compounds affect the mechanical nociceptive
pathways more strongly than the thermal ones.

Peripheral antinociceptive effects of test compounds were investigated by an acid-
induced writhing test that models visceral pain [42]. In this test, acetic acid administrated
by i.p. route acts in direct (by activating the nociceptors) or indirect (by triggering the
release of autacoid mediators) ways [43] to stimulate the peripheral receptors on the
surface of the peritoneal cavity [44]. This stimulation causes a writhing behavior in animals
characterized by contraction of the abdominal muscles and backward stretching of the hind
legs [41,45]. Oral administration of compounds 3a-3c, 3f, and 3g significantly inhibited
the writhing of animals (Figure 5 and Table 2), indicating that these compounds exhibit
peripheral antinociceptive effects on the neuronal pathways that transfer chemical painful
stimuli. The peripheral antinociceptive activities of these compounds may be related to
the reduced release of inflammatory mediators and/or direct blockage of their receptors.
Possible increase in the nociceptive thresholds or interruption in the transmission of
pain stimuli in the nerve fiber may also be other mechanisms underlying the observed
antinociception [40,41,46].

It is known that possible effects of the test compounds on the motor performances of
animals may cause false-positive results in nociceptive tests [40,41]. Therefore, Rota-Rod
tests were conducted to evaluate the motor coordination of mice. Data show that none of
the test compounds caused significant alterations in the motor activities of mice (Figure 6),
indicating that the antinociceptive effects exhibited in this study are specific.

After demonstrating the antinociceptive efficacies of compounds 3a-3c, 3f, and 3g, the
possible involvement of opioidergic mechanisms in the presented pharmacological activity
was investigated by naloxone studies. Naloxone pre-treatment reversed the antinociceptive
activities of these compounds in all of the nociceptive tests (Figures 7-9), indicating that
opioidergic mechanisms participate in the antinociceptive activity of these compounds.
Then, we performed docking studies in order to clarify the interactions of our molecules
with opioid receptors.

Results of the docking studies on the p-opioid receptor indicated that compounds 3a—
3¢, 3f, and 3g formed 7-7r interactions and/or hydrogen bonds with His54, Asp147, Tyr148,
and Lys303 amino acids of the receptor protein, probably conferring antinociceptive activity
to these derivatives. Actually, these findings are in accordance with previous knowledge
obtained from the fragment molecular orbital (FMO) method, which revealed that His54 (N-
terminus), Asp147 (TM3), and Lys303 (TM6) are the most significant residues contributing
to the p-opioid receptor-mediated analgesic efficacy of opioids [36]. It was determined that
-7t interactions between the pharmacologically active compounds 3b, 3¢, and 3g and -
opioid receptors occurred through the Tyr148 amino acid of the receptor protein. Moreover,
His54 was the only amino acid involved in the 7-r interactions between the p-receptor
protein and compound 3a. Therefore, it can be speculated that interactions with Tyr148 and
His54 amino acids may be supportive of the antinociceptive activities of these molecules.
Nevertheless, compound 3h is the exception. The fact that compound 3h does not show an
antinociceptive effect although it shows 7-7 interactions with His54 may be related to the
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inability of this molecule to enter the active pocket due to the CF3 group it carries. Although
docking studies have revealed various 7-7 interactions between the active compounds and
the p-receptor protein, hydrogen bonds seem to be major contributors of the antinociceptive
effect. It is observed that compounds 3f, 3g, and 3¢, whose phenyl ring is substituted with
the electron-donating groups (F, Cl, and OCH3, respectively), formed hydrogen bonds
with Lys303 and Asp147 amino acids of the p-opioid receptors. Besides, compound 3b,
carrying another electron-donating group (CHjz) on its phenyl ring, also formed hydrogen
bonds with Lys303 amino acids. On the other hand, no hydrogen bonds have formed
between these receptor subtypes and compounds 3d, 3e, and 3h, which have phenyl rings,
substituted with electron-withdrawal groups such as CN, NO,, and CFs. Therefore, it may
be speculated that substitution of phenyl ring with electron-donating groups supports the
hydrogen bond formation with p-opioid receptor subtype.

Compounds 3a, 3b, 3f, and 3g were observed to form 7-7t interactions and/or hydro-
gen bonds with Asp128, Tyr129, Cys198, Lys214, Trp274, and Tyr308 amino acids of the
d-opioid receptor protein. These interactions pointed out that 6-opioid receptors, together
with p-receptor subtypes, play roles in the antinociceptive activities of these compounds.
Among the pharmacologically active compounds, only 3a and 3f were detected to form 7-7t
interactions with both of the Trp274 and Tyr308 amino acids of the 5-opioid receptors. An-
other 7-7t interaction was seen between the compound 3b and Tyr129. Active compounds
3a, 3b, 3f, and 3g were observed to form hydrogen bonds with Cys198, Asp128, and Lys214
amino acids of d-opioid receptor protein. Since compounds 3£, 3g, and 3b have phenyl
rings substituted by F, Cl, and CH3, it can be assumed that substitution of the phenyl
ring with electron-donating groups can promote the formation of strong hydrogen bonds
between the test compounds and §-opioid receptors, as in the p-receptor subtype. Indeed,
absence of any hydrogen bonding or 7t-7t interactions between inactive test compounds (3d,
3e, and 3h) carrying phenyl rings substituted by electron-withdrawal groups and $-opioid
receptors confirms this idea. On the other hand, another active compound 3¢ did not
interact with the d-receptor protein, although it fits into the active site of the receptor. Thus,
it is possible that compound 3¢ induced its antinociceptive activity via p-opioid receptors
that we know to form hydrogen bonds and 7-m interactions with this compound, rather
than d-receptors.

Docking findings obtained from the k-opioid receptor studies were different from
the results of - and §-subtypes. Not only active derivatives but also pharmacologically
inactive compounds settled down to the k-receptor protein, successfully. It was observed
that active compounds 3a, 3b, 3f, and 3g formed 77 interactions with the Tyr139, Trp287,
and His291 amino acids of k receptor protein, while no hydrogen bonds were detected.
On the other hand, compounds 3d and 3h, having -7 interactions with His291, and
compound 3e, having the same type of interaction with Try139, were inactive in the
nociceptive tests. Since these 7-7t interactions are common for all of the active and inactive
compounds, the only significant binding might be the 7-7 interaction formed with Trp287
amino acid. Nevertheless, it should also be noted that the contributions of the weak 7t-
7 interactions to the antinociceptive effects of these compounds are limited. Moreover,
it was observed that compound 3¢, an active derivative in the serial, did not show any
interaction with the k-receptor protein. All these findings pointed out that there is not
a significant settlement/binding and activity relationship between the molecules and k-
opioid receptor protein. Therefore, it can be suggested that k-opioid receptors did not
mediate the antinociceptive effects of the active compounds presented in this study.

Data obtained from the docking studies indicated that thiazole rings in the compounds
seem responsible to form 7-7 interactions with all of the -, 8-, and k-opioid receptor sub-
types. Thiazole ring even constructs a hydrogen bond between compound 3g and $-opioid
receptor protein. In addition, hydrazine groups of compound 3f and compound 3b were
shown to build hydrogen bonds with p- and d-receptors, respectively. More importantly,
methylsulfonyl residues of the active derivatives seem to build strong hydrogen bonds
with the active sites of p- and -receptor subtypes, which seem to be critical for the pre-
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sented antinociceptive effect in this study. The same residues, on the other hand, did
not show similar interactions with k-opioid receptors, which seem to be irrelevant to the
activity. This difference in binding properties of methylsulfonyl residues may be related
to conformational arrangement of the substituents, which alter the settlements on opioid
receptors and affect interactions with them.

Differences in the electronic properties of the compounds can also change their phar-
macological activity profiles. For example, electron-donating substituents (CH3;, OCH3,
F, and Cl) in the chemical structures of the derivatives seem to support p- and é-opioid
receptor bindings and antinociceptive activity, more than electron-withdrawing groups
such as cyano, nitro, and trifluoromethyl (3d, 3e, and 3h). Substitutions with CN (3d) and
NO; (3e) groups increased TPSA values, reflecting the increased polarity of the molecules,
possibly resulting in reduced transport of molecules across membranes. These compounds
were indeed ineffective in activity tests. In addition, substitutions with Cl (3g) and CF; (3h)
increased the lop P values, reflecting the enhanced lipofility of these compounds. Really,
3g was active in the nociceptive tests. However, 3h was not. The ineffectiveness of the
CFs-substituted compound 3h may possibly be related to its high MW and MV values,
hindering the molecule from placing on the p- and 6-opioid receptors. Furthermore, it
was observed that compound 3e, which has a higher number of hydrogen acceptors than
the other molecules (Table 1), did not form any hydrogen bonds to opioid receptors. The
probable reason for this is that this molecule is improperly located on the receptor and
therefore is not able to form any bond with it.

Future Directions

In the present study, the opioid system-mediated antinociceptive activities of some
novel compounds, bearing both of the thiazole and piperazine ring systems together on
their structures, have been evidenced. Although the binding potential of active molecules
to opioid receptors has been shown by an in silico method in this study, it will be useful
to verify this binding by further methods, such as radioligand binding. Moreover, based
on the fact that pain transmission and antinociception are complex processes affected by
various endogenous mechanisms [47,48], possible contributions of different mechanisms
such as GABAergic, glutamatergic, cannabinoidergic, cholinergic, nitrergic systems, ion
channels, or enzymes (such as COX isoenzymes) [49,50], which may be underlying the
pharmacological effects of these compounds, need to be clarified with further studies.

Since this study was planned as a synthesis and antinociceptive activity screening
study, we contended with the calculation of the ADME parameters, which provides an
overview regarding the pharmacokinetic properties of the molecules. On the other hand,
dose-response curves can be drawn by using pharmacological responses induced by
different doses of each compound, various pharmacodynamic parameters, such as Emax
and EDsg, can be calculated, and more detailed pharmacodynamic data for each active
molecule can be obtained in the next step of this study.

An important point regarding the potential of new compounds to become analgesic
drugs is the side effect profiles of these molecules. Although the tested compounds did
not show undesirable side effects such as death, paralysis, ataxia, convulsions, or diarrhea,
promising that they do not have a serious toxicity potential, the efficacy and safety of these
compounds should be investigated by further detailed studies. In this context, it is of great
importance to evaluate active molecules in terms of possible side effects such as respiratory
depression, emesis, addiction, and tolerance development, which are typical side effects of
opioid drugs [51].

4. Materials and Methods
4.1. Chemicals

All reagents were purchased from commercial suppliers and were used without
further purification. Morphine sulphate and naloxone hydrochloride were acquired from
Sigma-Aldrich (St. Louis, MO, USA).
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4.2. Chemistry

Melting points (m.p.) were determined on the Mettler Toledo-MP90 Melting Point
System and were uncorrected. IR spectra were recorded on an IR Affinity-1S Infrared
spectrophotometer (Shimadzu, Tokyo, Japan). 'H NMR and 3C NMR spectra in DMSO-d
were recorded on a Bruker Fourier 300 (Bruker Bioscience, Billerica, MA, USA), respectively.
MS studies were performed on an LCMS-8040 tandem mass system (Shimadzu, Tokyo,
Japan). Chemical purities of the compounds were checked by classical TLC applications
performed on silica gel 60 F254 (Merck KGaA, Darmstadt, Germany). The Rf values of the
synthesized compounds were measured using the solution system of petroleum ether:ethyl
acetate (1:1).

4.2.1. Synthesis of 4-(4-(methylsulphonyl)piperazin-1-yl)benzaldehyde (1)

1-(Methylsulphonyl)piperazine (2.8 g, 0.017 mol), 4-fluorobenzaldehyde (1.82 mL,
0.017 mol), and potassium carbonate (2.35 g, 0.017 mol) were refluxed in DMF (10 mL). The
complete reaction content was poured into ice-water, and the precipitated product was
washed with water, filtered, dried, and recrystallized from EtOH.

4.2.2. Synthesis of 2-(4-(4-(methylsulphonyl)piperazin-1-yl)benzylidene)hydrazine-1-
carbothioamide (2)

A mixture of 4-(4-(methylsulphonyl)piperazin-1-yl)benzaldehyde (1) (4 g, 0.014 mol)
and hydrazinecarbothioamide (1.36 g, 0.014 mol) was refluxed in ethanol (50 mL) for 10 h.
The reaction mixture was cooled, and the precipitated product was filtered, washed with
cooled ethanol, and dried.

4.2.3. General Procedure for the Synthesis of Target Compounds (3a-3h)

2-(4-(4-(methylsulphonyl)piperazin-1-yl)benzylidene) hydrazine-1-carbothioamide (2)
(0.48 g, 0.0014 mol) and the appropriate 2-bromo-1-(4-substituted)ethan-1-one (0.0014 mol)
derivatives were stirred for 5 h in EtOH at 150 °C. The reaction mixture was cooled, and
the precipitated product was filtered, and washed with cooled EtOH.

1-Methylsulphonyl-4-(4-{[2-(4-phenyl-1,3-thiazol-2-y])hydrazinylidene]methyl}phenyl)
piperazine (3a)

Yield: 85%, Rf = 0.57, M.P. = 210-212 °C, FTIR (ATR, cm~!): 3294 (N-H), 2843 (C-
H), 771, 711. 'TH-NMR (300 MHz, DMSO-dg): & = 2.93 (3H, s, -CH3), 3.23-3.26 (4H, m,
piperazine), 3.33-3.37 (4H, m, piperazine), 6.98 (2H, d, ] = 8.9 Hz, Monosubstituephenyl),
7.03 (2H, d, ] = 8.9 Hz, 1,4-Disubstituephenyl), 7.27-7.32 (2H, m, Monosubstituephenyl
+ Thiazole), 7.41 (2H, t, ] = 7.5 Hz, Monosubstituephenyl), 7.53 (2H, d, | = 8.9 Hz, 1,4-
Disubstituephenyl), 7.85 (2H, d, ] = 7.2 Hz, Monosubstituephenyl), 7.95 (1H, s, -CH=N-),
11.97 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-dq): & = 34.32, 45.59, 47.76, 103.67, 115.93,
125.65, 125.96, 127.90, 129.05, 131.91, 135.20, 142.06, 150.92, 151.46, 168.79. ESI-MS (m/z):
[M + H]*: 442.09.

1-Methylsulphonyl-4-[{2-[4-(4-methylphenyl)-1,3-thiazol-2-yl[hydrazinylidene}methyl]
piperazine (3b)

Yield: 82%, Rf = 0.68, M.P. = 226-230 °C, FTIR (ATR, cm™!): 3294 (-NH), 2856
(C-H), 817. 'H-NMR (300 MHz, DMSO-d¢): 6 = 2.32 (3H, s, -CHj3), 2.93 (3H, s, -CHj3),
3.23-3.26 (4H, m, piperazine), 3.33-3.36 (4H, m, piperazine), 7.03 (2H, d, | = 8.9 Hz, 1,4-
Disubstituephenyl), 7.19-7.22 (3H, m, 4-Methylphenyl + Thiazole), 7.53 (2H, d, ] = 8.9 Hz,
1,4-Disubstituephenyl), 7.74 (2H, d, | = 8.1 Hz, 4-Methylphenyl), 7.94 (1H, s, -CH=N-), 11.93
(1H, s, -NH). 3C-NMR (75 MHz, DMSO-d): § = 21.27, 34.32, 45.59, 47.77, 102.74, 115.93,
125.67,125.91, 127.89, 128.75, 129.62, 132.56, 137.19, 141.98, 151.45, 168.69. ESI-MS (m /z):
[M + HJ*: 456.11.
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1-Methylsulphonyl-4-[{2-[4-(4-methoxyphenyl)-1,3-thiazol-2-yl]hydrazinylidene}methyl]
piperazine (3c)

Yield: 87%, Rf = 0.77, M.P. = 175-178 °C, FTIR (ATR, cm™!): 3294 (N-H), 2845 (C-H),
819. 'H-NMR (300 MHz, DMSO-dg): & = 2.93 (3H, s, -CH3), 3.23-3.25 (4H, m, piperazine),
3.33-3.36 (4H, m, piperazine), 3.78 (3H, s, -OCH3), 6.96 (2H, d, | = 8.9 Hz, 4-Methoxyphenyl),
7.02 (2H, d, ] = 8.9 Hz, 1 4-Disubstituephenyl), 7.10 (1H, s, Thiazole), 7.52 (2H, d, ] = 8.9 Hz,
1,4-Disubstituephenyl), 7.78 (2H, d, ] = 8.9 Hz, 4-Methoxyphenyl), 7.93 (1H, s, -CH=N-),
11.93 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-d,): & = 34.31, 45.59, 47.77, 55.55, 101.51,
114.03, 114.40, 115.93, 125.69, 127.28, 127.88, 128.07, 141.96, 151.44, 159.20, 168.68. ESI-MS
(m/z): [M + H]*: 472.10.

1-Methylsulphonyl-4-[{2-[4-(4-cyanophenyl)-1,3-thiazol-2-yl]hydrazinylidene}methyl]
piperazine (3d)

Yield: 89%, Rf = 0.34, M.P. = 237-239 °C, FTIR (ATR, cm™1): 3292 (N-H), 2845 (C-H),
2222 (C=N), 817. 'H-NMR (300 MHz, DMSO-dg): & = 2.92 (3H, s, -CH3), 3.23-3.26 (4H, m,
piperazine), 3.33-3.37 (4H, m, piperazine), 7.02 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl), 7.53
(2H, d, | = 8.9 Hz, 14-Disubstituephenyl), 7.59 (1H, s, Thiazole), 7.86 (2H, d, | = 8.5 Hz, 4-
Cyanophenyl), 7.96 (1H, s, -CH=N-), 8.03 (2H, d, ] = 8.5 Hz, 4-Cyanophenyl), 12.01 (1H, s, -NH).
13C-NMR (75 MHz, DMSO-dg): & = 34.42, 45.58, 47.76, 107.58, 109.98, 115.90, 119.47, 125.51,
126.56, 127.99, 133.13, 139.32, 142.57, 149.27, 151.55, 169.13. ESI-MS (m/z): [M + H]*: 467.09.

1-Methylsulphonyl-4-[{2-[4-(4-nitrophenyl)-1,3-thiazol-2-yl[hydrazinylidene}methyl]
piperazine (3e)

Yield: 88%, Rf = 0.79, M.P. = 220223 °C, FTIR (ATR, cm™~!): 3305 (N-H), 2845 (C-H),
1504, 1334 (NO,), 819. 'H-NMR (300 MHz, DMSO-d): 5 = 2.92 (3H, s, -CH3), 3.23-3.26 (4H,
m, piperazine), 3.34-3.37 (4H, m, piperazine), 7.02 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl),
7.53 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl), 7.67 (1H, s, Thiazole), 7.96 (1H, s, -CH=N-),
8.10 (2H, d, ] = 9.0 Hz, 4-Nitrophenyl), 8.27 (2H, d, ] = 9.0 Hz, 4-Nitrophenyl), 12.05 (1H, s,
-NH). 3C-NMR (75 MHz, DMSO-d): & = 34.42, 45.58, 47.75, 108.60, 115.89, 124.55, 125.47,
126.77,128.01, 141.22, 142.66, 146.63, 148.97, 151.57, 169.22. ESI-MS (m/z): [M + H]*: 487.08.

1-Methylsulphonyl-4-[{2-[4-(4-fluorophenyl)-1,3-thiazol-2-yl]hydrazinylidene}methyl]
piperazine (3f)

Yield: 79%, Rf = 0.31, M.P. = 190-193 °C, FTIR (ATR, cm™!): 3344 (N-H), 2841 (C-H),
817. '"H-NMR (300 MHz, DMSO-dg): & = 2.92 (3H, s, -CH3), 3.23-3.25 (4H, m, piperazine),
3.33-3.35 (4H, m, piperazine), 6.98 (2H, d, ] = 8.9 Hz, 1,4-Disubstituephenyl), 7.22-7.27 (2H,
m, 4-Fluorophenyl + Thiazole), 7.49-7.52 (1H, m, 4-Fluorophenyl), 7.64 (2H, d, ] = 8.9 Hz,
1,4-Disubstituephenyl), 7.83-7.86 (2H, m, 4-Fluorophenyl), 7.96 (1H, s, -CH=N-), 11.24 (1H,
s, -NH). 13C-NMR (75 MHz, DMSO-d¢): 5 =34.42, 45.58, 47.64, 47.79, 103.41, 115.75 (] = 26.08
Hz), 125.20, 125.64, 127.92, 128.99, 142.19, 143.07, 151.49, 151.85, 162.04 (] = 244.24 Hz),
168.90, 177.84. ESI-MS (m/z): [M + H]*: 460.08.

1-Methylsulphonyl-4-[{2-[4-(4-chlorophenyl)-1,3-thiazol-2-yl]hydrazinylidene}methyl]
piperazine (3g)

Yield: 81%, Rf = 0.71, M.P. = 204-208 °C, FTIR (ATR, cm™1): 3300 (N-H), 2835 (C-H), 817.
TH-NMR (300 MHz, DMSO-dq): 5 = 2.93 (3H, s, -CH3), 3.23-3.26 (4H, m, piperazine), 3.34-3.37
(4H, m, piperazine), 7.03 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl), 7.36 (1H, s, Thiazole), 7.46
(2H, d, ] = 8.6 Hz, 4-Chlorophenyl), 7.53 (2H, d, | = 8.9 Hz, 1,4-Disubstituephenyl), 7.87 (2H,
d, | = 8.6 Hz, 4-Chlorophenyl), 7.95 (1H, s, -CH=N-), 11.98 (1H, s, -NH). 13C-NMR (75 MHz,
DMSO-dg): & = 34.34,45.57,47.78, 106.55, 115.95, 125.57, 126.04, 126.08, 126.50, 127.99, 138.82,
142.50, 149.30, 151.48, 169.07. ESI-MS (m/z): [M + H]*: 476.05.
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1-Methylsulphonyl-4-[{2-[4-(4-trifluoromethylphenyl)-1,3-thiazol-2-yl]hydrazinylidene}
methyl]piperazine (3h)

Yield: 77%, Rf = 0.78, M.P. = 142145 °C, FTIR (ATR, cm™1): 3304 (N-H), 2827 (C-H),
844. TH-NMR (300 MHz, DMSO-dq): & = 2.93 (3H, s, -CH3), 3.23-3.26 (4H, m, piperazine),
3.34-3.36 (4H, m, piperazine), 7.04 (2H, d, ] = 8.9 Hz, 1,4-Disubstituephenyl), 7.52-7.55 (3H,
m, 1,4-Disubstituephenyl + Thiazole), 7.76 (2H, d, | = 8.3 Hz, 4-Trifluoromethylphenyl),
7.96 (1H, s, -CH=N-), 8.06 (2H, d, ] = 8.1 Hz, 4-Trifluoromethylphenyl), 12.06 (1H, s, -NH).
I3C-NMR (75 MHz, DMSO-dg): & = 34.42, 45.58, 47.64, 104.56, 115.58, 120.89, 125.20, 127.98,
128.99,129.97, 131.96, 142.30, 143.07, 151.85, 177.84. ESI-MS (m/z): [M + H]*: 510.08.

4.3. Pharmacology
4.3.1. Animals

Adult Balb/c male mice (aged 12-15 weeks, body weight 30-35 g), obtained from
the Anadolu University Research Unit for Experimental Animals, Eskisehir, Turkey, were
used in the study. The animals were housed in well-ventilated rooms with a 12/12 h
dark/light cycle at a temperature of 24 &= 1 °C. The food in the cages was withdrawn 12 h
before the experiments to avoid a possible food interference with the absorption of the
test compounds.

The experimental protocol of this research has been approved by the Local Ethical
Committee on Animal Experimentation of Anadolu University, Eskisehir, Turkey.

4.3.2. Administration of the Test Compounds

The mice were divided into 10 groups of seven animals each. The test compounds
were dissolved in sunflower oil and administered (p.o.) to animals at doses of 50 mg/kg
in a volume of 0.1 mL [52]. Sunflower oil was used as a no-drug control and morphine
sulphate (10 mg/kg, i.p.) was selected as a reference drug [40].

Measurements were taken 60 min after the administration of the test compounds or
sunflower oil, and 30 min after the administration of morphine [53].

4.3.3. Evaluation of the Antinociceptive Activity
Tail-Clip Test

A tail-clip test was used to assess the response of animals to mechanically induced
noxious stimuli. A metal artery clamp that applies standardized pressure was placed
2-2.5 cm from the base of the tail and latency for turning and biting the clamp was recorded
by a stopwatch [54]. A sensitivity test was performed before the test session, and mice
that did not respond to the clip for 10 s were eliminated from the experiments. The cut-off
time for this test was accepted as 10 s to avoid possible tail damage. Tail-clip tests were
performed before and after the test compound administrations, with the prolongations in
the reaction times being considered as a parameter for the antinociceptive effect [41].

Hot-Plate Test

A hot-plate test was used to assess the reaction of animals against thermal noxious
stimuli. The hot-plate device consists of a heated surface kept at a constant temperature of
55 £ 1.0 °C (Ugo Basile, 7280, Varese, Italy). The animals were placed on the surface of the
aluminum plate and pain thresholds were determined before and after the test compounds’
administrations. Paw licking or jumping latencies of each animal were recorded in seconds.
In sensitivity tests, animals that failed to show a nociceptive response within 15 s were
discarded from the experiments. The cut-off time for this test was accepted as 30 s to avoid
an injury to the paws [40,55].

In both the tail-clip and hot-plate tests, analgesic efficacies of the test compounds
were expressed as a percentage of the maximum possible effect (MPE %) using the follow-
ing equation:

MPE % = ((post-drug latency — pre-drug latency)/(cut-off time — pre-drug latency)) x 100 (1)
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Acetic Acid-Induced Writhing Test

The acetic acid-induced writhing test was used to evaluate the responses of animals
to chemically induced noxious stimuli elicited by i.p. injection of 0.6% v/v acetic acid
in a volume of 0.1 mL/10 g. The mice were then placed in transparent boxes and the
number of writhing behaviors was recorded for 10 minutes, 5 minutes after acetic acid
injections [53,56]. Reductions in the number of writhing behaviors were considered as
evidence for the antinociceptive effect. The inhibition percentage of the nociceptive behavior
was calculated according to the following equation:

Inhibition% = ([(mean number of writhes (control) — mean number of writhes (treatment)]/mean number of writhes (control)) x 100 (2)

Mechanistic Studies

The possible involvement of opioid receptors in the antinociceptive effects of test
compounds was examined by mechanistic studies using a non-selective opioid receptor
antagonist, naloxone. For antagonism studies, mice were pre-treated with naloxone at a
dose of 5.48 mg/kg 15 min before the administrations of test compounds [40,41]. Then,
experiments were carried out as explained previously.

4.3.4. Evaluation of the Motor Activity
Rota-Rod Test

The Rota-Rod test device (Ugo Basile, 47600, Varese, Italy) was used to evaluate
the possible effects of test compounds on the motor coordination of animals. Before
experiments, mice were trained on the rotating rod of the apparatus set at 16 rpm for
3 consecutive days. Animals that could stay on the rotating mill for more than 180 s were
used for the tests. The falling time of the mice was considered as a parameter for motor
coordination. The cut-off time for this test was accepted as 10 min [40,41,57].

4.3.5. Statistical Analysis

Statistical evaluation of the experimental data was carried out using GraphPad Prism
ver. 8.4.3 software (GraphPad Software, La Jolla, CA, USA). The data used in the statistical
analyses were acquired from seven animals in each group. The differences between
experimental groups were determined by one-way analysis of variance (ANOVA) followed
by a post-hoc Tukey’s test. The results were presented as mean =+ standard error of the
mean (SEM) and considered statistically significant when p < 0.05.

GraphPad Prism ver. 8.4.3 software were used for creating the figures.

4.4. Molecular Docking Studies

Molecular docking studies were performed using an in silico procedure to define
the binding modes of obtained compounds in active regions of opioid receptors. X-ray
crystal structures of p-opioid receptor (PDB ID: 5C1M) [33], $-opioid receptor (PDB ID:
4N6H) [34], and k-opioid receptor (PDB ID: 6B73) [35] were retrieved from the Protein Data
Bank server (www.pdb.org, accessed date 28 April 2021). Active conformations of these
receptors were used.

The structures of proteins were built using the Schrodinger Maestro [58] interface
and were then submitted to the Protein Preparation Wizard protocol of the Schrodinger
Suite 2016 Update 2 [59]. The ligands were prepared using LigPrep 3.8 [60] to correctly
assign the protonation states at pH 7.4 £ 1.0, as well as the atom types. Bond orders were
assigned, and hydrogen atoms were added to the structures. The grid generation was
formed using the Glide 7.1 [61] program and docking runs were performed with standard
precision docking mode (SP).

5. Conclusions

To the best of our knowledge, this is the first study showing that molecules designed
to carry thiazole and piperazine moieties together on their structures have convenient
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pharmacokinetic profiles and show notable antinociceptive efficacies mediated by the
opioid receptors at the spinal, supraspinal, and peripheral sites.

Supplementary Materials: The following are available online. Figure S1. IR spectra of compound 3a.
Figure S2. 'H-NMR spectra of compound 3a. Figure S3. 13C-NMR spectra of compound 3a. Figure
S4. LCMSMS spectra of compound 3a. Figure S5. IR spectra of compound 3b. Figure S6. "H-NMR
spectra of compound 3b. Figure S7. 13C-NMR spectra of compound 3b. Figure S§. LCMSMS
spectra of compound 3b. Figure S9. IR spectra of compound 3c. Figure S10. "H-NMR spectra of
compound 3c. Figure S11. 13C-NMR spectra of compound 3c. Figure S12. LCMSMS spectra of
compound 3c. Figure S13. IR spectra of compound 3d. Figure S14. 1H-NMR spectra of compound
3d. Figure S15. 13C-NMR spectra of compound 3d. Figure S16. LCMSMS spectra of compound
3d. Figure S17. IR spectra of compound 3e. Figure S18. 'H-NMR spectra of compound 3e. Figure
S19. I3C-NMR spectra of compound 3e. Figure S20. LCMSMS spectra of compound 3e. Figure S21.
IR spectra of compound 3f. Figure S22. 'H-NMR spectra of compound 3f. Figure S23. 13 C-NMR
spectra of compound 3f. Figure 524. LCMSMS spectra of compound 3f. Figure S25. IR spectra
of compound 3g. Figure S26. "H-NMR spectra of compound 3g. Figure S27. 13C-NMR spectra of
compound 3g. Figure 528. LCMSMS spectra of compound 3g. Figure S29. IR spectra of compound
3h. Figure S30. '"H-NMR spectra of compound 3h. Figure S31. 3C-NMR spectra of compound
3h. Figure S32. LCMSMS spectra of compound 3h. Figure S33. The two-dimensional interacting
mode of compound 3a in the active region of p-opioid receptor (PDB Code: 5C1M). Figure S34. The
three-dimensional interacting mode of compound 3a in the active region of p -opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with purple and white, respectively (PDB Code: 5C1M). Figure S35. The two-dimensional interacting
mode of compound 3b in the active region of p-opioid receptor. (PDB Code: 5CIM). Figure S36. The
three-dimensional interacting mode of compound 3b in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with orange and white, respectively (PDB Code: 5C1M). Figure S37. The two-dimensional interacting
mode of compound 3c in the active region of p-opioid receptor. (PDB Code: 5C1M). Figure S38. The
three-dimensional interacting mode of compound 3c in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with blue and white, respectively (PDB Code: 5C1M). Figure S39. The two-dimensional interacting
mode of compound 3d in the active region of p-opioid receptor. (PDB Code: 5CIM). Figure S40. The
three-dimensional interacting mode of compound 3d in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 5C1M). Figure S41. The two-dimensional interacting
mode of compound 3e in the active region of p-opioid receptor. (PDB Code: 5C1M). Figure S42. The
three-dimensional interacting mode of compound 3e in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 5C1M). Figure S43. The two-dimensional interacting
mode of compound 3h in the active region of p-opioid receptor. (PDB Code: 5C1IM). Figure S44. The
three-dimensional interacting mode of compound 3h in the active region of p-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 5C1M). Figure S45. The two-dimensional interacting
mode of compound 3a in the active region of 8-opioid receptor. (PDB Code: 4N6H). Figure S46. The
three-dimensional interacting mode of compound 3a in the active region of 5-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with blue and white, respectively (PDB Code: 4N6H). Figure S47. The two-dimensional interacting
mode of compound 3b in the active region of 5-opioid receptor. (PDB Code: 4N6H). Figure S48. The
three-dimensional interacting mode of compound 3b in the active region of 5-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with blue and white, respectively (PDB Code: 4N6H). Figure S49. The two-dimensional interacting
mode of compound 3c in the active region of 5-opioid receptor. (PDB Code: 4N6H). Figure S50. The
three-dimensional interacting mode of compound 3¢ in the active region of 5-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with green and white, respectively (PDB Code: 4N6H). Figure S51. The two-dimensional interacting
mode of compound 3d in the active region of 5-opioid receptor. (PDB Code: 4N6H). Figure S52. The
three-dimensional interacting mode of compound 3d in the active region of 5-opioid receptor. The
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ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 4N6H). Figure S53. The two-dimensional interacting
mode of compound 3e in the active region of 6-opioid receptor. (PDB Code: 4N6H). Figure S54. The
three-dimensional interacting mode of compound 3e in the active region of d-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 4N6H). Figure S55. The two-dimensional interacting
mode of compound 3h in the active region of 5-opioid receptor. (PDB Code: 4N6H). Figure S56. The
three-dimensional interacting mode of compound 3h in the active region of 5-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with red and white, respectively (PDB Code: 4N6H). Figure S57. The two-dimensional interacting
mode of compound 3a in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S58. The
three-dimensional interacting mode of compound 3a in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with green and white, respectively (PDB Code: 6B73). Figure S59. The two-dimensional interacting
mode of compound 3b in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S60. The
three-dimensional interacting mode of compound 3b in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with pink and white, respectively (PDB Code: 6B73). Figure S61. The two-dimensional interacting
mode of compound 3c in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S62. The
three-dimensional interacting mode of compound 3c in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with orange and white, respectively (PDB Code: 6B73). Figure S63. The two-dimensional interacting
mode of compound 3d in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S64. The
three-dimensional interacting mode of compound 3d in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with yellow and white, respectively (PDB Code: 6B73). Figure S65. The two-dimensional interacting
mode of compound 3e in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S66. The
three-dimensional interacting mode of compound 3e in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with blue and white, respectively (PDB Code: 6B73). Figure S67. The two-dimensional interacting
mode of compound 3h in the active region of k-opioid receptor. (PDB Code: 6B73). Figure S68. The
three-dimensional interacting mode of compound 3h in the active region of k-opioid receptor. The
ligand and significant residues of the active site of the receptor are presented by a tube model colored
with pink and white, respectively (PDB Code: 6B73).
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Abstract: Opioid-associated overdoses and deaths due to respiratory depression are a major public
health problem in the US and other Western countries. In the past decade, much research effort has
been directed towards the development of G-protein-biased p-opioid receptor (MOP) agonists as a
possible means to circumvent this problem. The bias hypothesis proposes that G-protein signaling
mediates analgesia, whereas $3-arrestin signaling mediates respiratory depression. SR-17018 was
initially reported as a highly biased p-opioid with an extremely wide therapeutic window. It was
later shown that SR-17018 can also reverse morphine tolerance and prevent withdrawal via a hitherto
unknown mechanism of action. Here, we examined the temporal dynamics of SR-17018-induced MOP
phosphorylation and dephosphorylation. Exposure of MOP to saturating concentrations of SR-17018
for extended periods of time stimulated a MOP phosphorylation pattern that was indistinguishable
from that induced by the full agonist DAMGO. Unlike DAMGO-induced MOP phosphorylation,
which is reversible within minutes after agonist washout, SR-17018-induced MOP phosphorylation
persisted for hours under otherwise identical conditions. Such delayed MOP dephosphorylation
kinetics were also found for the partial agonist buprenorphine. However, buprenorphine, SR-17018-
induced MOP phosphorylation was fully reversible when naloxone was included in the washout
solution. SR-17018 exhibits a qualitative and temporal MOP phosphorylation profile that is strikingly
different from any other known biased, partial, or full MOP agonist. We conclude that detailed
analysis of receptor phosphorylation may provide novel insights into previously unappreciated
pharmacological properties of newly synthesized MOP ligands.

Keywords: p-opioid receptor; DAMGO; SR-17018; buprenorphine

1. Introduction

Opioids are the most effective drugs for the treatment of severe pain. However, their
clinical use in acute and chronic pain is limited by severe adverse side effects such as
respiratory depression, constipation, dependence, and development of tolerance [1,2].
Currently, opioid-associated overdoses and deaths due to respiratory depression from
prescription opioids are a major public health problem in the US and other Western
countries. It is believed that one way to solve this problem may be the development of
biased p-opioid receptor (MOP) agonists. These compounds have been developed based on
the hypothesis that selective activation of the G-protein signal pathway via MOP mediates
the analgesic effect by avoiding stimulation of f3-arrestin signaling, which is believed to
induce adverse opioid effects such as respiratory depression and constipation.

SR-17018 is one of the most recently described G-protein-biased agonists [3,4]. Schmid
et al. (2017) demonstrated an extremely high bias factor in different G-protein assays over
B-arrestin 2 recruitment in vitro, and significant separation between antinociception and
respiratory side effects in vivo. In addition to the extremely wide therapeutic window, it
was reported later that SR-17018 does not produce tolerance in the hot-plate antinociception
assay [5]. Furthermore, it was shown that SR-17018 can reverse morphine tolerance and
prevent withdrawal via an unknown mechanism of action [5].
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In contrast, a more recent study by Gillis et al. (2020) showed that SR-17018 consis-
tently exhibited low intrinsic efficacy across a variety of assays and showed no statistically
significant bias towards or away from any G-protein activation. Furthermore, similar
kinetics were observed between antinociception and respiratory depressant effects. Simi-
lar in vitro results were obtained with the partial agonist buprenorphine, albeit with an
increased therapeutic window regarding respiratory depression [4,6,7]. In clinical settings,
buprenorphine is used as an alternative to methadone in the treatment of heroin addiction,
due to its mixed agonist-antagonist properties [8]. Collectively, these findings suggest that
SR-17018 may be similar to buprenorphine and exhibit partial agonistic properties.

In the past decade, we have shown that the phosphorylation barcode of the MOP
carboxyl-terminal tail is dependent on agonist efficacy and indicative of §3-arrestin recruit-
ment and receptor internalization [9,10]. High-efficacy MOP agonists like DAMGO and
fentanyl induce a robust hierarchical and sequential multisite receptor phosphorylation,
whereas low-efficacy agonists like morphine, oxycodone, and buprenorphine, trigger only
phosphorylation at Ser®”>. Recent phosphorylation studies with SR-17018 have reported
an unusual phosphorylation pattern which is limited to Ser®”® during the first 20 min
of stimulation, corresponding to a low-efficacy agonist [4]. In contrast, incubation for
>30 min leads to a multisite receptor phosphorylation, which corresponds to a high-efficacy
agonist. Furthermore, SR-17018-induced MOP phosphorylation is driven by GRK2/3 and
is naloxone sensitive.

Given its unusual pharmacological profile and unknown mechanism of action, we
performed a series of MOP phosphorylation and dephosphorylation experiments in vitro
and compared the effects of SR-17018 with the partial agonist buprenorphine.

2. Results

SR-17018 was developed as a G-protein-biased MOP agonist, but exhibits a number of
pharmacological effects which cannot be explained by the biased signaling hypothesis. To
better understand SR-17018 ligand properties, we performed a series of MOP phosphoryla-
tion and dephosphorylation experiments comparing SR-17018 to the low-efficacy agonist
buprenorphine and the full agonist DAMGO as internal standard.

2.1. Agonist-Induced Dose-Dependent MOP Phosphorylation

First, we evaluated dose- and time-dependent MOP phosphorylation induced by
DAMGO, SR-17018 or buprenorphine (Figure 1). As shown in Figure 2, 30 min exposure at
37 °C to saturating concentrations of SR-17018 induced a multisite phosphorylation that
was indistinguishable from that induced by DAMGO. In contrast, buprenorphine induced
only a robust Ser®”® phosphorylation under otherwise identical conditions.

DAMGO SR-17018 Buprenorphine
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Figure 1. Chemical structures of DAMGO, SR-17018, and buprenorphine.
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Figure 2. Dose-dependent multisite phosphorylation by DAMGO, SR-17018, and buprenorphine.
HEK?293 cells stably expressing HA-MOP were either treated with (A) DAMGO, (B) SR-17018, or (C)
buprenorphine with concentrations ranging from 10 uM to 1 nM for 30 min at 37 °C. Cells were lysed
and immunoblotted with the anti-pT370 (pT370), anti-pT376 (pT376), anti-pT379 (pT379), or anti-
pSer375 (pS375) antibodies. Blots were stripped and reprobed with the phosphorylation-independent
anti-HA-tag antibody to confirm equal loading of the gels. S375 phosphorylation was quantified
(upper panel) and expressed as percentage of maximal phosphorylation in control cells, which
was set at 100%. Data correspond to mean 4+ SEM from three independent experiments. Positions
of molecular mass markers are indicated on the left (in kDa). ((B,C) right lane) 10 uM DAMGO
samples were used as a control to visualize different development times on X-ray films. Blots are
representative of three independent experiments.

2.2. Agonist-Induced Time-Dependent MOP Phosphorylation

As depicted in Figure 3A, DAMGO-stimulated MOP phosphorylation occurred rapidly
within seconds to minutes at RT. S375 is the initial site of a hierarchical phosphorylation
cascade. The following phosphorylation at T370, T379, and T376 requires priming S375
phosphorylation [9]. In contrast, both SR-17018- and buprenorphine-mediated MOP phos-
phorylation required extended exposure times (>20 min). Furthermore, SR-17018 and
DAMGO promoted a robust internalization, which resulted in a receptor accumulation in
the perinuclear recycling compartment (Figure 3B). In contrast, buprenorphine failed to
stimulate any detectable MOP endocytosis (Figure 3B).

2.3. PBS Buffer Washout of Agonist-Induced Phosphorylation

Next, we evaluated the temporal dynamics of MOP dephosphorylation after extensive
ligand washout with PBS (Figure 4). The DAMGO-induced phosphorylation was quickly
reversed within 5 to 10 min after agonist removal. T370 and T379 were dephosphorylated
immediately, whereas 5375 and T376 dephosphorylation required between 10 and 20 min.
In contrast, SR-17018-mediated MOP phosphorylation was retained for hours under other-
wise identical conditions (Figure 4B). Similar, the buprenorphine-stimulated Ser®”> phos-
phorylation was also resistant to PBS washout (Figure 4A).
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Figure 3. Time course of multisite phosphorylation by DAMGO, SR-17018, and buprenorphine. (A)
HEK?293 cells stably expressing HA-MOP were incubated with (left panel) 10 uM DAMGO, (middle
panel) 10 pM SR-17018, or (right panel) buprenorphine for the indicated time periods at RT. Cells
were lysed and immunoblotted with the anti-pT370 (pT370), anti-pT376 (pT376), anti-pT379 (pT379),
or anti-pSer375 (pS375) antibodies. Blots were stripped and reprobed with the phosphorylation-
independent anti-HA-tag antibody to confirm equal loading of the gels (MOP). S375 phosphorylation
was quantified (upper panel) and expressed as percentage of maximal phosphorylation in control cells,
which was set at 100% (data not shown). Data correspond to mean + SEM from three independent
experiments. Positions of molecular mass markers are indicated on the left (in kDa). Blots are
representative of three independent experiments. (B) HEK293 HA-MOP cells were pre-incubated
with anti-HA antibody for 2 h at 4 °C. Afterwards, cells were treated with either 10 uM DAMGO,
10 uM SR-17018, or 10 uM buprenorphine for 30 min at 37 °C. After fixation, the cells were incubated
with Alexa488-conjugated secondary antibody and examined using confocal microscopy. Figure
shows representative images of three independent experiments. Scale bar: 20 pm.
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Figure 4. Time course of multisite dephosphorylation after PBS buffer washout. (A) HEK293 cells stably expressing
HA-MOP were incubated with (left panel) 10 uM DAMGO, (middle panel) 10 uM SR-17018, or (right panel) buprenorphine
for 30 min at 37 °C. Cells were washed three times with PBS buffer (PBS washout) and then incubated in the absence of
agonist for 0, 2, 5, 10, 20, or 60 min at 37 °C. (B) HEK293 cells stably expressing HA-MOP were incubated with 10 pM
SR-17018 for 30 min. Cells were washed three times with PBS buffer and then incubated in the absence of agonist for 0, 2, 4,
or 6 h at 37 °C. (A,B) Cells were lysed and immunoblotted with the anti-pT370 (pT370), anti-pT376 (pT376), anti-pT379
(pT379), or anti-pSer375 (pS375) antibodies. Blots were stripped and reprobed with the phosphorylation-independent
anti-HA-tag antibody to confirm equal loading of the gels (MOP). S375 phosphorylation was quantified (upper panel)

and expressed as percentage of maximal phosphorylation in control cells, which was set at 100% (data not shown). Data
correspond to mean + SEM from three independent experiments. Positions of molecular mass markers are indicated on the
left (in kDa). Blots are representative of three independent experiments.

2.4. Naloxone Washout of Agonist-Induced Phosphorylation

Interestingly, when 10 pM naloxone was included into the washout solution, MOP
dephosphorylation was strongly facilitated in SR-17018-treated but not in buprenorphine-
treated cultures (Figure 5).
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Figure 5. Time course of multisite dephosphorylation after naloxone washout. HEK293 cells stably
expressing HA-MOP were incubated with (left panel) 10 pM DAMGO, (middle panel) 10 uM SR-
17018, or (right panel) 10 uM buprenorphine for 30 min at 37 °C. Cells were washed three times with
10 uM naloxone and then incubated in the absence of agonist for 0, 2, 5, 10, 20, or 60 min at 37 °C. Cells
were lysed and immunoblotted with the anti-pT370 (pT370), anti-pT376 (pT376), anti-pT379 (pT379),
or anti-pSer375 (pS375) antibodies. Blots were stripped and reprobed with the phosphorylation-
independent anti-HA-tag antibody to confirm equal loading of the gels (MOP). S375 phosphorylation
was quantified (upper panel) and expressed as percentage of maximal phosphorylation in control
cells, which was set at 100% (data not shown). Data correspond to mean £ SEM from at least three
independent experiments. Positions of molecular mass markers are indicated on the left (in kDa).

Blots are representative of three independent experiments.

3. Discussion

SR-17018 is unique in that it exhibits an atypical MOP phosphorylation and dephos-
phorylation profile [4]. Saturating concentrations of SR-17018 stimulate a full agonist-like
multisite phosphorylation of MOP but with delayed onset (>20 min). Similar slow phos-
phorylation kinetics are observed with the partial agonist buprenorphine, whereas the
full agonist DAMGO induces full MOP phosphorylation within seconds. At least three
kinases contribute to agonist-induced MOP phosphorylation namely GRK2, GRK3, and
GRKS [9,11]. The most likely explanation is that SR-17018, buprenorphine, and DAMGO
restrain the receptor in different conformations, which exhibit different affinities for indi-
vidual GRKs [4]. In fact, the selective engagement of different GRKs to differently activated
MOP receptors could be a major source of biased signaling as it is the driving force for re-
cruitment of arrestin isoforms 1 and 2 to the receptor [9,10]. Thus, different GRK-mediated
phosphorylation patterns should be taken into account in the development of new MOP
agonists with beneficial side-effect profiles.
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For many years, the biased signaling concept has been reduced to analysis of G-protein
signaling versus $3-arrestin 2 recruitment, and the resulting bias factor has been proposed
as a predictor of the therapeutic window. SR-17018 is one candidate compound that was
developed based on the biased signaling hypothesis [3]. While the initial study reported
an extremely high bias factor in different G-protein assays over {3-arrestin 2 recruitment,
later work showed no statistically significant bias towards or away from any G-protein
activation [4]. Nevertheless, the present study revealed a unique MOP phosphorylation and
internalization profile for SR-17018 that does not support the initial report of an extremely
high bias factor.

Conversely, dephosphorylation of DAMGO-activated MOPs occurred within minutes
after agonist washout. In contrast, SR-17018-stimulated MOP phosphorylation occurred in
a delayed manner similar to that observed with buprenorphine and persisted for hours
after agonist washout. These data suggest that SR-17018 remains tightly bound to the
MOP receptor after washout, while preventing receptor dephosphorylation. However,
SR-17018-induced MOP phosphorylation was reversible when the antagonist naloxone
was included in aqueous washout solutions. In contrast, buprenorphine-stimulated MOP
phosphorylation was not reversible by naloxone. These results predict that SR-17018 has
a very slow off-rate at MOP, similar to that known for buprenorphine [4,12]. However,
SR-17018 has a much lower affinity than buprenorphine so it can easily be displaced by
naloxone [3,12].

SR-17018 exhibits a peculiar pharmacological profile in preclinical animal models,
where it has been shown to prevent opioid withdrawal signs [3,5]. Such activity has previ-
ously been observed for buprenorphine but not for any other biased MOP agonist [8,13].
This suggests that opioids with delayed dephosphorylation kinetics may be useful for
opioid maintenance therapy. Nevertheless, SR-17018 differs from buprenorphine in that its
effects are easily reversible with naloxone.

4. Materials and Methods
4.1. Reagents and Antibodies

[D-Ala?, N-Me-Phe*, Gly’-ol]-Enkephalin acetate salt (DAMGO) was purchased from
Sigma Aldrich (Munich, Germany). SR-17018 was obtained from MedChemExpress (Mon-
mouth Junction, NJ, USA), buprenorphine from Indivior (Dublin, Ireland), and naloxone
from Ratiopharm (Ulm, Germany). Pierce™ HA epitope tag antibody was obtained
from Thermo Scientific (Rockford, IL, USA). The rabbit polyclonal phosphosite-specific
u-opioid receptor antibodies anti-pT370 (7TM0319B), anti-pT376 (7TM0319D), anti-pT379
(7TMO319E), anti-pS375 (7TM0319C) and anti-HA antibody (7TM000HA) were obtained
from 7TM Antibodies (Jena, Germany) [9,11,14,15]. The secondary horseradish peroxidase
(HRP)-linked anti-rabbit antibody was purchased from Cell Signaling (Frankfurt, Germany).

4.2. Cell Culture and Transfection

HEK293 cells were originally obtained from the German Resource Centre for Biological
Material (DSMZ, Braunschweig, Germany) and grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 100 U/mL
penicillin/streptomycin and cultured in a humidified atmosphere containing 5% CO;.
Cells were stably transfected with mouse MOP-HA and the assays performed have been
extensively characterized in previous publications [9,11].

4.3. Western Blot Assay

HEK293 cells stably expressing HA-MOP were seeded onto poly-L-lysine-coated
60 mm dishes and grown to 90% confluency. After agonist stimulation, cells were lysed in
RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS) containing protease and phosphatase inhibitors (Com-
plete mini and PhosSTOP; Roche Diagnostics, Mannheim, Germany). When indicated, cells
were washed three times with either PBS buffer (PBS washout) or PBS supplemented with
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10 uM naloxone (naloxone washout). After removal of agonist, the cells were incubated in
the absence of agonist at 37 °C as indicated and lysed in RIPA buffer containing protease
and phosphatase inhibitors, as described previously. The assays were performed at both
physiological temperature (37 °C) and at room temperature (22 °C) to slow down the
cellular processes if indicated. Pierce™ HA epitope tag antibody beads (Thermo Scientific,
Rockford, IL, USA) were used to enrich HA-tagged MOP. The samples were washed several
times afterwards. To elute proteins from the beads, the samples were incubated in SDS
sample buffer for 25 min at 43 °C. Supernatants were separated from the beads, loaded
onto 8% SDS polyacrylamide gels, and then immunoblotted onto nitrocellulose membranes
afterwards. After blocking, membranes were incubated with anti-pT370 (7TM0319B), anti-
pS375 (7TM0319C), anti-pT376 (7TM0319D), or anti-pT379 (7TM0319E) antibody overnight
at 4 °C (7TM Antibodies, Jena, Germany). Membranes were incubated in HRP-linked sec-
ondary antibody for 2 h, followed by detection using a chemiluminescence system (90 mM
p-coumaric-acid, 250 mM luminol, 30% hydrogen peroxide). Blots were subsequently
stripped and incubated again with the phosphorylation-independent anti-HA antibody
to confirm equal loading of the gels. Protein bands on Western blots were exposed to
X-ray films.

4.4. Immunocytochemistry

HEK?293 cells stably expressing HA-MOP were seeded onto poly-L-lysine coated 24-
well plates overnight. On the next day, cells were pre-incubated with anti-HA antibody
for 2 h at 4 °C. Cells were then transferred to 37 °C, exposed to 10 uM agonist for 30 min
at 37 °C and fixed with 4% paraformaldehyde and 0.2% picric acid in phosphate buffer
(pH 6.9) for 30 min at room temperature (RT). After washing the coverslips with PBS
w/o Ca®* /Mg?* buffer several times, cells were blocked with phosphate buffer containing
3% NGS for 2 h and were then incubated with Alexa488-conjugated secondary antibody
(1:2000) (LifeTechnologies, Thermo Fisher Scientific A11008) overnight at 4 °C. On the
next day, cells were washed several times with PBS w/o Ca?*/Mg?* and specimens were
mounted with Roti®-MountFluorCare DAPI (Carl Roth, HP20.1) and examined using a
Zeiss LSM510 META laser scanning confocal microscope (Zeiss, Jena, Germany).

4.5. Data Availability

The authors declare that all data supporting the findings of this study are presented
within the paper and its supporting information files. The data that support the findings of
this study are available from the authors upon reasonable request.

5. Conclusions

Together, the present study reveals a mechanism of action for SR-17018 that is clearly
different from any other known MOP agonist. Our findings also demonstrate that newly
synthesized compounds should be fully characterized, including detailed analysis of their
receptor phosphorylation kinetics, before classification as biased, partial, or full agonists.
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Abstract: Efficient repetitive clinical use of morphine is limited by its numerous side effects, whereas
analgesic tolerance necessitates subsequent increases in morphine dose to achieve adequate levels
of analgesia. While many studies focused on analgesic tolerance, the effect of morphine dosing on
non-analgesic effects has been overlooked. This study aimed to characterize morphine-induced
behavior and the development and progression of morphine-induced behavioral tolerance. Adult
male Sprague-Dawley rats were repetitively treated with subcutaneous morphine for 14 days in two
dose groups (A: 5 mg/kg/day (b.i.d.) — 10 mg/kg/day; B: 10 mg/kg/day (b.i.d.) — 20 mg/kg/day).
Motor behavior was assessed daily (distance traveled, speed, moving time, rearing, rotation) in an
open-field arena, before and 30 min post-injections. Antinociception was measured using tail-flick
and hot-plate assays. All measured parameters were highly suppressed in both dosing groups on
the first treatment day, followed by a gradual manifestation of behavioral tolerance as the treatment
progressed. Animals in the high-dose group showed increased locomotor activity after 10 days of
morphine treatment. This excitatory phase converted to an inhibition of behavior when a higher
morphine dose was introduced. We suggest that the excitatory locomotor effects of repetitive high-
dose morphine exposure represent a signature of its behavioral and antinociceptive tolerance.

Keywords: morphine dosing; behavior; locomotor activity; tolerance

1. Introduction

Long-term clinical use of opioids such as morphine is limited by its significant side
effects such as drowsiness, itching, respiratory depression, constipation, addiction, and
dependence [1-3]. Although predicting the appearance of morphine-induced side effects
is important for effective pain relief, the relationship between opioid dosing and the ap-
pearance of drug-induced side effects is currently not well established. In the clinic, pain
relief and side effects appear to correlate poorly [4]. Behavioral side effects of morphine
in different clinical studies are described as dose-dependent, such as pruritus [5], and
dose-independent, such as nausea and vomiting [6,7]. It therefore is important to under-
stand how the dosing regimen can affect behavioral effects. Noticeably, antinociceptive
tolerance largely depends on morphine dose and dosing protocol, and a high starting
dose or a high follow-up dose of morphine produces less antinociceptive tolerance [8].
We previously measured antinociception and antinociceptive tolerance in rats using four
different morphine dosing regimens. Antinociception and antinociceptive tolerance were
measured using two independent assays (tail-flick and hot-plate assays) [8]. Behavioral
measurements are more complex than nociceptive pain measurements, and therefore, only
two morphine dosing regimens were selected for the present study. Our previous study
confirmed the manifestation of antinociceptive tolerance in rats using these dosage regi-
mens [8]. However, antinociceptive tolerance differed between these dosage groups, which
suggested that these dosages regimens might also differentially affect behavioral toler-
ance [8]. Therefore, the current study correlated behavioral and antinociceptive tolerance
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in rats using the same morphine dosage regimen (starting dose, follow-up dose, frequency
of dosing, and duration of treatment) [8].

The current literature shows inconsistent effects of morphine on animal behavior.
These inconsistencies are likely due to the use of different species/strains, routes of ad-
ministration, types or formulations of morphine, age of animals, and various treatment
protocols (dose, frequency, or duration of treatment) [9-12]. Locomotor activity has been
widely assessed to characterize behavioral effects of morphine-treated animals. While
lower morphine doses mostly left locomotor activities unaffected, higher doses produced
stimulatory or biphasic effects when morphine was administered acutely [10,13-16]. Simi-
larly, long-term morphine treatment with lower doses (1.25 to 5 mg/kg i.p.) showed no
effects on locomotion, while higher doses (10 to 40 mg/kg i.p.) produced a biphasic effect
with initial suppressive and subsequent increased locomotor activities [14]. Basic locomotor
activity alone cannot reflect the complete behavioral side effects profile of morphine, while
concomitant measurement of locomotor activities together with other behavioral parame-
ters was shown to be better suited to model the behavioral side effects of morphine [13]. In
this study, 20 mg/kg of intraperitoneal morphine increased, while 10 mg/kg of morphine
decreased horizontal movements in female mice, while both doses decreased rearing and
grooming activities [13]. In contrast, no dose-dependent differences were detected in male
rats in response to intracerebroventricular morphine injections [10]. These discrepancies
illustrate that morphine-induced behavioral changes are, among other parameters such
as route of administration and species, influenced by gender. This is not surprising, since
female animals are more sensitive to morphine treatment [17,18] and showed increased dis-
tance and rearing duration compared to male mice in response to morphine treatment [18].
Moreover, different environmental settings have been used for behavioral tests. Especially,
changes to the illumination conditions such as brightly illuminated [18-20], moderately
illuminated [9,13], or low illuminated environments [14] have been reported. Since rodents
are more active under low illumination conditions, brightly lit open-field arenas may
distract the animals, which likely alters the results compared to experiments performed
under low illumination conditions. Besides, most studies only tested the animal’s acute
responses 30 min after morphine administration [9,10,13], which completely disregarded
the known biphasic behavioral pattern in response to morphine exposure [14,21].

Although some studies combined several behavioral activities such as distance trav-
eled, rearing, immobility, or grooming after acute morphine treatment [9,10,13], possible
connections between locomotion and other behavioral effects have not been established for
repetitive long-term morphine treatment. Therefore, a significant gap of knowledge is evi-
dent regarding the relationship between antinociceptive and behavioral effects of morphine
and its long-term effect on behavioral and antinociceptive tolerance. This study measured
multiple behavioral effects before, during, and after long-term morphine treatment in
rats. Animals were treated with two different morphine dosing regimens to establish the
influence of dosing regimens on behavior. Seven behavioral parameters were measured
automatically in an open-field arena, which has been rarely performed before [10]. The
present study is an exploratory study to understand the behavioral tolerance profile of
the same group of animals over the course of a two week treatment instead of comparing
them to a different group of control animals. We aimed to generate a detailed behavioral
profile of long-term morphine treatment, behavioral tolerance, and the influence of two
different morphine dosage regimens, to reflect existing relationships between behavioral
and antinociceptive tolerance.

2. Results
2.1. Time-Dependent Effects of a Single Dose of Morphine to Locomotor Behaviors: Hypoactivity
vs. Hyperactivity

To acquire a basic understanding of how repeated morphine administration affects rat
behaviors, rats were treated daily with 10 mg/kg (b.i.d.) morphine over a period of 10 days,
and their activities were recorded and assessed daily at regular intervals, for a total of
180 min after administration. Daily basal levels of activity (f = 0 min) were similar with no
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significant differences over the treatment period. Therefore, no residual effects of morphine
from previous administrations on the examined behavior were observed at the beginning
of each daily experiment (Supplementary Figures S1 and S2). A separate control group
of animals (1 = 6) was used to assess the impact of vehicle (0.9% w/v sodium chloride
solution, b.i.d.) over repeated treatments (Supplementary Figure S3). Control animals,
treated similarly with the vehicle for three days, did not change locomotor behavior at
the 30 min post-injection time-point. Since no differences in basal behavioral activities
were observed over 14 days and no changes in the behavior of saline-treated animals over
three days of consecutive treatment were detected, repeated treatment did not change the
baseline behavioral activities of rats (Supplementary Figures S1-53).

Behavioral scoring at every time-point was compared between days 1 and 10 using
unpaired ¢-tests and is shown in Figures 1 and 2 (basic locomotion, Figure 1; rearing and
rotation, Figure 2). Statistical analysis was also performed using two-way ANOVA that
produced similar results. For basic locomotion, at day 1 of morphine administration,
suppression of locomotor activities was observed after 30 min at all parameters analyzed
(one-way ANOVA; F (11, 46) = 12.43; p < 0.01(distance); F (11, 54) = 8.96; p < 0.0001 (moving
time); F (11, 57) = 22.12; p < 0.001 (speed)), which persisted until 60 min after administration
(Figure 1A—C). The repression of all examined parameters of locomotion returned to their
basal levels within 180 min after administration. However, after 10 days of daily repetitive
administration of morphine (day 10), general locomotion manifested as hyperactivity, as
shown by significant increases in the traveled distance (one-way ANOVA; F (11, 46) = 12.43;
p <0.0001) and moving speed (one-way ANOVA; F (11, 57) = 22.12; p < 0.0001), along with
non-significant differences in moving time compared to basal levels. This change in the
activity profile towards hyperactivity was accompanied by a shift of its peak at 15 min after
morphine administration and a faster recovery to basal levels within 180 min of treatment.
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Figure 1. Time-resolved basic locomotor activity after repeated morphine administration (10 mg/kg, b.i.d. over 10 days).

Locomotor parameters were recorded in an open-field arena after a single subcutaneous injection of morphine on day 1 or

day 10 in male Sprague-Dawley rats. The motor behavior of treated animals was assessed by quantification of total distance

traveled (A), total moving duration (B), or average speed (C), for a period of 180 min post-administration. Statistically

significance (p < 0.05) at a specific time-point against the effects of day 1 is shown as * p < 0.05, ** p < 0.01, *** p < 0.001, and

**** p < 0.0001 and was calculated using unpaired t-test. Values are presented as mean £ SEM (n = 6 animals per group).

Error bars are sometimes too small to be visible. The behavioral differences between these two days are shown as the

differences in their area under the curves (AUC) in Table 1, which indicates that differences were observed in the distance,

moving time, and speed.

The specific locomotor behaviors of rotation and rearing were also analyzed in a
similar time-resolved manner in terms of the total score (numbers; Figure 2A,C) and
duration (time; Figure 2B,D). Rotational behavior was suppressed by morphine on day 1
in a similar fashion as general locomotion in terms of peak and recovery timing (one-way
ANOVA; F (11, 42) = 31.56; p < 0.05). Similar to general locomotion, rotational behavior
was also significantly increased at day 10 compared to basal levels (one-way ANOVA; F
(11, 42) = 31.56; p < 0.01). Rearing was significantly suppressed by morphine on day 1,
similarly to general locomotion (one-way ANOVA; F (11, 39) = 45.85; p < 0.0001). This
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behavior remained suppressed at day 10 without contributing to the hyperactivity usually
seen in the previously recorded parameters on day 10 (Figure 2B,C).

Table 1. Comparison of motor behaviors from day 1 after repeated morphine administration. Total scoring of motor
behavior was recorded over 180 min after subcutaneous administration of morphine 10 mg/kg (b.i.d.) over 10 days of
repeated treatment. Parameters (presented as the area under curve; AUC) were calculated from the behavioral curves in
Figures 1 and 2. Statistically significant differences between AUCs of each behavior were assessed using an unpaired t-test.

Behavioral . Day 1 Day 10 Significance
Parameter AUC Units (Dose Group B) (Dose Group B) (p-Value)
Distance meter X days 8958 4+ 995 19,492 4+ 1562 <0.001
Moving time % of recorded time x days 8349 £ 643 11,715 £ 643 <0.01
Speed (meter/sec) x days 60.22 + 1.25 99.51 + 3.34 <0.0001
Rotation numbers incidences x days 8374 4+ 550 25,423 + 1761 <0.0001
Rotation time % of recorded time x days 2464 £ 240 3704 £ 199 <0.01
Rearing numbers incidences x days 3018 + 308 3717 4+ 206 0.096
Rearing time % of recorded time x days 2116 £ 171 2803 + 458 0.2269
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Figure 2. Time-resolved advanced locomotor activity (rotation and rearing) after repeated morphine administration
(10 mg/kg, b.i.d. over 10 days). Open-field turning and rearing activities after a single subcutaneous injection of morphine
on day 1 or day 10 were measured in male Sprague-Dawley rats. Activities of treated animals were measured as rotation
numbers (A), rearing numbers (B), rotation time (C), and rearing time (D) over a period of 180 min. Statistical significance
(p < 0.05) at a specific time-point against the effects of day 1 is shown as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001
and was calculated using unpaired t-test. Values are presented as mean 4+ SEM (n = 6 animals per group). Error bars
are sometimes too small to be visible. The behavioral differences between day 1 and day 10 are shown as the differences
in their area under the curves (AUC) in Table 1, which indicates that differences were observed in rotation, but not in

rearing behaviors.

To evaluate the overall behavioral effects of repeated morphine administration over a
period of 10 days, the overall scores of Figures 1 and 2 were quantified as area under the
curves (AUC) and presented in Table 1. Morphine significantly stimulated locomotion after
10 days of repetitive administration compared to day 1, where it significantly suppressed
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locomotion, with the notable exception of rearing behavior that was persistently suppressed
at day 10 (Table 1). The corresponding behavioral activities of morphine 5 mg/kg (b.i.d.)
for 5 days of repeated treatment are shown in Supplementary Figures S4 and S5.

2.2. Dose-Dependent Effects of Repetitive Morphine Administration and Incremental Changes of
Dosing on Locomotor Behavior: Hypoactivity vs. Hyperactivity

To investigate the effect of morphine dosing regimens on locomotion and related
behavior, animals were treated with two dosing regimens that differ in dose and duration
(5 mg/kg/day b.i.d. or 10 mg/kg/day b.i.d.), followed by a subsequent change in the
administration of morphine (double-dosing in single daily injections) until day 14 of
treatment (Figure 3). Noticeably, no differences between basal locomotion, rotation, or
rearing activities over the total treatment period of 14 days were observed, which were
recorded daily (every morning) immediately before morphine injections (Supplementary
Figures S1 and S2).

Table 2. Overall comparison of motor behaviors between different dosing groups. Total scoring of recorded motor behaviors

(presented as area under curve; AUC) were calculated from the behavioral curves in Figures 3 and 4. Statistically significant

differences between AUCs of each behavior were assessed using an unpaired ¢-test.

Behavioral AUC Units Dose Group A Dose Group B Significance (p-Value)
Parameter

Distance meter X days 369.6 = 71.6 982.3 - 134.3 <0.01
Moving time % of recorded time x days 305.5 £ 32.6 700.2 +51.4 <0.001
Speed (meter/sec) x days 3.80 + 0.23 5.69 + 0.42 <0.01
Rotation numbers incidences x days 255.8 1 48.4 1200 = 124.2 <0.001
Rotation time % of recorded time x days 103.1 +12.6 2334 £222 <0.001
Rearing numbers incidences x days 48.0 £ 155 97.4+30.1 0.174
Rearing time % of recorded time x days 19.4 +2.86 406 £9.9 0.130

In the ‘low’ starting dose treatment group (5 mg/kg b.i.d. — 10 mg/kg/day; Figure 3A),
moving distance was significantly reduced days 1 and 2 (one-way ANOVA; F (14, 48) = 4.26;
p < 0.05), with a slow but steady recovery until day 5. The subsequent change in the
method of administration of morphine (from twice daily 5 mg/kg to once daily 10 mg/kg)
on day 6 onwards somewhat increased the suppressive effect of morphine on moving
distance, returning the difference from basal back to significant levels (one-way ANOVA;
F (14, 48) = 4.26; p < 0.001). No behavioral recovery was observed from day 6 to the end
of the treatment period (day 14). The parameter of moving time (Figure 3B) and moving
speed (Figure 3C) showed very similar responses as for the distance parameter.

In the second group of ‘high” morphine dosing (10 mg/kg/day b.i.d. till day 10 —
20 mg/kg/day till day 14), the same locomotive parameters were assessed, where a
marked change in the overall profile was observed (Figure 3D-F). The 10 mg/kg/day b.i.d.
morphine significantly reduced moving distance at day 1 compared to basal (one-way
ANOVA; F (14, 47) = 19.20; p < 0.01); however, the recovery to basal values was not only
fast and steady despite repetitive morphine administration, but also significantly increased
distance traveled compared to basal values, from day 6 (one-way ANOVA; F (14, 47) = 19.20;
p < 0.05) until it reached a hyperactivity plateau at day 10. When morphine administration
changed to a single dose of 20 mg/kg/day from day 11 (Figure 3D), the suppressive effect
of morphine returned to the observed levels of day 1 (one-way ANOVA; F (14, 47) = 19.20;
p < 0.05) and remained suppressed until the end of the treatment period (day 14). This
pattern of morphine-induced changes observed for traveled distance was also replicated
by the other experimental parameters of general locomotion (moving time; Figure 3E and
speed of movement; Figure 3F) and rotational behavior (Figure 4A,C).
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Figure 3. Effect of dosing regimen changes on basic locomotor activity during long-term morphine administration.
Locomotor parameters were recorded daily in an open-field arena 30 min after daily subcutaneous injections of morphine
in male Sprague-Dawley rats, during a 5 min recording period. Motor behavior of treated animals was assessed by
quantification of distance travelled (A,D), moving duration (B,E), or average speed (C,F). Two morphine regimens were
respectively used in two different groups of animals: 5 (b.i.d.) — 10 mg/kg (A—C) and 10 (b.i.d.) — 20 mg/kg (D-F) over a
total period 14 days, as described in Methods. Values are presented as mean + SEM (n = 6 animals per group). Error bars
are sometimes too small to be visible. Statistically significant (p < 0.05) differences compared against day 0 are shown as
*p <0.05 *p <0.01, ** p <0.001, and *** p < 0.0001 and were calculated using one-way ANOVA with Dunnett’s multiple
comparisons test. The behavioral differences between these two dosing groups are shown as the differences in their area
under the curves (AUC) in Table 2, which indicates that differences were observed in all three behavioral parameters.

For rearing behavior, a similar morphine effect during repetitive administration for
both ‘low” and ‘high” dose groups was observed (Figure 4B,D). Morphine significantly
suppressed rearing from day 1 until day 14 (one-way ANOVA; F (14, 53) = 35.57; p < 0.0001)
without any recovery or observed increase in recorded activity, even when morphine
administration was changed from twice daily to a daily single double-dose (5 mg/kg/day
b.i.d. — 10 m/kg/day; Figure 4B, 10 mg/kg/day b.i.d. — 20 mg/kg/day; Figure 4D),
essentially staying suppressed over the entire treatment period.
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Figure 4. Effect of dosing regimen changes on advanced locomotor activity parameters (rearing and rotation) during
long-term morphine administration. Rotation and rearing behaviors were recorded in an open-field arena after daily

subcutaneous injections of morphine in male Sprague-Dawley rats, at a daily 30 min mark post-administration during a
5 min recording period. Activities of treated animals were measured as rotation numbers (A,C) and rearing numbers (B,D).
Two morphine regimens were respectively used in two different groups of animals: 5 (b.i.d.) = 10 mg/kg (A, B) and 10
(b.i.d.) — 20 mg/kg (C,D) over a total period 14 days, as described in Methods. Values are presented as mean £ SEM (n = 6
animals per group). Error bars are sometimes too small to be visible. Statistically significant (p < 0.05) differences compared

against day 0 are shown as * p < 0.05, and *** p < 0.0001 and were calculated using one-way ANOVA with Dunnett’s

multiple comparisons test. The behavioral differences between these two dosing groups are shown as the differences

in their area under the curves (AUC) in Table 2, which indicates that differences were observed in rotation but not in

rearing behavior.

Regimen-dependent behavioral changes were also expressed as the area under the
curves (AUCs) over the whole treatment period of 14 days, and a comparison between
the groups is shown in Table 2. The AUCs of behavioral parameters of the higher dosing
paradigm (10 mg/kg/day b.i.d. — 20 mg/kg/day) were significantly higher than the
AUC:s of the lower treatment paradigm (5 mg/kg/day b.i.d. — 10 mg/kg/day), except for
rearing numbers and rearing time. Thus, morphine 10 mg/kg (b.i.d.) — 20 mg/kg/day
treated animals showed more locomotor and rotational behavioral changes (hyper-activity)
than the morphine 5 mg/kg (b.i.d.) — 10 mg/kg/day group.

2.3. Relationship between Antinociceptive Tolerance and Locomotor Activities

To better understand the clinical significance of the biphasic behavioral effects of
morphine on locomotor behavior between different dosing regimens, we aimed to compare
these effects with morphine’s major pharmacological drawback, antinociceptive tolerance.
Antinociception was measured using two assays (tail-flick and hot-plate), and tolerance
was defined as a significant reduction in antinociceptive efficacy, whereas distance traveled
was measured using open-field test over a period of 180 min after injections at day 5 or
day 10, as described in Methods. The area under the curves (AUC) of the first treatment day
(day 1), day 5 for Group A (5 mg/kg/day b.i.d.), or day 10 for Group B (10 mg/kg/day
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b.i.d.) were compared using unpaired t-tests (Figure 5). Animals in the first dose group
(5 mg/kgb.i.d.) showed no difference in distance travelled between days 1 and 5, although
they exhibited significant antinociceptive tolerance in both assays used (tail-flick; unpaired
t-test; t (10) = 8.48; p < 0.0001 and hot-plate; unpaired t-test; t (10) = 9.80; p < 0.0001,
as shown in (Figure 5A)). However, animals in the higher dose group (10 mg/kg b.i.d.)
showed hyperactivity (e.g., significantly higher locomotion) at day 10 when antinociceptive
tolerance first manifested, compared to day 1 (unpaired t-test; ¢t (7) = 7.04; p < 0.001)
(Figure 5B). These data collectively show that antinociceptive tolerance due to repetitive
morphine administration is an independent effect to morphine’s effects on locomotor
behavior, where the profile is largely dependent on the dosage regimen used.

A | 5 + 5 mg/kg/day | B | 10 + 10 mg/kg/day
25,000+ 25,0001
20,000+ 20,000+
[&] [S]
5 15,0004 ) E
2 <15’000
10,0001 10,000+
T
5,000+ LLnd 5,000+ P ook
ol ~ = D . -
D1 D5 D1 D5 D1 DS D1 D10 D1 D10 D1 D10
Distance Tail-flick Hot-plate Distance Tailflick Hot-plate

Figure 5. Overall behavioral and antinociceptive effects after long-term morphine administration.
Area under the curves (AUC) for distance travelled and antinociception over a period of 180 min
post-administration of subcutaneous morphine at different days through a treatment period. The
curves used to calculate these AUC values are shown in Figure 1A and Supplementary Figures S4A
and S6. Morphine was administered daily as 5 mg/kg (b.i.d.) (A), 10 mg/kg b.i.d. over 5 days, or
(B) 10 mg/kg b.i.d. over 10 days. D1, D5, and D10 represent day 1, day 5, and day 10, respectively.
Antinociception was assessed by tail-flick assay (TF) and hot-plate assay (HP). Values are presented
as mean + SEM (n = 6 animals per group). Statistically significant (p < 0.05) differences from day 1
for all treatment groups are shown as *** p < 0.001, **** p < 0.0001 and were calculated using unpaired
t-tests. Error bars are present in all graphs but are sometimes too small to be visible.

3. Discussion

Morphine is the gold standard for the treatment of chronic or cancer pain. Neverthe-
less, long-term use of morphine is severely limited by its biphasic effects on motor behavior
(inhibitory or excitatory) and the manifestation of analgesic tolerance (i.e., reduced anal-
gesic efficacy). Despite increased knowledge of the different activities of morphine, little is
known about how dosing regimens affect the manifestation of motor behavioral effects.
Euphoria, lethargy, or drowsiness are very common clinical side effects of morphine [22,23]
and are mirrored by morphine-induced hypoactivity reported in rodents [24]. The relation-
ship between the behavioral effects of morphine, antinociceptive tolerance, and morphine
dosing has been elusive, mainly due to reported inconsistencies in experimental results,
which are likely the consequence of different experimental approaches with regards to
the route of administration, formulation of morphine, type of animals used, as well as
treatment protocols (dose, frequency, or duration of treatment) [9,10,12,25]. All these ex-
perimental variables are likely to influence the effect of morphine on motor behavior and
therefore highlight the need to examine the relationship between morphine’s behavioral
effects and dosing in a unified model. Understanding how morphine dosing contributes to
behavior is crucial for future clinical strategies to reduce morphine’s side effects.
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We assessed hypoactivity by monitoring the major parameters of locomotor activity
(distance, speed, moving time, rotational behavior, and rearing), as surrogate markers
for morphine-induced motor side effects. Locomotor activity was previously used to
assess behavioral side effects after acute or chronic treatment with morphine [12-14].
However, basic locomotion alone cannot represent all facets of drug-induced behavioral
changes—combining it with additional behavioral parameters is a much more promising
approach [13].

This study confirmed that subcutaneous administration of morphine produces loco-
motor suppression in rats after acute administration, which is in agreement with previous
studies [10,13,14,26]. We also showed that repetitive morphine administration (twice a
day) resulted in locomotor tolerance after 5 days, the extent of which depended on the
dose administered (partial tolerance at 5 mg/kg b.i.d. and full tolerance at 10 mg/kg
b.i.d.). The tolerance profile for the behavioral effect of morphine seemed to manifest
in parallel to antinociceptive tolerance, as we recently described [8]. Similar to the basal
antinociceptive effects reported previously [8], basal locomotor activities (locomotor, rota-
tion, and rearing activities) were also unaffected by repeated morphine dosing over two
weeks, which supports a previous report [17]. Therefore, morphine showed no residual
effects on behavior or antinociception after repeated dosing over two weeks. Noticeably,
no behavioral changes in control rats were observed in comparison to the effects of day 1,
which indicated that the 0.9% w/v sodium chloride solution or repeated measurements
did not affect the development of behavioral tolerance. However, future follow-up studies
should include longer periods of vehicle treatment, similar to morphine treatment regimens
to provide more evidence for this observation.

The biphasic motor effect of morphine has been known for quite a while but has been
mainly described in acute and short-term morphine administration protocols [9,12-14,26-28].
The present study described the manifestation profile of behavioral excitatory state (i.e.,
rate of increase and timing of expression) in detail, which is vital to understand the under-
lying mechanisms. This study also described the effect of the morphine dosing regimen for
the expression of morphine-induced hyperactivity. When the morphine dosing regimen
changes after the occurrence of hyperactivity, such as 10 mg/kg (b.i.d.) — 20 mg/kg/day
(once daily), the strong suppressive effect of morphine returns to the pro-hyperactivity
levels and results in morphine-induced hypoactivity manifestation (Figure 3). Our data
also show that the morphine-induced excitatory effect results from morphine-induced
tolerance on motor behavior, which can be reversed by an increased dose, similarly to how
antinociceptive tolerance can be reversed by a dose increase [8].

Activation of the MOP receptor by an agonist (e.g., morphine) increases dopamine
levels in the brain [29,30]. Morphine-induced hyperactivity can be reduced by blocking
dopaminergic receptors, but these are not specific to the dopaminergic system [12,31]. The
higher AUC of behavioral activities of animals treated with morphine over a few days
clearly indicates that the locomotion-related behavioral effects changed over this time
using a specific dose. In our study, the effects of morphine were dependent on the dose
administered and the dosage regimen, as the AUCs of locomotor activities were statistically
lower (over the entire 14 days) with lower doses compared to the higher dose group.

Opioid-induced turning, circling, or rotation is mainly mediated by the dopaminergic
system [32,33], and circling animal models have been used to assess anti-Parkinson’s
disease drugs [34]. The rotating or turning behavior in this study was suppressed in line
with a suppression of general locomotion after acute treatment of morphine with a similar
time kinetic, which replicates previous studies [35,36]. We also showed that the rotational
behavior is subjected to morphine-induced tolerance, similarly to locomotion (Figure 2),
suggesting a strong link of this behavior to the opioidergic system.

Rearing activity is an exploratory behavior of rodents related to information gathering
or cognitive behavior [37]. Little or no rearing in the open field may indicate motor
impairment [38]. Therefore, unsurprisingly, changes in rearing behavior are also influenced
by benzodiazepine treatment [39], which suggests that other neuronal systems might
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be more important for this behavior. Rearing is related to gamma-aminobutyric (GABA)
neurotransmission controlled by the GABA 4 receptor in the hippocampus [40]. Locomotion
and rearing are positively correlated and are very reliable factors for exploratory behavior
in untreated animals [9,41]. Here, we showed that morphine reduces rearing activities due
to repetitive treatment with both low and high doses of morphine, in line with previous
studies [42]. However, the morphine-induced suppression of rearing was not associated
with tolerance, irrespective of the morphine dose used, the changes in dosing regimen,
and the length of treatment (Figure 2). The different effects on rearing behavior compared
to the rest of the motor behaviors tested (free moving and rotation) could indicate that
additional non-opioidergic systems that affect brain areas involved in motor control of this
behavior alleviate or delay the manifestation of tolerance in rearing.

In summary, our results illustrate that a lower morphine dose reduced motor behavior,
which was subject to behavioral tolerance after repetitive administration but did not lead to
subsequent behavioral hyperexcitation. In contrast, animals treated with a higher morphine
dose developed acute motor-suppressive behavior that quickly desensitized to basal levels
and progressed to an excitatory phase after 10 days, which was parallel to the development
of antinociceptive tolerance [8]. Therefore, morphine dosing plays a crucial role in the
manifestation of motor behavioral tolerance that follows a similar pattern to antinociceptive
tolerance. The kinetics of morphine-induced suppression of motor behavior and subse-
quent behavioral tolerance were similar to those of antinociception and antinociceptive
tolerance, as reported previously [8]. In contrast, rearing showed a distinctive resistance to
tolerance and dosing changes. Our results suggest that morphine dosing determines the
expression profile of behavioral effects by morphine and that antinociceptive tolerance is
linked to the morphine-induced hyper-excitatory phase of behavior.

4. Materials and Methods
4.1. Animal Maintenance and Care

Eighteen male Sprague-Dawley (SD) rats (234.0 £ 6.1 g, 8 weeks) were housed as three
littermates per cage at 22 °C with 50-60% humidity under an automated 12-h day/night
cycle (lights on at 7:00 a.m.) with free access to food and water. All procedures were
approved by the University of Tasmania Animal Ethics Committee (A0013864) and were
conducted according to The Australian Code for the Care and Use of Animals for Scientific
Purposes and in compliance with the ARRIVE guidelines [43,44]. Animals were handled
for 5-6 days before starting the experiments and acclimatized to the test environment for
2 h in home cases prior to daily experiments.

4.2. Treatment Protocol

Body weight was recorded daily immediately before experiments. Animals were
divided into three subgroups using a completely randomized design as previously de-
scribed [45]. Two sub-groups of animals received different morphine dosing. Group A
(n = 6): morphine sulfate 5 mg/kg (twice daily) for 5 days, followed by a single dose (once
daily) of 10 mg/kg from day 6 to 14. Group B (1 = 6): morphine sulfate 10 mg/kg (twice
daily) for 10 days, followed by a single dose (once daily) of 20 mg/kg from day 11 to
14, as described in a previous study [8]. Commercially available 30 mg/mL morphine
sulfate solution (Hameln Pharmaceuticals GmbH, Hamelin, Germany) was administered
by daily subcutaneous injections between the left thigh and the spinal cord for group B.
For group A, morphine sulfate was diluted to 15 mg/mL with sterile 0.9% w/v sodium
chloride solution immediately before injections, as we described previously in another
study [15]. The third sub-group, group C (n = 6), was a control group of animals were
treated similarly with sterile 0.9% w/v sodium chloride solution in water (b.i.d.) for 3 days.
Injection volumes, morphine doses, dilution, and timing of injections were selected based
on our previous results [8]. The illumination intensity of the laboratory was reduced prior
to and during experiments to minimize discomfort to the animals. At the end of each study,
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animals were anesthetized with 5% (w/v) isoflurane in oxygen at a flow rate of 1 L/min
before decapitation.

4.3. Locomotor Activity Measurements

Behavior was tested in an open-field arena in an automated Multi-Conditioning
System (MCS) (TSE GmbH, Homburg, Germany) pre- and post- (15, 30, 60, 120 and
180 min) administration of morphine over 5 min on the first and the last treatment day
of the same dose, since a 5 min observation period is widely used [9,13,15]. On all other
treatment days, the rats were tested only for baseline behavior (pre-) and 30 min post-
administration of morphine, representing the time-point of morphine-induced maximal
behavioral suppression on day 1. Similarly, open-field behaviors of control-group animals
were measured after 30 min post-injection time-point for three consecutive days. Behavioral
testing included seven different parameters (moving time, total distance traveled, speed,
rotation numbers, rearing numbers, rotation time, and rearing time). Speed (m/s) was
calculated as distance traveled (m) divided by the corresponding moving time (s). Rotation
numbers were calculated as the sum of clockwise and counterclockwise rotations. MCS
included an internal noise/light/temperature insulation system and a 3D infrared beam
frame that provided fast (100 Hz) and accurate animal movement (TSE ActiMot) combined
with high-resolution video monitoring. The open-field arena was thoroughly cleaned
and dried between each animal. A background noise (20 dB) was used to cancel out any
unexpected laboratory sounds during experiments. The area under the curves (AUC)
was calculated by the trapezoid method using GraphPad Prism V6 software (GraphPad
Software Inc., La Jolla, CA, USA). Morphine treatment and behavioral measurements at
different time-points are represented in a schematic diagram (Figure 6).
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Basal measurements ? Daily morphine post-injection measurement time-points
(10 to -1 min) (30 min)
) | | | -
—~ OF Body weight 0 min OF
(-10 to -2 min) (-1 min)
B Morphine Post-injection time-points of 1% and last treatment day of a morphine dose
Basal measurements « »
(-10 to -1 min) ? 15 min 30 min 60 min 120 min 180 min
g I T T 1 II: l_H l—l—l '—-l—l l_l_l
- OF TFL HPL Body we.ighto min OF TFL HPL OF TFL HPL OF TFL HPL OF TFL HPL OF TFL HPL
(-10to -2 min) (-1 min)

Figure 6. Schematic representation of the morphine treatment as well as behavioral and antinociception assessments used

in the study. Animals were treated daily for baseline behavior (pre-) and 30 min post-administration of morphine (A), or

pre- and post- (15, 30, 60, 120 and 180 min) administration of morphine on the first and the last treatment day of a morphine

dose (B). The main assessment of motor behavior was calculated using data from open-field tests (OF). Antinociception was

followed in order to validate the effect of morphine on the animals and be able to relate morphine’s antinociceptive effect

with the produced motor behaviors after repeated drug administrations. Antinociception assessment was performed using
tail-flick (TFL) and hot-plate (HPL) tests.

4.4. Assessment of Antinociception

Nociceptive thresholds were measured by tail-flick and hot-plate assay using equip-
ment purchased from Ugo Basile (Comerio, Italy. Animals were tested randomly to avoid
any bias effects due to multiple repeated measurements. The maximum exposure to the
nociceptive thermal stimulus was 15 s for the tail-flick (basal latency: 4.3 & 0.2 s) and
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30 s for the hot-plate assay (basal latency: 5.7 & 0.3 s). The infrared intensity of the tail-
flick photocell was set at 30, whereas the plate temperature of the hot-plate was set at
54 + 0.5 °C. The experimental settings for antinociceptive measurements used in this study
were previously described [8,46—48]. Every rat was tested immediately prior to morphine
administration as well as 15, 30, 60, and 120 min post-administration using both assays
only on the first and the last treatment day (Figure 6). Measurements were conducted in a
blinded manner, and the mean of three independent measurements for each time-point
with a 1 min interval between measurements was recorded to minimize the operator’s
handling effects. The maximum possible effect (MPE) was defined as MPE % =100 x [(test
latency-basal latency)/(cut-off time-basal latency)] as previously described [49]. The area
under the curves (AUC) was calculated by the trapezoid method using GraphPad Prism
V6 software (GraphPad Software Inc., La Jolla, CA, USA).

4.5. Statistical Analysis

The area under the curves (AUC) was calculated by the trapezoid method using
GraphPad Prism V6 software (GraphPad Software Inc., La Jolla, CA, USA). Data are
expressed as mean + SEM and analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test (for comparisons between three or more animal groups) or unpaired ¢-test
(for comparisons between two groups of animals). Multiple comparisons (Dunnett’s test)
were employed when F achieved p < 0.05, and there was no significant variance in the
homogeneity. A ‘p’ value less than 0.05 was considered statistically significant.

Supplementary Materials: The following are available online. Figure S1: Basal basic locomotor ac-
tivities of rats. Figure S2: Basal advanced locomotor activities (rotation and rearing) of rats. Figure S3.
Locomotor activities of control animals after repeated treatment. Figure S4: Time-resolved basic loco-
motor activities after repeated morphine treatment. Figure S5: Time-resolved advanced locomotor
activities (rotation and rearing) after repeated morphine administration. Figure S6: Antinociceptive
effects of daily morphine treated rats.
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Abstract: Antipruritic effects of kappa opioid receptor (KOR) agonists have been shown in rodent
models of acute and chronic scratching (itchlike behavior). Three KOR agonists, nalfurafine, dife-
likefalin, and nalbuphine, are in clinical studies for antipruritic effects in chronic itch of systemic
and skin diseases. Nalfurafine (in Japan) and difelikefalin (in the USA) were approved to be used
in the treatment of chronic itch in hemodialysis patients. The FDA-approved nalbuphine has been
used in clinic for over 40 years, and it is the only narcotic agonist that is not scheduled. We aimed to
study (a) antiscratch activity of nalbuphine against TAT-HIV-1 protein (controls HIV transcription)-,
deoxycholic acid (DCA, bile acid)-, and chloroquine (CQ)-induced scratching in a mouse model of
acute itch; and (b) whether the effect of nalbuphine is produced via KORs. First, dose-responses
were developed for pruritogens. Mice were pretreated with nalbuphine (0.3-10 mg/kg) and then a
submaximal dose of pruritogens were administered and the number of scratching bouts was counted.
To study if the antiscratch effect of nalbuphine is produced via KOR, we used KOR knock out mice
and pharmacologic inhibition of KORs using nor-binaltorphimine, a KOR antagonist. For this aim, we
used CQ as a pruritogen. We found that: (a) TAT-HIV-1 protein elicits scratching in a dose-dependent
manner; (b) nalbuphine inhibits scratching induced by TAT-HIV-1, DCA, and CQ dose-dependently;
and (c) nalbuphine inhibits scratching induced by CQ through KORs. In conclusion, nalbuphine
inhibits scratching elicited by multiple pruritogens.

Keywords: nalbuphine; kappa opioid receptor agonist; pruritis; scratching; mice; TAT-HIV; cholesta-
sis; chloroquine; deoxycholic acid

1. Introduction

As of today, three kappa opioid receptor (KOR) agonists, nalfurafine (TRK-820,
Remich®), difelikefalin (CR845, Korsuva™), and nalbuphine (Haduvio™, KOR agonist
and a weak mu opioid receptor partial agonist) (Figure 1) are in clinical studies for treating
chronic itch of chronic kidney disease, cholestatic liver disease, and atopic dermatitis [1-4].
Further, nalfurafine was approved in Japan and recently, difelikefalin was approved by the
FDA in the USA (https://korsuva.com) (accessed on 2 September 2021) for the treatment
of chronic itch in hemodialysis patients. Evidence for the involvement of KORs and for
the antipruritic activity of KOR agonists go back to early 1980s. Gmerek and Cowan [5]
introduced a rat model that allowed quantitative measurements of scratching (itch like
behavior) by intracerebroventricular administration of bombesin, a tetradecapeptide origi-
nally isolated from frog skin and a homolog of mammalian gastrin-releasing factor (GRP).
Bombesin induced excessive grooming and scratching of the face, head, and neck with
the hindpaws in a dose-dependent manner [5]. Later, GRP was identified as one of the
mediators for itch transmission at the spinal cord level [6,7]. For the first time, Gmerek
and Cowan reported that systemic administration of early benzomorphan KOR agonists
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(e.g, bremazocine, cyclazocine, ketocyclazocine and pentazocine) significantly reduced
bombesin-induced grooming and scratching in rats in a dose-dependent manner in 1984 [8].
Another early piece of evidence was the observation of excessive scratching in monkeys
during withdrawal from chronic administration of the KOR agonist U50,488 [9]. Recently,
it was shown that B5-I inhibitory neurons express Dynorphin, an endogenous KOR agonist,
and inhibit itch sensation at the spinal level [10,11].

NH,

N/\\7 o
on 2% e 51
_ o 7 o NH,

e : N ‘ N\/

NH [0} o]
HO 0" H N 2 =
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Nalfurafine Difelikefalin

Nalbuphine

Figure 1. Chemical structures of nalfurafine, difelikefalin, and nalbuphine.

Our interest was predominantly in nalbuphine, an FDA-approved analgesic that has
been known over 40 years. It is the only narcotic agonist currently unscheduled. Based on
GTPgS binding assays, nalbuphine was described as a full agonist on kappa opioid recep-
tors and a weak partial agonist on mu opioid receptors. Nalbuphine both stimulated [355]
GTPgS binding mediated by the mu opioid receptor and inhibited DAMGO-stimulated
[35S] GTPgS binding in cultured cells [12-14]. The results of the earliest preclinical and clin-
ical studies suggest that nalbuphine is a highly effective analgesic with minimal respiratory
depression, inhibition of gastrointestinal transit, analgesic tolerance, physical dependence,
and psychotomimetic potential (dysphoria only at doses beyond the therapeutic range) [15].
Hawi et al. [16] showed antiscratch activity of nalbuphine in mice against Substance-P-
induced acute scratching. We reported that acute systemic administration of nalbuphine
also significantly reduced scratching in mice with chronic contact dermatitis [17]. Chronic
itch is a very unpleasant symptom of skin and systemic diseases such as chronic kidney
disease, cholestatic liver disease, some cancers, hematologic diseases, psychiatric diseases,
and neuropathies, or is idiopathic with no reason. One third of the dermatology patients
have chronic itch [18] and, overall, nearly 15% of the general population have this symp-
tom [19,20]. The quality of life of patients with chronic itch is affected seriously. Patients
can suffer from sleep deprivation, agitation, depression, suicidal thoughts, and difficulty
concentrating [21,22]. Chronic itch is also reported in HIV-infected patients with or without
skin conditions [23,24]. Chronic itch could be related common forms of dermatosis, such
as seborrheic dermatitis, psoriasis, prurigo nodularis, as well as HIV-associated pruritic
popular eruptions, and eosinophilic folliculitis. TAT-HIV-1, a viral protein that controls
HIV-transcription, plays an important role in the development of HIV-1 infection as well
as in the pathogenesis of complications such as dementia, cardiovascular diseases, and
retinal diseases. For example, it was shown that exposure of TAT-HIV-1 induces cytotoxic
effects in human brain microvascular endothelial cells [25] and causes apoptotic cell death
in retinal pigment epithelial cells [26]. We aimed to study whether nalbuphine would be
effective against scratching in mouse models of HIV and cholestasis, as well as chloroquine
(CQ)-induced scratching. We first studied whether behind the neck injection of TAT-HIV-1
protein would elicit scratching in mice. We used previously shown induction of scratching
by behind the neck injection of a bile acid, deoxycholic acid to study cholestasis [27,28]. We
had shown previously that nalfurafine inhibits scratching induced by CQ [29], so lastly,
we studied whether nalbuphine, like nalfurafine, would inhibit scratching in mice. We
also studied whether antiscratch activity of nalbuphine is produced through KORs in
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mice injected with CQ. The results of these studies will be beneficial for treatment of HIV-
and cholestasis-related chronic itch, as well as itch due to CQ for treatment for malaria in
susceptible individuals [30].

2. Results
2.1. TAT-HIV-1 Induces Scratching and Nalbuphine Inhibits Scratching in a
Dose-Dependent Manner

As seen in Figure 2a, behind the neck (s.c.) administration of TAT-HIV-1 elicited
scratching dose-dependently in mice. TAT-HIV-1 at 0.3 and 1 mg/kg doses induced scratch-
ing behavior significantly compared to saline (one-way ANOVA followed by Dunnett’s
multiple comparison, *** p < 0.001, *** p < 0.0001). At 1 mg/kg, 124 + 6 scratching bouts
was observed in 30 min. Next, we pretreated (—30 min) mice with either saline or nal-
buphine (0.3-10 mg/kg, s.c.) and then a submaximum dose (0.3 mg/kg) of TAT-HIV-1
was injected the nape of the mice. Nalbuphine alleviated TAT-HIV-1-induced scratch-
ing in a dose-dependent manner (Figure 2b). Nalbuphine at 3 and 10 mg/kg inhibited
scratching significantly compared to control (* p < 0.05, ** p < 0.01). As seen in Figure 2c,
nalbuphine at 10 mg/kg also significantly inhibited scratching elicited by the maximum
dose of TAT-HIV-1 (1 mg/kg) (**** p < 0.0001).
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Figure 2. Subcutaneous behind the neck injection of TAT-HIV-1 induces scratching in a dose-
dependent manner. (a) Mice were administered saline (s.c., flank area) and then 30 min later they
were injected with either saline or TAT-HIV-1 (0.1-1 mg/kg, behind the neck). One min following in-
jections, the number of scratching bouts was counted for 30 min. Both TAT-HIV-1 at 0.3 and 1 mg/kg
elicited scratching significantly compared to saline (one-way ANOVA followed by Dunnett’s multiple
comparison; *** p < 0.001, *** p < 0.0001; n = 6). Nalbuphine inhibits TAT-HIV-1-induced scratching
in a dose-dependent manner; (b) Nalbuphine at 3 and 10 mg/kg doses inhibited scratching elicited
by submaximal dose of TAT-HIV-1 (0.3 mg/kg) significantly compared to control (one-way ANOVA
followed by Dunnett’s multiple comparison; * p < 0.05, ** p < 0.01; n = 6). Nalbuphine at 10 mg/kg
also alleviated scratching induced by maximum dose of TAT-HIV-1 (1 mg/kg); (c) (unpaired Student’s
t-test; **** p < 0.0001; n = 6). Swiss—Webster mice were used for these studies.

2.2. Nalbuphine Inhibits Deoxycholic Acid-Induced Scratching

Deoxycholic acid in doses of 0.3-10 mg/kg induced scratching (Figure 3a). While the
number of scratching bouts was 47.5 & 11 at 0.3 mg/kg, 144 & 40 scratching bouts was
observed at 10 mg/kg dose of DCA. Nalbuphine at 10 mg/kg was administered 30 min
before DCA 3 mg/kg to test whether nalbuphine also inhibits DCA-induced scratching.
As seen in Figure 3b, nalbuphine significantly reduced scratching bouts induced by DCA
(Unpaired Student’s t-test; ** p < 0.01).
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Figure 3. Nalbuphine inhibits DCA-induced scratching. DCA at 1, 3, and 10 mg/kg induces
significant scratching compared to saline. (a) (one-way ANOVA followed by Dunnett’s multiple
comparison; * p < 0.05, *** p < 0.001; n = 7-8). Pretreatment with nalbuphine 10 mg/kg significantly
reduces the number of scratching bouts in 30 min; (b) (unpaired Student’s t-test; ** p < 0.01); n = 6).
Swiss—Webster mice were used for these studies.

2.3. Nalbuphine Inhibits CQ-Induced Scratching through KOR

Nalbuphine (1-10 mg/kg) significantly inhibited scratching bouts induced by submax-
imal dose of CQ, as seen in Figure 4a (* p < 0.05, *** p < 0.001). Next, we studied whether
the antipruritic effects of nalbuphine function via through KORs. WT C57BL /6] mice did
not respond to nalbuphine 10 mg/kg in the same manner as did Swiss—Webster mice. As
seen in Figure 4b, nalbuphine at 10 mg/kg did not significantly reduced the number of
scratching bouts induced by CQ. Then, we tried nalbuphine at 20 mg/kg in C57BL/6] mice.
The animals moved freely and did not show behavioral depression against a higher dose
of nalbuphine. A significant decrease in scratching was observed with nalbuphine on WT
mice. However, nalbuphine did not have any effect on KOR KO mice. The pharmacological
inhibition of KORs using nor-BNI also showed similar results. In Swiss—Webster mice
pretreated with nor-BNI, nalbuphine did not inhibit CQ-induced scratching (Figure 4c).
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Figure 4. Nalbuphine significantly reduced CQ-induced scratching bouts in a dose-dependent
manner. (a) Swiss—-Webster mice were injected with either saline or nalbuphine (1, 3, or 10 mg/kg).
Thirty min later, they were administered a submaximal dose (10 mg/kg, s.c., behind the neck) of
CQ. Then, the number of scratching bouts was counted for 30 min. Nalbuphine did not decrease
scratching in KOR KO mice; (b) Nalbuphine at 10 mg/kg did not have significant effect in C57BL/6]
WT mice as in Swiss—Webster. Nalbuphine at 20 mg/kg significantly reduced scratching induced by
CQ in WT mice, but not in KOR KO mice. Nalbuphine had no antiscratch effect in Swiss—Webster
mice pretreated with nor-BNI; (c) Mice were administered with nor-BNI or saline 20 h before the
nalbuphine injection. Then, mice received either saline or nalbuphine. Thirty min later, they were
injected with CQ. Nalbuphine significantly reduced scratching in mice pretreated with saline the
day before; however, no significant effect was observed in mice pretreated with nor-BNI. (one-
way ANOVA followed by Dunnett’s multiple comparison; * p < 0.05, ** p < 0.01, ** p < 0.001,
% p < 0.0001; n = 7-8).

3. Discussion

The results of these studies clearly indicate that nalbuphine, a kappa opioid receptor
agonist, alleviate scratching bouts elicited by chemically different pruritogens, TAT-HIV-1
protein, DCA, and chloroquine. Additionally, we have shown that antiscratch effect of
nalbuphine in CQ-induced scratching operates via KORs. Here, for the first time we report
that TAT-HIV-1 protein induces scratching behavior in mice in a dose-dependent manner
when it is given s.c. behind the neck. As expected, DCA also elicited scratching in our
study in mice, as previously reported [27,28]. Nalbuphine inhibited scratching induced by
CQ as well.
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As seen in Figure 2a, the TAT-HIV-1 protein elicited scratching behavior
dose-dependently. The highest dose (1 mg/kg) that we used caused average of 124 + 6
scratching bouts in 30 min. Pretreating mice with nalbuphine (10 mg/kg) significantly
reduced scratching to an average of 20 £ 7 (Figure 2b). Previously, it was reported that
U50,488, a KOR agonist, inhibited HIV-1 expression in human microglia and
macrophages [31,32]. Additionally, neurotoxicity-induced by HIV-1 was suppressed by
U50, 488 in human microglia cell culture [32]. In the same study, the authors additionally
reported that neuroprotective effect of U50,488 was through KORs. In another study;,
inhibition of TAT-HIV-1-induced production of chemokine, chemoattractant protein-1 in
human astrocytes by U50,488 was reported via KORs since nor-BNI blocked the effect of
U50,488 [33]. Skin diseases can develop in almost 90% of HIV-positive patients [24,34,35].
Prevalence of chronic pruritus in HIV-positive patients has been reported as 31% from a
study conducted in Spain [36] and 45% from a study conducted in southeastern United
States [37]. In the later study, itch was found to have a significant negative impact on
quality of patient life. In a study including over 4000 HIV patients, it was shown that
African Americans are at a higher risk of developing pruritic skin conditions compared to
race-matched controls and white patients [38]. TAT-HIV-1 protein might be a contributing
factor in the pathogenesis of chronic itch in HIV-positive patients. HIV-infected patients
can be targeted with the antipruritic effect of nalbuphine in clinical studies.

As expected, the behind the neck injection of DCA induced scratching beginning at
1 mg/kg in a dose-dependent manner (Figure 3a). Nalbuphine 10 mg/kg was studied
against one dose of DCA (3 mg/kg) and it was found that nalbuphine significantly reduced
DCA-induced scratching bouts, as shown in Figure 3b. Pathogenesis of chronic pruritus of
cholestasis is still elusive. It was reported that multiple mediators contribute in the same
way as bile acids (by activating TGR5 receptors), endogenous opioid peptides, activation
of autotoxin [39,40]. Still, there is no effective treatment against pruritus of cholestasis;
however, promising clinical studies with KOR agonists are being developed (https://www.
caratherapeutics.com/our-pipeline/; https:/ /www.trevitherapeutics.com/pipeline/ (ac-
cessed on 10 August 2021)). Golpanian et al. [41] reported that butorphanol, a partial KOR
agonist and mu opioid receptor antagonist, significantly reduced itch severity in five out of
eight patients. We have previously reported that nalfurafine inhibits scratching in rats with
cholestasis induced by chronic ethylene estradiol injections [42]. In a recently developed
mice model of cholestasis (partial ligation of bile duct), authors reported that naloxone,
U50,488, and clonidine (an o2-adrenoceptor agonist) significantly reduced scratching [43].

CQ has been shown to cause scratching in both humans and in rodents. CQ induce
itch in healthy volunteers [44] and in patients during the treatment of malaria [45]. CQ
elicits scratching behavior in rats [46] and in mice [29,47]. It was shown that CQ binds
to Mas-related G-protein coupled receptor (Mrgprs) A3/X1 [48]. Multiple mediators and
receptors are also involved in CQ-induced itch and are accepted as non-histaminergic
itch [30]. Previously, we reported that CQ elicited-scratching was significantly reduced
by pretreatment with nalfurafine in mice [29]. Munanairi et al. [49] reported that KOR
and GRPR overlap at the spinal cord and activation of KOR inhibits GRPR-mediated
itch in mice. Here, we showed that nalbuphine also inhibits CQ-induced scratching and
antiscratch activity of nalbuphine is through KORs in mice.

In conclusion, nalbuphine is effective to reduce the itch like behavior induced by the
TAT-HIV-1 protein (a protein is responsible for transcription of viruses and infection), DCA
(one of the mediators responsible for cholestatic pruritus), and CQ in mice model acute itch.
Since all these three conditions cause clinical itch in humans, we suggest that nalbuphine,
a drug that has been in clinical use for over 40 years and is not a scheduled agent, will be
effective for treating chronic itch in humans. Nalbuphine is already in clinical studies for
cholestasis, but a clinical trial for chronic itch in HIV patients could be added.
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4. Materials and Methods
4.1. Animals

Male Swiss—Webster mice (Taconic Biosciences, Germantown, NY, USA) and male
C57BL/6] WT and KOR KO mice (007558-B6.12952-Oprk1tm1Kff/], Jackson Laboratories,
Bar Harbor, ME, USA) weighing 25-30 g were used. WT and KOR KO mice were generated
by homozygous breeding. Animals were housed in a temperature- and humidity-controlled
environment with a 12-hr light-dark cycle. They were supplied with food and water ad
libitum. Before any procedure was initiated, the mice were acclimated for a week in the
animal facility. Behavioral testing was performed between 11:00 A.M. and 5:00 PM. All ani-
mal care and experimental procedures were approved by the Institutional Animal Care and
Use Committee of Temple University (protocol number 5021), conducted according to the
NIH Guide for the Care and Use of Laboratory Animals. Between 6 and 8 animals/group
were used for experiments.

4.2. Observation of Scratching Behavior

Acute scratching mouse model of itch described previously by Kuraishi et al. [50]
was used. Mice were acclimated individually in rectangular observation boxes for at least
an h before any injection or observation. Following acclimation, mice were injected s.c.
in the area behind the neck with either saline or TAT-HIV-1 (0.1-1 mg/kg), deoxycholic
acid (DCA, 0.3-10 mg/kg) to examine and develop dose-responses. One min after the
injections, mice were observed for 30 min and the number of hindleg scratches directed
to the back of the neck was counted by an observer. Since we have previously reported
dose-response for CQ, we only used a submaximal dose (10 mg/kg) of CQ for the studies.
To study whether nalbuphine would inhibit scratching induced by TAT-HIV, DCA, or CQ,
mice were pretreated with nalbuphine (0.3-10 mg/kg, s.c.) at —30 min. Then, they were
administered a fixed dose (submaximal dose) of pruritogen behind the neck area and they
were observed, and scratching bouts were counted.

To study whether nalbuphine alleviates scratching acting on KORs, both genetic and
pharmacologic approach was used to eliminate KORs. For the genetic approach, KOR
knock out (KO) and wildtype (WT) littermates of C57BL/6] mice were used. CQ was
chosen as pruritogen for this aim. Nalbuphine at 10 mg/kg, which significantly reduces
scratching in Swiss—Webster, mice did not inhibit scratching induced by CQ in C57BL/6]
mice. Then, we tried nalbuphine at 20 mg/kg, and we did not observe any behavioral
depression following administration. Mice were injected with nalbuphine or saline and
30 min later they were administered CQ behind the neck and the number of scratches was
counted for 30 min. For pharmacologic approach, Swiss—Webster mice were pretreated with
either saline or norbinaltorphimine (nor-BNI, 20 mg/kg, intraperitoneally) at —20 h. The
next day, mice were administered either saline or a fixed dose of nalbuphine (10 mg/kg).
Thirty min later, saline or CQ was injected behind the neck of the mice. One min following
injection, the scratching bouts were counted for 30 min.

4.3. Chemicals

Nalbuphine HCl, deoxycholic acid, and chloroquine were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and dissolved in saline. TAT-HIV-1 (32-62) was a generous
gift from Phoenix Pharmaceuticals (Burlingame, CA, USA) and dissolved in saline. Com-
pounds were administered as 0.1 mL/10 g body weight.
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Abstract: Neuropeptides serve as neurohormones and local paracrine regulators that control neural
networks regulating behavior, endocrine system and sensorimotor functions. Their expression
is characterized by exceptionally restricted profiles. Circuit-specific and adaptive expression of
neuropeptide genes may be defined by transcriptional and epigenetic mechanisms controlled by
cell type and subtype sequence-specific transcription factors, insulators and silencers. The opioid
peptide dynorphins play a critical role in neurological and psychiatric disorders, pain processing
and stress, while their mutations cause profound neurodegeneration in the human brain. In this
review, we focus on the prodynorphin gene as a model for the in-depth epigenetic and transcriptional
analysis of expression of the neuropeptide genes. Prodynorphin studies may provide a framework
for analysis of mechanisms relevant for regulation of neuropeptide genes in normal and pathological

human brain.

Keywords: prodynorphin; epigenetics; transcription; human brain

1. Introduction

Neuropeptides serve as neurohormones and local paracrine regulators. They control
activity of neural circuits processing information relevant for behavioral, sensorimotor,
endocrine and other processes [1]. Circuit functions and interaction between circuits are
ultimately defined by cell-lineage and cell-type specific neuropeptide transcription that is
regulated by epigenetic machinery.

Opioid peptides constitute the largest neuropeptide family. They include dynorphins,
enkephalins, endorphins, and nociceptin/orphanin FQ that are processed from the pro-
dynorphin (PDYN), proenkephalin, proopiomelanocortin, and pronociceptin precursor
proteins. Effects of these peptides are mediated by k- (KOR), 6-, p-opioid receptors, and
nociceptin receptor. Dynorphins are endogenous KOR ligands [2,3] acting through mitogen-
activated protein kinases [4]. Dynorphins are expressed in the striatum, hippocampus,
hypothalamus, amygdala and other brain areas, and, at the highest levels, in the pituitary
gland suggesting their neuroendocrine functions [5,6].

The PDYN/KOR system regulates processing of reward, mood, nociception, stress
response, and motor and cardiovascular functions [2,3,7-10]. Dysregulation of opioid
peptides may cause depression, epilepsy and substance dependence [11-17]. Strikingly,
mutations in dynorphins cause spinocerebellar ataxia SCA23 characterized by profound
neurodegeneration in the brain of affected subjects [18-20]. Dynorphin expression and/or
release is activated by stress [21]. The unique feature of KOR ligands is that they elicit
dysphoric effects when administered to humans [22] and aversion in rodents [12,23,24].
Dysphoria and anxiety evoked by stress contribute to drug abuse in humans [25] and
reinstatement of drug seeking in experimental animals [26]. Dysphoria induced by repeated
stress is mediated by dynorphins [7]. The prodynorphin gene (PDYN) is identified as a hub
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associated with the neuroticism that predicts psychological disorders [27]. Experiments
with KOR antagonists and gene deletion demonstrate that the endogenous dynorphins
are involved in regulation of alcohol consumption and alcohol dependence [12,28-31].
Withdrawal developed due to discontinuation of drug use is severely dysphoric. The KOR
mediated dynorphin effects may lead to negative mood and trigger “relief craving”, i.e.,
desire to suppress negative mood that often provokes drug-seeking in both human subjects
and laboratory animals. Genetic studies associate polymorphisms in the PDYN gene and
OPRK1, the KOR-encoding gene with heroin addiction, alcoholism, novelty seeking and
positive reward traits [32-37]. PDYN variations are also linked to negative craving in
alcohol-dependent subjects [38]. These pharmacological and genetic findings imply that
KOR antagonists have a potential for treatment of depression and alcoholism including
negative craving and relapse [39,40].

In this review, we focus on in-depth analysis of epigenetic and transcription mecha-
nisms of PDYN regulation in the human brain. Understanding of these mechanisms could
uncover general principles of regulation of neuropeptide genes that are specific for cell
types, neuronal subtypes, and neural circuits. Selective regulation of neuropeptides by
transcriptional and epigenetic mechanisms may underlie formation and rewiring of neural
circuits in the human brain as the cellular basis of behavior and cognition.

2. Prodynorphin Transcripts and Proteins in the Human Brain

The human PDYN gene gives rise to mRNAs translated to the full-length (FL) and
N-terminally truncated proteins (Figures 1 and 2).
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Figure 1. Human PDYN gene (modified screenshot from UCSC Genome Browser). (a) Gene structure.
(b) Promoter PDYN region with VNTR and TSSs. Conservation across vertebrates. (¢) Canonical
PDYN mRNAs and transcripts initiated in exon 4. Their conservation across vertebrates. Non-
coding sequences are shown by thin dark blue line; coding sequences by thick dark blue line; dynorphin
peptides-encoding sequences by yellow. CN, caudate nucleus; NAc, nucleus accumbens; Put, putamen.
Modified from [41].

Two transcription start sites (TSSs) were identified in the human PDYN gene by
targeted gene analysis [42] and FANTOM transcriptome analysis [43] (Figure 1c). The
first TSS cluster determines the 5’-end of exon 1, while the second cluster is located in the
coding segment of exon 4. PDYN mRNA giving rise to the full-length protein (FL1-PDYN
mRNA) consists of four exons and three introns (Figure 2a). Testis-specific transcripts with
alternative first exons (Taf I and Taf II) and the second FL mRNA (FL2), all differ from FL1
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in exon 1 structure [42,44]. Three variants (GTEx 1-3) of dominant FL-PDYN transcripts
that differ in the length of exon 1, the presence of exon 2 were identified by RNA-Seq
analysis (http:/ /www.gtexportal.org/home/, accessed on 6 May 2021 and Figure 2a). Sp1
and Sp2, and T1-T3 mRNAs are alternatively spliced 5'-truncated transcripts giving rise
to N-terminally truncated (T) proteins (Figure 2b). A fragment of coding exon 4 is absent
in Sp1, while exons 2 and 3 and a fragment of exon 4 are missed in Sp2 [42]. T1 and T2
are transcribed from the sites located between sequences coding for a-neoendorphin and
dynorphin A. TSSs in exons are not unique for PDYN and were identified in other genes
(Figure 2b) [45].
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Figure 2. PDYN mRNAs coding for the full-length (FL, (a)) and truncated proteins (b). (a) Transcripts
encoding FL-PDYN protein. The dominant FL1-PDYN and shorter transcripts including FL2-PDYN
and GTEx1-3 and testis-specific Taf I and Taf II transcripts differ in the first and second exons, and
in TSS. (b) PDYN mRNAs encoding truncated PDYN proteins including alternatively spliced Sp1,
Sp2, ASP-PDYN and ASP/NLS-PDYN transcripts, and transcripts initiated within the coding part of
exon 4 (T1 and T2). Signal peptide is truncated in both ASP- and ASP/NLS-PDYN. Putative nuclear
localization signal (NLS) is located in the dynorphin domain. Curved arrows show initiation of
translation. Modified from [46].

Exon 4 of human PDYN contains neuropeptide-encoding sequences, and also exhibits
a promoter activity enabling transcription of T1- and T2-PDYN mRNAs from the intragenic
TSSs. These variants give rise to N-terminally truncated 12 and 6 kDa PDYNSs that lack a
signal peptide. In cellular models, T1- and T2-proteins are targeted to the cell nucleus sug-
gesting their non-canonical functions [42]. Transcripts initiated in exon 4 are produced in
the amygdala, striatum and hippocampus (Figure 1c). The dynorphin encoding sequences
are also hot spot for mutations that cause the neurodegenerative disorder spinocerebellar
ataxia type 23 [18-20] (Figure 3a).

137



Molecules 2021, 26, 3458

a Translation initiation site

ASP-PDYN i | ] |
Exon1 ~2- {3 4

1

i

! { . .
Met14 Nuclear localization signal

""""""" Big Dynorphiﬁ.‘
1 L1l K
[ ] | 1] |
a-NE Dyn A DynB
175 184 207 223226 2368 254

SCA 23 pathogenic mutations
d

Figure 3. Structure of ASP-PDYN mRNA and protein, PDYN pathogenic mutations causing SCA23,
and nuclear localization of ASP-PDYN protein. (a) ASP-PDYN encode ASP-PDYN protein with
truncated signal peptide. Sequences of opioid peptides ax-neoendorphin («-NE), dynorphin A
(Dyn A), dynorphinB (Dyn B), and big dynorphin (Big Dyn) are shown in yellow. Pathogenic
mutations form a mutational hot spot that is localized within the pathogenic big dynorphin sequence
with dynorphin A as a core. (b,c) PDYN immunoreactivity (red) in the nuclei (green) of neurons in
the human caudate nucleus. (d) Double labeling (yellow) of neuronal nuclei (arrows) in 3D confocal
reconstruction projections. Scale bar, 20 pum. Modified from [46].

Besides FL1-PDYN mRNA, the gene gives rise to ASP-PDYN and ASP/NLS-PDYN
mRNAs that are alternatively spliced variants (Figure 2b). ASP-PDYN mRNA contains two
introns and three exons, and produces the ASP-PDYN protein that is translated from the
Mety4 and therefore lacks thirteen amino acids of the signal peptide (Figures 2b and 3a).
The ASP/NLS-PDYN protein in addition lacks a-neoendorphin and dynorphin A se-
quences [46]. ASP-PDYN mRNA is expressed in the striatum where its levels constitute
approximately 30% of total PDYN mRNA, while in other brain areas its expression is negli-
gible. ASP-PDYN protein has a putative bipartite nuclear localization signal (NLS) that has
a high score and is located in the opioid domain [46]. The NLS targets ASP-PDYN protein
to the cell nuclei. Biochemical methods and confocal imaging identified endogenous PDYN
protein in the nucleus of neurons in the human striatum (Figure 3b-d) [46]. Consistently,
electron microscopic analysis of rat nucleus accumbens demonstrated the presence of Pdyn
protein and dynorphin A in the neuronal nuclei along with its location in the smooth
endoplasmic reticulum [47]. Proenkephalin, another opioid peptide precursor, was found
in the cell nucleus in several cell lines [48,49].
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Bioinformatics analysis of PDYN, proenkephalin and proopiomelanocortin predicts
that these opioid peptide precursors may serve as DNA-binding proteins. They have
zinc-finger and helix-loop-helix domains that are similar to those of twist, hunchback, tal
and lil-1 transcription factors [50]. The cystein-rich pattern is perfectly conserved in the
opioid peptide precursors and fits to the pattern of zinc-finger domains of transcription
factors. Furthermore, the enkephalin sequences represent heptapeptide repeats typical for
helix-loop-helix DNA-binding motif.

Nuclear localization of neuropeptide precursor proteins is unusual phenomenon that
along with structure similarity with transcription factors predicts a novel transcriptional
and/or epigenetic function of these proteins. This function may be essential, at least for
PDYN, for area-specific regulations. This is supported by the presence of ASP-PDYN
mRNA in the human striatum but not in other human brain regions.

Long non-coding RNAs are RNA molecules that are not translated into proteins and
may function as gene-specific regulators of transcription and epigenetic modifications. The
AK090681 gene is transcribed from the opposite strand relative to PDYN in the locus and
gives rise to non-coding RNA [51]. The nucleus accumbens and cerebellum strongly differ
in PDYN and AK090681 expression. The levels of PDYN mRNA are 1,000-fold higher while
those of the AK090681 RNA are 20-fold lower in the nucleus accumbens vs. the cerebellum.
Long non-coding AK090681 RNA may be involved in regulation of PDYN transcription
(see Section 5.1).

In conclusion, transcription of the human PDYN gene is highly plastic resulting in
generation of a variety of mRNAs that give rise to several proteins serving as opioid peptide
precursors, or nuclear proteins that may regulate transcriptional and epigenetic processes.

3. PDYN Promoter Mapping and Identification of Transcription Factors

The conservation of PDYN promoter is weak across vertebrates besides short, about
300 nucleotides segment located upstream of the main TSSs (Figure 1b). At the same
time, the 1.25 kb PDYN promoter region shows similarity among humans, great apes and
monkey (Figure 1b). This region may be an example of the recent unique positive selection
of cis-regulation in human genome [52]. The low similarity between human and rodent
suggests that rodent models are not suitable for analysis of PDYN regulation associated
with human disorders.

The conserved 300 bp of human PDYN promoter fragment is responsible for basal and
protein kinase A-activated transcription. This fragment includes a downstream response
element (DRE) that mediates transcriptional repression. DRE is a DNA binding element
for the transcriptional repressor downstream regulatory element antagonist modulator
(DREAM), the Ca?*-binding transcriptional repressor [53]. DREAM inhibits PDYN tran-
scription while its genetic deletion results in upregulation of expression of this gene [54].
Complexing with alphaCREM, the CREM repressor isoform prevents DREAM-DRE bind-
ing and allows the cyclic AMP-dependent PDYN de-repression [55,56].

NEF-kB, a nuclear factor kappa-light chain-enhancer of activated B cells, and YY1,
Yin-Yang] transcription factors may regulate PDYN transcription [57-59]. They target the
exon 4 PDYN DNA sequences that encode dynorphin peptides. These findings suggest
that the neuropeptide sequences that are short, well conserved and present in several
copies in neuropeptide-encoding genes, may serve as binding elements for sequence-
specific transcription factors. These unique sequences may represent DNA signatures—
identifiers of the neuropeptide genes, allowing their selective transcriptional regulation.
This hypothesis is supported by the findings that the neuropeptide encoding sequences
in exon PDYN 4 may function as gene promoter and activate transcription of a reporter
gene [42].

Animal studies suggest that Pdyn may be regulated by AFosB, a component of Activa-
tor protein 1 (AP-1) transcription factor that consists of two protein subunits [60]. AFosB, a
truncated FosB protein was proposed as the major transcriptional integrator in addictive,
stress and psychiatric disorders [61]. Still, no detailed transcriptional analysis of AFOSB
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in human brain supports this hypothesis, and no study assessed yet if AFOSB is present
in the AP-1 complex and regulates human PDYN transcription. The expression levels
of AFOSB are very low or negligible in the human brain compared to those of two other
FOSB proteins. No changes in the levels of this protein were detected in addicted human
brain, and this protein is not present in the AP-1 transcription factor that targets the PDYN
AP-1 binding element [62]. Instead, the AP-1 dimer consists of FOSB and JUND subunits
in human brain. Thus, there is no evidence that AFosB is involved in human addiction
disorders [62].

4. Genetic Factors Contributing to PDYN Regulation

Human studies identified strong associations of SNPs in PDYN with alcoholism, drug
addiction, emotions and memory. Alcoholism and alcohol dependence are associated
with several SNPs in the PDYN 5'-promoter, exons 3 and 4, and 3'-untranslated region
(3’-UTR) [35]. The 3’-UTR contains of six SNPs that form a haplotype block associated
with alcohol dependence [35]. The risk haplotype is also associated with combined cocaine
dependence and cocaine—alcohol co-dependence along with cocaine dependence, and
likely enables low PDYN expression in the caudate and nucleus accumbens [63]. The
PDYN rs2281285-rs1997794 haplotype is associated with alcoholism and susceptibility for
drinking in negative emotional states [38,64].

Variable number tandem repeats (VNTR) are often associated with complex disease
traits. The 68 bp VNTR is located upstream of the PDYN main TSSs (Figure 4b). The
VNTR copy number varies from one to five in humans while a single copy is present in
nonhuman primates, and none in other animals [52]. The human VNTR elements have
five substitutions that differentiate them from chimpanzees. The DNA sequence similar
to the AP-1 binding element is located in the PDYN VNTR and may serve as a target for
this transcription factor [65]. The VNTR elements may contribute to PDYN regulation that
is dependent on their number, and cellular context [66]. The PDYN VNTR variants are
associated with epilepsy [11,67], cocaine dependence and abuse [68], schizophrenia [69],
opioid addiction [38,70,71], methamphetamine dependence [72,73], and cocaine/alcohol
co-dependence [74]. However, attempts to replicate these studies were generally unsuc-
cessful [6,75,76].
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Figure 4. Locus of human PDYN with targets for transcription factors. (a) Genomic organization
showing PDYN, the antisense AK090681 transcript and transcription factor targets deposited on UCSC
Genome Browser. (b) Verified and putative transcription factor binding elements, promoter VNTR,
CpG islands 1 and 2 (CGI 1 and CGI 2), PDYN pathogenic mutations causing neurodegeneration,
and DNase I hypersensitivity sequence (DHS), and CpG-SNPs association with alcoholism. Thin light
blue line shows non-coding RNA, thick dark blue line coding region, vertical yellow lines dynorphin
sequences. Modified from [41].
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5. PDYN Epigenetic Mechanisms
5.1. PDYN Regulation in Chromosomal Context

Strong signals of CTCF, the CCCTC-binding factor in the PDYN locus were detected
in a variety of cell lines in the genome-wide screen (Figure 4a). CTCF is a pleiotropic
transcription factor that may activate or repress gene transcription, and contribute to gene
insulation and imprinting. CTCF possesses eleven zinc fingers that may bind to diverse
DNA sequences and, by this virtue, may mediate intra- and interchromosomal interactions
by chromatin looping between insulators targeted by CTCF [77]. Chromatin domains
in these loops may be either activated [78] or repressed for their gene transcription [77]
through facilitation or inhibition of interactions of the enhancers and inhibitors with gene
promoters. Strong peaks of CTCF are located at putative boundaries of the PDYN gene
(Figure 4a) where they overlap with strong REST, MYC, MAX, USF1, EGR1 and ZNF143
signals. Localization of the sites occupied by CTCT corresponds to exons 3 and 4 of
long non-coding AK090681 RNA that are positioned on the complementary DNA strand
(Figure 4a).

Besides CTCF, the PDYN locus is regulated by RE1-Silencing Transcription Factor
(REST) that targets the neuron-restrictive silencer element RE-1 and acts as a transcriptional
repressor (Figure 4a; see Section 5.4). REST forms two peaks with the first located upstream
of the gene in proximity to the upstream CTCF site proximally to the gene. The second
peak is in the 3’-UTR. The emerging mechanism is that these two transcription factors may
control the locus specific PDYN transcription that is insulated from AK090681 by formation
of the chromatin loops due to CTCF binding (Figure 4a). Similar to other long non-coding
RNAs, the AK090681 long non-coding RNA may be involved in the regulation of gene
transcription by coordinating intrachromosomal looping and recruiting the chromatin
modifying factors.

Lack of cellular and animal models is a limiting factor in analysis of human PDYN
transcription in chromosomal context. Cell lines of rodent and human origin do not
generally express prodynorphin or transcribe it at much, approximately 1000-fold lower
levels compared to the brain. Furthermore, in in vitro cellular models PDYN transcription
is not responsive to pharmacological treatments that upregulate expression of this gene in
animal models.

5.2. DNA Methylation

The PDYN gene is transcribed mostly in neurons in the human brain [79,80]. The
neuronal expression may be controlled through methylation of two short adjacent differ-
entially methylated regions, DMR1 and DMR?2 in the promoter. Methylation patterns are
opposite between neurons and glia for each DMR, and also between the DMRs (Figure 5).
DMR1 comprises of a short, nucleosome size CpG island (CGI) that is hypomethylated
and enriched in 5-hydroxymethylcytosine in neurons, while hypermethylated in other
cell types.

The current paradigm is that DMRs are associated with CGI shores but not with core
of the CGIs [81,82]. In contrast to this pattern, methylation of the PDYN CGI is different
among neurons and other cell types. This CGl is also enriched in 5-hydroxymethylcytosine
suggesting its function as active regulatory domain characterized by high cytosine methy-
lation turnover rate [79]. Methylation of individual CpGs in the CGI is highly coordinated
in neurons, that is not observed in other PDYN promoter areas in these and other cell
types. This pattern in the PDYN CGI is analogous to contiguous methylation clusters
characterized by high correlations among CpG methylation in other genes [83].

The CGI methylation may differ in its chromatin organization between neurons and
glia. In cells that do not transcribe the PDYN gene, the CGI is wrapped in a nucleosome, a
feature of the repressive chromatin [79]. Thus, the CGI may serve as the PDYN promoter
module, which cycling between the methylated and occupied by a nucleosome state, and
hydroxymethylated nucleosome free state, is locally regulated. These DNA and chromatin
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modifications may allow interactions with sequence—specific transcription factors that
could delineate cell-type specific PDYN transcription.

The opposite pattern is observed for DMR2 that is hypermethylated in neurons and
hypomethylated in glia and other cell types (Figure 5). This pattern and also negative
correlations between methylation of the two DMRs imply that the mechanisms that are
autonomic for each DMR and coordinated between them, regulate their methylation,
and consequently their complementary role in PDYN expression. Hypermethylation of
DMR? in neurons may enable binding of MeCP2 or other factors that binds to methylated
DNA and activate gene transcription. In non-neuronal cells, PDYN may be repressed
through interactions of DREAM, a methylation sensitive transcriptional repressor, with
non-methylated DMR?2 [84]. There epigenetic mechanism may control cell type-specific
control of PDYN transcription in human brain.

Neurons @ Co-localization of USF2
\ g~ MRNA and PDYN proteins

! Eg ; ; ! ! ! USF2
DMR1/ CGlI DMR2 @—
Activator
Glia D N’
\, Inhibitor/DREAM? ) C ®5mC 9 5hmC
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—

Figure 5. Model for epigenetic and transcriptional regulation of neuronal PDYN transcription.
In neurons, USF2 binds to E-box in the promoter CGI that is hypomethylated and enriched in 5-
hydroxymethylcytosine (5-hmC). In glia, the CGI is hypermethylated. DMR2 and DMR1/CGI exhibit
methylation patterns that are opposite between them and between neurons and glia for each of them.
In non-neuronal cells, DMR2 may be targeted by methylation-sensitive transcriptional repressor
such as DREAM, while in neurons by a methylation-dependent transcriptional activator. In glia,
the DMR1/CGI may be wrapped in a nucleosome, that prevents transcriptional initiation. These
mechanisms may underlie contrasting PDYN expression in neurons and glia. Modified from [79].

One more CpG island is located in the coding part of exon 4 of the PDYN gene
(Figure 4b). High methylation of cytosine residues in exons [85] were detected in many
genes that was positively associated with gene transcription levels [86,87]. The exon 4
PDYN CpG island possesses a promoter activity, transcription factor binding sites, and
the second cluster of TSSs, along with SNP associated with alcoholism [35,42,57-59]. This
island is similarly hypermethylated in the brain and blood DNA in which the levels of
FL-PDYN transcript are high or negligible, respectively [80]. DNA methylation profile in
this domain is well conserved across human individuals, whereas differs among brain and
peripheral tissues, and among brain regions [79]. Epigenetic mechanisms may remodel
chromatin structure in the exon 4 PDYN CpG island that may result in transcription of this
gene from intragenic TSSs or regulate elongation of transcription and mRNA splicing.

5.3. The CpG-SNP Hypothesis: Epialleles of PDYN SNPs Associated with Alcoholism

The current paradigm is that the environmental, epigenetic and genetic factors in-
fluence the phenotype and contribute to the propensity for disorders by altering gene
transcription. SNPs are much more abundant at the CpG dinucleotides than predicted [88]
and may form or disrupt a CpG sequence. Methylation and hydroxymethylation of CpG-
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SNPs is allele-specific. Environmental, epigenetic and genetic factors may mechanistically
integrate on CpG-SNPs which genetic variants may determine the phenotype while the
cytosine methylation—the demethylation state may control transcription from the C-allele
(Figure 6a). Two SNP alleles and three cytosine epialleles including its unmethylated,
methylated and hydroxymethylated states may differentially contribute to a vulnerability
of a disease.
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Figure 6. The CpG-SNP hypothesis. (a) Genetic, epigenetic and environmental factors are mechanis-
tically integrated at CpG-SNPs that may be methylated and hydroxymethylated at the C-allele. Two
alleles and three cytosine epialleles may differentially affect gene transcription and thereby differently
contribute to deasease predisposition [89]. (b) PDYN SNPs variants associated with alcoholism are
shown in blue while those forming CpGs in red. (c) T-allele-binding factor (Ta-BF) has high affinity
for the T and methylated C alleles of the 3'-UTR CpG-SNP but not to unmethylated C allele. The
high affinity interaction may be a basis for transcriptional activation by this DNA-binding protein.

Five PDYN SNPs are associated with alcoholism with high significance [89]. Three of
them form or disrupt CpG sites (rs1997794; rs6045819 and rs2235749; Figure 6b). To test
the CpG-SNP hypothesis we analyzed methylation of these three PDYN CpG-SNPs in the
human dIPFC. Alcoholism is associated with hypermethylation of the C allele of 3'-UTR
CpG-SNP rs2235749 (C > T) in the human brain, and its methylation levels positively
correlate with PDYN expression suggesting a functional link between these two processes.
Analysis of DNA-binding factors targeting this area identified a novel T-allele-binding
factor (Ta-BF). This 63 kDa protein has high affinity for the T and methylated C alleles of
the 3'-UTR CpG-SNP but not for unmethylated C allele (Figure 6c).

Positive correlation between the 3'-UTR CpG-SNP methylation and PDYN expression
suggests that the Ta-BF binding to the 3/-UTR may activate PDYN transcription [89].
Thus, the environmental, epigenetic and genetic factors associated with alcoholism may
be mechanistically integrated on the PDYN 3’-UTR CpG-SNP, and Ta-BF may read the
resulting methylation signals and translate them into disease predisposition through
changes in PDYN transcription.

Several gene-centric and genome wide human studies lend support for the CpG-SNP
hypothesis. Many well-known polymorphic sites associated with psychiatric disorders
form CpG-SNPs. CpG-SNPs of the catechol-O-methyltransferase, GABA(A) receptor
beta(2) (GABRB2) and p-opioid receptor genes are the examples. Methylation of the
cytosine allele at these sites is a part of the mechanism that controls gene transcription
and contributes to the phenotype [90-95]. Thus, modifications of CpG-SNPs may have an
essential epigenetic function that mediates the effects of a changing environment on the
polymorphism dependent genome expression.
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5.4. PDYN Regulation by REST

REST is a master regulator of neuronal phenotype acting through neuron-restrictive
silencer element (RE1) and inhibiting transcription of its target genes [96,97]. The REST
effects are mediated by epigenetic mechanisms that recruit inhibitory enzymatic activities
to its target elements leading to long-term alterations in gene transcription.

Chromatin immunoprecipitation data generated by ENCODE [98,99] demonstrate
that PDYN has two binding sites for REST (Figure 4a) [100,101]. They are located 12 kb
upstream of the PDYN gene and in its 3’-UTR, respectively [102]. Functional inactivation
of REST with a dominant negative mutant REST protein [103,104] increases PDYN tran-
scription in cellular models [104]. Consistently analysis of the human dIPFC by Chromatin
Immunoprecipitation quantitative real-time PCR assay revealed REST bound to the RE1
located upstream of PDYN, while binding to the 3'-UTR RE1 element was negligible [104].

REST is regulated by the microRNA MIR-9, and they together control chromatin
remodeling that determines cell phenotype [105,106]. Analysis of the human brain demon-
strates that REST and MIR-9 negatively correlate suggesting the negative feedback mech-
anism. Thus, REST may repress PDYN transcription while this transcription factor is
negatively controlled by MIR-9 microRNA [104].

5.5. Dual Epigenetic and Transcriptional Mechanism Controls Neuronal PDYN Expression

Expression of the neuropeptide genes including PDYN is confined to specific cell
types and neuronal lineages that may be coordinated by epigenetic and transcriptional
mechanisms. These mechanisms may permit and restrict, activate or inhibit gene tran-
scription depending on cell type. We tested this hypothesis by the in-depth analysis of the
opioid PDYN transcription in the human brain [79]. Our strategy was to detect sequences
in the PDYN locus that are differentially methylated between neurons and other cell types,
and to identify sequence-specific methylation-sensitive transcription factors that target
these DMRs, and therefore may control the methylation-regulated PDYN expression in
specific cell types.

The previous sections described that the PDYN promoter has the DMR1 with a short
CGl as a core that is hypomethylated and enriched in 5-hydroxymethylcytosine in neurons
(Figure 5) [79]. When unmethylated this CGI serves as a binding site for USF2, E-box
transcription factor that does not interact with methylated sequences. USF2 activates
PDYN transcription in model cell systems, and is physically associated with unmethylated
E-box in the PDYN CGI in human brain. Consistently, expression of USF2 and PDYN is
correlated (Figure 7a,b). USF2 and PDYN proteins are co-expressed in the same neurons in
the human dIPFC; only USF2-producing cells synthesize dynorphins (Figure 7c—e). Thus,
two conditions may be obligatory for the neuron-specific PDYN transcription that are the
CGI hypomethylation and USF2 expression.
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Figure 7. Correlation of USF2 and PDYN (a,b), and their co-localization (c—e) in the human dIPFC.
(a,b) The estimated effect with 95% confidence interval. Immunoreactivity of (c) PDYN, and (d) USF2
in the cytoplasm and nuclei of the layer V neurons, respectively. (e) Double labeling of PDYN and
USF2 in the same neuron. Scale bars, 50 um (c,d); and 25 um (e). Modified from [79].

In rodents, Ptfla, Pax2, Neurod1/2/6 and Bhlhb5 transcription factors enable Pdyn
expression in cell type and cell lineage-specific patterns in the dorsal spinal cord and Islet-1
in the striatum [107-112]. USF2 and these transcription factors are E-box proteins (USF2,
Ptfla and Neurod1/2/6), or regulate E-box dependent transcription. Thus, formation
of cellular prodynorphin phenotype in the human and rodent central nervous system is
determined by E-box transcription factors.

6. PDYN Transcriptional Adaptations Concomitant with Neuronal Decline in Human Alcoholics

Alcoholism is associated with cognitive impairments that may develop due to aberrant
neurotransmission and neurodegeneration. Several lines of evidence suggest that dynor-
phin opioid peptides have a role in cognitive decline [113-117]. In animal experiments,
dynorphins administered into the hippocampus impair spatial learning [118]. Dynorphins
also contribute to the stress and age-related learning and memory deficits [113-115]. In
elderly humans, PDYN polymorphism is associated with memory loss [116]. Dynorphins
are elevated in the prefrontal cortex of patients with Alzheimer’s disease, and their levels
correlate with neuropathological score [117]. Consistently, it was hypothesized that the
PDYN/KOR system is dysregulated in the dIPFC and hippocampus of alcoholics, and that
these changes contribute to cognitive impairments [119,120]. This notion gains a support
in animal model of cognitive deficits induced by alcohol binge drinking [120-122]. The
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PDYN/KOR system mediated impairments of spatial learning and memory in this model
while selective k-antagonist nor-binaltorphimine reversed these impairments by decrease
in the ethanol-induced elevation of glutamate overflow.

In line with these studies, changes in the PDYN/KOR system are considered as
a molecular mechanism that underlies the long-term effects of addicted substances on
behavior, cognitive impairment and loss of control over intake of addictive substances and
alcohol [12,30,120,123-129]. This hypothesis was addressed by analysis of the expression
levels and co-expression (transcriptionally coordinated) patterns of PDYN and OPRK1
(KOR) genes in the dIPFC of alcoholics; 53 alcoholics were compared with 55 control
subjects [127,128]. PDYN was found to be downregulated in the addicted brain, while the
OPRK1 expression was not altered. Thus, the effects of alcoholism on these two genes were
not mechanistically coordinated.

Early postmortem morphological studies revealed marked reduction in the number of
neurons in the dIPFC of alcoholics [130,131]. More recently this was confirmed by analysis
of neuronal proportion in the epigenome-wide DNA methylation study, and by analysis of
neuronal and glial markers [132]. Importantly, the PDYN mRNA levels were not affected
by the decline in the neuronal number. Instead, their alterations were likely caused by
transcriptional adaptations [79,127,128]. Another issue that is important for regulation of
the PDYN/KOR system is that the absolute levels of PDYN mRNA were markedly lower
compared to those of KOR (OPRK1). Thus, PDYN transcription may be a limiting factor
in the PDYN/KOR signaling. Therefore, a decrease in PDYN transcription may further
diminish efficacy of PDYN/KOR signaling in dIPFC of alcoholics. Resulting overactivation
of neurotransmission in cortical neurocircuits that is negatively controlled by dynorphins,
may be a gross effect of PDYN/KOR downregulation that contributes to formation of
alcohol-induced impairments in behavior.

Addictive substances may cause similar downstream molecular adaptations—the gen-
eral molecular syndrome that mediates the lasting nature of the addictive state [133]. PDYN
transcription is downregulated in the dIPFC and dorsal striatum in alcoholics [127-129],
and in the dorsal striatum in cocaine addicts [63]. These changes may be a part of the
general adaptive syndrome caused by addictive substances.

7. Conclusions

The specific feature of neurons and neural circuits is their neuropeptide phenotype.
In short, conserved and repetitive neuropeptide sequences are a distinctive feature of
neuropeptide genes. In this property these sequences are similar to DNA-binding sites
for sequence-specific transcription factors. The opioid peptide sequences in the PDYN
gene overlap with or are situated in close proximity to multiple TSSs, splice junctions,
and CpG-SNP that is associated with psychiatric phenotype (Figure 6b). YY1 and NF-«B
through binding to these sequences may activate transcription from a cryptic promoter
located in this area [42,57-59]. This region is hypersensitive to DNAase I, suggesting that
chromatin is open in the short CpG island that is a core of this region (Figure 4b). Strikingly,
the dynorphin-encoding sequences may be a mutational hot spot; their missense mutations
cause profound neurodegeneration in human subjects with neurodegenerative disorder
SCA23 [20,134-136]. SCA23 mutations are enriched in CpGs suggesting a link of their
origin or a pathogenic mechanism with methylation/demethylation processes [79,137].
Together these findings lend support for the hypothesis that the neuropeptide-encoding
sequences may have regulatory functions. They may have a role in transcriptional initi-
ation, elongation, and RNA splicing leading to synthesis of transcripts that give rise to
protein variants with non-canonical functions. A unique combination of transcriptional
mechanisms regulated by conventional enhancer and promoter, and by the neuropeptide-
encoding sequences may determine cell-type and cell lineage-specific gene expression.
Whether neuropeptide-encoding sequences are gene signatures targeted by epigenetic
mechanisms that define neuropeptide phenotype of neural circuits, is important to address
in future studies.
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Dysregulation of neural circuits expressing neuropeptides may cause neurological
and psychiatric disorders including spinocerebellar ataxia 23, epilepsy, depression and
substance dependence. Not all functions of neuropeptide precursors might have been iden-
tified. The unusual nuclear localization of PDYN and proenkephalin was demonstrated,
and predicts novel epigenetic or transcriptional functions for nuclear variants of these
proteins. Knowledge of the mechanisms that regulate epigenome and transcriptome in the
neuropeptide producing neurons is essential for understanding of normal and dysfunc-
tional neural circuits. Studies focused on individual neuropeptide genes and functions of
their protein products complement, specify and further advance multi-omics analysis of
human brain relevant for psychiatric disorders.

Author Contributions: Authors co-wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by grants from the Swedish Research Council (Grants K2014-62X-
12190-19-5 and 2019-01771-3), and Uppsala University to GB, and from F. and I. Thuring foundation
and K. and O.F. Hedstrom foundation to ON.

Acknowledgments: Figures 1 and 4 reprinted from Bazov I., Bakalkin G. (2016) Prodynorphin Epial-
leles. In: Spengler D., Binder E. (eds) Epigenetics and Neuroendocrinology. Epigenetics and Human
Health, with permission from Springer, Cham, License Number 4967550528296. Figures 2 and 3
reprinted from Kononenko O et al., Opioid precursor protein isoform is targeted to the cell nuclei in
the human brain. Biochim Biophys Acta Gen Subj. (2017) Feb;1861,246-255, with permission from
Elsevier, License Number 4945931245294. Figures 5 and 7 reprinted from Bazov I et al., Neuronal
Expression of Opioid Gene is Controlled by Dual Epigenetic and Transcriptional Mechanism in
Human Brain. Cereb Cortex. 2018 Sep 1;28,3129-3142, with permission from Oxford University Press,
License Number 4945951294926.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nusbaum, M.P; Blitz, D.M.; Marder, E. Functional consequences of neuropeptide and small-molecule co-transmission. Nat. Rev.
Neurosci. 2017, 18, 389-403. [CrossRef]

2. Chavkin, C. Dynorphin—Still an extraordinarily potent opioid peptide. Mol. Pharmacol. 2013, 83, 729-736. [CrossRef]

3. Schwarzer, C. 30 years of dynorphins—New insights on their functions in neuropsychiatric diseases. Pharmacol. Ther. 2009, 123,
353-370. [CrossRef] [PubMed]

4. Bruchas, M.R.; Chavkin, C. Kinase cascades and ligand-directed signaling at the kappa opioid receptor. Psychopharmacology 2010,
210, 137-147. [CrossRef] [PubMed]

5. Hurd, Y.L. Differential messenger RNA expression of prodynorphin and proenkephalin in the human brain. Neuroscience 1996,
72,767-783. [CrossRef]

6.  Nikoshkov, A.; Drakenberg, K.; Wang, X.; Horvath, M.C.; Keller, E.; Hurd, Y.L. Opioid neuropeptide genotypes in relation to
heroin abuse: Dopamine tone contributes to reversed mesolimbic proenkephalin expression. Proc. Natl. Acad. Sci. USA 2008, 105,
786-791. [CrossRef] [PubMed]

7. Knoll, A.T,; Carlezon, W.A,, Jr. Dynorphin, stress, and depression. Brain Res. 2010, 1314, 56-73. [CrossRef]

8. Negrete, R.; Garcia Gutiérrez, M.S.; Manzanares, ].; Maldonado, R. Involvement of the dynorphin/KOR system on the nociceptive,
emotional and cognitive manifestations of joint pain in mice. Neuropharmacology 2017, 116, 315-327. [CrossRef]

9. Nogueiras, R.; Romero-Pico, A.; Vazquez, M.].; Novelle, M.G.; Loépez, M.; Diéguez, C. The opioid system and food intake:
Homeostatic and hedonic mechanisms. Obes. Facts. 2012, 5, 196-207. [CrossRef]

10. Przewlocki, R.; Przewlocka, B. Opioids in chronic pain. Eur. J. Pharmacol. 2001, 429, 79-91. [CrossRef]

11. Zangrandji, L.; Schwarzer, C. The Kappa Opioid Receptor System in Temporal Lobe Epilepsy. Handb. Exp. Pharmacol. 2021.

12. Shippenberg, T.S.; Zapata, A.; Chefer, V.I. Dynorphin and the pathophysiology of drug addiction. Pharmacol. Ther. 2007, 116,
306-321. [CrossRef] [PubMed]

13.  Bazov, I.; Kononenko, O.; Watanabe, H.; Kunti¢, V.; Sarkisyan, D.; Taqi, M.M.; Hussain, M.Z.; Nyberg, F; Yakovleva, T.; Bakalkin,
G. The endogenous opioid system in human alcoholics: Molecular adaptations in brain areas involved in cognitive control of
addiction. Addict. Biol. 2013, 18, 161-169. [CrossRef] [PubMed]

14. Clark, S.D.; Abi-Dargham, A. The Role of Dynorphin and the Kappa Opioid Receptor in the Symptomatology of Schizophrenia:
A Review of the Evidence. Biol. Psychiatry 2019, 86, 502-511. [CrossRef] [PubMed]

15. Li, X.; Marchant, N.J.; Shaham, Y. Opposing roles of cotransmission of dynorphin and hypocretin on reward and motivation. Proc.

Natl. Acad. Sci. USA 2014, 111, 5765-5766. [CrossRef] [PubMed]

147



Molecules 2021, 26, 3458

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Muschamp, ].W.; Hollander, J.A.; Thompson, J.L.; Voren, G.; Hassinger, L.C.; Onvani, S.; Kamenecka, T.M.; Borgland, S.L.;
Kenny, PJ.; Carlezon, W.A., Jr. Hypocretin (orexin) facilitates reward by attenuating the antireward effects of its cotransmitter
dynorphin in ventral tegmental area. Proc. Natl. Acad. Sci. USA 2014, 111, 1648-1655. [CrossRef]

Tejeda, H.A.; Shippenberg, T.S.; Henriksson, R. The dynorphin/kappa-opioid receptor system and its role in psychiatric disorders.
Cell Mol. Life Sci. 2012, 69, 857-896. [CrossRef] [PubMed]

Bakalkin, G.; Watanabe, H.; Jezierska, J.; Depoorter, C.; Verschuuren-Bemelmans, C.; Bazov, I.; Artemenko, K.A.; Yakovleva, T.;
Dooijes, D.; Van de Warrenburg, B.P; et al. Prodynorphin mutations cause the neurodegenerative disorder spinocerebellar ataxia
type 23. Am. J. Hum. Genet. 2010, 87, 593-603. [CrossRef] [PubMed]

Smeets, C.J.; Jezierska, J.; Watanabe, H.; Duarri, A.; Fokkens, M.R.; Meijer, M.; Zhou, Q.; Yakovleva, T.; Boddeke, E.; den Dunnen,
W.; et al. Elevated mutant dynorphin A causes Purkinje cell loss and motor dysfunction in spinocerebellar ataxia type 23. Brain
2015, 138, 2537-2552. [CrossRef]

Wu, E; Wang, X.; Li, X,; Teng, H.; Tian, T.; Bai, J. Spinocerebellar ataxia type 23 (SCA23): A review. J. Neurol. 2020. [CrossRef]
[PubMed]

Mague, S.D.; Pliakas, A.M.; Todtenkopf, M.S.; Tomasiewicz, H.C.; Zhang, Y.; Stevens, W.C., Jr.; Jones, R.M.; Portoghese, P.S.;
Carlezon, W.A., Jr. Antidepressant-like effects of kappa-opioid receptor antagonists in the forced swim test in rats. J. Pharmacol.
Exp. Ther. 2003, 305, 323-330. [CrossRef]

Pfeiffer, A.; Brantl, V.; Herz, A.; Emrich, H.M. Psychotomimesis mediated by kappa opiate receptors. Science 1986, 233, 774-776.
[CrossRef]

Land, B.B.; Bruchas, M.R.; Lemos, J.C.; Xu, M.; Melief, E.J.; Chavkin, C. The dysphoric component of stress is encoded by
activation of the dynorphin kappa-opioid system. J. Neurosci. 2008, 28, 407-414. [CrossRef] [PubMed]

Todtenkopf, M.S.; Marcus, J.E; Portoghese, P.S.; Carlezon, W.A., Jr. Effects of kappa-opioid receptor ligands on intracranial
self-stimulation in rats. Psychopharmacology 2004, 172, 463—470. [CrossRef]

De Kloet, E.R.; Joels, M.; Holsboer, F. Stress and the brain: From adaptation to disease. Nat. Rev. Neurosci. 2005, 6, 463—475.
[CrossRef] [PubMed]

Shaham, Y.; Erb, S.; Stewart, J. Stress-induced relapse to heroin and cocaine seeking in rats: A review. Brain Res. 2000, 33, 13-33.
[CrossRef]

Xu, Q.; Liu, E; Qin, W,; Jiang, T.; Yu, C. Multiscale neurobiological correlates of human neuroticism. Hum. Brain Mapp. 2020.
[CrossRef]

Altshuler, H.L; Phillips, PE.; Feinhandler, D.A. Alteration of ethanol self-administration by naltrexone. Life Sci. 1980, 26, 679-688.
[CrossRef]

Cichelli, M.].; Lewis, M.J. Naloxone nonselective suppression of drinking of ethanol, sucrose, saccharin, and water by rats.
Pharmacol. Biochem. Behav. 2002, 72, 699-706. [CrossRef]

Walker, B.M.; Zorrilla, E.P,; Koob, G.F. Systemic kappa-opioid receptor antagonism by nor-binaltorphimine reduces dependence-
induced excessive alcohol self-administration in rats. Addict. Biol. 2011, 16, 116-119. [CrossRef]

Gutierrez-Cuesta, J.; Burokas, A.; Mancino, S.; Kummer, S.; Martin-Garcia, E.; Maldonado, R. Effects of genetic deletion of
endogenous opioid system components on the reinstatement of cocaine-seeking behavior in mice. Neuropsychopharmacology 2014,
39, 2974-2988. [CrossRef]

Edenberg, H.J.; Wang, J.; Tian, H.; Pochareddy, S.; Xuei, X.; Wetherill, L.; Goate, A.; Hinrichs, T.; Kuperman, S.; Nurnberger, J.I.;
et al. A regulatory variation in OPRK1, the gene encoding the kappa-opioid receptor, is associated with alcohol dependence.
Hum. Mol. Genet. 2008, 17, 1783-1789. [CrossRef]

Egervari, G.; Jutras-Aswad, D.; Landry, J.; Miller, M.L.; Anderson, S.A.; Michaelides, M.; Jacobs, M.M.; Peter, C.; Yiannoulos,
G.; Liu, X,; et al. A Functional 3’UTR Polymorphism (rs2235749) of Prodynorphin Alters microRNA-365 Binding in Ventral
Striatonigral Neurons to Influence Novelty Seeking and Positive Reward Traits. Neuropsychopharmacology 2016, 41, 2512-2520.
[CrossRef] [PubMed]

Ramchandani, V.A.; Umhau, J.; Pavon, EJ.; Ruiz-Velasco, V.; Margas, W.; Sun, H.; Damadzic, R.; Eskay, R.; Schoor, M.; Thorsell, A.;
et al. A genetic determinant of the striatal dopamine response to alcohol in men. Mol Psychiatry 2011, 16, 809-817. [CrossRef]
Xuei, X.; Dick, D.; Flury-Wetherill, L.; Tian, H.].; Agrawal, A.; Bierut, L.; Goate, A.; Bucholz, K.; Schuckit, M.; Nurnberger, J.; et al.
Association of the kappa-opioid system with alcohol dependence. Mol. Psychiatry 2006, 11, 1016-1024. [CrossRef] [PubMed]
Xuei, X.; Flury-Wetherill, L.; Bierut, L.; Dick, D.; Nurnberger, J.; Nurnberger, J., Jr.; Foroud, T.; Edenberg, H.J. The opioid system in
alcohol and drug dependence: Family-based association study. Am. |. Med. Gene.t B. Neuropsychiatr. Genet. 2007, 144, 877-884.
[CrossRef]

Ji, Y; Su, R.; Tang, H.; Cui, J.; Deji, C.; Shi, Y.; Wei, S. Genetic association analyses and meta-analysis of Dynorphin-Kappa Opioid
system potential functional variants with heroin dependence. Neurosci. Lett. 2018, 685, 75-82. [CrossRef]

Karpyak, VM.; Winham, S.J.; Preuss, UW.,; Zill, P; Cunningham, J.M.; Walker, D.L.; Lewis, K.A.; Geske, J.R.; Colby, C.L.;
Abulseoud, O.A.; et al. Association of the PDYN gene with alcohol dependence and the propensity to drink in negative emotional
states. Int. |. Neuropsychopharmacol. 2013, 16, 975-985. [CrossRef] [PubMed]

Anderson, R.I; Lopez, M.E,; Griffin, W.C.; Haun, H.L.; Bloodgood, D.W.; Pati, D.; Boyt, K.M.; Kash, T.L.; Becker, H.C. Dynorphin-
kappa opioid receptor activity in the central amygdala modulates binge-like alcohol drinking in mice. Neuropsychopharmacology
2019, 44, 1084-1092. [CrossRef] [PubMed]

148



Molecules 2021, 26, 3458

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Li, S.; Zheng, M.Q.; Naganawa, M.; Gao, H.; Pracitto, R.; Shirali, A.; Lin, S.F,; Teng, ] K.; Ropchan, J.; Huang, Y. Novel Kappa
Opioid Receptor Agonist as Improved PET Radiotracer: Development and in Vivo Evaluation. Mol. Pharm. 2019, 16, 1523-1531.
[CrossRef]

Bazov, I.; Bakalkin, G. Prodynorphin Epialleles, in Epigenetics and Human Health, Clinical Focus on Psychiatry. Springer 2016, 2,
43-76.

Nikoshkov, A.; Hurd, Y.L.; Yakovleva, T.; Bazov, I.; Marinova, Z.; Cebers, G.; Pasikova, N.; Gharibyan, A.; Terenius, L.; Bakalkin,
G. Prodynorphin transcripts and proteins differentially expressed and regulated in the adult human brain. FASEB . 2005, 19,
1543-1545. [CrossRef]

Lizio, M.; Harshbarger, J.; Shimoji, H.; Severin, J.; Kasukawa, T.; Sahin, S.; Abugessaisa, I.; Fukuda, S.; Hori, F,; Ishikawa-Kato, S.;
et al. Gateways to the FANTOMS5 promoter level mammalian expression atlas. Genome. Biol. 2015, 16, 22. [CrossRef] [PubMed]
Telkov, M.; Geijer, T.; Terenius, L. Human prodynorphin gene generates several tissue-specific transcripts. Brain Res. 1998, 804,
284-295. [CrossRef]

Carninci, P; Sandelin, A.; Lenhard, B.; Katayama, S.; Shimokawa, K.; Ponjavic, J.; Semple, C.A.; Taylor, M.S.; Engstrom, P.G.;
Frith, M.C.; et al. Genome-wide analysis of mammalian promoter architecture and evolution. Nat. Genet. 2006, 38, 626—-635.
[CrossRef] [PubMed]

Kononenko, O.; Bazov, I.; Watanabe, H.; Gerashchenko, G.; Dyachok, O.; Verbeek, D.S.; Alkass, K.; Druid, H.; Andersson, M.;
Mulder, J.; et al. Opioid precursor protein isoform is targeted to the cell nuclei in the human brain. Biochim. Biophys. Acta. Gen.
Subj. 2017, 1861, 246-255. [CrossRef]

Hara, Y.; Yakovleva, T.; Bakalkin, G.; Pickel, V.M. Dopamine D1 receptors have subcellular distributions conducive to interactions
with prodynorphin in the rat nucleus accumbens shell. Synapse 2006, 60, 1-19. [CrossRef] [PubMed]

Bottger, A.; Spruce, B.A. Proenkephalin is a nuclear protein responsive to growth arrest and differentiation signals. J. Cell Biol.
1995, 130, 1251-1262. [CrossRef]

McTavish, N.; Copeland, L.A; Saville, M.K,; Perkins, N.D.; Spruce, B.A. Proenkephalin assists stress-activated apoptosis through
transcriptional repression of NF-kappaB- and p53-regulated gene targets. Cell Death. Differ. 2007, 14, 1700-1710. [CrossRef]
[PubMed]

Bakalkin, G.; Ponomariev, D.; Sarkisyan, R.A.; Terenius, L. Sequence similarity between opioid peptide precursors and DNA-
binding proteins. FEBS Lett. 1991, 282, 175-177. [CrossRef]

Ota, T,; Suzuki, Y.; Nishikawa, T.; Otsuki, T.; Sugiyama, T.; Irie, R.; Wakamatsu, A.; Hayashi, K.; Sato, H.; Nagai, K; et al.
Complete sequencing and characterization of 21,243 full-length human cDNAs. Nat. Genet. 2004, 36, 40—45. [CrossRef]
Rockman, M.V,; Hahn, M.\W.; Soranzo, N.; Zimprich, F; Goldstein, D.B.; Wray, G.A. Ancient and recent positive selection
transformed opioid cis-regulation in humans. PLoS. Biol. 2005, 3, 387. [CrossRef] [PubMed]

Carrion, A.M.; Link, W.A; Ledo, E; Mellstrom, B.; Naranjo, ]. R. DREAM is a Ca2+-regulated transcriptional repressor. Nature
1999, 398, 80-84. [CrossRef]

Cheng, H.Y,; Pitcher, G.M.; Laviolette, S.R.; Whishaw, 1.Q.; Tong, K.I.; Kockeritz, L.K.; Wada, T.; Joza, N.A.; Crackower, M.;
Goncalves, J.; et al. DREAM is a critical transcriptional repressor for pain modulation. Cell 2002, 108, 31-43. [CrossRef]

Ledo, F; Carrién, A.M.; Link, W.A.; Mellstréom, B.; Naranjo, ].R. DREAM-alphaCREM interaction via leucine-charged domains
derepresses downstream regulatory element-dependent transcription. Mol. Cell Biol. 2000, 20, 9120-9126. [CrossRef]

Campos, D.; Jimenez-Diaz, L.; Carrion, A.M. Ca(2+)—dependent prodynorphin transcriptional derepression in neuroblastoma cells
is exerted through DREAM protein activity in a kinase-independent manner. Mol. Cell Neurosci. 2003, 22, 135-145. [CrossRef]
Bakalkin, G.; Telkov, M.; Yakovleva, T.; Terenius, L. [Leu5]enkephalin-encoding sequences are targets for a specific DNA-binding
factor. Proc. Natl. Acad. Sci. USA 1995, 92, 9024-9028. [CrossRef] [PubMed]

Bakalkin, G.; Yakovleva, T.; Terenius, L. Prodynorphin gene expression relates to NF-kappa B factors. Brain Res. Mol. Brain Res.
1994, 24, 301-312. [CrossRef]

Bakalkin, G.; Yakovleva, T.; Terenius, L. The Leu-enkephalin-encoding sequence DNA-binding factor (LEF) is the transcription
factor YY1. Biochem. Biophys. Res. Commun. 1997, 231, 135-139. [CrossRef] [PubMed]

McClung, C.A.; Ulery, P.G,; Perrotti, L.I; Zachariou, V.; Berton, O.; Nestler, E.]J. DeltaFosB: A molecular switch for long-term
adaptation in the brain. Brain Res. Mol. Brain Res. 2004, 132, 146-154. [CrossRef] [PubMed]

Zachariou, V.; Bolanos, C.A.; Selley, D.E.; Theobald, D.; Cassidy, M.P.; Kelz, M.B.; Shaw-Lutchman, T.; Berton, O.; Sim-Selley, L.J.;
Dileone, R.J.; et al. An essential role for DeltaFosB in the nucleus accumbens in morphine action. Nat. Neurosci. 2006, 9, 205-211.
[CrossRef]

Taqi, M.M.; Bazov, I.; Watanabe, H.; Nyberg, E.; Yakovleva, T.; Bakalkin, G. Prodynorphin promoter SNP associated with alcohol
dependence forms noncanonical AP-1 binding site that may influence gene expression in human brain. Brain Res. 2011, 1385,
18-25. [CrossRef]

Yuferov, V,; Ji, E; Nielsen, D.A.; Levran, O.; Ho, A.; Morgello, S.; Shi, R; Ott, J.; Kreek, M.]. A functional haplotype implicated in
vulnerability to develop cocaine dependence is associated with reduced PDYN expression in human brain. Neuropsychopharmacol-
ogy 2009, 34, 1185-1197. [CrossRef] [PubMed]

Preuss, U.W.; Winham, S.J.; Biernacka, ].M.; Geske, ].R.; Bakalkin, G.; Koller, G.; Zill, P,; Soyka, M.; Karpyak, V.M. PDYN rs2281285
variant association with drinking to avoid emotional or somatic discomfort. PLoS ONE 2013, 8, 78688. [CrossRef]

149



Molecules 2021, 26, 3458

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Zimprich, A.; Kraus, J.; Woltje, M.; Mayer, P.; Rauch, E.; Hollt, V. An allelic variation in the human prodynorphin gene promoter
alters stimulus-induced expression. |. Neurochem. 2000, 74, 472—477. [CrossRef]

Rouault, M.; Nielsen, D.A.; Ho, A.; Kreek, M.].; Yuferov, V. Cell-specific effects of variants of the 68-base pair tandem repeat on
prodynorphin gene promoter activity. Addict. Biol. 2011, 16, 334-346. [CrossRef]

Stogmann, E.; Zimprich, A.; Baumgartner, C.; Aull-Watschinger, S.; Hollt, V.; Zimprich, F. A functional polymorphism in the
prodynorphin gene promotor is associated with temporal lobe epilepsy. Ann. Neurol. 2002, 51, 260-263. [CrossRef]

Chen, A.C,; LaForge, K.S.; Ho, A.; McHugh, PF; Kellogg, S.; Bell, K.; Schluger, R.P; Leal, S.M.; Kreek, M.]. Potentially functional
polymorphism in the promoter region of prodynorphin gene may be associated with protection against cocaine dependence or
abuse. Am. J. Med. Genet. 2002, 114, 429-435. [CrossRef]

Zhang, C.S.; Tan, Z,; Lu, L.; Wu, S.N.; He, Y.; Gu, N.E; Feng, G.Y,; He, L. Polymorphism of Prodynorphin promoter is associated
with schizophrenia in Chinese population. Acta. Pharmacol. Sin. 2004, 25, 1022-1026.

Saify, K.; Saadat, I.; Saadat, M. Association between VNTR polymorphism in promoter region of prodynorphin (PDYN) gene and
heroin dependence. Psychiatry Res. 2014, 219, 690—-692. [CrossRef]

Ray, R.; Doyle, G.A.; Crowley, J.J.; Buono, RJ.; Oslin, D.W.; Patkar, A.A.; Mannelli, P; DeMaria, PA., Jr.; O'Brien, C.P;
Berrettini, W.H. A functional prodynorphin promoter polymorphism and opioid dependence. Psychiatr Genet. 2005, 15, 295-298.
[CrossRef]

Nomura, A.; Ujike, H.; Tanaka, Y.; Otani, K.; Morita, Y.; Kishimoto, M.; Morio, A.; Harano, M.; Inada, T.; Yamada, M.; et al. Genetic
variant of prodynorphin gene is risk factor for methamphetamine dependence. Neurosci Lett. 2006, 400, 158-162. [CrossRef]
Saify, K.; Saadat, M. Association between VNTR Polymorphism in Promoter Region of Prodynorphin (PDYN) Gene and
Methamphetamine Dependence. J. Med. Sci. 2015, 3, 371-373. [CrossRef] [PubMed]

Williams, T.J.; LaForge, K.S.; Gordon, D.; Bart, G.; Kellogg, S.; Ott, J.; Kreek, M.]. Prodynorphin gene promoter repeat associated
with cocaine/alcohol codependence. Addict. Biol. 2007, 12, 496-502. [CrossRef]

Bovo, G.; Diani, E.; Bisulli, F.; Di Bonaventura, C.; Striano, P.; Gambardella, A.; Ferlazzo, E.; Egeo, G.; Mecarelli, O.; Elia, M.; et al.
Analysis of LGI1 promoter sequence, PDYN and GABBR1 polymorphisms in sporadic and familial lateral temporal lobe epilepsy.
Neurosci. Lett. 2008, 436, 23-26. [CrossRef] [PubMed]

Dahl, J.P; Weller, A.E.; Kampman, K.M.; Oslin, D.W.; Lohoff, EW.; Ferraro, T.N.; O'Brien, C.P; Berrettini, W.H. Confirmation of
the association between a polymorphism in the promoter region of the prodynorphin gene and cocaine dependence. Am. J. Med.
Genet. B. Neuropsychiatr. Genet. 2005, 139, 106-108. [CrossRef]

Hou, C.; Zhao, H.; Tanimoto, K.; Dean, A. CTCF-dependent enhancer-blocking by alternative chromatin loop formation. Proc.
Natl. Acad. Sci. USA 2008, 105, 20398-20403. [CrossRef]

Majumder, P.; Gomez, J.A.; Chadwick, B.P.; Boss, ].M. The insulator factor CTCF controls MHC class II gene expression and is
required for the formation of long-distance chromatin interactions. J. Exp. Med. 2008, 205, 785-798. [CrossRef]

Bazov, I; Sarkisyan, D.; Kononenko, O.; Watanabe, H.; Taqi, M.M.; Stdlhandske, L.; Verbeek, D.S.; Mulder, J.; Rajkowska, G.;
Sheedy, D.; et al. Neuronal Expression of Opioid Gene is Controlled by Dual Epigenetic and Transcriptional Mechanism in
Human Brain. Cereb. Cortex. 2018, 28, 3129-3142. [CrossRef]

Yuferov, V.; Nielsen, D.A.; Levran, O.; Randesi, M.; Hamon, S.; Ho, A.; Morgello, S.; Kreek, M.]. Tissue-specific DNA methylation
of the human prodynorphin gene in post-mortem brain tissues and PBMCs. Pharm. Genomics. 2011, 21, 185-196. [CrossRef]
Doi, A.; Park, I.H.; Wen, B.; Murakami, P.; Aryee, M.]; Irizarry, R.; Herb, B.; Ladd-Acosta, C.; Rho, J.; Loewer, S.; et al. Differential
methylation of tissue- and cancer-specific CpG island shores distinguishes human induced pluripotent stem cells, embryonic
stem cells and fibroblasts. Nat. Genet. 2009, 41, 1350-1353. [CrossRef]

Ciernia, A.V.; LaSalle, J. The landscape of DNA methylation amid a perfect storm of autism aetiologies. Nat. Rev. Neurosci. 2016,
17,411-423. [CrossRef] [PubMed]

Liu, Y,; Li, X,; Aryee, M.].; Ekstrom, T.J.; Padyukov, L.; Klareskog, L.; Vandiver, A.; Moore, A.Z.; Tanaka, T.; Ferrucci, L.; et al.
GeMes, clusters of DNA methylation under genetic control, can inform genetic and epigenetic analysis of disease. Am. |. Hum.
Genet. 2014, 94, 485-495. [CrossRef] [PubMed]

Naranjo, J.R.; Mellstrom, B. Ca2+—dependent transcriptional control of Ca?* homeostasis. J. Biol. Chem. 2012, 287, 31674-31680.
[CrossRef] [PubMed]

Nguyen, C.; Liang, G.; Nguyen, T.T.; Tsao-Wei, D.; Groshen, S.; Liibbert, M.; Zhou, ].H.; Benedict, W.F.; Jones, P.A. Susceptibility
of nonpromoter CpG islands to de novo methylation in normal and neoplastic cells. |. Natl. Cancer Inst. 2001, 93, 1465-1472.
[CrossRef]

Ball, M.P; Li, ].B.; Gao, Y.; Lee, ].H.; LeProust, EM.; Park, .LH.; Xie, B.; Daley, G.Q.; Church, G.M. Targeted and genome-scale
strategies reveal gene-body methylation signatures in human cells. Nat. Biotechnol. 2009, 27, 361-368. [CrossRef]

Moen, E.L.; Zhang, X.; Mu, W.; Delaney, S.M.; Wing, C.; McQuade, J.; Myers, J.; Godley, L.A.; Dolan, M.E.; Zhang, W. Genome-
wide variation of cytosine modifications between European and African populations and the implications for complex traits.
Genetics 2013, 194, 987-996. [CrossRef]

Tomso, D.J.; Bell, D.A. Sequence context at human single nucleotide polymorphisms: Overrepresentation of CpG dinucleotide at
polymorphic sites and suppression of variation in CpG islands. J. Mol. Biol. 2003, 327, 303-308. [CrossRef]

150



Molecules 2021, 26, 3458

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Taqi, M.M.; Bazov, I.; Watanabe, H.; Sheedy, D.; Harper, C.; Alkass, K.; Druid, H.; Wentzel, P.; Nyberg, F.; Yakovleva, T; et al.
Prodynorphin CpG-SNPs associated with alcohol dependence: Elevated methylation in the brain of human alcoholics. Addict.
Biol. 2011, 16, 499-509. [CrossRef]

Oertel, B.G.; Doehring, A.; Roskam, B.; Kettner, M.; Hackmann, N.; Ferreirés, N.; Schmidt, P.H.; Lotsch, J. Genetic-epigenetic
interaction modulates mu-opioid receptor regulation. Hum. Mol. Genet. 2012, 21, 4751-4760. [CrossRef]

Pun, EW,; Zhao, C.; Lo, W.S.; Ng, S.K.; Tsang, S.Y.; Nimgaonkar, V.; Chung, W.S.; Ungvari, G.S.; Xue, H. Imprinting in the
schizophrenia candidate gene GABRB2 encoding GABA(A) receptor beta(2) subunit. Mol. Psychiatry. 2011, 16, 557-568. [CrossRef]
Ursini, G.; Bollati, V.; Fazio, L.; Porcelli, A.; Iacovelli, L.; Catalani, A.; Sinibaldi, L.; Gelao, B.; Romano, R.; Rampino, A.; et al.
Stress-related methylation of the catechol-O-methyltransferase Val 158 allele predicts human prefrontal cognition and activity. J.
Neurosci. 2011, 31, 6692—-6698. [CrossRef]

Sigurdsson, M.L; Smith, A.V,; Bjornsson, H.T.; Jonsson, J.J. HapMap methylation-associated SNPs, markers of germline DNA
methylation, positively correlate with regional levels of human meiotic recombination. Genomne. Res. 2009, 19, 581-589. [CrossRef]
Hellman, A.; Chess, A. Extensive sequence-influenced DNA methylation polymorphism in the human genome. Epigenetics
Chromatin. 2010, 3, 11. [CrossRef]

Xie, H.; Wang, M.; Bischof, J.; Bonaldo, M.; Soares, M.B. SNP-based prediction of the human germ cell methylation landscape.
Genomics 2009, 93, 434-440. [CrossRef]

Chong, J.A.; Tapia-Ramirez, J.; Kim, S.; Toledo-Aral, J.J.; Zheng, Y.; Boutros, M.C.; Altshuller, Y.M.; Frohman, M.A; Kraner, S.D.;
Mandel, G. REST: A mammalian silencer protein that restricts sodium channel gene expression to neurons. Cell 1995, 80, 949-957.
[CrossRef]

Schoenherr, C.J.; Anderson, D.J. The neuron-restrictive silencer factor (NRSF): A coordinate repressor of multiple neuron-specific
genes. Science 1995, 267, 1360-1363. [CrossRef]

Gerstein, M.B.; Kundaje, A.; Hariharan, M.; Landt, S.G.; Yan, K.K.; Cheng, C.; Mu, X.J.; Khurana, E.; Rozowsky, J.; Alexander, R.;
et al. Architecture of the human regulatory network derived from ENCODE data. Nature 2012, 489, 91-100. [CrossRef]

Wang, J.; Zhuang, J.; Iyer, S.; Lin, X.; Whitfield, T.W.; Greven, M.C,; Pierce, B.G.; Dong, X.; Kundaje, A.; Cheng, Y.; et al. Sequence
features and chromatin structure around the genomic regions bound by 119 human transcription factors. Genome. Res. 2012, 22,
1798-1812. [CrossRef] [PubMed]

Bruce, A.W.; Donaldson, L].; Wood, L.C.; Yerbury, S.A.; Sadowski, M.I.; Chapman, M.; Gottgens, B.; Buckley, N.J. Genome-wide
analysis of repressor element 1 silencing transcription factor /neuron-restrictive silencing factor (REST/NRSF) target genes. Proc.
Natl. Acad. Sci. USA 2004, 101, 10458-10463. [CrossRef]

Johnson, D.S.; Mortazavi, A.; Myers, R.M.; Wold, B. Genome-wide mapping of in vivo protein-DNA interactions. Science 2007,
316, 1497-1502. [CrossRef]

Rockowitz, S.; Lien, W.H.; Pedrosa, E.; Wei, G.; Lin, M.; Zhao, K.; Lachman, H.M.; Fuchs, E.; Zheng, D. Comparison of REST
cistromes across human cell types reveals common and context-specific functions. PLoS. Comput. Biol. 2014, 10, 1003671.
[CrossRef]

Tapia-Ramirez, ].; Eggen, B.].; Peral-Rubio, M.].; Toledo-Aral, J.].; Mandel, G. A single zinc finger motif in the silencing factor
REST represses the neural-specific type II sodium channel promoter. Proc. Natl. Acad. Sci. USA 1997, 94, 1177-1182. [CrossRef]
Henriksson, R.; Bickman, C.M.; Harvey, B.K.; Kadyrova, H.; Bazov, I.; Shippenberg, T.S.; Bakalkin, G. PDYN, a gene implicated in
brain/mental disorders, is targeted by REST in the adult human brain. Biochim Biophys Acta. 2014, 1839, 1226-1232. [CrossRef]
Packer, A.N.; Xing, Y.; Harper, 5.Q.; Jones, L.; Davidson, B.L. The bifunctional microRNA miR-9/miR-9* regulates REST and
CoREST and is downregulated in Huntington’s disease. J. Neurosci. 2008, 28, 14341-14346. [CrossRef] [PubMed]

Yoo, A.S,; Staahl, B.T.; Chen, L.; Crabtree, G.R. MicroRNA-mediated switching of chromatin-remodelling complexes in neural
development. Nature 2009, 460, 642—646. [CrossRef]

Brohl, D.; Strehle, M.; Wende, H.; Hori, K.; Bormuth, I.; Nave, K.A.; Miiller, T.; Birchmeier, C. A transcriptional network
coordinately determines transmitter and peptidergic fate in the dorsal spinal cord. Dev. Biol. 2008, 322, 381-393. [CrossRef]
Huang, M.; Huang, T,; Xiang, Y.; Xie, Z.; Chen, Y.; Yan, R.; Xu, J.; Cheng, L. Ptfla, Lbx1 and Pax2 coordinate glycinergic and
peptidergic transmitter phenotypes in dorsal spinal inhibitory neurons. Dev. Biol. 2008, 322, 394—405. [CrossRef] [PubMed]
Wildner, H.; Das Gupta, R.; Brohl, D.; Heppenstall, P.A.; Zeilhofer, H.U.; Birchmeier, C. Genome-wide expression analysis of
Ptfla- and Ascll-deficient mice reveals new markers for distinct dorsal horn interneuron populations contributing to nociceptive
reflex plasticity. J. Neurosci. 2013, 33, 7299-7307. [CrossRef]

Lu, KM.; Evans, SM.; Hirano, S.; Liu, EC. Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic
programs to specify striatonigral cell identity. Proc. Natl. Acad. Sci. USA 2014, 111, 168-177. [CrossRef]

Kardon, A.P; Polgar, E.; Hachisuka, J.; Snyder, L.M.; Cameron, D.; Savage, S.; Cai, X.; Karnup, S.; Fan, C.R.; Hemenway, G.M.;
et al. Dynorphin acts as a neuromodulator to inhibit itch in the dorsal horn of the spinal cord. Neuron 2014, 82, 573-586. [CrossRef]
Huang, D.; Huang, D.; Grady, ES.; Peltekian, L.; Geerling, J.C. Efferent projections of Vglut2, Foxp2, and Pdyn parabrachial
neurons in mice. . Comp. Neurol. 2020. [CrossRef] [PubMed]

Jiang, HK.; Owyang, V.V,; Hong, ].S.; Gallagher, M. Elevated dynorphin in the hippocampal formation of aged rats: Relation to
cognitive impairment on a spatial learning task. Proc. Natl. Acad. Sci. USA 1989, 86, 2948-2951. [CrossRef]

151



Molecules 2021, 26, 3458

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Nguyen, X.V.; Masse, J.; Kumar, A.; Vijitruth, R.; Kulik, C.; Liu, M.; Choi, D.Y.; Foster, T.C.; Usynin, I.; Bakalkin, G.; et al.
Prodynorphin knockout mice demonstrate diminished age-associated impairment in spatial water maze performance. Behav.
Brain Res. 2005, 161, 254-262. [CrossRef] [PubMed ]

Carey, A.N.; Lyons, A.M.; Shay, C.F,; Dunton, O.; McLaughlin, ].P. Endogenous kappa opioid activation mediates stress-induced
deficits in learning and memory. J. Neurosci. 2009, 29, 4293-4300. [CrossRef] [PubMed]

Kolsch, H.; Wagner, M.; Bilkei-Gorzo, A.; Toliat, M.R.; Pentzek, M.; Fuchs, A.; Kaduszkiewicz, H.; van den Bussche, H.; Riedel-
Heller, S.G.; Angermeyer, M.C ; et al. Gene polymorphisms in prodynorphin (PDYN) are associated with episodic memory in the
elderly. J. Neural Transm. 2009, 116, 897-903. [CrossRef]

Yakovleva, T.; Marinova, Z.; Kuzmin, A.; Seidah, N.G.; Haroutunian, V.; Terenius, L.; Bakalkin, G. Dysregulation of dynorphins in
Alzheimer disease. Neurobiol. Aging. 2007, 28, 1700-1708. [CrossRef]

Sandin, ].; Nylander, I.; Georgieva, J.; Schott, P.A.; Ogren, S.O.; Terenius, L. Hippocampal dynorphin B injections impair spatial
learning in rats: A kappa-opioid receptor-mediated effect. Neuroscience 1998, 85, 375-382. [CrossRef]

Cippitelli, A.; Damadzic, R.; Frankola, K.; Goldstein, A.; Thorsell, A.; Singley, E.; Eskay, R.L.; Heilig, M. Alcohol-induced
neurodegeneration, suppression of transforming growth factor-beta, and cognitive impairment in rats: Prevention by group II
metabotropic glutamate receptor activation. Biol. Psychiatry. 2010, 67, 823-830. [CrossRef]

Kuzmin, A.; Chefer, V.; Bazov, I.; Meis, J.; Ogren, S.0.; Shippenberg, T.; Bakalkin, G. Upregulated dynorphin opioid peptides
mediate alcohol-induced learning and memory impairment. Transl. Psychiatry. 2013, 3, 310. [CrossRef]

Kuzmin, A.; Liljequist, S.; Meis, J.; Chefer, V.; Shippenberg, T.; Bakalkin, G. Repeated moderate-dose ethanol bouts impair
cognitive function in Wistar rats. Addict. Biol. 2012, 17, 132-140. [CrossRef]

Chefer, V.; Meis, J.; Wang, G.; Kuzmin, A.; Bakalkin, G.; Shippenberg, T. Repeated exposure to moderate doses of ethanol
augments hippocampal glutamate neurotransmission by increasing release. Addict. Biol. 2011, 16, 229-237. [CrossRef]

Walker, B.M.; Koob, G.F. Pharmacological evidence for a motivational role of kappa-opioid systems in ethanol dependence.
Neuropsychopharmacology 2008, 33, 643-652. [CrossRef]

Schlosburg, ].E.; Whitfield, TW.,, Jr.; Park, P.E.; Crawford, E.F,; George, O.; Vendruscolo, L.E.; Koob, G.F. Long-term antagonism
of kappa opioid receptors prevents escalation of and increased motivation for heroin intake. J. Neurosci. 2013, 33, 19384-19392.
[CrossRef]

Nealey, K.A.; Smith, A.W.; Davis, S.M.; Smith, D.G.; Walker, B.M. kappa-opioid receptors are implicated in the increased potency
of intra-accumbens nalmefene in ethanol-dependent rats. Neuropharmacology 2011, 61, 35-42. [CrossRef]

Kissler, J.L.; Sirohi, S.; Reis, D.J.; Jansen, H.T.; Quock, R-M.; Smith, D.G.; Walker, B.M. The one-two punch of alcoholism: Role of
central amygdala dynorphins/kappa-opioid receptors. Biol. Psychiatry 2014, 75, 774-782. [CrossRef]

Bazov, L; Sarkisyan, D.; Kononenko, O.; Watanabe, H.; Karpyak, V.M.; Yakovleva, T.; Bakalkin, G. Downregulation of the
neuronal opioid gene expression concomitantly with neuronal decline in dorsolateral prefrontal cortex of human alcoholics.
Transl. Psychiatry 2018, 8, 122. [CrossRef]

Bazov, I; Sarkisyan, D.; Kononenko, O.; Watanabe, H.; Yakovleva, T.; Hansson, A.C.; Sommer, W.H.; Spanagel, R.; Bakalkin, G.
Dynorphin and kappa-Opioid Receptor Dysregulation in the Dopaminergic Reward System of Human. Alcoholics. Mol. Neurobiol.
2018, 55, 7049-7061. [CrossRef]

Sarkisyan, D.; Hussain, M.Z.; Watanabe, H.; Kononenko, O.; Bazov, I.; Zhou, X.; Yamskova, O.; Krishtal, O.; Karpyak, V.M.;
Yakovleva, T.; et al. Downregulation of the endogenous opioid peptides in the dorsal striatum of human alcoholics. Front. Cell
Neurosci. 2015, 9, 187. [CrossRef]

De la Monte, S.M.; Kril, ].J. Human alcohol-related neuropathology. Acta. Neuropathol. 2014, 127, 71-90. [CrossRef]

Zahr, N.M.; Kaufman, K.L.; Harper, C.G. Clinical and pathological features of alcohol-related brain damage. Nat. Rev. Neurol.
2011, 7, 284-294. [CrossRef] [PubMed]

Sarkisyan, D.; Bazov, I.; Watanabe, H.; Kononenko, O.; Syvéanen, A.C.; Schumann, G.; Yakovleva, T.; Bakalkin, G. Damaged
reward areas in human alcoholics: Neuronal proportion decline and astrocyte activation. Acta. Neuropathol. 2017. [CrossRef]
[PubMed]

Robison, A.].; Nestler, E.J. Transcriptional and epigenetic mechanisms of addiction. Nat. Rev. Neurosci. 2011, 12, 623-637.
[CrossRef] [PubMed]

Nassel, D.R. Neuropeptide signaling near and far: How localized and timed is the action of neuropeptides in brain circuits?
Invert. Neurosci. 2009, 9, 57-75. [CrossRef]| [PubMed]

Gohler, T.; Reimann, M.; Cherny, D.; Walter, K.; Warnecke, G.; Kim, E.; Deppert, W. Specific interaction of p53 with target binding
sites is determined by DNA conformation and is regulated by the C-terminal domain. J. Biol. Chem. 2002, 277, 41192-41203.
[CrossRef]

Lai, J.; Ossipov, M.H.; Vanderah, T.W.; Malan, T.P,; Porreca, F. Neuropathic pain: The paradox of dynorphin. Mol. Interv. 2001, 1,
160-167.

Bazov, I.; Kononenko, O.; Watanabe, H.; Taqi, M.M.; Gerashchenko, G.; Yakovleva, T.; Bakalkin, G. Epigenetic mechanism of
endogenous opioid peptide precursor prodynorphin upregulation in the brain of human alcoholics: Methylation of DNA in a
single promoter nucleosome mediates USF2 effects. Soc. Neurosci. Meet. 2011.

152



molecules

Article

Mechanistic Characterization of the Pharmacological Profile of
HS-731, a Peripherally Acting Opioid Analgesic, at the p-, 5-,
k-Opioid and Nociceptin Receptors

Kristina Puls 10, Helmut Schmidhammer 2, Gerhard Wolber 1-*

Citation: Puls, K.; Schmidhammer,
H.; Wolber, G.; Spetea, M.
Mechanistic Characterization of the
Pharmacological Profile of HS-731, a
Peripherally Acting Opioid
Analgesic, at the p-, 5-, k-Opioid and
Nociceptin Receptors. Molecules 2022,
27,919. https:/ /doi.org/10.3390/
molecules27030919

Academic Editor: Lorenzo Di

Cesare Mannelli

Received: 30 November 2021
Accepted: 26 January 2022
Published: 28 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Mariana Spetea %*

1 Department of Pharmaceutical Chemistry, Institute of Pharmcy, Freie Universitat Berlin,

Koénigin-Luise-Str. 2+4, D-14195 Berlin, Germany; kristina.puls@fu-berlin.de
Department of Pharmaceutical Chemistry, Institute of Pharmacy and Center for Molecular Biosciences
Innsbruck (CMBI), University of Innsbruck, Innrain 80-82, 6020 Innsbruck, Austria;
helmut.schmidhammer@uibk.ac.at
*  Correspondence: gerhard.wolber@fu-berlin.de (G.W.); mariana.spetea@uibk.ac.at (M.S.);

Tel.: +49-30-838-52686 (G.W.); +43-512-507-58277 (M.S.)

Abstract: Accumulated preclinical and clinical data show that peripheral restricted opioids provide
pain relief with reduced side effects. The peripherally acting opioid analgesic HS-731 is a potent
dual p-/8-opioid receptor (MOR/DOR) full agonist, and a weak, partial agonist at the k-opioid
receptor (KOR). However, its binding mode at the opioid receptors remains elusive. Here, we
present a comprehensive in silico evaluation of HS-731 binding at all opioid receptors. We provide
insights into dynamic interaction patterns explaining the different binding and activity of HS-731
on the opioid receptors. For this purpose, we conducted docking, performed molecular dynamics
(MD) simulations and generated dynamic pharmacophores (dynophores). Our results highlight two
residues important for HS-731 recognition at the classical opioid receptors (MOR, DOR and KOR),
particular the conserved residue 5.39 (K) and the non-conserved residue 6.58 (MOR: K, DOR: W and
KOR: E). Furthermore, we assume a salt bridge between the transmembrane helices (TM) 5 and 6 via
K2275% and E297%8 to be responsible for the partial agonism of HS-731 at the KOR. Additionally,
we experimentally demonstrated the absence of affinity of HS-731 to the nociceptin/orphanin FQ
peptide (NOP) receptor. We consider the morphinan phenol Y1303 responsible for this affinity
lack. Y130%33 points deep into the NOP receptor binding pocket preventing HS-731 binding to
the orthosteric binding pocket. These findings provide significant structural insights into HS-731
interaction pattern with the opioid receptors that are important for understanding the pharmacology
of this peripheral opioid analgesic.

Keywords: GPCR; opioid receptor; HS-731; peripheral opioid agonist; analgesia; binding; selectivity;

molecular docking; molecular dynamics simulations

1. Introduction

Opioid receptors are membrane-bound receptors belonging to the family of G protein-
coupled receptors (GPCRs) [1]. There are four opioid receptor subtypes, including the
three classical opioid receptors, 1 (MOR), & (DOR) and k (KOR), and the more recently
discovered nociceptin/orphanin FQ peptide (NOP) receptor [1]. The central role of the
opioid system (opioid receptors and their endogenous and exogenous ligands) in pain
treatment has been long recognized, with activation of each opioid receptor subtype leading
to pain relief [2,3]. Because of their therapeutic relevance, the opioid receptors are among
the few GPCRs determined in different activation states [4].

The most common strategy for the treatment of severe pain is by targeting the
MOR [2,3,5]. Clinically used MOR agonists (e.g., morphine, oxycodone and fentanyl)
are capable of producing potent and effective analgesia, but they also cause unwanted
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and numerous side effects, such as respiratory depression, constipation, sedation, nausea,
tolerance, dependence and addiction [2—4]. Opioid misuse and opioid-induced overdoses
and death have become a global medical and socioeconomical issue leading to the ongoing
opioid epidemic [6,7]. Recently, it was reported that the overdose deaths from opioids was
increased to 56,064 in 2020 in the USA [8]. Therefore, the development of safer analgesics
with lower or no abuse liability and other undesirable side effects is highly needed [9-11].
Diverse approaches in the design of safer analgesics include targeting multiple receptors
simultaneously (bi- and multifunctional ligands) [11-13], functional selectivity at GPCRs
(biased agonists) [11,14-16] and peripheralization of opioid receptor agonists [2,11,17,18].

Opioid receptors are expressed in the central and peripheral nervous systems (CNS
and PNS), and various non-neuronal tissues (immune, neuroendocrine and ectodermal
cells) [2,3,19,20]. Preclinical and clinical studies have shown that selective activation of
peripheral opioid receptors leads to effective pain relief and reduced CNS-mediated side ef-
fects [2,17,18,21-23]. Increasing the hydrophilicity of opioids to limit their access to the CNS,
and thus to minimize the incidence of undesirable CNS effects comprises diverse chemical
modifications, such as incorporation of quaternary or amphiphilic molecules, which contain
hydrophilic and hydrophobic components, pH-sensitive activation of analgesic compounds
and synthesis of peptide-derived analgesics. The goal of achieving analgesia while avoiding
CNS penetration has focused on both small molecules and peptides [2,17,18,21,22,24].

Among the first generation of peripherally restricted opioid compounds was the MOR
agonist loperamide [25] (clinically used in the control of diarrhea), which is completely ex-
cluded from the CNS by the action of P-glycoprotein [18]. Asimadoline [26], an amphiphilic
molecule, was the first peripherally selective agonist with activity at the KOR evaluated in
humans for the treatment of peripheral pain. Unfortunately, asimadoline did not achieve
clinically relevant efficacy at doses that lacked CNS adverse effects [17,21]. Through com-
puter simulations at low pH, the fluorinated fentanyl analogue, NFEEP, was identified as a
potent antinociceptive activating specifically the MOR in acidified peripheral tissues and to
lack the typical opioid side effects in animals [18,21,27]. Peripheral restriction can also be
achieved with peptidic agonists that produce analgesia by activating the MOR or KOR in
the periphery [17,22,28]. The most advanced peripherally restricted KOR agonist under
clinical development for acute postoperative pain and chronic pain is the tetrapeptide
CR845 (also known as difelikefalin) [17,22].

Chemical and pharmacological work from our laboratory in the field of peripheral
opioid analgesics from the class of opioid morphinans targeted the attachment of amino
acid residues and dipeptides at the C6 position of the centrally acting MOR agonist 14-
O-methyloxymorphone [29-37]. It was established that inclusion of an ionizable group,
such as amino acid residues and sulfate conjugates, in morphinans leads to increased
hydrophylicity and consequently reduced penetration into the CNS, by having greater
selectivity towards peripheral tissues [31,32,34,35,37—40]. Inclusion of an ionizable group,
such as amino acid residues, leads to increased hydrophylicity and consequently reduced
penetration into the CNS, by having greater selectivity towards peripheral tissues. Sev-
eral zwitterionic analogues were profiled as very potent MOR/DOR agonists producing
antinociception after systemic administration in various pain models in rodents (mice
and rats) via activation of peripheral opioid receptors [37]. A prominent representative of
the series is HS-731, the 63-glycine substituted derivative of 14-O-methyloxymorphone
(Figure 1) [29], showing high affinity, potent and full agonism at the MOR and DOR, and a
weak, partial agonism at the KOR (Table 1). In addition, HS5-731 has been demonstrated
to effectively induce peripheral opioid antinociception in a multitude of pain conditions,
including acute nociception (tail-flick test) [31], visceral pain (acetic acid-induced writhing
assay) [34,37], inflammatory pain (formalin test [31,33] and carrageenan-induced hyper-
algesia [32]), neuropathic pain (sciatic nerve ligation) [33] and migraine pain (eye-wiping
trigeminal nociceptive test) [36] in rodents. In acute thermal nociception, HS-731 was up
to 200-fold more potent than morphine and had similar potencies to fentanyl when given
systemically subcutaneous (s.c.), with considerably long-lasting antinociceptive effects. A
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significant and prolonged duration of the antinociceptive effect (up to 4 h) with a peripheral
site of action was shown after oral administration of HS-731 to rats with carrageenan-
induced inflammatory pain [32]. Recent data were reported on the absence of analgesic
tolerance for HS-731 in rats upon chronic s.c. treatment for 14 days [23].

HS-731 neutral HS-731 ionic

Figure 1. Structure of HS-731 and the acid-base equilibrium under physiological conditions.

Table 1. In vitro binding affinities and agonist activities of HS-731 at the opioid receptors.

Rat Opioid . .
Receptor Receptor Human Opioid Receptor
Binding affinity = Binding affinity Functional activity

K; (nM) K; M) ECsp (nM) % stim.
MOR 0.83 +0.022 090 £0.14b 3.78 £0.73b 98+9b
DOR 7.86 + 0.64 2 10.1 £2.7b 7.92 4+ 1.63P 103+ 7P
KOR 448 +£0.12 -¢ 361 4 154 P 82+9Pb
NOP - >10,000 -d -d

2 Binding affinities (K;, nM) to the opioid receptors in the rat brain were determined in competitive radioligand
binding assays; data from [30]. P Binding affinities (K;, nM) to the human opioid receptors expressed in CHO cells
were determined in competitive radioligand binding assays; data from [35]. Potencies (ECsy, nM) and efficacies
(% stimulation expressed as percentage relative to the maximum effect of a selective, full opioid agonist) to the
human opioid receptors expressed in CHO cells were determined in the [?°S]|GTPYS binding assays; data from [35].
¢—denotes not determined. 4—denotes not applicable. Values are means 4+ SEM (1 = 3 independent experiments
performed in duplicate).

In the present study, we present the first mechanistic in silico investigation of the
binding mode and interaction mechanisms of HS-731 to the three classical opioid receptors
and rationalize why HS-731 does not bind to the NOP receptor.

2. Results and Discussion
2.1. HS-731 Shows No Specific Binding to the NOP Receptor

We have reported previously on the specific binding of HS-731 to the three classical
opioid receptors, MOR, DOR and KOR, in the rat brain and to the recombinant human
receptors expressed in Chinese hamster ovary (CHO) cells (Table 1). HS-731 shows high
binding affinities in the low nanomolar range to the MOR and DOR, and reduced affinity
to the KOR [30,35]. In the present study, the first data on the binding affinity of HS-731 to
the NOP receptor is reported. Competitive inhibition of [*°H]nociceptin binding by HS-731
to the NOP receptor was assessed using in vitro competitive radioligand binding assays
with membranes of CHO cells expressing the human NOP receptor. HS-731 displayed no
substantial binding to the NOP receptor up to a concentration of 10 M. In the same assay,
the reference nociceptin ligand had a very high binding affinity (K; = 0.17 & 0.04 nM) to
the NOP receptor (Figure 2 and Table 1).
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Figure 2. Binding curves of HS-731 to the human NOP receptor determined in the competitive radioli-
gand binding assay. Concentration-dependent inhibition by HS-731 and nociceptin of B H]nociceptin
binding to membranes from CHO cells stably expressing the human NOP receptor. Values are means
=+ SEM (n = 3 independent experiments performed in duplicate).

2.2. Homology Modeling Is Suitable to Predict the Active State Human Nociceptin Receptor

In order to characterize binding of HS-731 in a comprehensive way, an investigation
of both the inactive conformation, but also the active conformation is necessary. Since no
active-state crystal structure of the NOP receptor is available we modeled the active state
human NOP receptor structure using the crystal structure of the k-opioid receptor (KOR,
PDB-ID: 6B73 [41]). Model generation was carried out as described in the Section 3 and
resulted in a model with a 0.7 A root mean square deviation (RMSD) between the a-carbon
atoms between NOP receptor and active conformation KOR template, indicating a correct
global fold. The NOP receptor homology model contains no atom clashes and only two
phi/psi angle outliers, suggesting a high-quality homology model (Figure 3, see Section 3
for details).

Psi
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Figure 3. Ramachandran plot of the NOP receptor homology model. Angles within the orange range
angles are plausible (yellow spheres) and angles within the green space are optimal (green spheres).
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2.3. Water Molecules Are Important for HS-731 Binding to the Opioid Receptors

Water-mediated hydrogen bonds between ligand and receptor are known to occur
within opioid receptor crystal structures [4143]. Both MOR and DOR x-ray crystal struc-
tures [42,43] contain crystal water molecules. In the MOR, three polar interactions between
ligand and protein are mediated by water molecules, namely those to K233%3, H2976-52
and Y148%3 (the numbering refers to the mouse MOR; the respective residues in the hu-
man MOR are K235>%, H299%°2 and Y150%33, superscripts denote Ballesteros-Weinstein
numbering [44]) were reported [42]. Mutagenesis studies have revealed all three residues
to be involved in MOR binding and selectivity [45]. Therefore, the water molecules in
the MOR structure were retained. The DOR structure with PDB-ID 6PT2 published by
Claff et al. [43] contains three water molecules, which mediate interactions to K214°% and
Y129333. In mutagenesis studies, Y129%33 was shown to contribute to affinity and activity
of DOR agonists [43,46], while K214%% contributes to agonist binding and selectivity [47].
Therefore, all three water molecules were retained. For the KOR, no crystal waters are
experimentally resolved. ‘Interaction potential maps” implemented in MOE were there-
fore used to identify a single potential conserved water position. The same workflow
was applied to the NOP receptor homology model and the NOP receptor inactive crystal
structure. For all three structures water molecule between the transmembrane helices 5
and 6 (TM5/TM6) were identified that are capable to mediate interactions to the backbone
carbonyl of K5.39, an interaction highlighted previously in opioid receptors [41-43]. The
predicted water molecule in the KOR occupies the same coordinates as a preserved water
molecule present in the MOR (PDB-ID: 5C1M).

2.4. Docking Reveals a Common Binding Mode for HS-731 to the Opioid Receptors

HS-731 contains the same morphinan scaffold (Figure 4) as the co-crystallized ligands
of the active X-ray crystal structures used in this study (KOR co-crystalized with MP1104,
PDB-ID: 6B73 [41], and MOR co-crystalized with BU72, PDB-ID: 5C1M [42], Figure 4). In
contrast, the active state DOR structure used in this study contains a peptidic ligand [43].
Nevertheless, MP1104 is known to be a potent agonist at the MOR, DOR and KOR [41,48].
Thus, a maximal scaffold overlay of HS-731 and MP1104 or BU72, and additionally a
common binding mode within the opioid receptors was aimed.

A O B g He
0 LI e
® <
A, 7 [ N7
Morphinan scaffold MP1104

Figure 4. Chemical structures of (A) a morphinan scaffold and co-crystallized ligands (B) BU72 in
MOR (PDB-ID: 5C1M) and (C) MP1104 in KOR (PDB-ID: 6B73) under physiological pH (7.4).

To obtain a common binding mode of HS-731 in all opioid receptors, we docked
HS-731 into the prepared MOR, KOR, DOR x-ray crystal structures, as well as into the
NOP receptor active state homology model and the NOP receptor inactive crystal structure.
All protein structures contain water molecules in the TM5-6 region that is surmised to be
important for ligand binding [41]. Docking revealed a common binding pose of HS-731 in
the classical opioid receptors with the phenolic moiety establishing hydrogen bonding to
the water molecules coordinating the K5.39 backbone carbonyl in TM5. The morphinan
amine interacts with D3.32 via a salt bridge. The HS-731 carboxylate moiety points upwards
to the extracellular domain (Figure 5A). An ionic interaction between the side chain of K5.39
and the carboxylate of HS-731 occurs in all the three classical opioid receptors. In the MOR,
the carboxylate moiety also forms an ionic interaction with a second lysine positioned in
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TM6 (K305°58). While K5.39 is conserved among the classical opioid receptors, residue 6.58
is not conserved, with the positively charged K305 in the MOR, neutral W284%8 in the
DOR, and negatively charged E297%%8 in the KOR. Thus, HS-731 is only able to form ionic
interactions with both lysine residues in the MOR, explaining the highest affinity of HS-731
to this receptor. In contrast, HS-731 only can exhibit one ionic interaction to K5.39 in the
KOR and DOR (Figure 5B—C).

d,

7
W/E355.39
~. HOH525 HOH508

X

$ ¢

/

\ D149%3

S

K2275.39

2

/7 HoH1301
HOH101

3.32
D1 38 Q1 1 52.60

Figure 5. Binding modes of HS-731 to the classical opioid receptors. (A) Global view on the MOR
binding pocket with docked HS-731. (B) Binding pocket of the MOR. Residues 297-303 and 322-325
are not shown for better visualization. (C) Binding pocket of the KOR. Residues 289-294 and 311-318
are not shown for better visualization. (D) Binding pocket of the DOR. Residues 275-282 are not
shown for better visualization. Blue star indicates positive ionizable interactions, red stars negative
ionizable interactions, yellow spheres lipophilic contacts, green arrow hydrogen bond donors and
red arrows hydrogen bond acceptors. Water molecules are depicted as red spheres.
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Even though residue 6.58 did not participate in an interaction with HS-731 in the
KOR, it could have an influence on ligand binding. In the KOR, K227°%° and E2976-8
could interact with each other in an ionic protein-protein-interaction. Subsequently the
carboxylate of HS-731 would have to compete with E2975% for K2275% as interaction
partner. This competition would likely weaken the strength of the ligand interaction
to K227°3% and reduces HS-731s affinity to the KOR. The neutral W284%58 in the DOR
cannot participate in an ionic interaction. Nonetheless, it could take part in a weaker
m-cation interaction with K214°%. No geometrically plausible 7t-cation between W2846-58
and K214°3% could be observed in our model. Subsequently, we surmise that W28468
does not influence ligand binding resulting in a better affinity value compared to the KOR.
Additionally the non-conserved residue 6.58 is a known selectivity-determinant at the
classical opioid receptors [45,47,49], and therefore its influence on ligand binding could
contribute to the affinity pattern of HS-731 at the opioid receptors.

A feature only visible in the binding hypothesis generated at the MOR is an ionic
interaction between the secondary amine of HS-731 and D56 of the N-terminus. The MOR is
currently the only solved opioid receptor crystal structure in which the N-terminus covers
the binding site [42]. Thus, possible interactions between HS-731 and the N-terminus of
the KOR or DOR were not detectable, even though the unresolved parts of the N-termini
of both receptors contain negatively charged residues that could be oriented towards the
binding pocket. Hence, the ionic interaction between the secondary amine of HS-731 and
the N-terminus of the MOR was not investigated in this study.

Experimentally, HS-731 did not exhibit specific binding to the NOP receptor (Figure 2
and Table 1). Therefore, the generated binding hypothesis to the NOP receptor predomi-
nately served to give insights into the reasons for the lack of affinity to this receptor and
to assess if HS-731 could be active in higher concentrations than experimentally tested.
As there is no data about the activity profile of HS-731 at the NOP receptor available we
conducted docking to the modeled active state NOP receptor as well as to the inactive state
NOP receptor (crystal structure, PDB-ID: 5DGH). For the active state homology model no
valid and plausible docking solution for the orthosteric binding pocket with the essential
ionic interaction to D13033? could be obtained. Residue Y130333 is likely to cause this ex-
clusion effect as it points deeper into the NOP receptor binding pocket than in the classical
opioid receptors (Figure 6). A superimposition of NOP receptor with the classical opioid re-
ceptors in complex with HS-731 revealed atom clashes between the morphinan scaffold and
Y130%33 (Figure 6). This steric hindrance precludes HS-731 from binding to the active state
NOP receptor orthosteric binding pocket. Additionally, Akuzawa et al. [50] demonstrated
abolished binding of the endogenous ligand nociceptin to the NOP receptor mutant Q280A,
which indicates an important role of Q280 in anchoring NOP agonists. Residue Q280 is
positioned deep in the orthosteric binding pocket; therefore, it could not mediate HS-731
binding to the active conformation of the NOP receptor. Also, for the inactive state NOP
receptor (as obtained from the crystal structure with PDB-ID 5DGH), no reasonable binding
mode could be obtained. The binding site in the inactive NOP receptor conformation is
enlarged allowing HS-731 to bind to the lower part of the orthosteric binding pocket as
does the co-crystallized antagonist C-35. However, HS-731 adopted a different orientation
within the binding pocket and exhibited a distinct interaction pattern compared to known
NOP antagonists [51,52] as no 3D pharmacophore overlay could be detected (Figure S2).
Furthermore, HS-731 was not able to stabilize its two charged moieties outside the morphi-
nan scaffold in ionic interactions resulting in an enthalpically unfavorable binding mode.
Unlike endorphins, enkephalins and dynorphins, the endogenous NOP receptor ligand
nociceptin contains FGGF instead of YGGF in its message domain [50,51,53]. The additional
hydroxyl group is considered to function as a discriminator feature between classical opioid
receptors and the NOP receptor [51] with dynorphin A (Y!) showing no activity at the
NOP receptor [54]. The phenyl group of nociceptin is considered to point deeply into the
orthosteric binding pocket [51]. The discriminative hydroxyl group of HS-731 was similarly
oriented further indicating an implausible binding mode for HS-731.
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Figure 6. Superimposition of the NOP receptor and the classical opioid receptors in complex with
HS-731. Atom clash is indicated by the bold black line.

Altogether, the absence of affinity of H5-731 to the NOP receptor is in line with reports
indicating that NOP ligands often exhibit binding and activity patterns to the NOP receptor
not observed in the classical opioid receptors [1]. Furthermore, the lack of plausible docking
poses implies inactivity of HS-731 to the NOP receptor even for high ligand concentrations.
Hence, the binding poses at the NOP receptor were not further assessed in MD simulations.

2.5. Molecular Dynamics Simulations Revealed Additional Interactions for HS-731 Binding to the
Opioid Receptors

To obtain dynamic information for the opioid receptor-HS-731 complexes, we per-
formed MD simulations and analyzed the interactions using the in-house developed
Dynophore software [55], that calculates dynamic pharmacophores (‘dynophores’). Table 2
shows the frequency of the ionic interactions between HS-731 and the three opioid receptors,
MOR, DOR and KOR, during the simulations performed. Notably, the salt bridge between
the morphinan amine and D3.32 that is known to be crucial for binding of positively
charged ligands [56,57] occurred in 100% of the trajectory. In the case of the MOR, MD
simulations resulted in the same four ionic interactions observed in the static model. The
ionic interactions occurred with high frequencies, suggesting strong salt bridges between
HS-731 and the MOR binding pocket (Table 2). Dynophore analysis obtained from the DOR
and KOR complexes with HS-731 revealed additional, ionic interactions between the ligand
and extracellular loops (DOR: R291FCL3; KOR: K200F<2) that were not seen in the static
model. The occurrence of ionic interactions with residues of the ECLs could be explained by
a tilt of the loops towards the binding pocket during the simulations. Moreover, dynophore
analysis revealed four stabilizing ionic interactions between ligand and protein in case of
the KOR, but only three in case of the DOR (Table 2). Furthermore, the frequency of the
ionic interaction between the morphinan amine and K5.39 is as frequent in the KOR as in
the DOR, even though a lower frequency in case of the KOR was predicted due to possible
intramolecular interaction between K227°% and E297%8 as discussed in Section 2.4. The
last two findings seem in disagreement with the higher affinity of HS-731 towards the DOR
than to the KOR (Table 1). To explain these observations, we analyzed the geometry of
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the stabilizing salt bridges between HS-731 and the opioid receptors residues (Table 2) as
described in the next section.

Table 2. Ionic interaction occurrence between HS-731 and the three classical opioid receptors during
MD simulations.

Interaction Partners

InteractionType
HS-731 MOR DOR KOR
Cationic morphinan D149332(100%) D128332 D138%32
interaction amine (100%) (100%)
Cationic secondary D56N-terminus Not present E209F¢L2
interaction amine (73.7%) p (12.5%)
Anionic K23553 K214539 K2275%
. . Carboxylate (81.3%) (65.0%) (63.3%)
interaction K3056.58 R291ECL3 KzooECLZ
(75.0%) (9.2%) (15.7%)

The frequency is given as an average of five simulation replicates per system.

Detailed root-mean-square deviation (RMSD) plots of HS-731 and the protein backbone
can be found in the Supplementary Materials (Figures S3-58). Additionally, the supportive
information provide a comparison of the binding modes of HS-731 at the end of the
simulation time with the docking pose (Figures S9-511).

2.6. Interaction Distance Assessment Confirms Binding Hypothesis

We measured the distances between the interaction partner atoms to examine the
quality of the ionic interactions occurring during MD simulations. Ionic interactions are
known to be strongly distance-dependent and the energy of ionic interactions is determined
by an exponential term, i.e., the strength of the interaction decreases rapidly by increasing
distance [58]. The distance measurement between the carboxylate moiety of HS-731 and
K5.39 at the MOR revealed short distances throughout the majority of the MD simulation
(Figure 7A). The large extent of strong interactions implies stable ligand binding over the
simulation time and the higher amount compared to the other opioid receptors contributes
to the superior affinity of around one order of magnitude exhibited at the MOR.

The corresponding distance assessment at the DOR and KOR revealed far more short-
distance interactions at the DOR than at the KOR (Figure 7B). Thus, even though the
interaction frequency at the DOR and KOR was very similar, the interaction was much
stronger at the DOR, explaining the increased affinity of HS-731 at the DOR compared to
the KOR (Table 1). Additional interactions between the carboxylate and the basic residues
in the ECLs in both receptors (R291F¢3 in the DOR, K200F“!2 in the KOR) only occurred
with low frequency and long interaction distances rendering their effect on ligand binding
negligible (Figure S12A). The ionic interaction in the KOR between E209¥CL2 and the
secondary amine of HS-731 also only occurred with low frequency and again the distance
assessment revealed mostly long distances, rendering its effect on ligand binding trivial
(Figure S12B).

To explain the activity profile of HS-731 as a partial agonist at the KOR (Table 1),
the possible interaction between K227°3° and E297%58 to the KOR was assessed. This is
because a salt bridge between K22753% and E29708 at the KOR is assumed to hamper KOR
activation in that the interaction between the TM5 and TM6 hinders TM6 from its outward
movement [59]. At the same time, the translocation of TM6 is important for receptor
activation at GPCRs like the opioid receptors [4,60] and interactions between TM5 and TM6
are considered to hamper activation in other GPCRs [61]. This hypothesis is supported by
the fact that the salt bridge between K227°3% and E297° at the KOR only occurs in the
inactive conformation (PDB-ID: 4DJH [56]), but was broken up in the active crystal structure
(PDB ID: 6B73 [41]). The partial adoption of an intermediate state conformation with a
less pronounced outward movement due to K227°39-E29768 interaction would explain
the partial agonism of HS-731 at the KOR. Our simulation shows that the two residues
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interact with each other during 45.6% of the time indicating that the surmised intermediate
state is indeed relevant. Furthermore, the proposed hindered TM6 outward movement at
KOR was confirmed by a distance measurement between the alpha carbonyl atoms of the
opposing residues 6.31 at the bottom of TM6 (MOR: R278%3!, DOR: R25763!, KOR: R270%31)
and 4.40 at the bottom of TM4 (MOR: R184*40, DOR: A163%*%0, KOR: L173%40) over the
simulation time (Figure 8). Thus, the K22753%-E29708 interaction appears to induce a
less active conformation at KOR explaining the observed partial agonism of HS-731 at
the KOR. A comparison between the active state KOR (PDB-ID: 6B73) and one exemplary
intermediate state conformation can be found in the Supplementary Materials (Figure S13).
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Figure 7. Ionic interaction distances. (A) Distances between K235°3 (Nz) or K305°58 (Nz) in the
MOR and the carboxylate of HS-731. (B) Distances between K22753% (KOR, Nz) or K214%3° (DOR,
Nz) and the carboxylate moiety of HS-731. Dashed lines represent quantile. The width of the plot
corresponds to the frequency of the measured distance.
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Figure 8. TM6 translocation. Measurement between the alpha carbon atoms of 6.31 at the bottom of
TM6 (MOR: R27863!1 DOR: R257031, KOR: R270°31) and 4.40 at the bottom of TM4 (MOR: R184440,
DOR: A163440, KOR: 1.173*40) over the simulation time. The width of the plot corresponds to the
frequency of the measured distance. Dashed black lines represent quantile. Yellow solid lines indicate
the analog measured distances at the active state crystal structures (PDB-ID: 5C1IM for MOR, 6PT2
for DOR and 6B73 for KOR) and inactive state crystal structures (PDB-ID: 4DKL for MOR, 4N6H for
DOR and 4DJH for KOR).

In the case of the MOR and DOR, which do not exhibit negatively charged residues
in the upper half of TM6, no similar interaction occurred, in accordance with the HS-731
full agonism observed at these receptors (Table 1). To ensure that all influencing factors for
TM5-TMS6 interactions in the DOR were properly considered, the occurrence of cation—-
interactions between W284%58 and K214%% were determined. As surmised this interaction
was not detectable in MD simulations confirming the hypothesis of partial agonism in the
presence of TM5-TM6 interactions.

Definition of the intermediate state for all opioid receptors based on the TM6 deflection
measured between the alpha carbonyl atoms of the opposing residues 6.31 and 4.40 at
the respective active state crystal structures (PDB-ID: 5C1M for MOR, 6PT2 for DOR
and 6B73 for KOR) and inactive state crystal structures (PDB-ID: 4DKL for MOR, 4N6H
for DOR and 4DJH for KOR) clearly indicates a maximum within the intermediate area
for KOR, but also for MOR while DOR only very rarely adopts such a state (Figure 8).
Nonetheless, the number of intermediate state conformations observed for all three opioid
receptors during the simulation time reflects the order of activation potential measured
in the [*°S]GTPyS binding assay (Table 1). The KOR-HS-731 complex exhibits 51.9% of
the time an intermediate state conformation corresponding to 82% stimulation in the
[35S]GTPyS binding assay and partial agonism. The MOR-HS-731 complex in contrast only
adopts an intermediate conformation in 44.6% of the simulation time correlating to 98%
stimulation in the [**S]JGTPyS binding assay and full agonism. The DOR-HS-731 complex
reaches 103% stimulation in the [3*SJGTPyS binding assay and full agonism with only 5.3%
intermediate states.

3. Materials and Methods
3.1. Chemicals and Materials

HS-731 was prepared as previously described [29]. Radioligand [*H]nociceptin
(119.4 Ci/mmol) was purchased from PerkinElmer (Boston, MA, USA). Tris(hydroxymethyl)
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aminomethane (Tris), bovine serum albumin (BSA) polyethylenimine (PEI) and nociceptin
were obtained from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Cell culture media
and supplements were obtained from Sigma-Aldrich Chemicals (St. Louis, MO, USA). All
other chemicals were of analytical grade and obtained from standard commercial sources.
Test compounds were prepared as 1 mM stocks in water and further diluted to working
concentrations in 50 mM Tris-HCI buffer (pH 7.4).

3.2. Cell Culture and Membrane Preparation

CHO cells stably expressing the human NOP receptor (CHO-hNOP cell line) was
kindly provided by Dr. Lawrence Toll (SRI International, Menlo Park, CA, USA). CHO-
hNOP cells were grown at 37 °C in Dulbecco’s Modified Eagle’s Medium (DMEM) culture
medium supplemented with 10% fetal bovine serum (FBS), 0.1% penicillin/streptomycin,
2 mM L-glutamine and 0.4 mg/mL geneticin (G418). Cells were maintained in a humidified
atmosphere of 95% air and 5% CO,. Membranes from CHO-hNOP cells were prepared as
described previously [62]. Briefly, CHO-hNOP cells grown at confluence were removed
from the culture plates by scraping, homogenized in 50 mM Tris-HCl buffer (pH 7.7) using
a Polytron homogenizer, then centrifuged once and washed by an additional centrifugation
at 27,000 x g for 15 min at 4 °C. The final pellet was resuspended in 50 mM Tris-HCI buffer
(pH 7.7) and stored at —80 °C until use. Protein content of cell membrane preparations was
determined by the method of Bradford using BSA as the standard [63].

3.3. [’HINOP Receptor Binding Assay

Competitive binding assays at the human NOP receptor stably transfected into CHO
cells were performed according to the published procedure [62]. Cell membranes (15 pug)
were incubated in 50 mM Tris-HCl buffer (pH 7.4) with [*H]nociceptin (0.1 nM) and various
concentrations of test compounds in a final volume of 1 mL, for 60 min at 25 °C. Non-
specific binding was determined using 10 uM of unlabeled nociceptin. After incubation,
reactions were terminated by rapid filtration through 0.5% PEI-soaked Whatman GF/C
glass fiber filters. Filters were washed three times with 5 mL of ice-cold 50 mM Tris-
HCI buffer (pH 7.4) using a Brandel M24R cell harvester (Brandel, Gaithersburg, MD,
USA). Radioactivity retained on the filters was counted by liquid scintillation counting
using a Beckman Coulter LS6500 (Beckman Coulter Inc., Fullerton, CA, USA). Inhibition
constant (K;, nM) values were determined by the method of Cheng and Prusoff [64] from
concentration-response curves by nonlinear regression analysis using the GraphPad Prism
5.0 Software (GraphPad Prism Software Inc., San Diego, CA, USA). All experiments were
performed in duplicate and repeated three times with independently prepared samples.
Data are presented as means + SEM.

3.4. Protein Preparation and Modeling of the KOR Active Conformation

For classical opioid receptors, X-ray crystal structures of the active state proteins are
published and provided in the protein data bank (PDB [65]). The respective structures with
PDB-IDs 5C1M for the MOR [42], 6PT2 for the DOR [43] and 6B73 for the KOR [41] were
prepared using MOE v2020.0901 [66]. The X-ray crystal structure of the inactive state NOP
receptor (PDB-ID: 5DGH) was prepared analog. Only the chain with the best resolution
was processed. Fusion proteins (antibody fragment in MOR, thermostabilized cytochrome
b562 (BRIL) in the DOR, nanobody in the KOR) and the unresolved parts of the N-terminus,
as well as of the C-terminus of the opioid receptors were deleted. Thermostabilizing
mutations in the DOR and KOR were subsequently reverted to the human wild-type
sequence obtained from the UniProt-Databank [67] (human DOR: P41143, human KOR:
P41145). The MOR structure (PDB-ID: 5C1M) is of a murine receptor. Hence, the sequence
was manually mutated to obtain the human wild-type MOR model (UniProt-ID: P35372).
The NOP receptor structure already contained the human sequence. Missing side chain
atoms were automatically generated using the protein builder integrated in MOE. The
unresolved parts of ECL2, ECL3 and ICL3 of the KOR and ICL2 of the NOP receptor were
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modeled using the loop modeler panel within MOE. To obtain high quality structures,
Ramachandran outliers [68] and atom clashes were resolved using energy minimization
with the OPLS-AA force field [69].

Homology modeling of the active state NOP receptor was performed using MOE
v2020.0901 with default settings in a similar as described in [70]. The chain with the best
resolution (3.10 A) of the active KOR structure (PDB-ID: 6B73, sequence identity of 59% and
sequence similarity of 73%) with the NOP receptor (Figure S1) served as a template. The
protein target sequence (human NOP receptor) was obtained from the UniProt-Database
(human NOP receptor P41146). Both Ramachandran outliers as shown in Figure 3 are
located in flexible loops far away from the binding site (T206 of extracellular loop 2, ECL2,
and S251 of intracellular loop 3, ICL3). Hence, we assume that these Ramachandran
outliers are unlikely to influence ligand binding. Visual inspection revealed that the side
chain orientations of the residues forming the orthosteric binding pocket, including D3.32
(number denote Ballesteros—Weinstein numbering [44]), responsible for the crucial ionic
interaction between opioids and their receptors, show a similar orientation in the generated
model as in the template.

‘Interaction potential maps” as implemented in MOE v2020.0901 were used to deter-
mine putatively relevant water molecules inside the binding site of the KOR (resolution too
low to determine co-crystallized waters) and the NOP receptor (homology model without
water coordinates; too low resolution in the crystal structure). The interaction potential is
an energy-based function that probes water molecules within the protein and calculates
the interaction energy between water molecule and protein [66]. For this calculation the
KOR binding site was defined as all residues within 4.5 A around the crystalized ligand
MP1104 in the KOR structure (PDB-ID: 6B73). Since the KOR and NOP receptor share a
high sequence identity (59%) the same resides were used to define the NOP binding site in
the active state homology model. For the NOP receptor crystal structure again, all residues
within 4.5 A around the crystalized ligand C-35 were used.

3.5. Protein-Ligand Docking

The starting conformation of HS-731 (IUPAC name: 2-[(4,5x-epoxy-3-hydroxy-143-metho
xy-17-methylmorphinan-63-yl)aminoJacetic acid) was generated using Corina v3.00 [71,72].
All five opioid receptor structures were protonated at a pH of 7.0 using the protonate
3D function [73] included in MOE (v2020.0901). GOLD v5.2 [74] was used for docking
HS-731 into the receptors. The binding site was defined as a 20 A sphere around the side
chain carboxylate C (yC)-atom of D3.32 and restricted to the solvent-accessible surface.
Pyramidal nitrogen atoms in the ligand were allowed to flip during the docking process. A
total of 30 genetic algorithm runs per receptor structure were performed, generating diverse
solutions (the root mean square deviation between docking poses was more than 1.5 A). The
generated binding hypotheses were scored using the GoldScore docking function [75,76].
The search efficiency was held at 100%. A constraint maintaining a maximum distance of
5.5 A between the nitrogen in the morphinan scaffold and the yC-atom of D3.32 was set to
ensure a crucial ionic interaction [41,56,57,77].

The obtained binding poses were energy-minimized in the protein environment using
the MMFF9%4 force field [78] implemented in LigandScout v4.4.3 [79,80]. The binding poses
of HS-731 in complex with the MOR, DOR and KOR were visually inspected and filtered
according to the reported binding mode of the morphinan scaffold of opioid agonist BU72
co-crystallized with the MOR (PDB-ID: 5C1M [42]) and the morphinan scaffold of the
opioid agonist MP1104 co-crystallized with the KOR (PDB-ID: 6B73 [41]). Additionally,
MP1104-KOR interactions were used to score the DOR docking results as MP1104 also
exhibits full agonism at the DOR. The relevant interactions are summarized in Table 3.
Rescoring of the MOR and KOR clearly identified one docking result as most plausible
that was chosen for further evaluation. At the DOR however, several docking results were
scored equal. Thus, the pose with the lowest distance between the positively charged
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nitrogen in the morphinan scaffold and the carboxylate of D3.32 out of the best scored
docking results was chosen at the DOR.

Table 3. Ligand-receptor interactions used for rescoring of docking results.

BU72 MP1104
Interaction
MOR DOR KOR NOP
PI D1493-32 D128332 D138332 D130332
HY M1533-36 M1323-36 M1423:36 M1343-36
HY V238542 V217542 V230542 1219542
HY 1298651 . - B
HY V3026-55 V281655 1294655 283655
HY W3207-35 - - -
HBA - Y1293-33 Y1393-33 -
HBA/HBD HOH525/508  HOH101/1301/1302 HOH HOH

PI, positive ionizable interaction; HY, hydrophobic interaction; HBA, hydrogen bond acceptor; HBD, hydrogen
bond donator; HOH refers to water molecules.

None of the crystallized opioid ligands exhibit agonist activity to the NOP receptor,
but due to high identity and similarity to the classical opioid receptors (Figure S1) a
similar binding mode of HS-731 in all active state opioid receptors was assumed. MP1104
shares the morphinan scaffold of HS-731 and an alignment and superposition of the KOR
crystal structure and the NOP receptor homology model revealed the same orientation
of the residues that interact with MP1104 in the MP1104-KOR-complex and their NOP
receptor equivalent, with the exception of Y1313, Therefore, the binding poses were
evaluated according to the geometry of the other interactions detected in the MP1104-KOR
complex (Table 3). For the inactive state NOP receptor (PDB-ID: 5DGH) the orientation
and interaction pattern of the cocrystallized ligand C-35 was used to evaluate the docking
poses. C-35 only exhibit the crucial ionic interaction towards D130%32 as well as several
hydrophobic interactions (to 1127327, 1129331, Y1313-33, M134336, V279651 v28365%),

3.6. Molecular Dynamics Simulations and Analysis to Evaluate Docking Poses

Five replicates of molecular dynamics (MD) simulations of 100 ns were performed
for each receptor-ligand complex. The systems were set up using Maestro v2020-4 [81]
and parametrized using the OPLS 2005 force field [82,83]. The MD simulations were
performed using Desmond v2020-4 [84]. The protein was placed in a cubic box with 10 A
padding either side to the protein surface filled with TIP4P water molecules [85] and
ions (0.15 M NaCl), to ensure isotonic conditions, and was embedded in a 1-palmitoyl-
2-oleoylphosphatidylcholine (POPC) bilayer. The membrane placement was carried out
according the OPM database (PDB-ID: 5C1M for the MOR, 6PT2 for the DOR, 6B73 for the
KOR). The simulation was performed under periodic boundary conditions as an NPyT
ensemble, i.e., a constant number of particles, pressure (1.01325 bar), lateral surface tension
(0 N/m) and temperature (300 K) throughout the simulation. Each simulation resulted in
1000 system conformations, according to a 100 ps recording interval. VMD v1.9.3 [86] was
used to center the protein and to align the trajectory onto the backbone heavy atoms of the
starting protein conformation.

For MD simulation analysis, dynamic pharmacophores, so called dynophores [55,87],
were calculated. Dynamic pharmacophores encompass pharmacophoric information de-
rived from an ensemble of protein conformations obtained from MD simulations. Interac-
tions are grouped into feature groups according to their interaction type (e.g., lipophilic
interaction, hydrogen bond acceptor, hydrogen bond donator). The interaction occurrence
over the trajectory of each interaction group is statistically determined and reported as
percentages. The dynophore algorithm is implemented the ilib framework, on which
also LigandScout [79,80] is based upon. To assess the quality of interactions occurring
during the MD simulations distances between HS-731-COO-(C-atom)-KOR-K227°3 (Nz),
HS-731-COO-(C-atom)-DOR-K21453 (Nz), HS-731-COO-(C-atom)-MOR-K235°%° (Nz)
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and HS-731-COO-(C-atom)-MOR-K305%%8 (Nz), HS-731-COO-(C-atom)-DOR-R291 (Cz),
HS-731-COO-(C-atom)-KOR-K200, and HS-731-secundary amine-KOR-E209 (CD) were
measured using VMD. The violin plots (Figure 7) representing the distribution of measured
distances were generated using the python v3.8.5 [88] packages seaborn v0.11.2 [89] and
matplotlib v3.4.3 [90].

4. Conclusions

In this study, we assessed the difference in binding affinity and activity values of the
peripheral opioid antinociceptive, HS-731, at the opioid receptors, and generated a binding
hypothesis at each opioid receptor subtype. HS-731 shows extensive ionic interactions with
the classical opioid receptors, MOR, DOR and KOR, and the differences in the frequency
and quality of those interactions mediate differences in the affinity and activity of HS-731 to
these receptors. At the MOR, HS-731 forms four ionic interactions over the majority of the
MD simulations. At the DOR and KOR, there were only two noteworthy ionic interactions
present. A closer examination of the interaction quality facilitated by an interaction distance
assessment revealed by far the strongest ionic interactions at the MOR followed by the
DOR. The quality at the KOR was much weaker than at the DOR. A salt bridge between
K227°3% and 297658 was observed in about 50% in the case of the KOR. This interaction
is likely to cause the KOR to adopt an intermediate-state conformation as supported by
the decreased distance between the bottom of TM6 and TM4 as a surrogate parameter
for the TM6 translocation and GPCR activation, and therefore could explain the partial
agonism of HS-731 to the KOR. The MOR and DOR that did not exhibit TM5-TM6 ionic
interactions, and thus were not forced to adopt an intermediate state conformation are able
to be fully activated by the agonist HS-731.The present results highlight the importance
of ionic interactions for the binding of the 63-glycine substituted agonist HS-731 to the
opioid receptors, and accentuate the non-conserved residue 6.58 and the N-terminus, as
important selectivity determinants for the classical opioid receptors. We experimentally
demonstrate that HS-731 displayed no substantial binding to the NOP receptor. We surmise
that Y13133? is responsible for this observation, in that it points further into the active
state binding pocket than in the classical opioid receptors and prevents HS-731 binding
within the orthosteric binding pocket. Furthermore, the hydroxyl group of HS-731 is likely
to abolish ligand binding to the NOP receptor in that it mimics the tyrosine within the
message address of endogenous peptides for the classical opioid receptors instead of the
phenylalanine within the message address of the NOP receptor agonist nociceptin.

In conclusion, our findings offer significant structural insights into HS-731 interactions
with the opioid receptors that are important for understanding the pharmacology of this
peripheral opioid analgesic.
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Abstract: In our society today, pain has become a main source of strain on most individuals. It
is crucial to develop novel treatments against pain while focusing on decreasing their adverse
effects. Throughout the extent of development for new pain therapies, the nociceptin/orphanin FQ
receptor (NOP receptor) has appeared to be an encouraging focal point. Concentrating on NOP
receptor to treat chronic pain with limited range of unwanted effects serves as a suitable alternative
to prototypical opioid morphine that could potentially lead to life-threatening effects caused by
respiratory depression in overdose, as well as generate abuse and addiction. In addition to these
harmful effects, the uprising opioid epidemic is responsible for becoming one of the most disastrous
public health issues in the US. In this article, the contributing molecular and cellular structure in
controlling the cellular trafficking of NOP receptor and studies that support the role of NOP receptor
and its ligands in pain management are reviewed.

Keywords: nociceptin/orphanin FQ receptor; NOP receptor; ligands; opioid receptor; nociceptin;
N/OFQ; analgesia

1. Introduction

Persistent pain affects more than 30% of North America’s population throughout their
life and it attributes to substantial expense in the US with annual costs ranging between $560
and $635 billion, which is larger than the cost of the nation’s priority health conditions [1].
This main socio-economic issue is expected to have a two-fold increase within the next
10 years especially in the elderly, as reported by the 2010 Medical Expenditure Panel Survey
(MEPS). Despite the life- threatening effect caused by respiratory depression in overdose
and the potential of high abuse, opioid analgesics stand as the conventional choice of
treatment for moderate to severe pain [2-6]. As a result of misuse and extensive diversion,
the use of opioids has become a leading crisis in the US, which was declared by the United
States Department of Health and Human Service (HHS) in 2017 [7,8]. According to the
Centers for Disease Control and Prevention (CDC), a significant increase in overdose-
related deaths occurred in 2020 in which the involvement of synthetic opioids was over
60% [9]. For this reason, several research institutes have made it a priority to develop
safe, effective, and non-addictive therapeutics for chronic pain management and address
opioid-use disorders with innovative medications, to save lives and encourage recovery.

Opioids exert their effect via opioid receptors, a member of a large superfamily of
seven-transmembrane-spanning (7TM) G-protein-coupled receptors (GPCRs), mu (MOP
receptor), kappa (KOP receptor), delta (DOP receptor), and nociceptin (NOP receptor) [10].
Since NOP receptors are distributed in various regions (dorsal root ganglia (DRG), spinal
dorsal horn (SDH), and brain) that are involved in pain transmission, NOP receptor ligands
are under investigation primarily as an alternative for MOP receptor opioid analgesic
in addition to their anxiolysis and antidepressant-like effect [11-13]. However, the NOP

173



Molecules 2022, 27, 595

receptor was considered a controversial drug target for analgesics because of its unique
pharmacological effects in pain modulation (antinociceptive vs. nociceptive effects) in the
earlier phases of discovering nociceptin [14-19]. Currently, the NOP receptor has become a
main focus as a promising target for analgesics as NOP receptor ligands have reported to
show antinociceptive effects in non-human primates regardless of their administered doses
and administration routes (spinal or supraspinal).

Moreover, the bifunctional and multifunctional NOP/opioid receptor agonists have re-
cently displayed potent antinociceptive activity with favorable side effect profiles. Among
these agonists, cebranopadol represents a promising therapeutic candidate for pain, accord-
ing to the results of its clinical trials. In this article, the current literature for NOP receptor’s
crystal structure, distribution, signaling pathway, and the rational design of NOP receptor
ligands with various pharmacological profiles as a promising alternative for conventional
opioid analgesic is reviewed to assess its therapeutic potential as analgesics.

2. Structure of NOP Receptor

In the mid 1990s, the human cDNA clone that encodes the NOP receptor was first
isolated from the human and mouse brainstem and was then identified in several murine
genomes including rat, pig, and guinea pig [20-25]. It was previously known as “orphanin
FQ”, “nociceptin,”, or “ORL-1" for opioid receptor-like 1 receptor, due to the lack of its
endogenous peptide ligand in the binding assays; however, nociceptin or orphanin FQ
(N/OFQ) that closely resemble dynorphin A, a selective KOP receptor endogenous peptide,
was characterized a year later by applying reverse pharmacology as the endogenous
neuropeptide for NOP receptor [14,15]. This endogenous neuropeptide has 17 amino
acids, Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln, which
have quite unique features. The Phe-Gly-Gly-Phe amino terminal is noticeably comparable
to the Tyr-Gly-Gly-Phe that is conserved in other classical opioid peptides [26,27]. Moreover,
the number of Lys and Arg residues that are found in N/OFQ are similar to dynorphin A.
Along with this resemblance, the gene structure of opioid peptide genes (preprodynorphin
and preproenkephalin) and nociceptin precursor gene are also similar [27,28]. Multiple
conserved amino acid residues and motifs specifically in the transmembrane helices and
the intracellular loops have been identified by comparing the cDNA-derived amino acid
sequence of the NOP receptor protein with that of other opioid receptors, indicating that
NOP receptor belongs to GPCR Class A (rhodopsin-like) receptors, as the fourth and last
characterized opioid receptor [29]. Consequently, the IUPHAR nomenclature defined this
receptor and its peptide which are currently named NOP receptor and N/OFQ [30].

To date, three crystal structures of human NOP receptor have been solved with three
piperidine-based antagonists (Banyn Compound-24 (C24), SB-612111, and Compound-35
(C-35)) at a resolution of 3 A [31,32]. These crystal structures provide a perspective into
the atomic details of the molecular structure of the NOP receptor and support previous
homology models developed to further understand the functional mechanism of NOP
receptor. In all three structures, the protonated nitrogen of the piperidine interacts with
the D130%32 (superscripts indicate the Ballesteros Weinstein TM helix residue numbering)
residue in NOP receptor which leads to the formation of a salt bridge, implying the high
affinity for these ligands. Consistent with NOP receptor crystal structure in its inactive state,
the previous homology models of NOP receptor in complex with N/OFQ further support
that the N-terminal amino groups of an endogenous neuropeptide agonist, N/OFQ, interact
with D130%32 [33-35]. This indicates the important role of this residue which is conserved
in other canonical opioid receptors on the binding of NOP receptor ligands. Moreover, the
replacement of D130332 into alanine or asparagine in the mutagenesis studies abolished
N/OFQ binding, emphasizing the negative charge essentiality at this location [32].

Computer aided molecular docking studies of the selective NOP receptor agonist Ro
64-6198 into the first active state NOP receptor homology model, have also indicated signs
for the mentioned NOP receptor selectivity enhancing of interactivity [34]. In this model,
the amide hydrogen in Ro 64-6198 directly interacts with T305”3 to form a hydrogen
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bond that takes place at the extracellular end of the orthosteric binding site, while the
phenalenyl ring of Ro 64-6198 and the hydrophobic V279! residue interact together inside
the binding site.

Despite these studies that have highlighted the key residues and structures that are
involved with ligand binding, receptor activation, and signaling, the determination of
NOP receptor in its active state is required to illuminate the conformational changes in
receptor’s architecture.

3. The Distribution and Signaling Pathway of NOP Receptor

Several techniques and animal model including in situ hybridization, immunohisto-
chemistry, autoradiography, RT-PCR, knock-in mice with a fluorescent-tagged NOP recep-
tor (NOP receptor-eGFP) in place of the native NOP receptor, and [3°S]-GTPyS assay were
employed to reveal the tissue distribution of NOP receptor. It is widely expressed in the
human and other animal species both in the central and peripheral nervous systems [12,36].
Peripherally, the human immune cells (lymphocytic B and T-cell lines, monocytic cell lines,
and circulating lymphocytes and monocytes) express NOP receptor mRNA [37]. Centrally,
the NOP receptor mRNA is detected in the cortical areas, hypothalamus, mammillary
bodies, the substantia nigra, thalamus nuclei, limbic structures (the hippocampus and
amygdala), brainstem (colliculi, the ventral tegmental area, the locus coeruleus), and the
pituitary gland [37,38].

Because NOP receptor activation modulates several physiological functions and phar-
macological roles including, but not limited to, pain sensation, mood, learning, memory,
cardiovascular control, and immune response [39], it is important to understand its signal-
ing pathways and subsequent trafficking events. NOP receptor has shown a high sequence
identity and homology in the TM helices and intracellular loops with other classical opioid
receptors (DOP receptor, MOP receptor, and KOP receptor) which couple to inhibitory G
proteins, suggesting a similar activation mechanism upon ligand binding. This binding
triggers the heterotrimeric dissociation of Ga[3y subunits following the replacement of
guanosine diphosphate (GDP) by guanosine triphosphate (GTP) at G subunit and sub-
sequently induces multiple intracellular signaling pathways [40,41]. The dissociated Go
subunit suppresses adenyl cyclase and cAMP production, while Gy subunits directly cou-
ple with different ion channels such as Ca?* and Kir3 [42-44]. NOP receptor also regulates
the voltage-dependent Ca* channels by modulating Rho-associated coiled-coil-containing
protein kinase (ROCK) and LIM domain kinase (LIMK) [45]. Like canonical opioid receptor,
the suppression of pre and postsynaptic Ca?* influx, the activation of G protein gated
inward rectifying potassium (GIRKs) conductance, as well as the inhibition of various ions
channels such as Na* channel resulted in cellular hyperpolarization and attenuation of
neuronal excitability and nociceptive stimuli transmission, thus producing antinociceptive
effects [46]. In addition to ion channels, the activation of NOP receptors also modulates
all three mitogen-activated protein kinase (MAPK). MAPK activity thereby regulates cell
proliferation, progression, and differentiation (ERK1/ERK2), as well as the response to
cellular stressors (p38 and JNK1/JNK2/JNKB3) [47,48]. Moreover, the neurotransmitter
release of serotonin, noradrenaline and glutamate, as well as the phospholipase (PLC) A2
and C signaling, are induced by NOP receptor activation [49-52].

Within minutes of NOP receptor activation, the uncoupling of NOP receptor to G
protein is facilitated by a desensitization process, a feedback mechanism to control the
receptor overstimulation during acute and chronic exposure to the ligand [53]. This process
is regulated by various kinases such as GPCR kinases (GRKSs) that mediate the phospho-
rylation, and the arrestin ligation to the C-terminus of the opioid receptor. Besides GRKs,
second messenger-dependent protein kinases including protein kinase A (PKA), protein ki-
nase C (PKC), and calcium/calmodulin-dependent protein kinase Il have also been shown
to phosphorylate and desensitize the NOP receptor [54,55]. The receptor desensitization
is suppressed through the inhibition of mitogen activated protein dependent kinase that
could interfere with the arrestin recruitment. After the GRK/arrestin recruitment, the
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NOP receptor is translocated into the intracellular compartment through clathrin-mediated
endocytosis into which the receptor is recycled and re-sensitized to restore the receptor
function back again.

4. Ligands of NOP Receptor

Analgesia is one of the potential clinical indications of NOP receptor due to its wide
distribution in the nervous system (central and peripheral) which are involved in the pain
processing pathways. In this review, NOP receptor ligands including N/OFQ-related
peptides, nonpeptidic, and bifunctional compounds with different pharmacological profiles
(full agonist, partial agonist, and antagonist) that represent viable drug target for pain are
spotlighted. Initially, intrathecally (i.t) administered N/OFQ produces dose-dependent
analgesia in the tail flick assay and flinching behavior in the formalin test without caus-
ing sedation as well as promotes antinociceptive effect of morphine in both rats and
monkey [16-19]. Whereas opposite effects like hyperalgesia and a decrease in locomotor
activity are produced as a result of the intracerebroventricular (i.c.v) N/OFQ adminis-
tration in the hot plate test and the tail flick test in mice [14,15]. The unexpected action
of i.c.v. N/OFQ administration resulted from both the anti-opioid activity (antagonizing
MOP receptor, DOP receptor, and KOP receptor antinociception activity) via NOP receptor
stimulation in the periaqueductal gray (PAG) neurons and the reversal of opioid induced
analgesia of N/OFQ opposed to the nociceptive activity as proposed previously [56-58].
These findings indicate the dual actions of N/OFQ that mainly depend on the administered
dose, pain models (chronic or acute), examined species, and the route of administration
as illustrated in Figure 1. The reason behind this discrepancy across species is not known
yet; however, some studies (reviewed in [29,59]) suggest that the difference in neuronal
circuitry of pain between different species could be the reason for NOP receptor system
having opposite effects in pain processing. Furthermore, the effectiveness of NOP receptor
agonists in addressing chronic pain (over acute pain), can be explained by the varying
levels of NOP receptor mRNA and NFQ peptide induced by chronic inflammation.

Effect of N/OFQ adminstration on the pain response

A  Supraspinal B Spinal
X : Nanomoles Analgecla
Hyperalgesia : and higher tMorphine -induced
: " doses analgesia
Morphine-induced / E Saa Ug:)as'fsw Hyperalgesia
analgesia :
Analgesia
Morphine-induced X
analgesia
Nanomoles Araleea
and ultra-low digesia
doses

Figure 1. N/OFQ effect in rodent and non-human primates on pain response. (A) Supraspinal
administration of N/OFQ produces hyperalgesia and blocks morphine-induced analgesia in rodent,
whereas the opposite effect of analgesia and the promotion of an antinociceptive effect are produced
in non-human primates. (B) Spinal administration of N/OFQ produces dose-dependent analgesia
in both rodent (nanomoles and higher doses) and non-human primates (nanomoles and ultra-low
doses) as well as promotes an antinociceptive effect of morphine, while ultra-low doses of N/OFQ
induce hyperalgesia in rodent.
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In this section, the relevant pharmacological features of NOP receptor ligands in-
cluding peptide, nonpeptide, and bifunctional and mixed NOP receptor compounds are
explored with a focus on their role in modulating pain to further comprehend the nature of
the N/OFQ-NOP receptor system within these processes.

4.1. Peptide Ligands Related to N/OFQ Targeting Pain

Earlier systematic SAR studies revealed that both truncation and amidation of N/OFQ
are required to sustain the biological activity of N/OFQ and avoid the N-terminus degra-
dation by proteases, respectively [60]. As a result, N/OFQ(1-13)-NH2, which is the shortest
peptide sequence that maintains the potency, efficacy, and affinity as N/OFQ, has been
used as a template to design a new series of N/OFQ analogues. In the frame of SAR
studies, several peptides with distinct pharmacological activity have been identified such
as [Phel¥(CH2-NH)Gly2]N/OFQ(1-13)NH2, UFP-101, and [Nphel]N/OFQ(1-13)NH2
(NOP receptor antagonists), UFP-112 (highly potent NOP receptor agonist), and UFP-113
(partial NOP receptor agonist) [61-65]. The peptides that have antinociceptive activity are
summarized in Table 1 and described below.

Table 1. The peptides that have antinociceptive activity are summarized.

In Vitro Human NOP Receptor In Vivo Ref
Name/Structure Category Receptor 35SIGTPYS Ca*? Administrati
Bindi o% o . ministration Effect
ngling pKg/pA2 N][?oli);}ggtzlon Route/Dose/Species ec
Analgesia
Selective (30 nmol) Promote
[Nphe! IN/OFQ(113)NH, NOP receptor 8.39 7.33 6.29 icw morphine- [61]
antagonist mice induced
analgesia.
Long lasting
Igesia
(10 nmol) ana. g
. - Block N/OFQ
Nphe!, Argl4, Selective icv. [62]
(Np g NOP receptor 10.24 8.85 7.66 i effect on
Lys™°IN/OFQ-NH; antaconist locomotor
(UFP-101) & activity
(10 nmol) Block N/OFQ
it. (i.t.1 nmol) [66]
mice analgesic effect
B Hyperalgesia
a 1(1)2 }‘)]mol) Decrease [67]
mice locomotor
activity
(1-100 pmol) Lon(gicl)zsiztmg
Lt dependent [67]
mice .
analgesia
Decrease heart
rate
Decrease blood
(0.1and pressure
10 nmol/kg) Decrease [
> : 67]
[(PF)Phe*Aib”ArgLys'SIN/OFQ- _Selective 1055 1055 9.05 Intravenous (i.v.) unhary
NH, NOP receptor excretion
(UFP-112) agonist Increase urine
flow
Dose-
dependent
analgesia
without
inducing itch
(1_101 ?mol) Promotes [68]
monke morphine-
y induced
analgesia
without
increasing itch
response
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Table 1. Cont.

In Vitro Human NOP Receptor In Vivo Ref
Name/Structure Category Receptor 5SIGTPYS Ca*? Administration
Binding Y5 Mobilization . Effect
pKi PKg/pAz pKp/pAs Route/Dose/Species
[Phe' (CH,- Selecti
> AT A 14T 15 elective NOP (0.001-1 nmol)
NH)Gly"(pF)Phe” Aib’ Arg™*Lys ] receptor 10.26 9.72 7.97 it Analgesia [69]
N(/[?FI;?{%I){Z partial agonist rats
(250 pmol) Decease
icv. locomotor [70]
PWT2-N/OFQ mice activity
y° e (2.5-250 pmol) Dose-
- ¥ ; it dependent [71]
e T Sel‘;gg’;tgop 103 10.12 8.83 mice analgesia
o » J‘ agonist Analgesia
o ° (0.3,1, and No itching
oo o 3 nmol) No sedation [71]
) it. No
monkey impairment in

motor activity

4.1.1. [Nphe!IN/OFQ(1-13)NH2

A preliminary hypothesis regarding the behavior of NOP receptor-active compounds
stated that if N/OFQ induces pain, antagonists are likely to exhibit antinociceptive activity.
To test this, [Nphel]N /OFQ(1-13)-NHp3, the first reported peptide with antagonist activity,
was generated by shifting the side chain of Phe! from C to N atom in the amidated N/OFQ.
A binding assay using Chinese hamster ovary (CHO) cells that express recombinant human
NOP receptor and cyclic AMP accumulation in CHO cells identified the antagonistic
properties of [Nphe! [N/OFQ(1-13)-NH,. The mouse tail withdrawal assay revealed that
a single i.c.v. administration of [Nphel]N /OFQ(1-13)NH2 increased the tail withdrawal
latency time, while a combinational administration of [Nphel]N /OFQ(1-13)NH2 with
N/OFQ and morphine inverted the reduction of tail withdrawal latency time latency and
promoted the antinociceptive effect of morphine, respectively, implying the analgesic action
of this ligand [61,72].

4.1.2. [Nphe!, Arg!4, Lys'*IN/OFQ-NH, (UFP-101)

Previous studies have shown that the binding of C-terminus-amidated N/OFQ to
the acidic restudies at the ECL2 of NOP receptor was enhanced by inserting Arg and
Lys [35,73]. Combination of [Nphe! [N/OFQ(1-13)-NH; and [Arg!4, Lys'’]N/OFQ-NH,
led to the generation of a new peptide [Nphe!, Arg!4, Lys!°]N/OFQ-NHj, also called UFP-
101 [62]. In vitro assays including functional binding assays using (CHO cells expressing
human NOP receptor and [*°S]-GTPYS), cyclic AMP accumulation experiment, and Schild
regression analysis of electrically stimulated isolated peripheral (rats, mice, and guinea
pigs) and central tissues (rat) showed that UFP-101 competitively antagonized the effects
of N/OFQ. Similar to [Nphel]N /OFQ(1-13)-NHj, i.c.v. administration of 10 nmol UFP-101
produced antinociceptive effect in the mouse tail withdrawal assay, but with higher potency
and longer duration of action, indicating that the presence of Arg'* and Lys!®> may promote
either the binding of UFP-101 to NOP receptor and/or the UFP-101 metabolic stability.
Since UFP-101 is a selective NOP receptor antagonist, it has been also used as a research tool
to confirm that NOP receptor mediates both the inhibition of spinal excitatory transmission
in vitro as well as the spinal antinociception in vivo [66].

4.1.3. [(pF)Phe*Aib” Arg'4Lys!'S N /OFQ-NH, (UFP-112)

The chemical modifications of the phenyl ring in Phe4 residue that is essential for
NOP receptor activation by inserting pF along with the replacement of Ala at position 7 by
a-aminoisobutyric acid (Aib) in N/OFQ sequence resulted in generation of more potent lig-

178



Molecules 2022, 27, 595

ands [74-76]. By applying these two chemical modifications to [Arg!4, Lys!>]N/OFQ-NH,,
[(pF)Phe4Aib7Arg14Lysl5]N/ OFQ-NHy, also known as (UFP-112), was synthesized [67].
This ligand acts as a potent (100-fold higher than N/OFQ) and a selective NOP receptor
agonist. A long-lasting dose dependent antinociceptive effect was observed after the i.t.
administration of UFP-112 (1-100 pmol) in the mouse tail withdrawal assay. In contrast,
the same dose of UFP-112 produced a pronociceptive effect and a long-lasting reduction in
the locomotor activity when it was administered intracerebroventricularly. Subsequent to
intravenous (i.v.) administration of UFP-112 in rats, diuresis as well as reduction in heart
rate, blood pressure, and urinary sodium excretion were significantly observed. Consistent
with the mouse tail withdrawal assay finding, a long-lasting dose dependent antinoci-
ceptive effect was also observed after the i.t. administration of UFP-112 (1-10 nmol) in
monkeys without inducing itching by using acute and chronic primate pain modalities
(acute noxious stimulus and capsaicin-induced thermal hyperalgesia, respectively) [68].
Notably, the spinal administration of a subthreshold dose of UFP-112 (1 nmol) synergized
a morphine analgesic effect without increasing pruritus.

4.1.4. [Phe' (CH,-NH)Gly?(pF)Phe*Aib’ Arg'4Lys!° N /OFQ-NH, (UFP-113)

The combination of [Phel‘Y(CHz—NH)Glyz](N /OFQ-NH, that was synthesized to further
avoid the protease degradation [63] and the mentioned above [(pF)Phe*Aib” Arg'4Lys!®]
N/OFQ-NH,, UFP-112, led to the generation of [Phe!* (CH,-NH)Gly?(pF)Phe*Aib” Arg!4
Lys'®IN/OFQ-NHy, also referred to as UFP-113 [77]. In vitro pharmacological characterization
studies that include the functional [*°S]-GTPyS binding in CHO cells that express the human
NOP receptor and electrically stimulated mouse and rat vas deferens and guinea pig ileum
tissues, reveals that UFP-113 acts as a selective partial agonist for NOP receptor [77]. The
spinal catheterization of UFP-113 induced an analgesic response in rats at doses that range
between (0.001 and 1 nmol); however, in the knockout of rats for the NOP receptor gene the
analgesic effect no longer persisted, implying that the antinociceptive effect of UFP-113 is
mediated through the NOP receptor stimulation [69].

4.1.5. PWT2-N/OFQ

By employing a novel chemical strategy using peptide wilding approach (PWT), three
tetrabranched derivatives of N/OFQ that include PWT1-N/OFQ, PWT2-N/OFQ, and
PWT3-N/OFQ were generated [78]. Both in vitro ([¥°S]-GTPYyS binding, calcium mobiliza-
tion, and electrically stimulated mouse vas deferens assays) and in vivo studies using NOP
receptor gene knocked out [NOP receptor (—/—)], revealing that these PWT derivatives
act as full NOP receptor agonists that have high potency and a long duration of action
of, particularly in PWT2-N/OFQ (40-fold more potent than N/OFQ) [70]. Additionally,
analgesic effects were reported after the spinal administration of PWT2-N/OFQ using the
nociceptive pain model (tail withdrawal assay) and the neuropathic pain model (chronic
constriction injury) in mice and monkeys [71]. PWT2-N/OFQ exhibited higher potency
(40-fold more potent) and longer duration (10-fold longer duration of action) in comparison
to N/OFQ.

Despite having high potency and selectivity of the previously mentioned NOP receptor
peptides in targeting NOP receptor, their pharmacokinetic properties, specifically their poor
penetration across the blood-brain barrier have limited their therapeutic indications. How-
ever, these peptides have substantially contributed to the detailed understanding of the
various responses of the peripheral (respiratory, gastrointestinal, genitourinary, immune,
and cardiovascular systems) and central (pain transmission, anxiety, food intake, locomo-
tion, and drug addiction) systems that are related to the N/OFQ-NOP receptor system.

4.2. Non-Peptide NOP Receptor Ligands Targeting Pain

To overcome the poor metabolic stability of peptide ligands related to N/OFQ and
require to be administered either intrathecally or intracerebroventricularly, several studies
were conducted to identify new selective non-peptide ligands that are suitable for in-
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traperitoneal or oral administration. High-throughput screening and medicinal chemistry
research have led to the discovery of multiple classes of chemical compounds including
piperidines, spiropiperidines, nortropanes, 4-amino-quinolines, and quinazolines that act
as NOP receptor ligands with enhanced metabolic stability. The non-peptides that have
antinociceptive activity are summarized in Table 2 and described below.

Table 2. Non-peptide NOP receptor ligands targeting pain.

In Vitro Human NOP Receptor In Vivo Ref
Name/Structure Category Receptor [*3SIGTPyS Ca*? Administration Effect
Binding pKi pECso MobilizationpECsy Route/Dose/Species
Ro 65-6570
N 0.1-1 mg/kg)
\ NOP receptor (
) \\ ) ‘non 8.6 (0.03 to 11 5mol/ kg) Analgesia [79,80]
peptide agonist mice
(3 mg/kg)
@a mg / kg) Analggsia
Ro 64-6198 mtrapeinltiocreleal (p) 31?;2&2 [81-83]
ot (0.3 to 3 mg/kg) anxiolytic-like
@\) NOP receptor 941 8.09 7.98 ip. effects
Y . nonpeptide P
wl ] (‘/\ agonist
N Y Analgesia
\ | &
@ (0.001-0.06 mg/kg), depression
subcutaneous (s.c.) No itching [17]
monkey No reinforcing
1-30 mg/kg) anxiolytic-li
ytic-like
peroral (p.o.) [84]
SQH2215 10 Selective NOP rat effects
~A 1D receptor i-
J ) nonpeptide 0.3 12 (0.1-3.0 mg/kg) _ pf?tent artm
) agonist _ 1P p-O, Intfammatory [85]
) intracolonic and analgesic
mice effect

4.2.1. Ro 65-6570

The high-throughput screening of 8-acenaphthene-l-yl-l-phenyl-1,3,8-triaza-spiro[4.5]decan-
4-one was performed to develop Ro 65-6570, 8-(1,2-dihydroacenaphthylen-1-yl)-1-phenyl-1,3,8-
triazaspiro[4,5]decan-4-one, by a group of scientists at Roche laboratories [86]. In vitro studies
that include radioligand binding and cAMP inhibition assays in (CHO) cells expressing the
recombinant human NOP receptor indicated that Ro 65-6570 acts as a NOP receptor full agonist
with poor selectivity in comparison to other opioid receptors [87]. In mice, i.v. administration
of Ro 65-6570 resulted in dose-dependent antinociceptive effects without modifying motor
coordination using formalin paw and orofacial formalin (OFF) tests [79,80]. Further in vitro
functional selectivity studies such as the BRET-based assay revealed that Ro 65-6570 is a G
protein-biased agonist which exhibited antinociceptive effects in 3-arrestin 2 knockout mice as
compared to the wild-type [88,89].

4.2.2. Ro 64-6198

In an effort to develop a new NOP receptor agonist with high selectivity (greater than
100-fold over canonical opioid receptors) and potency, [(15,3a5)-8-(2,3,3a,4,5, 6- hexahydro-
1H-phenalen-1-yl)-1-phenyl-1,3,8-triaza- spiro[4.5] decan-4-one], also known as Ro 64-6198,
was identified by a group of scientists at Hoffman La Roche in Switzerland [81,90,91].
Using Ro 64-6198 as a valuable pharmacological tool highlighted therapeutic applica-
tions for NOP receptor agonist such as anxiety, neuropathic pain, addiction, cough, and
anorexia, in addition to the undesirable effects it has on learning, memory, motor activity,
and body temperature (hypothermia) [92]. Similar to morphine, analgesic effects in the
hot plate and shock threshold assays were observed after the systemic administration of
Ro 64-6198 (3 mg/kg, intraperitoneal (i.p)) in wild-type mice but not in NOP receptor
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knockout mice [82,83]. Conversely, increased pain sensitivity was observed as an opposite
effect in the tail flick assay, implying the complex role of NOP receptor in pain process-
ing. Furthermore, coadministration of low doses (1 mg/kg) of Ro 64-6198 and morphine
resulted in an additive analgesic effect [83]. Consistent with these findings, analgesic
effects without causing depression, itching, and reinforcing responses were observed after
the subcutaneous (s.c.) administration of Ro 64-6198 (0.001-0.06 mg/kg) in both acute
(acute noxious stimulus) and chronic (capsaicin-induced neuropathic pain) pain modalities
in monkeys [93]. Pretreatment with J-113397 (0.1 mg/kg), a selective nonpeptidic NOP
receptor antagonist, blocked Ro 64-6198-induced antinociception, emphasizing that the
antinociceptive actions of Ro 64-6198 is mediated via NOP receptor. Despite the robust
analgesic effects of systemically administered Ro 64-6198 in non-human primates, several
in vivo studies using tail flick and immersion, tactile or cold water stimulation and foot
shock assays revealed that Ro 64-6198 does not modulate pain processing in rodents, except
mouse hot plate assay [81,83,93-95].

4.2.3. SCH221510

SCH221510 is a potent and selective non-peptide NOP receptor agonist that was re-
ported to induce analgesia in neuropathic pain when administered orally and intrathecally
in mice and rat models, respectively [96-98]. It is also reported to attenuate the respira-
tory depression and itch response that were observed after the systemic administration
of buprenorphine to a non-human primate, as well as reinforcing MOP receptor agonists
induced responses in rats [97,99]. Conversely, a s.c. administration of SCH221510 (3 and
10 mg/kg) in hot-plate test did not produce analgesia, while SCH221510 administration
(3 mg/kg) reduced morphine-induced analgesia. The co-administration of SCH221510
(3 mg/kg) and morphine (10 mg/kg) accelerated the tolerance development to the antinoci-
ceptive effect of morphine in female mice [100].

4.3. Bifunctional and Mixed NOP Receptor Compounds

Considering the potential ability of intracerebroventricularly administered N/OFQ to
attenuate morphine tolerance and suppress drug reinforcing response, the development
of new synthetic agonists may constitute an innovative pharmacological approach for
analgesics that target both MOP receptor and NOP receptor to enhance their analgesic
effect and minimize their side effects as depicted in Figure 2 [99,101-105]. Additionally,
multiple pathophysiological pathways are involved in the pain process, so developing
analgesic agents with multiple mechanisms of actions could be an innovative strategy
for developing new effective and safe analgesics [106]. Accordingly, several compounds
including AT-121 (a partial agonist of NOP receptor and MOP receptor), buprenorphine
(semisynthetic multifunctional opioid), and its analogue BU08028 were synthesized (re-
viewed in [107-109]).

4.3.1. SR 16435

SR 16435 (Figure 3), also referred to as [1-(1-(bicyclo[3.3.1]nonan-9-yl)piperidin-4-
yl)indolin-2-one] behaved as a bi-functional NOP receptor /MOP receptor partial agonist
with high binding affinity was synthesized by Toll group [110]. In mice, SR 16435 ad-
ministration produced an analgesic effect (s.c. and i.t.) which was effective and potent
in attenuating both neuropathic and inflammatory pain (i.t) with diminished tolerance
development to the antinociceptive effect of SR 16435 [96,110]. Nonetheless, the condi-
tioned place preference (CPP) that was primarily mediated by MOP receptor activation was
induced after the administration of SR 16435. This finding emphasizes that full agonistic
activity at NOP receptor could be required to reduce the rewarding properties associated
with MOP receptor [110].
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Figure 3. Chemical structures and in vitro pharmacological profiles of bifunctional and mixed NOP

receptor ligands that target pain [99,110-119].
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4.3.2. AT-121

AT-121 (Figure 3) is a non- morphinan compound which acts as a bifunctional NOP
receptor /MOP receptor partial agonist with high binding affinity [114]. It was synthesized
to optimize the pharmacological profile of MOP receptor agonists by synergizing their
therapeutic effects (analgesia and treatment of substance abuse) and minimizing their side
effects (respiratory depression, tolerance dependent, and abuse liability) via targeting NOP
receptor. In monkeys, s.c. administration of AT-121 produced morphine-like analgesic and
antiallodynic effects using the warm water tail-withdrawal assay and capsaicin-induced
allodynia, respectively, without trigging itch, physical dependence, respiratory depression,
and hyperalgesia mediated by opioid. These effects were confirmed to be mediated by
MOP receptor and NOP receptor activation by using selective dose of MOP receptor and
NOP receptor antagonists, ]-113397 (0.1 mg/kg) and naltrexone (0.03 mg/kg), respectively.
Additionally, AT-121 could be therapeutically implicated for opioid addiction as it lacks the
abuse potential (reinforcing effects) and diminished oxycodone reinforcing response.

4.3.3. Buprenorphine and Its Analog BU08028

Buprenorphine (Figure 3) is a natural derived alkaloid of the opium poppy with a
mixed pharmacological activity (MOP receptor /NOP receptor partial agonist and DOP
receptor /KOP receptor low partial agonist) clinically approved to treat pain and substance
abuse [99,115]. In rodent, full analgesic effects were produced after the administration of
buprenorphine in both chronic and acute pain models [120]. After a systemic administration
of 0.01-0.1 mg/kg to a non-human primate, an antinociceptive effect was present in a
dose-dependent manner. A resultant respiratory depression and itch were observed and
subsequently confirmed to be induced by MOP receptor activation. These side effects
associated with buprenorphine were found to be attenuated by the co-administration of
an NOP receptor selective agonist such as Ro 64-6198 and SCH 221510 [99]. As such,
the combination emphasized the therapeutic potential of mixed MOP receptor /NOP
receptor agonists as innovative analgesics. A buprenorphine analog that is known as
BU08028 (Figure 3) demonstrated a similar binding profile to buprenorphine with improved
binding affinity and efficacy to NOP receptor. In mice, an intrathecal administration of
BU08028 produced an analgesic effect, which was more potent than morphine in attenuating
both neuropathic and inflammatory pain [96]. Consistent with these results, a systemic
administration of BU08028 to a non-human primate produced a long-lasting analgesic
effect (>24 h) with a reduced reinforcing effect as compared to cocaine, remifentanil, or
buprenorphine and without causing respiratory depression and CVS adverse effects [121].

4.3.4. BPR1IM97

By applying a high-throughput screening, BPRIM97 (Figure 3) was identified as a
dual agonist that produced a significant analgesic effect in a tail-flick assay in mice [122].
Both in vitro assays (radioligand binding, c-AMP production, membrane potential, 3-
Arrestin-2 recruitment, and internalization assays) and in vivo behavior assays (tail flick
and clip, respiratory and cardiovascular functional, acetone drop, von Frey hair, charcoal
meal, glass bead, locomotor activity, conditioned place preference (CPP) and naloxone
precipitation assays) proved that BPRIM97 behaved as a dual agonist for MOP receptor
(full agonist) and NOP receptor (G-protein biased agonist) [118]. Notably, rapid analgesic
actions (more potent than morphine in cancer-induced sensory allodynia) were observed
after the BPR1IM97 s.c. administration with less undesirable side effect as compared
to morphine.

4.3.5. BU10038

A naltrexone-derived bifunctional MOP receptor /NOP receptor agonist, also referred
to as BU10038 (Figure 3), behaved as a partial MOP receptor and NOP receptor agonist
was synthesized by Husbands and Ko groups [117]. In non-human primate, both sys-
temic (0.001-0.01 mg/kg) and intrathecal (3 mg) administrations of BU10038 resulted in a
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long-lasting antinociceptive with neither reinforcing effects nor other effects like itching,
respiratory depression, and tolerance when administered repeatedly.

4.3.6. JTC-801

JTC-801 (Figure 3), also referred to as [N-(4-amino-2-methylquinolin-6-yl)-2-(4-ethylph-
enoxymethyl) benzamide hydrochloride], behaved as a NOP receptor antagonist and was
developed by a group of scientists at the Central Pharmaceutical Research Institute [119].
JTC-801 produced antinociceptive effects in a hot plate test and a formalin test using
mice and rats, respectively. Although the injectable and oral formulations of JTC-801
entered Phase II of its clinical trials in both Japan and the UK to treat the neuropathic and
postoperative pain, it was suspended for unknown reasons [123].

4.3.7. Cebranopadol

The rational optimization strategy of spiro[cyclohexanedihydropyrano[3,4-bJindole]-
amine resulted in the discovery of cebranopadol (Figure 3) that represents the first in its class
to be a highly potent and efficacious antinociceptive agent with combined agonistic activity
at MOP receptor, NOP receptor (subnanomolar affinity), KOP receptor, and DOP receptor
(low nanomolar affinity) [111,112,124]. Behavior in vivo studies including acute and chronic
pain models in rodents (tail-flick, formalin test, rheumatoid arthritis, bone cancer, spinal
nerve ligation, diabetic neuropathy) further indicated the high potency and extremely
long-lasting analgesic effect of cebranopadol in comparison with selective MOP receptor
agonist, particularly in the chronic pain model [111,125]. Extensive preclinical safety and
tolerability studies have been conducted on rodent models to reveal the possible side effects
on the CNS, the respiratory system, and the gastrointestinal system (reviewed in [126]).
Limited range of unwanted effects were also observed, as cebranopadol did not decrease
respiratory rate, develop a tolerance, or impair the motor coordination, unlike the effects
of morphine. The G-protein-biased agonistic activity at NOP receptor could be the reason
behind these favorable side effect profiles of cebranopadol [125]. Notably, cebranopadol
is equipotent and equi-efficacious toward the G protein activation at both MOP receptor
and NOP receptor without inducing phosphorylation or NOP receptor internalization
and without recruiting B-arrestin2 at NOP receptor only in BRET assay [125,127]. The
noncompartmental analysis in phase I and phase II clinical trials was used to assess the
pharmacokinetics profiles of cebranopadol. The maximum plasma concentration [Cmax]
(4-6 h) with a long half-value duration (14-15 h) was reached after oral administration
of immediate release formulation of cebranopadol. After the administration of multiple
once-daily oral doses of cebranopadol in patients, the steady state was reached in nearly
2 weeks. Following single- and multiple-doses administration of cebranopadol in healthy
subjects and patients, a two-compartment disposition model with first-order elimination
process and a two lagged transition compartments was observed [128]. Several phase
II clinical trials were conducted and listed as complete in patients suffering from acute
(bunionectomy trial) and chronic (diabetic neuropathy, osteoarthritis, chronic low back
pain, and diabetic polyneuropathy) pain to evaluate the efficacy, safety, and tolerability of a
single oral dose of cebranopadol [129-135]. While most phase III clinical trials have recently
proven the effectiveness, safety, and tolerability of cebranopadol when administered orally
(200-1000 pg per day) to cancer patients who suffer from moderate to severe chronic
pain [136,137].

5. Future Directions and Conclusions

In this review, the rational design of NOP receptor ligands with various pharmacolog-
ical profiles as a promising alternative for conventional opioid analgesic is discussed. The
crystal structure, distribution, and signaling pathway of NOP receptor are also highlighted.
It is important to note that other therapeutic indications for NOP receptor in the treatment
of various neurological disorders and alcohol abuse have not been explored in this review.
Notably, NOP receptor-related peptides have substantially attributed in expanding our
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knowledge regarding the various peripheral and central responses related to N/OFQ-NOP
receptor system, but their poor bioavailability has limited their therapeutic implications.
Regardless of the controversial results between the spinal and supraspinal administration
of endogenous neuropeptide of NOP receptor that remains poorly understood, the NOP
receptor ligands exhibit favorable pharmacological activity and side effects, particularly
the mixed which target multiple opioid receptors. So far, cebranopadol represents the
most promising NOP receptor ligand to treat acute and chronic pain without reducing
respiratory rate, developing a tolerance, or impairing the motor coordination as compared
to the clinically approved opioid analgesic. However, further work needs to be done
to resolve the high-resolution structure of NOP receptor in its active state to elucidate
the distinct residues responsible for NOP receptor agonist binding [138]. Conceivably,
a deep understanding of the NOP receptor signaling pathway and structure along with
computer-aided molecular docking and behavior studies will facilitate the discovery of
polypharmacological ligands that target multiple receptors including NOP receptor as new
effective and safe analgesics.

Author Contributions: A.E.D. and T.C. wrote the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by R35GM143061 to T.C.

Conflicts of Interest: The authors have no conflict of interests to declare.

References

1.  Gaskin, D.J.; Richard, P. The economic costs of pain in the United States. J. Pain 2012, 13, 715-724. [CrossRef]

2. Brownstein, M.]. A brief history of opiates, opioid peptides, and opioid receptors. Proc. Natl. Acad. Sci. USA 1993, 90, 5391-5393.
[CrossRef] [PubMed]

3. Volkow, N.D,; Collins, E.S. The Role of Science in Addressing the Opioid Crisis. N. Engl. |. Med. 2017, 377, 391-394. [CrossRef]

4. Ballantyne, J.C.; Kalso, E.; Stannard, C. WHO analgesic ladder: A good concept gone astray. BM] 2016, 352, i20. [CrossRef]
[PubMed]

5. Bruchas, M.R;; Roth, B.L. New Technologies for Elucidating Opioid Receptor Function. Trends Pharmacol. Sci. 2016, 37, 279-289.
[CrossRef]

6. Khademi, H.; Kamangar, F; Brennan, P; Malekzadeh, R. Opioid Therapy and its Side Effects: A Review. Arch. Iran. Med. 2016, 19,
870-876. [PubMed]

7. Iwanicki, J.L.; Severtson, S.G.; Margolin, Z.; Dasgupta, N.; Green, J.L.; Dart, R.C. Consistency between Opioid-Related Mortality
Trends Derived From Poison Center and National Vital Statistics System, United States, 2006-2016. Am. |. Public Health 2018, 108,
1639-1645. [CrossRef] [PubMed]

8. Kirson, N.Y.; Scarpati, L.M.; Enloe, C.J.; Dincer, A.P,; Birnbaum, H.G.; Mayne, T.J. The Economic Burden of Opioid Abuse:
Updated Findings. J. Manag. Care Spec. Pharm. 2017, 23, 427-445. [CrossRef]

9.  Available online: https:/ /www.cdc.gov/nchs/nvss/vsrr/drug-overdose-data.htm (accessed on 12 January 2022).

10.  Wacker, D.; Stevens, R.C.; Roth, B.L. How Ligands Illuminate GPCR Molecular Pharmacology. Cell 2017, 170, 414-427. [CrossRef]

11. Anton, B.; Fein, J.; To, T.; Li, X,; Silberstein, L.; Evans, C.J. Imnmunohistochemical localization of ORL-1 in the central nervous
system of the rat. J. Comp. Neurol. 1996, 368, 229-251. [CrossRef]

12. Mollereau, C.; Mouledous, L. Tissue distribution of the opioid receptor-like (ORL1) receptor. Peptides 2000, 21, 907-917. [CrossRef]

13.  Neal, C.R,, Jr; Mansour, A.; Reinscheid, R.; Nothacker, H.P,; Civelli, O.; Akil, H.; Watson, S.J., Jr. Opioid receptor-like (ORL1)
receptor distribution in the rat central nervous system: Comparison of ORL1 receptor mRNA expression with (125)I-[(14)Tyr]-
orphanin FQ binding. J. Comp. Neurol. 1999, 412, 563-605. [CrossRef]

14. Meunier, ]J.C.; Mollereau, C.; Toll, L.; Suaudeau, C.; Moisand, C.; Alvinerie, P, Butour, J.L.; Guillemot, J.C.; Ferrara, P,
Monsarrat, B.; et al. Isolation and structure of the endogenous agonist of opioid receptor-like ORL1 receptor. Nature 1995,
377,532-535. [CrossRef] [PubMed]

15. Reinscheid, R.K.; Nothacker, H.P.; Bourson, A.; Ardati, A.; Henningsen, R.A.; Bunzow, J.R,; Grandy, D.K,; Langen, H.;
Monsma, EJ., Jr.; Civelli, O. Orphanin FQ: A neuropeptide that activates an opioidlike G protein-coupled receptor. Science
1995, 270, 792-794. [CrossRef]

16. Xu, XJ.; Hao, J.X.; Wiesenfeld-Hallin, Z. Nociceptin or antinociceptin: Potent spinal antinociceptive effect of orphanin
FQ/nociceptin in the rat. Neuroreport 1996, 7, 2092-2094.

17. Ko, M.C.; Naughton, N.N. Antinociceptive effects of nociceptin/orphanin FQ administered intrathecally in monkeys. . Pain 2009,
10, 509-516. [CrossRef]

18. Ko, M.C.; Wei, H.; Woods, J.H.; Kennedy, R.T. Effects of intrathecally administered nociceptin/orphanin FQ in monkeys:

Behavioral and mass spectrometric studies. J. Pharmacol. Exp. Ther. 2006, 318, 1257-1264. [CrossRef] [PubMed]

185



Molecules 2022, 27, 595

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Yamamoto, T.; Nozaki-Taguchi, N.; Kimura, S. Analgesic effect of intrathecally administered nociceptin, an opioid receptor-likel
receptor agonist, in the rat formalin test. Neuroscience 1997, 81, 249-254. [CrossRef]

Bunzow, J.R.; Saez, C.; Mortrud, M.; Bouvier, C.; Williams, ].T.; Low, M.; Grandy, D.K. Molecular cloning and tissue distribution
of a putative member of the rat opioid receptor gene family that is not a mu, delta or kappa opioid receptor type. FEBS Lett. 1994,
347,284-288. [CrossRef]

Fukuda, K.; Kato, S.; Mori, K.; Nishi, M.; Takeshima, H.; Iwabe, N.; Miyata, T.; Houtani, T.; Sugimoto, T. cDNA cloning and
regional distribution of a novel member of the opioid receptor family. FEBS Lett. 1994, 343, 42—46. [CrossRef]

Mollereau, C.; Parmentier, M.; Mailleux, P.; Butour, J.L.; Moisand, C.; Chalon, P.; Caput, D.; Vassart, G.; Meunier, ].C. ORL1,
a novel member of the opioid receptor family. Cloning, functional expression and localization. FEBS Lett. 1994, 341, 33-38.
[CrossRef]

Nishi, M.; Takeshima, H.; Mori, M.; Nakagawara, K.; Takeuchi, T. Structure and chromosomal mapping of genes for the mouse
kappa-opioid receptor and an opioid receptor homologue (MOR-C). Biochem. Biophys. Res. Commun. 1994, 205, 1353-1357.
[CrossRef] [PubMed]

Osinski, M.A.; Pampusch, M.S.; Murtaugh, M.P,; Brown, D.R. Cloning, expression and functional role of a nociceptin/orphanin
FQ receptor in the porcine gastrointestinal tract. Eur. J. Pharmacol. 1999, 365, 281-289. [CrossRef]

Wick, M.].; Minnerath, S.R.; Lin, X;; Elde, R.; Law, P.Y.; Loh, H.H. Isolation of a novel cDNA encoding a putative membrane
receptor with high homology to the cloned mu, delta, and kappa opioid receptors. Brain Res. Mol. 1994, 27, 37-44. [CrossRef]
Mollereau, C.; Moisand, C.; Butour, J.L.; Parmentier, M.; Meunier, ].C. Replacement of GIn280 by His in TM6 of the human ORL1
receptor increases affinity but reduces intrinsic activity of opioids. FEBS Lett. 1996, 395, 17-21. [CrossRef]

Mollereau, C.; Simons, M.J.; Soularue, P.; Liners, F.; Vassart, G.; Meunier, ].C.; Parmentier, M. Structure, tissue distribution, and
chromosomal localization of the prepronociceptin gene. Proc. Natl. Acad. Sci. USA 1996, 93, 8666-8670. [CrossRef] [PubMed]
Nothacker, H.P; Reinscheid, R K.; Mansour, A.; Henningsen, R.A.; Ardati, A.; Monsma, EJ., Jr.; Watson, S.J.; Civelli, O. Primary
structure and tissue distribution of the orphanin FQ precursor. Proc. Natl. Acad. Sci. USA 1996, 93, 8677-8682. [CrossRef]

Toll, L.; Bruchas, M.R.; Calo, G.; Cox, B.M.; Zaveri, N.T. Nociceptin/Orphanin FQ Receptor Structure, Signaling, Ligands,
Functions, and Interactions with Opioid Systems. Pharmacol. Rev. 2016, 68, 419-457. [CrossRef]

Cox, B.M.,; Christie, M.].; Devi, L.; Toll, L.; Traynor, ].R. Challenges for opioid receptor nomenclature: [IUPHAR Review 9. Br. J.
Pharmacol. 2015, 172, 317-323. [CrossRef]

Miller, R.L.; Thompson, A.A.; Trapella, C.; Guerrini, R.; Malfacini, D.; Patel, N.; Han, G.W.; Cherezov, V.; Cal6, G.; Katritch, V.; et al.
The Importance of Ligand-Receptor Conformational Pairs in Stabilization: Spotlight on the N/OFQ G Protein-Coupled Receptor.
Structure 2015, 23, 2291-2299. [CrossRef]

Thompson, A.A.; Liu, W.; Chun, E.; Katritch, V.; Wu, H.; Vardy, E.; Huang, X.P.; Trapella, C.; Guerrini, R.; Calo, G.; et al. Structure
of the nociceptin/orphanin FQ receptor in complex with a peptide mimetic. Nature 2012, 485, 395-399. [CrossRef]

Akuzawa, N.; Takeda, S.; Ishiguro, M. Structural modelling and mutation analysis of a nociceptin receptor and its ligand
complexes. . Biochem. 2007, 141, 907-916. [CrossRef]

Daga, P.R.; Zaveri, N.T. Homology modeling and molecular dynamics simulations of the active state of the nociceptin receptor
reveal new insights into agonist binding and activation. Proteins 2012, 80, 1948-1961. [CrossRef]

Topham, C.M.; Moulédous, L.; Poda, G.; Maigret, B.; Meunier, ].C. Molecular modelling of the ORL1 receptor and its complex
with nociceptin. Protein Eng. 1998, 11, 1163-1179. [CrossRef] [PubMed]

Ozawa, A.; Brunori, G.; Mercatelli, D.; Wu, J.; Cippitelli, A.; Zou, B.; Xie, X.S.; Williams, M.; Zaveri, N.T.; Low, S.; et al. Knock-
In Mice with NOP-eGFP Receptors Identify Receptor Cellular and Regional Localization. . Neurosci. 2015, 35, 11682-11693.
[CrossRef]

Peluso, J.; LaForge, K.S.; Matthes, HW.; Kreek, M.].; Kieffer, B.L.; Gavériaux-Ruff, C. Distribution of nociceptin/orphanin FQ
receptor transcript in human central nervous system and immune cells. J. Neuroimmunol. 1998, 81, 184-192. [CrossRef]

Neal, C.R,, Jr,; Akil, H.; Watson, S.J., Jr. Expression of orphanin FQ and the opioid receptor-like (ORL1) receptor in the developing
human and rat brain. . Chem. Neuroanat. 2001, 22, 219-249. [CrossRef]

Lambert, D.G. The nociceptin/orphanin FQ receptor: A target with broad therapeutic potential. Nat. Rev. Drug Discov. 2008, 7,
694-710. [CrossRef]

Childers, S.R.; Creese, I.; Snowman, A.M.; Synder, S.H. Opiate receptor binding affected differentially by opiates and opioid
peptides. Eur. ]. Pharmacol. 1979, 55, 11-18. [CrossRef]

Childers, S.R.; Snyder, S.H. Guanine nucleotides differentiate agonist and antagonist interactions with opiate receptors. Life Sci.
1978, 23, 759-761. [CrossRef]

Connor, M.; Christie, M.J. Modulation of Ca?* channel currents of acutely dissociated rat periaqueductal grey neurons. J. Physiol.
1998, 509, 47-58. [CrossRef] [PubMed]

Darlison, M.G.; Greten, ER.; Harvey, R.].; Kreienkamp, H.]J.; Stithmer, T.; Zwiers, H.; Lederis, K.; Richter, D. Opioid receptors
from a lower vertebrate (Catostomus commersoni): Sequence, pharmacology, coupling to a G-protein-gated inward-rectifying
potassium channel (GIRK1), and evolution. Proc. Natl. Acad. Sci. USA 1997, 94, 8214-8219. [CrossRef]

Zhang, N.R; Planer, W.; Siuda, E.R.; Zhao, H.C; Stickler, L.; Chang, S.D.; Baird, M.A.; Cao, Y.Q.; Bruchas, M.R. Serine 363 is
required for nociceptin/orphanin FQ opioid receptor (NOPR) desensitization, internalization, and arrestin signaling. . Biol.
Chem. 2012, 287, 42019-42030. [CrossRef] [PubMed]

186



Molecules 2022, 27, 595

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Mittal, N.; Roberts, K.; Pal, K.; Bentolila, L.A.; Fultz, E.; Minasyan, A.; Cahill, C.; Pradhan, A.; Conner, D.; DeFea, K.; et al. Select
G-protein-coupled receptors modulate agonist-induced signaling via a ROCK, LIMK, and beta-arrestin 1 pathway. Cell Rep. 2013,
5,1010-1021. [CrossRef]

Stein, C. Opioid Receptors. Annu. Rev. Med. 2016, 67, 433—451. [CrossRef]

Al-Hasani, R.; Bruchas, M.R. Molecular mechanisms of opioid receptor-dependent signaling and behavior. Anesthesiology 2011,
115, 1363-1381. [CrossRef] [PubMed]

Parker, K.E.; Bruchas, M.R. NOP Receptor Signaling Cascades. Handb. Exp. Pharmacol. 2019, 254, 131-139.

Armstead, WM. Differential activation of ERK, p38, and JNK MAPK by nociceptin/orphanin FQ in the potentiation of
prostaglandin cerebrovasoconstriction after brain injury. Eur. J. Pharmacol. 2006, 529, 129-135. [CrossRef]

New, D.C.; Wong, Y.H. The ORL1 receptor: Molecular pharmacology and signalling mechanisms. Neurosignals 2002, 11, 197-212.
[CrossRef] [PubMed]

Marti, M.; Stocchi, S.; Paganini, F.; Mela, E; De Risi, C.; Calo, G.; Guerrini, R.; Barnes, T.A.; Lambert, D.G.; Beani, L.; et al.
Pharmacological profiles of presynaptic nociceptin/orphanin FQ receptors modulating 5-hydroxytryptamine and noradrenaline
release in the rat neocortex. Br. J. Pharmacol. 2003, 138, 91-98. [CrossRef]

Nicol, B.; Lambert, D.G.; Rowbotham, D.]J.; Smart, D.; McKnight, A.T. Nociceptin induced inhibition of K+ evoked glutamate
release from rat cerebrocortical slices. Br. |. Pharmacol. 1996, 119, 1081-1083. [CrossRef] [PubMed]

Ferguson, S.S. Evolving concepts in G protein-coupled receptor endocytosis: The role in receptor desensitization and signaling.
Pharmacol. Rev. 2001, 53, 1-24.

Krupnick, J.G.; Benovic, J.L. The role of receptor kinases and arrestins in G protein-coupled receptor regulation. Annu Rev.
Pharmacol. Toxicol. 1998, 38, 289-319. [CrossRef]

Waldhoer, M.; Bartlett, S.E.; Whistler, ].L. Opioid receptors. Annu. Rev. Biochem. 2004, 73, 953-990. [CrossRef]

Mogil, J.S.; Grisel, ].E.; Reinscheid, R K.; Civelli, O.; Belknap, ] K.; Grandy, D.K. Orphanin FQ is a functional anti-opioid peptide.
Neuroscience 1996, 75, 333-337. [CrossRef]

Mogil, ].S.; Grisel, J.E.; Zhangs, G.; Belknap, J.K.; Grandy, D.K. Functional antagonism of mu-, delta- and kappa-opioid
antinociception by orphanin FQ. Neurosci. Lett. 1996, 214, 131-134. [CrossRef]

Morgan, M.M.; Grisel, ].E.; Robbins, C.S.; Grandy, D.K. Antinociception mediated by the periaqueductal gray is attenuated by
orphanin FQ. Neuroreport 1997, 8, 3431-3434. [CrossRef] [PubMed]

Toll, L.; Ozawa, A.; Cippitelli, A. NOP-Related Mechanisms in Pain and Analgesia. Handb. Exp. Pharmacol. 2019, 254, 165-186.
[PubMed]

Guerrini, R.; Calo, G.; Rizzi, A.; Bianchi, C.; Lazarus, L.H.; Salvadori, S.; Temussi, P.A.; Regoli, D. Address and message sequences
for the nociceptin receptor: A structure-activity study of nociceptin-(1-13)-peptide amide. |. Med. Chem. 1997, 40, 1789-1793.
[CrossRef] [PubMed]

Calo, G.; Guerrini, R.; Bigoni, R.; Rizzi, A.; Marzola, G.; Okawa, H.; Bianchi, C.; Lambert, D.G.; Salvadori, S.; Regoli, D.
Characterization of [Nphe(1)]nociceptin(1-13)NH(2), a new selective nociceptin receptor antagonist. Br. J. Pharmacol. 2000, 129,
1183-1193.

Calo, G.; Rizzi, A.; Rizzi, D.; Bigoni, R.; Guerrini, R.; Marzola, G.; Marti, M.; McDonald, J.; Morari, M.; Lambert, D.G.; et al.
[Nphel,Argl4,Lys15]nociceptin-NH2, a novel potent and selective antagonist of the nociceptin/orphanin FQ receptor. Br. |.
Pharmacol. 2002, 136, 303-311. [CrossRef] [PubMed]

Guerrini, R.; Calo, G.; Rizzi, A.; Bigoni, R.; Bianchi, C.; Salvadori, S.; Regoli, D. A new selective antagonist of the nociceptin
receptor. Br. |. Pharmacol. 1998, 123, 163-165. [CrossRef] [PubMed]

Rizzi, A.; Salis, M.B.; Ciccocioppo, R.; Marzola, G.; Bigoni, R.; Guerrini, R.; Massi, M.; Madeddu, P; Salvadori, S.; Regoli, D.; et al.
Pharmacological characterisation of [(pX)Phe4]nociceptin(1-13)NH2 analogues. 2. In vivo studies. Naunyn Schmiedebergs Arch.
Pharmacol. 2002, 365, 450-456. [CrossRef]

Bigoni, R.; Rizzi, D.; Rizzi, A.; Camarda, V.; Guerrini, R.; Lambert, D.G.; Hashiba, E.; Berger, H.; Salvadori, S.; Regoli, D.; et al.
Pharmacological characterisation of [(pX)Phe4]nociceptin(1-13)amide analogues. 1. In vitro studies. Naunyn Schmiedebergs Arch.
Pharmacol. 2002, 365, 442-449. [CrossRef] [PubMed]

Nazzaro, C.; Rizzi, A.; Salvadori, S.; Guerrini, R.; Regoli, D.; Zeilhofer, H.U.; Calo, G. UFP-101 antagonizes the spinal antinoci-
ceptive effects of nociceptin/orphanin FQ: Behavioral and electrophysiological studies in mice. Peptides 2007, 28, 663-669.
[CrossRef]

Rizzi, A.; Spagnolo, B.; Wainford, R.D.; Fischetti, C.; Guerrini, R.; Marzola, G.; Baldisserotto, A.; Salvadori, S.; Regoli, D.;
Kapusta, D.R; et al. In vitro and in vivo studies on UFP-112, a novel potent and long lasting agonist selective for the noci-
ceptin/orphanin FQ receptor. Peptides 2007, 28, 1240-1251. [CrossRef] [PubMed]

Hu, E.; Calo, G.; Guerrini, R.; Ko, M.C. Long-lasting antinociceptive spinal effects in primates of the novel nociceptin/orphanin
FQ receptor agonist UFP-112. Pain 2010, 148, 107-113. [CrossRef]

Micheli, L.; Di Cesare Mannelli, L.; Guerrini, R.; Trapella, C.; Zanardelli, M.; Ciccocioppo, R.; Rizzi, A.; Ghelardini, C.; Calo, G.
Acute and subchronic antinociceptive effects of nociceptin/orphanin FQ receptor agonists infused by intrathecal route in rats.
Eur. J. Pharmacol. 2015, 754, 73-81. [CrossRef]

187



Molecules 2022, 27, 595

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Rizzi, A.; Malfacini, D.; Cerlesi, M.C.; Ruzza, C.; Marzola, E.; Bird, M.E,; Rowbotham, D.]J.; Salvadori, S.; Guerrini, R.;
Lambert, D.G.; et al. In vitro and in vivo pharmacological characterization of nociceptin/orphanin FQ tetrabranched derivatives.
Br. J. Pharmacol. 2014, 171, 4138-4153. [CrossRef]

Rizzi, A.; Sukhtankar, D.D.; Ding, H.; Hayashida, K.; Ruzza, C.; Guerrini, R.; Calo, G.; Ko, M.C. Spinal antinociceptive effects of
the novel NOP receptor agonist PWT2-nociceptin/orphanin FQ in mice and monkeys. Br. |. Pharmacol. 2015, 172, 3661-3670.
[CrossRef]

Guerrini, R.; Calo, G.; Bigoni, R.; Rizzi, A.; Varani, K.; Toth, G.; Gessi, S.; Hashiba, E.; Hashimoto, Y.; Lambert, D.G.; et al. Further
studies on nociceptin-related peptides: Discovery of a new chemical template with antagonist activity on the nociceptin receptor.
J. Med. Chem. 2000, 43, 2805-2813. [CrossRef] [PubMed]

Okada, K.; Sujaku, T.; Chuman, Y.; Nakashima, R.; Nose, T.; Costa, T.; Yamada, Y.; Yokoyama, M.; Nagahisa, A.; Shimohigashi, Y.
Highly potent nociceptin analog containing the Arg-Lys triple repeat. Biochem. Biophys. Res. Commun. 2000, 278, 493-498.
[CrossRef]

Dooley, C.T.; Houghten, R.A. Orphanin FQ: Receptor binding and analog structure activity relationships in rat brain. Life Sci.
1996, 59, P1L23-9. [CrossRef]

Reinscheid, RK.; Ardati, A.; Monsma, EJ., Jr.; Civelli, O. Structure-activity relationship studies on the novel neuropeptide
orphanin FQ. . Biol. Chem. 1996, 271, 14163-14168. [CrossRef] [PubMed]

Zhang, C.; Miller, W.; Valenzano, K.J.; Kyle, D.J. Novel, potent ORL-1 receptor agonist peptides containing alpha-Helix-promoting
conformational constraints. J. Med. Chem. 2002, 45, 5280-5286. [CrossRef]

Arduin, M.; Spagnolo, B.; Calo, G.; Guerrini, R.; Carra, G.; Fischetti, C.; Trapella, C.; Marzola, E.; McDonald, J.; Lambert, D.G.; et al.
Synthesis and biological activity of nociceptin/orphanin FQ analogues substituted in position 7 or 11 with Calpha, alpha-
dialkylated amino acids. Bioorg. Med. Chem. 2007, 15, 4434-4443. [CrossRef] [PubMed]

Guerrini, R.; Marzola, E.; Trapella, C.; Pela’, M.; Molinari, S.; Cerlesi, M.C.; Malfacini, D.; Rizzi, A.; Salvadori, S.; Calo’, G. A novel
and facile synthesis of tetra branched derivatives of nociceptin/orphanin FQ. Bioorg. Med. Chem. 2014, 22, 3703-3712. [CrossRef]
[PubMed]

Byford, A.].; Anderson, A.; Jones, P.S.; Palin, R.; Houghton, A.K. The hypnotic, electroencephalographic, and antinociceptive
properties of nonpeptide ORL1 receptor agonists after intravenous injection in rodents. Anesth. Analg. 2007, 104, 174-179.
[CrossRef]

Rizzi, A.; Ruzza, C.; Bianco, S.; Trapella, C.; Calo’, G. Antinociceptive action of NOP and opioid receptor agonists in the mouse
orofacial formalin test. Peptides 2017, 94, 71-77. [CrossRef] [PubMed]

Jenck, F.; Wichmann, J.; Dautzenberg, EM.; Moreau, J.L.; Ouagazzal, A.M.; Martin, J.R.; Lundstrom, K.; Cesura, A.M.; Poli, S.M.;
Roever, S.; et al. A synthetic agonist at the orphanin FQ/nociceptin receptor ORL1: Anxiolytic profile in the rat. Proc. Natl. Acad.
Sci. USA 2000, 97, 4938-4943. [CrossRef] [PubMed]

Chang, S.D.; Brieaddy, L.E.; Harvey, ].D.; Lewin, A.H.; Mascarella, SW.; Seltzman, H.H.; Reddy, PA.; Decker, A M,
McElhinny, C.J., Jr.; Zhong, D.; et al. Novel Synthesis and Pharmacological Characterization of NOP Receptor Agonist
8-[(1S,3aS)-2,3,3a,4,5,6-Hexahydro-1H-phenalen-1-yl]-1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one (Ro 64-6198). ACS Chem.
Neurosci. 2015, 6, 1956-1964. [CrossRef] [PubMed]

Reiss, D.; Wichmann, J.; Tekeshima, H.; Kieffer, B.L.; Ouagazzal, A.M. Effects of nociceptin/orphanin FQ receptor (NOP) agonist,
Ro064-6198, on reactivity to acute pain in mice: Comparison to morphine. Eur. . Pharmacol. 2008, 579, 141-148. [CrossRef]
[PubMed]

Varty, G.B.; Lu, S.X.; Morgan, C.A.; Cohen-Williams, M.E.; Hodgson, R.A.; Smith-Torhan, A.; Zhang, H.; Fawzi, A.B,;
Graziano, M.P; Ho, G.D.; et al. The anxiolytic-like effects of the novel, orally active nociceptin opioid receptor agonist
8-[bis(2-methylphenyl)methyl]-3-phenyl-8-azabicyclo[3.2.1]octan-3-ol (SCH 221510). |. Pharmacol. Exp. Ther. 2008, 326, 672—682.
[CrossRef] [PubMed]

Sobczak, M.; Mokrowiecka, A.; Cygankiewicz, A.IL; Zakrzewski, PK.; Sataga, M.; Storr, M.; Kordek, R.; Malecka-Panas, E.;
Krajewska, W.M.; Fichna, J. Anti-inflammatory and antinociceptive action of an orally available nociceptin receptor agonist SCH
221510 in a mouse model of inflammatory bowel diseases. J. Pharmacol. Exp. Ther. 2014, 348, 401-409. [CrossRef]

Rover, S.; Adam, G.; Cesura, A.M.; Galley, G.; Jenck, F; Monsma, EJ., Jr.; Wichmann, J.; Dautzenberg, EM. High-affinity,
non-peptide agonists for the ORL1 (orphanin FQ/nociceptin) receptor. J. Med. Chem. 2000, 43, 1329-1338. [CrossRef] [PubMed]
Hashiba, E.; Harrison, C.; Galo’, G.; Guerrini, R.; Rowbotham, D.J.; Smith, G.; Lambert, D.G. Characterisation and comparison
of novel ligands for the nociceptin/orphanin FQ receptor. Naunyn Schmiedebergs Arch. Pharmacol. 2001, 363, 28-33. [CrossRef]
[PubMed]

Azevedo Neto, J.; Ruzza, C.; Sturaro, C.; Malfacini, D.; Pacifico, S.; Zaveri, N.T.; Calo, G. Functional Selectivity Does Not Predict
Antinociceptive/Locomotor Impairing Potencies of NOP Receptor Agonists. Front. Neurosci. 2021, 15, 657153. [CrossRef]
[PubMed]

Ferrari, F.; Malfacini, D.; Journigan, B.V.; Bird, M.E; Trapella, C.; Guerrini, R.; Lambert, D.G.; Calo’, G.; Zaveri, N.T. In vitro
pharmacological characterization of a novel unbiased NOP receptor-selective nonpeptide agonist AT-403. Pharmacol. Res. Perspect.
2017, 5, e00333. [CrossRef]

Wichmann, J.; Adam, G.; Rover, S.; Cesura, A.M.; Dautzenberg, EM.; Jenck, F. 8-acenaphthen-1-yl-1-phenyl-1,3,8-triaza-
spiro[4.5]decan-4-one derivatives as orphanin FQ receptor agonists. Bioorg. Med. Chem. Lett. 1999, 9, 2343-2348. [CrossRef]

188



Molecules 2022, 27, 595

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Wichmann, J.; Adam, G.; Rover, S.; Hennig, M.; Scalone, M.; Cesura, A.M.; Dautzenberg, FM.; Jenck, F. Synthesis of (1S,3aS)-
8-(2,3,3a,4,5, 6-hexahydro-1H-phenalen-1-yl)-1-phenyl-1,3,8-triaza-spiro[4. 5]decan-4-one, a potent and selective orphanin FQ
(OFQ) receptor agonist with anxiolytic-like properties. Eur. ]. Med. Chem. 2000, 35, 839-851. [CrossRef]

Shoblock, J.R. The pharmacology of Ro 64-6198, a systemically active, nonpeptide NOP receptor (opiate receptor-like 1, ORL-1)
agonist with diverse preclinical therapeutic activity. CNS Drug Rev. 2007, 13, 107-136. [CrossRef]

Ding, H.; Hayashida, K.; Suto, T.; Sukhtankar, D.D.; Kimura, M.; Mendenhall, V.; Ko, M.C. Supraspinal actions of noci-
ceptin/orphanin FQ, morphine and substance P in regulating pain and itch in non-human primates. Br. J. Pharmacol. 2015, 172,
3302-3312. [CrossRef] [PubMed]

Obara, I; Przewlocki, R.; Przewlocka, B. Spinal and local peripheral antiallodynic activity of Ro64-6198 in neuropathic pain in the
rat. Pain 2005, 116, 17-25. [CrossRef] [PubMed]

Varty, G.B.; Hyde, L.A.; Hodgson, R.A.; Lu, S.X.; McCool, M.F,; Kazdoba, T.M.; Del Vecchio, R.A.; Guthrie, D.H.; Pond, A.].;
Grzelak, MLE,; et al. Characterization of the nociceptin receptor (ORL-1) agonist, Ro64-6198, in tests of anxiety across multiple
species. Psychopharmacology 2005, 182, 132-143. [CrossRef] [PubMed]

Sukhtankar, D.D.; Zaveri, N.T.; Husbands, S.M.; Ko, M.C. Effects of spinally administered bifunctional nociceptin/orphanin FQ
peptide receptor/ p-opioid receptor ligands in mouse models of neuropathic and inflammatory pain. J. Pharmacol. Exp. Ther. 2013,
346, 11-22. [CrossRef]

Sukhtankar, D.D.; Lagorio, C.H.; Ko, M.C. Effects of the NOP agonist SCH221510 on producing and attenuating reinforcing
effects as measured by drug self-administration in rats. Eur. J. Pharmacol. 2014, 745, 182-189. [CrossRef] [PubMed]

Wu, Q.; Liu, L. ORL; Activation Mediates a Novel ORL; Receptor Agonist SCH221510 Analgesia in Neuropathic Pain in Rats. J.
Mol. Neurosci. 2018, 66, 10-16. [CrossRef]

Cremeans, C.M.; Gruley, E.; Kyle, D.J.; Ko, M.C. Roles of mu-opioid receptors and nociceptin/orphanin FQ peptide receptors in
buprenorphine-induced physiological responses in primates. J. Pharmacol. Exp. Ther. 2012, 343, 72-81. [CrossRef]

Hao, X.Q.; Wang, Z.Y.; Chen, ].M.; Wu, N,; Li, J. Involvement of the nociceptin opioid peptide receptor in morphine-induced
antinociception, tolerance and physical dependence in female mice. Metab. Brain Dis. 2021, 36, 2243-2253. [CrossRef]

Kiguchi, N.; Ko, M.C. Effects of NOP-Related Ligands in Nonhuman Primates. Handb. Exp. Pharmacol. 2019, 254, 323-343.
[PubMed]

Lutfy, K.; Hossain, S.M.; Khalig, I.; Maidment, N.T. Orphanin FQ/nociceptin attenuates the development of morphine tolerance
in rats. Br. J. Pharmacol. 2001, 134, 529-534. [CrossRef] [PubMed]

Murphy, N.P; Lee, Y.; Maidment, N.T. Orphanin FQ/nociceptin blocks acquisition of morphine place preference. Brain Res. 1999,
832,168-170. [CrossRef]

Murphy, N.P; Ly, H.T.; Maidment, N.T. Intracerebroventricular orphanin FQ/nociceptin suppresses dopamine release in the
nucleus accumbens of anaesthetized rats. Neuroscience 1996, 75, 1-4. [CrossRef]

Rutten, K.; De Vry, J.; Bruckmann, W.; Tzschentke, T.M. Effects of the NOP receptor agonist Ro65-6570 on the acquisition of opiate-
and psychostimulant-induced conditioned place preference in rats. Eur. J. Pharmacol. 2010, 645, 119-126. [CrossRef]

Raffa, R.B.; Pergolizzi, ].V,, Jr.; Tallarida, R.J. The determination and application of fixed-dose analgesic combinations for treating
multimodal pain. J. Pain 2010, 11, 701-709. [CrossRef] [PubMed]

Kiguchi, N.; Ding, H.; Kishioka, S.; Ko, M.C. Nociceptin/Orphanin FQ Peptide Receptor-Related Ligands as Novel Analgesics.
Curr. Top. Med. Chem. 2020, 20, 2878-2888. [CrossRef] [PubMed]

Kiguchi, N.; Ding, H.; Ko, M.C. Therapeutic potentials of NOP and MOP receptor coactivation for the treatment of pain and
opioid abuse. |. Neurosci. Res. 2020, 100, 191-202. [CrossRef]

Mustazza, C.; Pieretti, S.; Marzoli, F. Nociceptin/Orphanin FQ Peptide (NOP) Receptor Modulators: An Update in Structure-
Activity Relationships. Curr. Med. Chem. 2018, 25, 2353-2384. [CrossRef] [PubMed]

Khroyan, T.V.; Zaveri, N.T; Polgar, W.E.; Orduna, J.; Olsen, C.; Jiang, F,; Toll, L. SR 16435 [1-(1-(bicyclo[3.3.1]nonan-9-yl)piperidin-
4-yl)indolin-2-one], a novel mixed nociceptin/orphanin FQ/mu-opioid receptor partial agonist: Analgesic and rewarding
properties in mice. J. Pharmacol. Exp. Ther. 2007, 320, 934-943. [CrossRef]

Linz, K.; Christoph, T.; Tzschentke, TM.; Koch, T.; Schiene, K.; Gautrois, M.; Schroder, W.; Kogel, B.Y.; Beier, H,;
Englberger, W.; et al. Cebranopadol: A novel potent analgesic nociceptin/orphanin FQ peptide and opioid receptor ago-
nist. J. Pharmacol. Exp. Ther. 2014, 349, 535-548. [CrossRef]

Schunk, S.; Linz, K.; Hinze, C.; Frormann, S.; Oberborsch, S.; Sundermann, B.; Zemolka, S.; Englberger, W.; Germann, T,;
Christoph, T.; et al. Discovery of a Potent Analgesic NOP and Opioid Receptor Agonist: Cebranopadol. ACS Med. Chem. Lett.
2014, 5, 857-862. [CrossRef]

Zaveri, N.T.; Jiang, E; Olsen, C.M.; Deschamps, J.R.; Parrish, D.; Polgar, W.; Toll, L. A novel series of piperidin-4-yl-1,3-
dihydroindol-2-ones as agonist and antagonist ligands at the nociceptin receptor. J. Med. Chem. 2004, 47, 2973-2976. [CrossRef]
[PubMed]

Ding, H.; Kiguchi, N.; Yasuda, D.; Daga, PR.; Polgar, W.E.; Lu, ].J.; Czoty, PW.; Kishioka, S.; Zaveri, N.T.; Ko, M.C. A bifunctional
nociceptin and mu opioid receptor agonist is analgesic without opioid side effects in nonhuman primates. Sci. Transl. Med. 2018,
10, eaar3483. [CrossRef]

Huang, P.; Kehner, G.B.; Cowan, A.; Liu-Chen, L.Y. Comparison of pharmacological activities of buprenorphine and norbuprenor-
phine: Norbuprenorphine is a potent opioid agonist. J. Pharmacol. Exp. Ther. 2001, 297, 688-695. [PubMed]

189



Molecules 2022, 27, 595

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.
131.
132.
133.
134.
135.
136.

137.

138.

Khroyan, T.V.; Polgar, W.E.; Cami-Kobeci, G.; Husbands, S.M.; Zaveri, N.T.; Toll, L. The first universal opioid ligand,
(25)-2-[(5R,6R,7R,14S)-N-cyclopropylmethyl-4,5-epoxy-6,14-ethano-3-hydroxy-6-methoxymorphinan-7-yl]-3,3-dimethylpentan-
2-ol (BU08028): Characterization of the in vitro profile and in vivo behavioral effects in mouse models of acute pain and
cocaine-induced reward. J. Pharmacol. Exp. Ther. 2011, 336, 952-961.

Kiguchi, N.; Ding, H.; Cami-Kobeci, G.; Sukhtankar, D.D.; Czoty, PW.; DeLoid, H.B.; Hsu, EC.; Toll, L.; Husbands, S.M.; Ko, M.C.
BU10038 as a safe opioid analgesic with fewer side-effects after systemic and intrathecal administration in primates. Br. |. Anaesth.
2019, 122, e146—e156. [CrossRef]

Chao, PK.; Chang, H.E; Chang, W.T,; Yeh, TK,; Ou, L.C.; Chuang, J.Y,; Tsu-An Hsu, J.; Tao, PL.; Loh, H.H.; Shih, C.; et al.
BPR1MY97, a dual mu opioid receptor/nociceptin-orphanin FQ peptide receptor agonist, produces potent antinociceptive effects
with safer properties than morphine. Neuropharmacology 2020, 166, 107678. [CrossRef]

Shinkai, H.; Ito, T.; Iida, T.; Kitao, Y.; Yamada, H.; Uchida, I. 4-Aminoquinolines: Novel nociceptin antagonists with analgesic
activity. J. Med. Chem. 2000, 43, 4667-4677. [CrossRef] [PubMed]

Christoph, T.; Kogel, B.; Schiene, K.; Méen, M.; De Vry, J.; Friderichs, E. Broad analgesic profile of buprenorphine in rodent models
of acute and chronic pain. Eur. J. Pharmacol. 2005, 507, 87-98. [CrossRef] [PubMed]

Ding, H.; Czoty, PW.; Kiguchi, N.; Cami-Kobeci, G.; Sukhtankar, D.D.; Nader, M.A.; Husbands, S.M.; Ko, M.C. A novel orvinol
analog, BU08028, as a safe opioid analgesic without abuse liability in primates. Proc. Natl. Acad. Sci. USA 2016, 113, E5511-E5518.
[CrossRef]

Chen, S.R.; Ke, Y.Y,; Yeh, TK,; Lin, S.Y.; Ou, L.C.; Chen, S.C.; Chang, W.T.; Chang, H.F.; Wu, Z.H.; Hsieh, C.C,; et al. Discovery,
structure-activity relationship studies, and anti-nociceptive effects of N-(1,2,3,4-tetrahydro-1-isoquinolinylmethyl)benzamides as
novel opioid receptor agonists. Eur. |. Med. Chem. 2017, 126, 202-217. [CrossRef] [PubMed]

Zaveri, N.T. Nociceptin Opioid Receptor (NOP) as a Therapeutic Target: Progress in Translation from Preclinical Research to
Clinical Utility. . Med. Chem. 2016, 59, 7011-7028. [CrossRef] [PubMed]

Lambert, D.G.; Bird, M.F,; Rowbotham, D.]J. Cebranopadol: A first in-class example of a nociceptin/orphanin FQ receptor and
opioid receptor agonist. Br. |. Anaesth. 2015, 114, 364-366. [CrossRef]

Rizzi, A.; Cerlesi, M.C.; Ruzza, C.; Malfacini, D.; Ferrari, F.; Bianco, S.; Costa, T.; Guerrini, R; Trapella, C.; Calo’, G. Pharmacological
characterization of cebranopadol a novel analgesic acting as mixed nociceptin/orphanin FQ and opioid receptor agonist.
Pharmacol. Res. Perspect. 2016, 4, €00247. [CrossRef] [PubMed]

Tzschentke, T.M.; Linz, K.; Koch, T.; Christoph, T. Cebranopadol: A Novel First-in-Class Potent Analgesic Acting via NOP and
Opioid Receptors. Handb. Exp. Pharmacol. 2019, 254, 367-398.

Mann, A.; Moulédous, L.; Froment, C.; O'Neill, P.R.,; Dasgupta, P; Glinther, T.; Brunori, G.; Kieffer, B.L.; Toll, L,
Bruchas, M.R; et al. Agonist-selective NOP receptor phosphorylation correlates in vitro and in vivo and reveals differen-
tial post-activation signaling by chemically diverse agonists. Sci. Signal. 2019, 12, eaau8072. [CrossRef] [PubMed]

Kleideiter, E.; Piana, C.; Wang, S.; Nemeth, R.; Gautrois, M. Clinical Pharmacokinetic Characteristics of Cebranopadol, a Novel
First-in-Class Analgesic. Clin. Pharmacokinet. 2018, 57, 31-50. [CrossRef]

Available online: https://clinicaltrials.gov/ct2/show /NCT00872885 (accessed on 12 January 2022).

Available online: https://clinicaltrials.gov/ct2 /show /NCT01939366 (accessed on 12 January 2022).

Available online: https://clinicaltrials.gov/ct2 /show /NCT01357837 (accessed on 12 January 2022).

Available online: https://clinicaltrials.gov/ct2 /show /NCT01709214 (accessed on 12 January 2022).

Available online: https://clinicaltrials.gov/ct2 /show /NCT01725087 (accessed on 12 January 2022).

Available online: https://clinicaltrials.gov/ct2 /show /NCT01347671 (accessed on 12 January 2022).

Available online: https://clinicaltrials.gov/ct2 /show /NCT00878293 (accessed on 12 January 2022).

Eerdekens, M.H.; Kapanadze, S.; Koch, E.D.; Kralidis, G.; Volkers, G.; Ahmedzai, S.H.; Meissner, W. Cancer-related chronic pain:
Investigation of the novel analgesic drug candidate cebranopadol in a randomized, double-blind, noninferiority trial. Eur. . Pain
2019, 23, 577-588. [CrossRef]

Koch, E.D.; Kapanadze, S.; Eerdekens, M.H.; Kralidis, G.; Létal, J.; Sabatschus, I.; Ahmedzai, S.H. Cebranopadol, a Novel
First-in-Class Analgesic Drug Candidate: First Experience With Cancer-Related Pain for up to 26 Weeks. J. Pain Symptom. Manag.
2019, 58, 390-399. [CrossRef]

Che, T.; Roth, B.L. Structural Insights Accelerate the Discovery of Opioid Alternatives. Annu. Rev. Biochem. 2021, 90, 739-761.
[CrossRef] [PubMed]

190



molecules

Review

Shedding Light on the Pharmacological Interactions between
nu-Opioid Analgesics and Angiotensin Receptor Modulators:
A New Option for Treating Chronic Pain

Kornél Kiraly **, David A. Karadi »'*, Ferenc Zador "2, Amir Mohammadzadeh ', Anna Rita Galambos ?,
Mihély Balogh !, Pal Riba !, Tamas Tabi 2, Zoltan S. Zadori ', Eva Szoké 2, Susanna Fiirst 1
and Mahmoud Al-Khrasani 1*

Citation: Kirdly, K.; Karadi, D.A.;
Zador, F.; Mohammadzadeh, A.;
Galambos, A.R.; Balogh, M.; Riba, P.;
Tabi, T; Zadori, Z.S.; Szok6, E.; et al.
Shedding Light on the
Pharmacological Interactions
between p-Opioid Analgesics and
Angiotensin Receptor Modulators:
A New Option for Treating Chronic
Pain. Molecules 2021, 26, 6168.
https://doi.org/10.3390/
molecules26206168

Academic Editor: Lorenzo Di Cesare

Mannelli

Received: 15 September 2021
Accepted: 8 October 2021
Published: 13 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pharmacology and Pharmacotherapy, Faculty of Medicine, Semmelweis University,
Nagyvarad tér 4, P.O. Box 370, H-1445 Budapest, Hungary;

karadi.david_arpad@med.semmelweis-univ.hu (D.AK); zador.ferenc@pharma.semmelweis-univ.hu (F.Z.);
mohammadzadeh.amir@med.semmelweis-univhu (A.M.); galambos.anna@pharma.semmelweis-univhu (A.R.G.);
balogh.mihaly@med.semmelweis-univ.hu (M.B.); riba.pal@med.semmelweis-univ.hu (P.R.);
zadori.zoltan@med.semmelweis-univ.hu (Z.S.Z.); furst.zsuzsanna@med.semmelweis-univ.hu (S.F.)
Department of Pharmacodynamics, Faculty of Pharmacy, Semmelweis University, Nagyvarad tér 4,
H-1089 Budapest, Hungary; tabi.tamas@pharma.semmelweis-univ.hu (T.T.);
szoko.eva@pharma.semmelweis-univ.hu (ES.)

Correspondence: kiraly.kornel@med.semmelweis-univ.hu (K.K.);
al-khrasani.mahmoud@med.semmelweis-univ.hu (M.A.-K.);

Tel.: +36-1-210-4416-56273 (K.K.); +36-1-210-4416-56285 (M.A.-K.)

1t These authors equally contributed to this work.

Abstract: The current protocols for neuropathic pain management include p-opioid receptor (MOR)
analgesics alongside other drugs; however, there is debate on the effectiveness of opioids. Nev-
ertheless, dose escalation is required to maintain their analgesia, which, in turn, contributes to a
further increase in opioid side effects. Finding novel approaches to effectively control chronic pain,
particularly neuropathic pain, is a great challenge clinically. Literature data related to pain transmis-
sion reveal that angiotensin and its receptors (the AT1R, AT2R, and MAS receptors) could affect the
nociception both in the periphery and CNS. The MOR and angiotensin receptors or drugs interacting
with these receptors have been independently investigated in relation to analgesia. However, the
interaction between the MOR and angiotensin receptors has not been excessively studied in chronic
pain, particularly neuropathy. This review aims to shed light on existing literature information in
relation to the analgesic action of ATIR and AT2R or MASR ligands in neuropathic pain conditions.
Finally, based on literature data, we can hypothesize that combining MOR agonists with AT1R or
AT?2R antagonists might improve analgesia.

Keywords: p-opioid analgesics; angiotensin receptors; chronic pain; neuropathic pain

1. Introduction

Among different types of chronic pain, neuropathic pain is defined by the Interna-
tional Association for the Study of Pain (IASP) as pain caused by a lesion or disease of
the somatosensory nervous system (IASP 2012). There are many available treatment ap-
proaches for the management of neuropathic pain. Yet, despite these advances, it remains
an unmet medical need because most of the treatment approaches intended to halt this
pain condition are not effective enough or sometimes effective but limited by side effects.
Thus, finding new targets and innovative future strategies that might help to improve
neuropathic pain control are of clinical need.

p-Opioid receptor (MOR) agonists are the mainstay treatment for different forms of
chronic pain [1-4]. However, their efficacy in the management of neuropathic pain is a long-
standing question of debate. Yet, international guidelines restrict opioids to second- or third-
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line therapy, with no clear consensus on their effect [5-7]. MOR agonists with significantly
higher intrinsic efficacy than morphine produced acceptable analgesia in preclinical models
of neuropathic pain [8,9]; however, this has not been successfully utilized clinically because
clinical trials showed controversial results related to their efficacy and liability for side
effects [10-13]. In response to this argument, many studies have been conducted to increase
the efficacy and decrease the side effects of opioids when used in the management of
neuropathic pain. Some of the encouraging strategies that aim to improve the analgesic
effect and decrease the side effects of currently used analgesics, such as opioids, are based
on combining two or more different agents. However, so far, clinical research data that is
based on combination strategies have not met expectations [14]. Chaparro et al., reviewed
clinical trials on the efficacy and safety of various agent combinations for neuropathic
pain [14]. Their analysis revealed that the combination of opioids with gabapentin was
significantly better than gabapentin alone in reducing the symptoms. However, the number
of treated patients that was required for a single patient to benefit was still 9.5, and
significantly more participants experienced side effects and thus dropped out of the studies
with opioids plus gabapentin than with gabapentin alone [14]. On the other hand, studies
assessing the effects of opioids in combination with other sensory-sensitization blocking
agents could be of high clinical value. Thus, continuing preclinical research based on the
application of multi-target drugs or combination strategies that involve implementing
different agents might bring a new treatment option for neuropathic pain. In the former
case, for instance, applying opioid receptor ligands that display agonist and non-opioid
effects, such as tapentadol, display both the MOR agonist and norepinephrine reuptake
inhibitory effects in the same molecule [15]. Recently, our group reported on the promising
effect of the combination of glycine transporter 1 and 2 inhibitors in the management of
neuropathic pain evoked by sciatic nerve ligation [16]. In such a strategy, we need to
consider how the individual drugs affect pain transmission.

Accumulating evidence has proven that drugs affecting the renin—angiotensin system
can modulate pain transmission [17-34]. Recent studies have also shown that drugs mimic or
antagonize angiotensin type 1 and 2 (AT1R and AT2R) receptor-mediated actions do produce
a beneficial analgesic effect in rodent models of chronic pain types [17,20,22,28,29,35-38].
The analgesic effect of ligands affecting angiotensin receptors in neuropathic pain is ex-
plained by the contribution of these receptors to neuroregeneration and neuroprotection—
partially by reducing neural inflammatory processes [18,24,37,39-41]. Nevertheless, much
remains unclear regarding the role and clinical utility of these receptors in analgesia.

This review briefly highlights how the effect of MOR agonist-induced analgesia is
altered under neuropathic pain conditions, showing the advantages and drawbacks, as
well as principal factors that negatively impact the analgesic effect of MOR analgesics in
this pain entity. The next sections review the implication of angiotensin and its receptors in
chronic pain, particularly that associated with neuropathy, and also the neuroanatomical
overlap between MORs and angiotensin receptors in relation to pain. Finally, according to
the reviewed data, perspectives on the future drug combination-based research strategy
to treat neuropathic pain are provided. With respect to angiotensin IV and its receptor,
the presence of the peptide has been reported in human dorsal root ganglia (DRG) and
trigeminal nucleus (TG) [42,43]. However, there are little data related to their analgesic
effect. Thus, they will not be discussed in the present review.

2. The Opioid System and the p-Opioid Receptor in Different Pain Entities

The opioid system is a physiological system for controlling pain, but it also participates
in addictive behaviors and immune defense, among others. Mammalian endogenous
opioid peptides and exogenous natural, semisynthetic and synthetic opioid agonists can
produce their effects through the activation of opioid receptors, namely pu-(MOR), §-(DOR),
and k-(KOR) opioid receptors. Opioid receptors belong to the class A G-proteins of the
pertussis toxin-sensitive Gi/Go family. Their effectors include adenylyl cyclase, N- and
L-type Ca®* channels, and inwardly rectifying K* channels. Upon activation, adenylyl

192



Molecules 2021, 26, 6168

cyclase and CaZ* channels are inhibited, whereas K* channels are activated. Thus, both
the limitation of Ca?* entry and the hyperpolarization of the cells may give a tenable
explanation for the inhibition of transmitter release at pain traffic points [44,45]. With
respect to pain, central MORs are the principal target for mediating the analgesic effects of
opioids. As in MOR-knockout mice, selective MOR agonists failed to produce analgesia as
well as MOR-induced opioid side effects, such as respiratory depression, gastrointestinal
transit inhibition, and addiction liability [46,47]. Since the identification of functional
peripheral MORSs, it has become obvious that the analgesic effects of opioids do not
solely depend on MORs at the central nervous system (CNS) [48]. It is worth noting that
achieving peripheral analgesia requires prerequisite factors that are related both to the
physicochemical properties of opioid analgesics (limited CNS penetration) and pain entity.
In the case of the latter, the pathological state of pain largely reflects the effects of opioid
analgesics. In inflammatory or acute non-inflammatory pain, MORs number is increased
or maintained at normal level, respectively [9,48-50]. Several opioid researchers have
proven that functional MORs in the periphery are targetable, particularly in inflammatory
pain types [51-54]. However, under neuropathic pain conditions, several studies have
demonstrated the downregulation of MORs in the dorsal spinal cord and DRG [9,55]. The
efficacy of currently available MOR agonists in neuropathic pain is a question of debate.
Taken together, in cases of acute or inflammatory pain types, opioid analgesics can provide
adequate pain control, which is somewhat hampered by above mentioned unwanted effects.
However, in the case of neuropathic pain, the desired analgesia itself is often unachievable,
consequently demanding dose-escalation, therefore causing more pronounced side effects
(Figure 1A) (Karadi and Al-Khrasani, unpublished data) and (Figure 1B) (adopted from
our previous work [16]).

A Effect of morphine on the paw withdrawal threshold
of mononeuropathic animals measured on DPA

Vehicle L
Vehicle R
S Morphine 10 umol/kg L

Morphine 10 umol/kg R
Morphine 20 umol/kg L

BepEaABa0O

Morphine 20 umol/kg R

B Effect of morphine
on the motor function of rats

200
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Latency (s)
5
1

o
=]
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Figure 1. (A) The analgesic effect of morphine measured on a dynamic plantar aesthesiometer (DPA)
test at 30 min, after s.c. administration to mononeuropathic animals. Columns represent the paw
withdrawal threshold of the animals in grams + S.E.M. Asterisks indicate the significant differences
between treatment groups or operated (R) and non-operated (L) hind paws (* p < 0.05; *** p < 0.001
and **** p < 0.0001). Statistical differences were determined with one-way ANOVA and Tukey
post-hoc test. Data represent means + S.E.M (n = 5-12 per group). (Karadi, D.A.; Al-Khrasani, M.;
unpublished data). (B) Effect of the systemic administration of morphine to the motor function of
rats. Columns represent the time latency of the animals in sec + S.E.M. at 30 min post-treatment in
the rotarod test. Asterisks indicate the significant differences compared to the saline group (one-way
ANOVA, Newman-Keuls post-hoc test; *** p < 0.001). In each treatment group, 4-7 animals were
used. These results were adopted from our previous work [16].
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For restoring the effect of opioids in neuropathic pain, many attempts have been
focused on the mechanisms related to changes in the number of functional MORs on sensory
neurons in subjects with painful neuropathy. In our and other studies carried out in rats
with neuropathic pain induced either by streptozotocin (STZ) or chronic constriction injury
(CCI), the number of MORs was found to be decreased in DRG and spinal tissue [9,56,57].
This reduction in MOR number was accompanied by a decrease in the analgesic effects
of opioids.

3. Angiotensin Receptor Mimetics and Antagonists in Relation to Pain
3.1. Endogenous Angiotensin Ligands and Angiotensin Receptors

Components of the renin—angiotensin system (RAS) have been previously reviewed
or discussed extensively [19,24,58-64]. Nevertheless, the main findings are briefly sum-
marized here for an overview. Among the endogenous peptides of the RAS, neuronal
angiotensin II (Ang II) is the most significant in relation to pain. Ang Il is an octapeptide
derived from the inactive precursor angiotensinogen, which is initially cleaved by renin,
resulting in the inactive intermediate angiotensin I (Ang I). Ang Il is cleaved from Ang
I by the angiotensin-converting enzyme 1 (ACE1). Ang II equally binds to and activates
the AT1R and AT2R (see later on). Another relevant endogenous peptide of the RAS to
this review is angiotensin 1-7 (Ang (1-7)), which is cleaved by the angiotensin-converting
enzyme 2 (ACE2) from Ang II or by ACE1 from Ang I via the intermediate angiotensin 1-9.
Ang (1-7) activates the Ang (1-7) receptor or MAS receptor, but it can also bind with lower
affinity to AT2R.

There are four angiotensin receptor types known so far within the RAS; namely
angiotensin II type 1 and 2 receptors, the angiotensin IV receptor, and the Ang (1-7) receptor
or MAS receptor (abbreviated as AT1R, AT2R, AT4R, and AT7R or MASR, respectively).
Additionally, in mice and rats, two AT1R isoforms have been identified, namely AT1aR and
AT1DbR [65,66]. In relation to the RAS, this review will focus on data of AT1R, AT2R, and
MASR, with respect to pain, particularly from preclinical studies. They all belong to the
rhodopsin-like G-protein coupled receptor family (GPCR); however, they differ significantly
in terms of activation of signaling pathways and cellular and tissue distribution patterns.
The latter will be discussed in detail in a separate section. The AT1R is a prime example
of a GPCR that upon activation can be dependent and independent from heterotrimeric
G-proteins, allowing the receptor to have a wide range of signaling responses to Ang II.
In terms of G-protein dependent signaling pathways, the AT1R couples to multiple types
of G, (Gq/11, Gi, G12, and G13), but it also includes the activation of small G-proteins.
G-protein independent signaling of AT1R involves -arrestin 1 and 2, tyrosine kinase-
related signaling, reactive oxygen species signaling, receptor-interacting scaffold proteins,
or heterodimerization with AT2R or MASR. In the case of AT2R, signaling pathways are still
not fully elucidated, in spite of the intensive research. In fact, it is one of the least understood
areas of the renin-angiotensin system. Most interestingly, it fails to demonstrate classic
GPCR signaling features, such as affecting second messengers (e.g., cAMP, diacylglycerol)
or the lack of phosphorylation-induced receptor desensitization, or internalization in most
tissue types. However, it has been proven that AT2R is sensitive to GTPyS and pertussis
toxin in rat locus coeruleus, indicating Gi/o coupling [67]. AT2R can also stimulate protein
phosphatases and nitric oxide production. In addition, AT2R mediates the inactivation of
mitogen-activated protein kinase (MAPK) inhibition which is important in the induction of
apoptosis [60,67]. The AT2R and Ang Il interaction leads to neurite formation and growth
via the modulation of polymerized (3-tubulin, microtubule-associated proteins (MAP),
the activation of the p42/p44 MAPK phosphorylation of trkA. MASR, similar to AT1R
and AT2R, can couple to many downstream signaling pathways via Ang (1-7) activation.
These include the activation of phospholipase C and A2, arachidonic acid release, or
calcium-independent nitric oxide synthase activation. MASR also modulates several
kinase-related pathways/ effectors, such as the p38 MAPK, ERK1/2, phosphatidylinositol
3-kinase/Akt, RhoA, and cAMP /PKA, in different cell lines. MASR was also demonstrated
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to constitutively couple to Gai, Gaq, and Ga12/13 [63]. On the other hand, similar to
AT2R, in most cases, MASR fails to induce the conventional G-protein mediated signaling
response, defined by the levels of classical second messengers, such Ca?*, or inositol
trisphosphate (IP3), despite belonging to the GPCR family.

3.2. AT1 and AT2 Receptor Agonists

Following the discovery of the neuronal RAS, numerous studies have reported on the
implication of ATIR/AT2R agonists on nociception [27,30,33,68-76]. In spite of the high
number of studies conducted, literature data remain highly controversial. Some publica-
tions describe the analgesic activity of Angll, Anglll, or renin on acute pain tests following
central (intracerebroventricular [27,69,71,72,76] or intrathecal [33]) administration. These
reports proposed different possible mechanisms of action behind the observed effects.
Many of them indicate the role of the endogenous opioid system as the analgesic activity of
test compounds was naloxone-sensitive [27,33,69,71,72]. Next, Shimamura et al., suggested
a kinetic interaction between AnglIl and met-enkephalin, namely the inhibition of cleavage
of the latter [71]. Georgieva et al., found that Angll administered intracerebroventricularly
(icv.) produced an antinociceptive effect in the acetic-acid writhing pain model, yet the
Angll-induced antinociception was blocked by PD123319, an AT2R selective antagonist
but not by losartan, an AT1R antagonist [75]. In this study, the authors concluded that
AT2Rs but not AT1Rs are involved in the mechanism behind the analgesic action in acute
inflammatory pain. Since then, studies assessing the effects of RAS peptides (angiotensino-
gen, Angl, Angll, or AngllIl) microinjected into different regions of the periaqueductal gray
(PAG) were conducted in rats. In these studies, all test peptides were proven to be anal-
gesic on the tail-flick assay, and their effect was AT1R or AT2R antagonist reversible [77].
Another observation is that spontaneously hypertensive rats show longer latency on the
hot plate but not on the tail-flick test, when compared to wild-type animals. Moreover, this
increase in latency can be reversed by orally administered captopril or losartan, but not by
antihypertensive agents which are acting on targets other than the RAS [73]. In contrast to
the above-mentioned studies, Cridland et al., reported that AnglI failed to show either anti-
or pronociceptive effect [72]. However, at present, we cannot judge this issue because, to
the best of our knowledge, there is no other study that supports Cridland’s observations.
It is also worth considering the article of Pavel et al., which examined the effect of Angll
and losartan in rats undergoing CCI. In these animals, intraperitoneal Angll was found to
be pronociceptive in the von Frey test (mechanical stimuli), constant hot- and cold-plate
tests and decremental cold plate test (thermal stimuli). Losartan fully reversed the effect of
Angll in case of mechanical stimuli, partially reversed it in case of constant cold-plate test,
but further aggravated it in the decremental cold plate test. In the incremental hot plate
test, the pain threshold was unchanged both following Angll or AnglI + losartan admin-
istration [78]. The differences observed in this study between the effect of angiotensin in
response to constant or decremental/incremental thermal stimuli is difficult to explain.

Further on, the direct pronociceptive activity of Angll and AngllII was described as
spontaneous painful behavior (scratching) was observed following intrathecal administra-
tion [40,41]. It is worth noting that the study of Cridland et al., showed neither anti- nor
pronociceptive action of Angll, whereas Nemoto and coworkers reported a pronociceptive
action. Despite the similar administration route, the phenotype of the animals, as well
as the dose applied, was different in these studies [40,41,73]. Therefore, further studies
are needed to elucidate the effect of AnglI at the spinal level. Indirectly supporting the
pronociceptive action of Angll, Kaneko et al., reported icv. administered AnglI to attenu-
ate the analgesic activity of morphine in a dose-dependent manner in hot plate and tail
pinch tests [69]. Similarly, Yamada et al., found that icv. administrated AnglI or the AT2R
agonist novokin decreased the antinociceptive effect of morphine in the tail-pinch test [79].
Shepherd et al., also reported an increased mechanical but not thermal allodynia following
intraplantar Angll administration in mice after spared nerve injury (SNI) [80].
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There is large literature data on neural regeneration and differentiation mediated by
the AT2R, which were recently reviewed by Danigo et al. [24]. From this aspect, activating
the AT2R induces positive changes in terms of neural injury. This neuroprotective action
linked to the AT2R has been associated with an increase in neuronal BDNF expression by
several reports. The AT2R agonist “compound 21” (C21) has been reported to increase neu-
rite growth following spinal nerve injury [81] and to improve survival while attenuating
post-stroke neurological deficit in mice [82]. Under these conditions, the common feature
was an increase in neuronal BDNF expression. In contrast, increasing BDNF level is not
necessarily beneficial in cases of peripheral nerve injury from the aspect of pathological
pain, since Madara et al., showed that BDNF could induce glutamate release by enhancing
the action of presynaptic NMDA receptors [83]. BDNF release governs the spinal long-term
potentiation of C-fibers [84]. Long-term potentiation and a consequently increased gluta-
matergic tone, involving the increased activity of spinal NMDA receptors, are hallmarks
of neuropathic pain or other chronic pain states [85,86]. Furthermore, Chen et al., proved
that spinal NMDA receptor-potentiation on primary afferents in neuropathic pain could be
blocked either by the BDNF scavenger trkB-Fc or by the trkB receptor antagonist ANA-
12 [87]. The contribution of BDNF to pain was validated by Sikandar et al., where they
demonstrated that the conditional knockout of BDNF from mouse sensory neurons results
in unchanged response to most acute pain types and displayed hypoalgesia in chronic
inflammatory or neuropathic pain [88].

3.3. MAS Receptor Agonists

Primarily the Ang (1-7)-MASR branch of RAS acts as an antagonist of the AnglI-AT1R
activity. The activity linked to AT2Rs is similar in general; however, with respect to pain
transmission, this is not the case. The possible analgesic effect of Ang (1-7) was investigated
following mostly local (intraplantar [21,23] or intrathecal [34,89-93]) administration. Stud-
ies using intraplantar administration reported that Ang (1-7) attenuated PGE2 [21,23,90,91]
or carrageenan [23] induced inflammatory mechanical hyperalgesia. The antihyperalgesic
effect of Ang (1-7) was lost in MASR KO mice [23] and was reversible by MASR, nNOS,
guanylyl cyclase, or ATP-sensitive potassium channel blockers [94] as well as by different
adrenergic antagonists [21], but not by naloxone [95].

Intrathecal administration of Ang (1-7) resulted in a decrease in spontaneous nocicep-
tive behavior induced by intrathecal AnglI [91], AnglII [92], substance P or NMDA [34].
Furthermore, intrathecal Ang (1-7) showed an antiallodynic and antihyperalgesic effect
in neuropathic pain induced by CCI [89], STZ [90], or genetic model of diabetes (ob/ob
mice) [93]. Moreover, several authors reported that Ang (1-7) effectively decreased the
pathological increased p38 phosphorylation in the spinal cord [90-92,96]. Similar results
were reported following intrathecal administration of ACE2 activator DIZE, namely re-
duced nociceptive behavior in the formalin test and decreased spinal p38 phosphoryla-
tion [96]. On the other hand, intraplantar Ang (1-7) was ineffective in the treatment of CCI
induced neuropathic pain [23].

The effect of systemic (ip.) administration of Ang (1-7) on bone cancer pain was investi-
gated by Forte et al., In this model, Ang (1-7) reduced spontaneous pain reactions, increased
von Frey threshold and tail immersion latency following acute or chronic administration.
The authors reported no anti-tumor activity [97].

3.4. AT1 and AT2 Receptor Antagonists

A growing body of literature data supports that antagonists of the AT1R, such as losar-
tan, candesartan, or telmisartan, among others, display analgesic action in different pain
models, including acute thermal, inflammatory, or neuropathic pain [17,23,30,35,36,39—41].
With respect to the analgesic effect of telmisartan, our unpublished results also support
such findings because it could reduce the partial sciatic nerve CCl-induced allodynia after
systemic administration in rats (Figure 2) (Karaddi and Al-Khrasani, unpublished data)).
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Effect of telmisartan on the paw withdrawal threshold
of mononeuropathic animals measured on DPA

60 3 Vehicle L
=3 Vehicle R
40 Telmisartan 40 umol/kg L
g OO Telmisartan 40 umol/kg R
E 20 Telmisartan 80 pumol/kg L
Ml Telmisartan 80 umol/kg R
0

Figure 2. The analgesic effect of telmisartan measured on a dynamic plantar aesthesiometer (DPA)
test at 120 min, after p.o. administration to mononeuropathic animals induced by partial sciatic nerve
ligation rat model described by Seltzer et al. [98]. Columns represent the paw withdrawal thresh-
old (PWT) of the animals in grams & S.E.M. Asterisk indicates the significant differences between
treatment groups or operated (R) and non-operated (L) hind paws (** p < 0.01 and **** p < 0.0001). Sta-
tistical differences were determined with one-way ANOVA and Tukey post-hoc test. Data represent
means + S.E.M (n = 5 per group). (Karadi, D.A.; Al-Khrasani, M.; unpublished data).

In addition, intrathecal administration of losartan has been reported to block AnglI-
induced spontaneous pain [39], both phases of formalin test [41], and STZ-induced al-
lodynia [99]. On the other hand, microinjection of AT1R and AT2R antagonists into the
PAG has been reported to aggravate incisional allodynia [26,77]. Local administration of
losartan was also investigated by Costa et al., In this study, intraplantar (ipl.) losartan
effectively reversed prostaglandin E2 (PGE2) and carrageenan-induced mechanical hyper-
algesia but was ineffective in CCI induced neuropathic pain [23]. In contrast, numerous
publications have reported that systemic administration of AT1R antagonists to be benefi-
cial [17,20,35,36,79]. Most of these reports suggest that blocking AT1R could also attenuate
the inflammatory reaction in DRG [35,36] or the sciatic nerve [17] and elevate the decreased
BDNF level in the sciatic nerve [17] following neuronal damage.

Bessaguet et al., investigated the effect of candesartan on resiniferatoxin-induced neu-
rotoxic thermal hypoalgesia in mice and proved that intraperitoneal candesartan was able
to reverse the evoked hypoalgesia in this assay, yet the same effect was achieved following
the treatment with AT2R antagonist, EMA200 (PD123319). The authors proposed that can-
desartan may increase the AT2R binding of endogenous Angll, thus lowering the thermal
threshold of animals. This proposal is further supported by the lack of efficacy of can-
desartan in AT2R KO mice [20]. In agreement with these results, Hashikawa-Hobara et al.,
reported that hypoesthesia caused by fructose induced diabetes was reversible by orally
administered candesartan [100]. Obagata et al., showed that intrathecal losartan can atten-
uate the allodynia evoked by STZ in mice. In addition, they found that Ang II, as well as
ACE expression, were increased, indicating the involvement of Angll in neuropathic pain
conditions. It has also been reported that candesartan is capable of inducing neuroprotec-
tive, anti-inflammatory, and pro-angiogenetic effects accompanied by an increase in BDNF
expression [101,102]. In these studies, the beneficial effects of AT1R antagonism were re-
versible by the AT2 receptor antagonist, EMA200 [101,102]. Similar to the above-mentioned
studies, the authors hypothesized that AT1R antagonism causes a shift in endogenous
Angll binding from the ATIR to the AT2R, thus indirectly causing AT2R activation.

There are numerous studies indicating that AT2R antagonism can be beneficial in
treating different pain entities. In case of inflammatory pain types, the proposal that reduc-
tion in hyperinnervation can attenuate pain is in agreement with literature data [103,104].
Chakrabarty et al., reported that EMA200 reduced thermal hyperalgesia, mechanical allo-
dynia, and pathological hyperinnervation of inflamed tissue in a model of inflammatory
pain induced by complete Freund’s Adjuvant (CFA) [18,22]. The same compound was
also effective in the treatment of cancer-induced bone pain, which is mostly an inflam-
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matory pain type, strongly depending on local inflammatory mediators [105]. The most
clinically promising results, however, came from the investigation of the analgesic effect of
EMA200 and its analogs in neuropathic pain, partially contradicting the above-mentioned
data [28,29,37,38,80,106-108]. These include rodent models of mononeuropathic pain and
even human clinical trials. AT2R antagonists were shown to be able to attenuate mechani-
cal [37,38,81,107,108] and cold [107] allodynia in different mononeuropathic models, such
as CCI or SNI. Moreover, the effect of EMA200 was validated on complex behavioral pain
assays as well [109]. The most clinically relevant result, however, is that the analgesic
effect of EMAA401, the orally available analog of EMA200, was tested in clinical trials for
postherpetic neuralgia [28,29] and diabetic neuropathy [28]. The efficacy in attenuating
symptoms of the patients enrolled was acceptable in both conditions; however, two of
the three studies were prematurely terminated because of preclinical data on the possible
hepatotoxic effect of the test compound upon long-term administration [28]. There is
no clear consensus whether AT2Rs are expressed on sensory neurons creating a direct
pharmacological target for analgesia [18,37,38,106,107,110], or the observed beneficial ef-
fect is mediated by immune cells infiltrating injured nerves [80,107]. The neuro-immune
cross-talk proposed by the latter studies was recently reviewed by Balogh et al. [19].

4. Neuroanatomical Distribution of the p-Opioid and Angiotensin Receptors in Areas
Related to Pain

4.1. The u-Opioid Receptor

The neuroanatomical distribution of the MOR is now well-established by immunohis-
tochemistry, autoradiography, in situ hybridization, and fluorescence techniques [109-113].
Accordingly, MORs can be found at supraspinal, spinal, and peripheral levels [114-116].
MORs are enriched in the descending pain modulatory pathway, involving the periaque-
ductal gray (PAG) matter, rostral ventromedial medulla (RVM), locus coeruleus (LC), and
the dorsal horn of the spinal cord [115,117]. In addition, they can be found in brain regions
that are strongly related to pain perception and integration, such as the cerebral cortex, tha-
lamus, striatum, amygdala, hippocampus, nucleus accumbens, and the ventral tegmental
area (VTA) [115,117]. Within the dorsal horn of the spinal cord, MORs are densely localized
in the lamina I-II superficial layers on interneurons and projection neurons [115,118]. The
dorsal root ganglia are also a significant locus for MORs attributed to pain [115,119]. MORs
can also be found on C- and A-fibers and near primary afferent nociceptors [117].

4.2. Angiotensin Receptors and Endogenous Angiotensin Ligands

The components of neuronal angiotensin system are found in anatomical regions
hosting different key points in pain pathways, including the dorsal horn of the spinal
cord, dorsal root ganglia (DRG and identical structures, such as the spinal trigeminal tract
and trigeminal ganglion), or peripheral nerves. Angiotensinogen mRNA can be found
ubiquitously in the mammalian brain [120], spinal cord [99], and almost all cells in the
DRG [42,43]. The angiotensinogen level in the CNS is not affected by STZ treatment-
induced diabetes; however, it is elevated following peripheral inflammation [22,121].

There are contradictory data in the literature about the localization of neuronal renin,
the primary activating enzyme of the renin-angiotensin system [42,43,100]. Angl mRNA is
present in the human DRG and trigeminal ganglion (TG) [42,43], whereas its protein form
was described in rat DRG [121]. Angll was found in rat and human DRG [18,37,43,106,107],
TG [42], neurons, satellite cells, and CD3+ T-cells [106]. The colocalization of Angll
alongside components involved in pain sensation, such as substance P (SP) and vanil-
loid transient receptor potential channels, was reported as well on small and medium
neurons [18,37,42,43,106]. In rodent, AngllI can be found ubiquitously in the spinal cord;
its level was highest in the superficial laminae of the dorsal horn, which could suggest
a possible role of Angll in nociception [41,99]. Furthermore, Angll levels have been re-
ported to be increased following mono- or polyneuropathic pain evoked by CCI [106] or
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STZ, respectively [41,99]. Furthermore, this change in AngllI levels was also seen in pain
conditions induced by intraplantar formalin injection [41,99] or in bone cancer pain [105].

With respect to the receptors, several studies have reported on the distribution
of ATIR on key points related to nociceptive transmission both in mice [39,40] and
rats [31,36,43,122-129]. These areas include sciatic nerve [31,127,130], DRG [36,43,123,
125,127-131], and spinal cord [22,39,40,129,132]. Moreover, it can be found in different
brain regions, such as the spinal trigeminal tract and raphe nuclei [122]. These data also
provide strong evidence on a large amount of AT1aR, and smaller amounts of AT1bR
mRNA [43,127,129,132], and the receptor protein [31,36,39,40,123,125,127-129] was also
shown in the mentioned regions. In the DRG, the receptor protein was found on satel-
lite cells and neurons of all sizes with a greater extent on smaller ones [36,110,128,130].
In the spinal cord, similarly to AnglI, AT1R level was the highest in the superficial dorsal
horn [39,128].

In contrast to AT1R, AT2R localization and the above-mentioned function in relation to
nociception are controversial subjects. At present, little data are available on the ganglional
or sensory neural expression of AT2R as many of the currently commercially available AT2R
antibodies used for immunohistochemistry seem to show inappropriate specificity [131].
Therefore, it is important to evaluate the results of studies using antibodies with appropriate
criticism—especially in case of earlier works.

Early autoradiographic studies found significant inhibition of Angll binding by AT1R
but not by AT2R antagonists on the sciatic nerve, spinal cord, and (upper cervical) sensory
ganglion [31,128]. AT2 mRNA was found in the DRG and sciatic nerve of rats [43,127].
The receptor protein was found by many research groups on neurons (IB4+ [132]), satellite
cells [106,127], and CD3+ T-cells [106] and in the rat DRG as well [101,106,107,110,125,130].
Indeed, in a few studies, the AT2 antibody specificity was verified on AT2R KO mice,
further reinforcing the results [37,123]. On the other hand, Shepherd and colleagues were
not able to find AT2R mRNA or protein in the DRG of mice or humans [80]. In their study
using Agtr2SFP reporter mice, the AT2 positivity in the sciatic nerve was detectable and
increased after SNI but because of macrophage infiltration instead of neural expression.
Taken together, Shepherd’s group claims that AT2R is not expressed on sensory neurons
involved in nociception [107]. In contrast, Benitez et al., found AT2 immunoreactivity in
rat DRG mostly on non-peptidergic (IB4+) C- and Ad-fibers showing high colocalization to
AT1 yet using an antibody with specificity verified on AT2R KO mice. In their study, the
level of AT2 increased in an inflammatory state following treatment with CFA [123]. It is
important to mention that mice were used in the study conducted by Shepherd in contrast
to rats used by Benitez. A very recent review published in 2021 by Danigo et al., provides
detail on how to solve this contradiction and lists species differences as well as the possible
gene duplication of AT2R (similar to AT1R) in mice which could cause a lack of signal in
the reporter mice [24].

Angiotensin-converting enzyme 2 (ACE2) is a carboxypeptidase enzyme regulating
the local levels of Angll and Ang 1-7 (metabolizes Angll to Ang 1-7). Its mRNA and protein
were found in human DRG samples, colocalizing with nociceptor neuronal markers [133].
It is also expressed in mouse spinal cord, where it is localized on neurons and microglia but
not on astrocytes [93]. Finally, MASR expression was shown in rat DRG [91,92], PAG [134]
and in mouse spinal cord [93]. However, to the best of our knowledge, the localization of
the Ang (1-7) peptide has not been fully described. The neuroanatomical localization of
key elements of the RAS and p-opioid receptors have been summarized in Table 1.
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Table 1. Neuroanatomical distribution of ligands and receptors in the renin—angiotensin system with importance in pain

transmission and the p-opioid receptor (MOR).

) ) mRNA Changes
Ligand/Receptor Species /Peptide/ Method Details - References
P . Inflammation Neuropathy
rotein
Peripheral nerves
Angiotensinogen rat P IHC detected increased - [22]
rat P autorad detected - - [31]
ATl receptor rat r PCR detected - increased [124]
rat P autorad not detected - - [31]
rat r PCR detected - increased [124]
AT2 receptor AgtrGFP detected on thick increased
reporter . .
reporter P non-peptidergic - (macrophage [107]
mouse o .
mouse neurons infiltration)
MAS receptor mouse P IHC detected - increased [135]
rat P IHC detected increased - [136]
MOR detected on CGRP
human P IHC positive skin sensory no change - [137]
nerves
Dorsal root ganglia
rat P HC detected increased - [22]
PCR and
Angiotensinogen rat rand p HC detected - - [121]
PCR and
rat r ISH detected on all cells - - [43]
Angiotensin I human P RIA detected - - [43]
rat and IHC and colocalized with SP ) ) [43]
human p RIA and CGRP
. . increased
rat P HC colocalized with (bone ) [105]
neuronal markers .
) ) metastasis)
Angiotensin II cat IHC and colocalized with SP ) increased [37]
P WB and NF200 crease
colocalized with
human P IHC TRPV1 on small and - - [18]
medium neurons
on neurons, satellite .
rat P IHC cells, and T cells - increased [106]
Angiotensin (1-7) human P IHC not detected - - [18]
rat r PCR detected - no change [124]
rat r PCR detected - - [43]
detected on Schwann decreased
rat P IHC cells, satellite cells, - [127]
(DM)
and neurons
rat
AT1 receptor . PCR, WB, decreased .
(isolated  rand p and RB detected (TNFa) [129]
neurons)
rat P HC detected on small and - increased [125]
large neurons
detected on neurons
rat p THC and satellite cells ) ) [36]
detected on all increased on
rat P IHC neurons, higher - [123]

expression on small

large neurons
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Table 1. Cont.

mRNA Changes
Ligand/Receptor Species  /peptide/ Method Details - References
Protein Inflammation Neuropathy
rat r PCR detected - increased [124]
rat rand p PCIIEIénd detected - - [121]
rat r PCR detected - - [43]
detected on Schwann . d
rat P IHC cells, satellite cells, - ncrease [127]
(DM)
and neurons
z:i t(tji; P WB detected - mf}r)e;/ls)ed [100]
rat p HC colocalized with ) ) [37,105]
neural markers
rat
AT2 receptor (neona- randp PCR, WB, detected on IB4+ ) } [132]
tal) and IHC neurons
detected on neurons,
rat P IHC satellite cells, and - no change [106]
T-cells
detected on all
neurons, mostly
rat P IHC non-peptidergic C and increased - [123]
A, high colocalization
with AT1
AgtrGFP
reporter PCR and
mouse rand p reporter not detected - - [80]
and mouse
human
AgtrGEP reporter
reporter P nfouse not detected - no change [107]
mouse
rat P IHC detected - - [95]
rat rand p PCVlzfgnd detected - increased [89]
MAS receptor rat rand p PCR and detected - - [138]
WB
increased
mouse P WB detected (bone - [97]
metastasis)
rat P IHC detected mainly on increased - [136]
small neurons
detected on small and
medium neurons,
rat p THC highly colocalized ) ) [139]
MOR with CGRP and SP
rat P IHC detected increased - [50]
rat r PCR detected increased decreased [140]
detected on approx.
50% of neurons,
human r PCR mainly - - [119]

capsaicin-responsive
small neurons
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Table 1. Cont.

) ) mRNA Changes
Ligand/Receptor ~ Species  /peptide/ Method Details . References
Protein Inflammation Neuropathy
Spinal cord
detected ubiquitously,
Angiotensin II mouse P IHC highest in laminae I increased increased [41,99]
and II
HC detected in the
! superficial DH and on
rat P autorad, . . . - - [126,128]
AT1 receptor and ISH cholinergic neurons in
the VH
detected in the
mouse p THC superficial DH ) B [39,40]
detected in laminae I
rat P IHC and II and colocalized - - [123]
with IB4 and SP in
AT2 receptor ActrGFP detected in the deep
r(;g orter reporter DH and VH and - no change [107]
nlfouse p mouse colocalized with &
neuronal markers
mouse P WB detected - - [93]
MAS receptor detected and
mouse P IHC colocalized with NK1 - - [34]
and NMDA receptors
rat/ guinea autorad deFeFted in the _ - [113]
pig superficial dorsal horn
rat P HC detectedI(_)Ir; laminae increased - [136]
rat P IHC present - - [139]
postsynaptic MOR is ) )
rat p THC restricted to lamina II [141]
MOR detected, half of MOR
immunoreactivity in
rat p THC the SC is on primary ) ) [142]
afferents
rat r PCR detected no change no change [140]
decreased
rat P IHC detected - (reversible by [57]
NGF)

Abbreviations: p: peptide/protein; r: mRNA; IHC: immunohistochemistry; autorad: autoradiography; PCR: polymerase chain reaction; ISH:
in situ hybridization; RIA: radioimmunoassay; WB: Western blot; DM: diabetes mellitus; DH: dorsal horn; VH: ventral horn; SP: substance
P; CGRP: calcitonin gene-related peptide; NF200: neurofilament protein 200; TRPV1: transient receptor potential cation channel subfamily V
member 1; IB4: isolectin B4; NK1: neurokinin 1; NMDA: N-methyl D-aspartate. A hyphen indicates no assessment by the indicated studies.

5. Possible Link between MOR Analgesics and Ligands Affecting Angiotensin
Receptors in Relation to Pain

Rather than dose escalation of MORs analgesics which is associated with an increase in
the incidence of side effects, augmenting MORs-mediated analgesia would be an important
strategy in the management of neuropathic pain. In regard to the interaction between
opioid and angiotensin systems, to the best of our knowledge, the first study published
in 1983 by Haulica et al., described that Angll produced naloxone reversible analgesia
following icv. administration in rat tail-flick test; therefore, these results showed the
implication of endogenous opioid system in the effect of AnglIlI [68]. In a later study, the
same research group also reported that naloxone or saralasin attenuates stress analgesia
in rats [70]. Based on another study by Han et al., icv. administered Angll was able to
reverse the antinociceptive action of sc. morphine [76]. Similarly, Yamada et al., showed
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that AT2R activation decreases the analgesic effect of morphine [79]. On the other hand,
a previous study by Mojaverian et al., reported that orally administered ACE inhibitor
enalapril failed to influence morphine analgesia [143]. Recently, Taskiran and Avci reported
that systemic captopril alone was able to increase tail-flick and hot plate latency, and it
also increased the analgesic effect of systemic morphine. Furthermore, the co-treatment
with captopril reduced morphine-induced analgesic tolerance development. Captopril also
reduced the inflammatory and endoplasmatic stress response in the DRG caused by acute
or chronic morphine treatment [32]. It is important to note however, that ACE inhibition
could result in a diverse molecular effect, partly independent from RAS—such as the
inhibition of the catabolism of endogenous opioids and peptide mediators, among others.
Next, connection between Ang (1-7), MASRs and the opioid system is unclear as to the
best of our knowledge there are little data available at present. In this respect, Costa et al.,
reported that endogenous opioids do not play a role in the analgesic action of Ang (1-7)
as it was not sensitive to naloxone [95]. This does not necessarily mean that there are no
possible interactions between the two systems. Indeed, there are several reports, indicating
opioids are capable of changing physiological parameters, most notably changes in the
blood pressure [144-148] or drinking-response to Angll [149-151]. However, regarding the
relationship between RAS and the opioid system only a small proportion of these address
the role of interactions in analgesia. We have summarized the outcomes of relevant studies
in Table 2.

Table 2. Reported connections between the opioid and renin—angiotensin systems in relation to pain.

RAS Ligand/Receptor

Method Outcome Reference

Angiotensin II

rat tail-flick test

rat tail-flick test

Angll mediated analgesia is reversible by
naloxone.
Angll is able to attenuate morphine
analgesia.

Haulica et al., 1983 [68]

Han et al., 2000 [76]

rat tail-flick test

ACE-inhibition cannot influence morphine Mojaverian et al., 1984 [143]

Angiotensin-converting analgesia.
enzyme s ACE-inhibition enhances morphine analgesia
rat talllf:ikt;sr;d hot and decreases the development of opioid Taskiran et al., 2021 [32]
P analgesic tolerance.
ACE-inhibition decreases inflammatory
ELISA cytokine levels in the DRG of morphine Taskiran et al., 2021 [32]
tolerant animals.
mouse tail /pinch N . .
AT2 receptor test AT?2 activation decreases morphine analgesia Yamada et al., 2009 [79]

rat tail-flick test

Saralasin (AT2 partial agonist) decreases

. Haulica et al., 1986 [70]
stress analgesia.

Abbreviations: ELISA: enzyme-linked immunosorbent assay.

With respect to neuropathic pain, Khan and coworkers showed that allodynia caused
by CCI of the sciatic nerve was attenuated by a systemic single dose of EMA300, a small
molecule AT2R antagonist [106]. In this study, the authors also proved that the nerve
growth factor (NGF) level was significantly reduced in the ipsilateral lumbar DRGs of
neuropathic rats. In addition, treatment with EMA300 could restore the decreased NGF
level. Furthermore, several studies have shown that MOR reserve in the spinal cord and
DRG is decreased in rodents with neuropathic pain. It is worth noting that administration
of exogenous NGF does restore both MOR numbers and their analgesia at main relay
points along the pain pathways, such as the spinal cord [58]. These results support a
hypothesis on the possible existence of a link between MORs and angiotensin receptor
affecting ligands which may provide a new strategy for the treatment of neuropathic pain.
Namely, AT2R blockade was reported to restore pathologically decreased NGF levels in
neuropathy, which, in turn, could positively influence the MOR number in the DRG and
spinal cord, thus restoring the analgesic effect of MOR agonists (Figure 3). An opposing
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viewpoint is the implication of NGF in pain induction which is not the scope of the present
review but has been reported by other researchers [152-154]. Finally, whether activation or
blockade of AT2R would be of value in managing neuropathic pain, we could propose that
AT2R inhibition attenuates pain mediated by largely unidentified pathways. On the other
hand, the neural growth and remodeling induced by AT2R activation may be beneficial for
neuroregeneration, though undesired effects on the symptoms of neuropathy may occur.
To the best of our knowledge, so far, no publication has investigated the possible con-
nections between the opioid system and the Ang (1-7)—MAS receptor branch of the RAS.

? AT2 antagonists

p-opioid
receptors

Neuropathy

Figure 3. Possible links between neuropathy, the renin-angiotensin system, MORs and NGF. Red
arrows indicate a reducing effect, while the blue ones indicate an increasing effect. In neuropathic
conditions, the MOR reserve is decreased, resulting in impaired opioid analgesia. The receptor
number can be restored by administration of NGEF, the level of which is also reduced in the spinal
cord in neuropathy. AT2 antagonists are capable of restoring the lowered NGF level, thus possibly
restoring the analgesic effect of opioids. To the best of our knowledge, there is no evidence of the
direct connection between MORs and the renin-angiotensin system. The figure was constructed
based on literature discussed in Section 5.

6. Concluding Remarks and Future Directions

MOR analgesics alleviate neuropathic pain; however, high doses are needed, which,
in turn, result in serious side effects both in preclinical and human studies. Current
evidence indicates that AT1, AT2, and MASRs are involved in the control of neuropathic
pain; however, their mechanism of action related to neuropathic pain has not yet been
fully verified. Nevertheless, AT1, AT2, and MASRs are expressed in key areas related to
pain where MORs agonists halt pain sensation. In neuropathic conditions, peripheral and
central AT1 blockade and spinal MASRs activation appear to be beneficial. Data on the
impact of AT2R in neuropathic pain are contradictory, though its activation or inhibition
can result in neuroprotection or analgesia, respectively; however, future studies are needed
to justify this issue. So far, there are no angiotensin receptor affecting agents that have
been utilized clinically; however, there are clinical studies on AT2R inhibitors that have
entered phase II trials but did not proceed further due to their toxicity. It is important to
note that these clinical studies prove that such AT2R inhibitors showed equipotent efficacy
with gabapentin. In neuropathic pain, the MOR receptors and NGF levels are decreased.
Treatment with NGF results in restoring MOR and their analgesic activity in preclinical pain
studies. On the other hand, there are studies reporting the increase in pain sensation upon
NGF use, which is not the scope of the present review. Furthermore, some studies revealed
that angiotensin AT2R inhibitors do increase NGF in neuropathic pain and thus normalize
MOR levels. Therefore, we can speculate that drugs affecting angiotensin receptors could
restore the effect of MOR analgesics, which results in avoiding dose escalation of opioids
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upon the treatment of neuropathic pain. Finally, these strategies might offer a bridge upon
titration of drugs with delay in onset used in the treatment of neuropathic pain.
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Abstract: The importance of the dynamic interplay between the opioid and the serotonin neuromod-
ulatory systems in chronic pain is well recognized. In this study, we investigated whether these
two signalling pathways can be integrated at the single-cell level via direct interactions between the
mu-opioid (MOP) and the serotonin 1A (5-HT;) receptors. Using fluorescence cross-correlation
spectroscopy (FCCS), a quantitative method with single-molecule sensitivity, we characterized in
live cells MOP and 5-HT;, interactions and the effects of prolonged (18 h) exposure to selected
non-peptide opioids: morphine, codeine, oxycodone and fentanyl, on the extent of these interactions.
The results indicate that in the plasma membrane, MOP and 5-HTj 5 receptors form heterodimers
that are characterized with an apparent dissociation constant szp = (440 £ 70) nM). Prolonged
exposure to all non-peptide opioids tested facilitated MOP and 5-HTa heterodimerization and

stabilized the heterodimer complexes, albeit to a different extent: sz};emanyl = (80 £ 70) nM),
app — app — app —
K Vorphine = (200 £ 70) nM, KFE, ;o = (100 & 70) nM and K0, one = (200  70) nM. The

non-peptide opioids differed also in the extent to which they affected the mitogen-activated protein
kinases (MAPKSs) p38 and the extracellular signal-regulated kinase (Erk1/2), with morphine, codeine
and fentanyl activating both pathways, whereas oxycodone activated p38 but not ERK1/2. Acute
stimulation with different non-peptide opioids differently affected the intracellular Ca?* levels and
signalling dynamics. Hypothetically, targeting MOP-5-HT; 5 heterodimer formation could become a
new strategy to counteract opioid induced hyperalgesia and help to preserve the analgesic effects of
opioids in chronic pain.

Keywords: chronic pain; fluorescence cross-correlation spectroscopy (FCCS); G protein-coupled
receptor (GPCR); opioid; serotonin

1. Introduction

Chronic pain is a major health issue worldwide [1] that enacts considerable
suffering [2,3]. Despite the limited effects of available drugs for the treatment of pain,
chronic pain patients are often treated with opioids, which have a controversial role in
chronic pain management. In fact, patient follow-ups and population studies reveal the low
long-term analgesic efficacy of opioids that is accompanied by the development of tolerance,
opioid induced hyperalgesia (OIH), adverse side-effects, addiction, and opioid-related
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deaths [4,5]. New strategies to avoid the aversive effects of opioids while preserving their
analgesic properties are therefore needed.

In this perspective, the serotonin 1 A receptor (5-HTj4) emerges as a promising candi-
date. 5-HT; 4 is an inhibitory presynaptic autoreceptor on serotonergic neurons and is also
expressed postsynaptically in terminal regions innervated by serotonergic neurons [6]. In
animal studies, 5-HT; 5 agonists have been reported to counteract opioid-induced hyper-
algesia, opioid tolerance and to improve the analgesic potency of opioids while reducing
their rewarding effects [6-8]. Contrary to opioids, a first order pronociceptive effect fol-
lowed by an analgesic effect was documented for 5-HT; o agonists, suggesting opposing
effects between opioids and 5-HT1 agonists [8]. Therefore, hypothetically, 5-HT1 5 /opioid
interactions could be time-dependent with 5-HT; 5 antagonists initially enhancing opioid
analgesia [9,10] and 5-HT; A agonists, having beneficial long-term effects when OIH has
developed [6-8]. In agreement with this, a genetically inferred reduction of serotonergic
signalling was associated with an increased analgesic response to the opioid drug fentanyl
in healthy human subjects [11]. Furthermore, gene-to-gene interactions between the mu-
opioid receptor (MOP) gene (OPRM1) and the serotonin transporter (5-HTT) or 5-HTj4
(HTR1A) genes had antagonistic effects on endogenous descending pain modulation in
healthy subjects and in fibromyalgia patients [12].

In the human brain, high densities of 5-HT1 5 [13] and MOP [14] have been reported in
regions implicated in pain modulation, and high 5-HT; 5 binding potential was associated
with more efficient endogenous pain inhibition [15]. Moreover, significant positive associ-
ations were found between the serotonin and the opioid systems in networks known to
regulate pain and mood, including the cingulate cortex, thalamus, dorsolateral prefrontal
cortex, amygdala, and the left parietal cortex [16]. The exact mechanisms responsible
for the physiological, pain-related interactions between the opioid and the serotonergic
signalling systems are not known [6]. One possible mechanism is the opioid-induced
activation of 5-HTjs—expressing glial cells through the Toll-like receptor 4 [17], as acti-
vated glia has been implicated in the development of OIH and opioid tolerance [18,19].
In accordance with this reasoning, extensive cortical glia activation was documented in
patients suffering from fibromyalgia [20], a chronic pain syndrome with aberrations in
cerebral opioid signalling [21]. An additional explanation might be the co-localization
of MOP and 5-HTja receptors on the same neurons. In fact, Kishimoto et al. presented
electrophysiological evidence of their co-localization on individual presynaptic GABAergic
nerve terminals, and demonstrated that they synergistically inhibited GABA release in
the periaqueductal gray (PAG), a structure that mediates opioid-based pain control [22].
In addition, the activation of GABA 4 receptors in PAG projecting neurons was shown to
have a net pronociceptive effect [23]. Further support for interactions between MOP and
5-HT;4 at the cellular level comes from a study showing that they can form functional
heterodimers and that signalling of one receptor in the heterodimer is inhibited by the
activation of the other [24]. We thus hypothesize that opioid induced heterodimerization of
MOP and 5-HT 5 inactivates the receptors, which then become unable to inhibit GABA
release and promote pronociceptive pathways.

The primary aim of this study was to challenge this hypothesis by quantitatively
characterizing interactions between the MOP and 5-HT1 A receptors in live cells expressing
near physiological levels of these receptors, and to assess the effects of commonly used
non-peptide opioid drugs such as morphine, oxycodone, codeine, and fentanyl, on the
extent of these interactions and their downstream effects. In particular, we have focused on
intracellular Ca?* levels and signalling dynamics, and on mitogen-activated protein kinases
(MAPKSs) p38 and the extracellular signal-regulated kinase (Erk1/2), both previously
associated with the adverse effects of opioids [25,26].

2. Results

The effects of non-peptide opioids on the extent of interactions between the mu-opioid
receptor fused with the enhanced Green Fluorescent Protein (MOP-eGFP) and the sero-
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tonin 1 A receptor fused with the red fluorescent protein Tomato (5-HT;4-Tomato) were
examined in live cells using confocal laser scanning microscopy (CLSM) and fluorescence
cross-correlation spectroscopy (FCCS). FCCS, a quantitative analytical method with single-
molecule sensitivity, is succinctly described in Section 4. Materials and Methods. Primary
data, temporal autocorrelation curves (tACCs) and cross-correlation curves (tCCC) acquired
using FCCS are shown in Figure 1. Determination of the so-called relative cross-correlation
amplitude (RCCA) and its use to assess the apparent dissociation constant is described
in Section 4. Materials and Methods and in the Supplementary Materials, Section S2.
Calculation of the apparent dissociation constant and S3. Relative Cross-Correlation Am-
plitude (RCCA) increased upon opioid treatment. Verification by switching FCCS. More
information can also be found in [27].
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Figure 1. Fluorescence cross-correlation spectroscopy (FCCS). (A) Schematic presentation of the
instrumental setup for dual colour CLSM imaging and FCCS. Incident laser light, 488 nm (blue) and
543 nm (green), is reflected by the main dichroic beam splitter (MDBS, 488/453/633) and focused by
the objective into the sample. Fluorescence and scattered light are collected by the same objective
and fluorescence is separated from the elastically scattered light by the MDBS. The fluorescence
is spectrally separated by the secondary dichroic beam splitter (SDBS, 545) and further spectrally
narrowed by emission filters (EF) before being recorded by avalanche photo diodes (APD) detectors.
Magnified insert: Cross section through the observation volume element (OVE) in the radial (xy) plane
in the sample. Fluctuations in fluorescence intensity are generated as fluorescently labelled molecules
diffuse through the OVE (arrows). (B) CLSM image of a HEK293 cell genetically modified to stably
express MOP-eGFP (green) and 5-HTq 5 -Tomato (red). Scale bar 10 um. (C) Fluorescence intensity
scan through a HEK293 cell expressing MOP-eGFP (green) and 5-HTj 5-Tomato (red) in the axial
(z-axis direction). The first peak in fluorescence intensity indicates the position of the basal (z = 0) and
the second one the apical (z = 5 um) plasma membrane of the same cell. Fluorescence intensity drops
when the apical plasma membrane is crossed, as the OVE is now positioned in the surrounding cell
culture medium. (D) Fluorescence intensity fluctuations recorded at the apical membrane of a HEK293
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cell, originating from MOP-eGFP (green) and 5-HT;A-Tomato (red) lateral diffusion in the plasma
membrane. (E) Representative auto- (green and red) and cross-correlation (black) curves recorded at
the apical membrane of a HEK293 cell. (F) Cross-correlation curves recorded in live HEK293 cells
expressing the positive (brown) and negative (champagne) control constructs. For detailed informa-
tion see Section 4. Materials and Methods and Supplementary Materials, Section S1. Transfection,
positive and negative control cells (Figures S1 and S2).

2.1. Non-Peptide Opioids Potentiate MOP and 5-HT1A Heterodimerization to a Different Extent

CLSM imaging showed clear co-localization of both receptors, MOP-eGFP (green)
and 5-HT;s-Tomato (red), in the plasma membrane in both the HEK293 (Figure 1B) and
the PC12 (Figure 2A) cells. It also showed that treatment with non-peptide opioids did
not cause the internalization of individual receptors or of heterodimer receptor complexes
(Figure 2B). This contrasts with the effects of treatment with the opioid peptide DAMGO,
which promoted MOP internalization, but not the internalization of the heterodimer MOP-
eGFP-5-HTj 5-Tomato complex (Figure 2C).

MOP 5-HT,, Merged

(A)

(B)

(C)

Figure 2. Non-peptide opioids neither induce MOP-eGFP nor MOP-eGFP-5-HTA-Tomato het-
erodimers internalization, whereas the opioid peptide DAMGO induces strong MOP-eGFP internal-
ization. CLSM images of live PC12 cells stably expressing MOP-eGFP (green) and 5-HT1A-Tomato
(red). (A) Cultured under standard conditions, without opioid treatment (control). (B) Treated for
18 h with 750 nM morphine. (C) Treated for 18 h with 500 nM DAMGO. Scale bar 10 pm.

For FCCS analysis, data collected on cells expressing similar (within the experimental
error of FCS measurements) receptor levels, Nyjop = (27 £ 6) and Ns.yr1a = (25 £ 3), were
compared. At these expression levels, corresponding to concentrations: cypop = (320 + 70) nM
and cs.gr14 = (300 £ 40) nM, FCCS analysis showed that MOP-eGFP and 5-HT o-Tomato
receptors not only co-localized in the plasma membrane, but also formed heterodimers, as
evidenced by tCCCs (Figure 1E, black). FCCS showed that in untreated cells about 33%
(RCCA =0.33) of the 5-HT1 o-Tomato receptors are bound in heterodimer complexes with
MOP-eGFP (Figure 3A). Based on this, the apparent dissociation constant for a heterodimer
receptor complex of MOP-eGFP-5-HT1 o -Tomato with a 1:1 stoichiometry was estimated to
be KP = (440 + 70) nM.
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Figure 3. Opioids differ in their potency to induce heterodimer formation between MOP-eGFP and
5-HT1 o-Tomato in HEK293 cells. (A) Fentanyl induces a dose-dependent increase in MOP-eGFP and
5-HT14-Tomato receptor heterodimer formation in the concentration range 0 < Cpentanyl < 750 nM. For
fentanyl concentrations > 1 uM, the extent of heterodimer formation drops significantly. (B) Fentanyl
dose response curve calculated from the experimentally obtained RCCA values in A and the known
concentrations of fentanyl. (C) 18 h treatment with equimolar concentrations of different opioids,
¢ =750 nM induces in cells expressing the same levels of MOP-eGFP and 5-HT o -Tomato different
extent of receptor heterodimer formation. Relative cross-correlation amplitude (RCCA), defined as the
limiting value, when the lag time T — 0, of the amplitude of the cross-correlation curve relative to the
amplitude of the green autocorrelation curve, yields the number of dually-labelled, i.e., heterodimer
receptor complexes (Nyg) relative to the total number of the red labelled 5-HT1 4-Tomato receptors
(Nrtotal = Nr + Nyg), where Nr is the number of unbound, single-labelled 5-HT; 5 -Tomato receptors,
and Nyg is the number of double-labelled MOP-eGFP and 5-HT o-Tomato complexes. To reduce the
effect of noise and minimize the contribution of afterpulsing, the RCCAs values were calculated as
an average value of five points, starting with the value at the lag time of 10 ps to the lag time of 50 us.
In the box-and-whisker plot, the solid line shows the mean value, the dashed line shows the median,
box represents the standard deviation, and the whiskers give the 5-95 percentiles. Statistical analysis:
a Student’s t-test was used to determine whether the difference between the mean values measured
in untreated and treated cells, or in cells treated with different opioids, are significantly different from
each other. The results are reported using a two-tailed p-value (p). The Benjamini-Hochberg method
to control the false discovery rate (FDR) in sequential modified Bonferroni correction for multiple
hypothesis testing showed that at an FDR value of 5%, p < 0.012 was statistically significant.

Moreover, FCCS showed that treatment with different concentrations of fentanyl
increased the fraction of 5-HTj 5-Tomato receptors in heterodimer complexes with MOP-
eGFP (Figure 3A,B). For fentanyl, the number of heterodimer receptor-receptor com-
plexes increased in a dose dependent manner, as evident from the increase in RCCA
from RCCAP ™ = 0.42 £ 0.09, which was not significantly different from the RCCA

Fentany
value measured in untreated cells (p = 0.067), to RCCA%ggtglr\g,l =0.49 £ 0.09 (p = 0.028) in
cells treated with 500 nM fentanyl, and RCCA%@?IQII\@] =0.62 £ 0.07 (p = 3.16 x 1077) in

cells treated with 750 nM fentanyl. From the experimentally determined concentration
of heterodimer complexes and the known concentration of fentanyl, the effect of fentanyl
on the extent of MOP-eGFP and 5-HTj 5-Tomato heterodimerization could be quantified
(Figure 3B, solid red line).

By applying the standard mathematical formalism of ligand binding assays in the
absence of competing reactions [28], and considering the concentration of heterodimer
complexes as an dependent variable and the concentration of fentanyl as an independent
variable, the concentration of fentanyl at which the number of heterodimer complexes
would be doubled was determined to be (1.90 £ 0.05) uM. Unexpectedly, treatment with
such high fentanyl concentrations showed a decrease, rather than the expected increase in
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the concentration of heterodimer complexes (Figure 3B, dashed red line) and the RCCA
decreased to 0.45 (SD = 0.11, p = 0.004). This suggested that other processes, such as receptor
homodimer formation and/or higher-order receptor heterooligomer formation [29,30]
and/or desensitization or feedback processes [30] may occur at high fentanyl concentrations.
Finally, it may also happen that fentanyl at such high concentrations may be toxic to
cells [31], but we have not observed any such indication.

Due to this, concentrations higher than 750 nM were not investigated, and this con-
centration was selected in further studies to compare the effects of different opioids. FCCS
showed that for treatment with 750 nM fentanyl, the RCCA was RCCA;E?IQ%I =0.62 £ 0.07,
which was significantly different from the RCCA value measured in untreated cells
(p=3.16 x 1077); RCCAZ’ ™M =047 +0.08 (p = 1.65 x 10~4); RCCAZ0™M - (.59 4 0.07

Morphine Codeine
(p =525 x 1077) and RCCAg’fyﬂf)\ﬁom =0.47 £ 0.09 (p = 0.0117) (Figure 3C). Moreover, the

RCCA value measured for cells treated with fentanyl was significantly higher than that
measured in cells treated with equimolar concentrations of morphine (p = 2.48 x 107%) or
oxycodone (p = 6.99 x 10~%), but not significantly higher than that for codeine (p = 0.24).
The difference in RCCA values measured in cells treated with codeine was significantly
higher than that in cells treated by morphine (p = 3.66 x 1073). Based on these mea-
surements and using Equation (6), the apparent dissociation constants for the MOP-
eGFP-5-HT o-Tomato heterodimer complex in the presence of equimolar concentrations

(750 nM) of different non-peptide opioids could be estimated: szr; entanyl = (80 £ 70) nM,

app — app — app —
K Vorphine = (200 % 70) nM, KR yoin = (100 £ 70) nM and KR 4one = (200 = 70) nM.

Likewise, the apparent heterodimer dissociation constants in the presence of different

concentrations of fentanyl were determined to be: KZP 1;0 nM Fentanyl = (260 £ 70) nM,

app - app — app -
Kd, 500 nM Fentanyl — (180 + 70) nM, Kd, 750 nM Fentanyl — (80 + 70) nM, and Kd, 1 uM Fentanyl —

(220 & 70) nM.

2.2. Non-Peptide Opioids Increase to a Different Extent the Brightness of eGFP and Tomato

Prolonged treatment with non-peptide opioids increased eGFP brightness, as ev-
ident from the measured counts per second per molecule (CPM). In untreated cells,

average eGFP brightness was CPMECIT = (1.1 & 0.3) kHz. In treated cells, eGFP

brightness nearly doubled, showing statistically significant difference for all treatments:

CPM%SlftEnyl = (1.9 £ 0.7) kHz (p = 0.015), CPMggghme =(2.0+ 0.5) kHz (p = 9.6 x 1073),

CPM& e = (1.9 £ 0.5) kHz (p = 5.8 x 107%), and CPMEC . = (1.8 + 0.7) kHz
(p = 0.027). Interestingly, an increase in Tomato brightness was also observed in cells treated
with 750 nM fentanyl or morphine, but not in cells treated with codeine or oxycodone. How-
ever, the increase in Tomato brightness was not as pronounced as for eGFP, and changed

from CPM[omate  — (0.8 + 0.2) kHz in untreated cells to: CPM0m20 — (1.1 + 0.3) kHz

Untreated ~— Fentanyl —
(p=0.021) for treatment with 750 nM fentanyl; CPME/‘I’gr‘;ff’ine = (1.3 £+ 0.3) kHz

(p=3.0 % 1073) for treatment with 750 nM morphine, whereas it remained unchanged
(within the limits of the experimental error) for treatment with 750 nM codeine,
CPM{atee = (1.0 £ 03) kHz (p = 0.20), or 750 nM oxycodone, CPMETAS . = (0.9 + 0.3) kHz
(p = 0.12). While we do not know why the brightness of fluorescence reporters has changed
following treatment with non-peptide opioids, two processes can independently and jointly
cause such effects, receptor homodimerization and/or alteration of fluorescence lifetime
due to environmental changes. However, to discern the contribution of one effect from the
other, a stringent number and brightness analysis and fluorescence lifetime measurements

would be needed. We reflect on this in more detail in Section 3.

2.3. Non-Peptide Opioids Elicit Different Intracellular Ca>* Signalling Dynamics

Time-lapse CLSM imaging of intracellular Ca?* levels using the cell-permeant Fura
Red ratiometric dye (Figure 4A), showed that stimulation with equimolar concentrations
of different non-peptide opioids acutely induced different changes in the intracellular
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Ca?* levels in HEK293 cells expressing MOP-eGFP and 5-HT;5-Tomato (Figure 4B). In
untreated cells, stationary state intracellular Ca®" levels were observed. Following the
addition of 750 nM morphine, the stationary state appeared to have lost its stability and
sinusoidal oscillations in Ca®* levels with smoothly increasing amplitudes and a period
of about 5 min, emerged. Treatment with 750 nM codeine also induced oscillations in
intracellular CaZ* levels. However, these oscillations showed features of so-called relaxation
oscillations [32], which are characterized by a relatively long relaxation period during which
the system remained in a stationary state, alternating with a short period in which the
abrupt decrease in fluorescence intensity, i.e., the increase in intracellular CaZ* level was
observed. Treatment with 750 nM fentanyl did not cause any oscillations in intracellular
Ca?* levels, but a four-fold increase in Fura Red fluorescence intensity was noted, indicating
that intracellular Ca?* levels decreased markedly following the addition of fentanyl. Finally,
treatment with 750 nM oxycodone induced small-amplitude relaxation oscillations with
gradually increasing amplitudes over a period of about 5 min. Of note, while the time series
shown in Figure 4 was recorded in individual cells, the dynamic behaviour is representative,
as it is most often encountered in the analysed population of cells.
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Figure 4. Stimulation with non-peptide opioids causes different intracellular Ca?* signalling dy-
namics in HEK293 cells stably expressing MOP-eGFP and 5-HTj4-Tomato. (A) CLSM time-lapse
imaging of Ca?* levels (Fura Red, dark violet) in HEK293 cells expressing MOP-eGFP (green) and
5-HT1A-Tomato (red) after 30 min treatment with 750 nM oxycodone. White arrows indicate oscilla-
tory changes in Fura Red fluorescence intensity, where a transient decrease in fluorescence intensity
reflects an increase in the concentration of Ca2* jons. (B) Fluctuations in Fura Red fluorescence
intensity over time following treatment of HEK293 cells expressing MOP-eGFP and 5-HT; 5 -Tomato
with equimolar concentrations of different opioids.

2.4. Non-Peptide Opioids Differ in the Extent to Which They Activate Major Signal
Transduction Pathways

In order to assess the downstream effects of non-peptide opioids in HEK293 cells
expressing MOP-eGFP and 5-HT-Tomato, phosphorylation of MAPKs ERK1/2 and p38
was probed because MOP activation was shown to trigger the phosphorylation of both
ERK1/2 [33] and p38 [34]. Western blot analysis showed an increase in phosphorylated
ERK1/2 and p38 in cells that had been treated with 750 nM of morphine, oxycodone,
codeine, or fentanyl when compared to untreated cells (Figure 5).
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Figure 5. Opioids differ in their capacity to activate extracellular signal-regulated kinase (ERK)
and p38 mitogen-activated protein kinase (MAPK) signalling pathways in HEK293 cells stably
expressing MOP-eGFP and 5-HTja-Tomato. Top: HRP chemiluminescence images of western
blotting membranes showing different levels p-ERK1/2 (A) and p-p38 (B) following 18 h treatment
using equimolar concentrations of different opioids. Bottom: Protein level of phosphorylated-
Erk1/2 relative to -actin (A) and the protein level of phosphorylated-p38 relative to 3-actin (B),
following 18 h treatment with 750 nM of morphine (red), codeine (green), oxycodone (blue) or fentanyl
(magenta), as compared to untreated cells (grey). Statistical analysis: Paired t-test. Experiments were
carried out in triplicate (see Supplementary Materials, Section S4. Western blotting (Figure S5)).

Fentanyl elicited the strongest ERK1/2 activation (mean = 1.156, SD = 0.183,
p =852 x 10~*), unlike oxycodone (mean = 0.506, SD = 0.139, N.S). In contrast, oxycodone
elicited the strongest p38 activation (mean = 1.441, SD = 0.517, p = 0.025), while the effects
of fentanyl, morphine, and codeine were similar. Interestingly, LC-MS/MS metabolite
analysis indicated that these effects are likely attributed to the primary non-peptide opioid
compounds in their own right, as there were no common opioid metabolites detected

either in the cell culture medium or in the cell lysate (Supplementary Materials, Section S6,
Table S2).

3. Discussion

Advanced fluorescence microscopy-based techniques allow us to quantitatively charac-
terize molecular interactions in live cells and bring about new understanding of dynamical
processes that underlie complex biological functions [35-37]. They also enable us to test
with unprecedented precision new mechanistic hypotheses. In this study, FCCS, a quantita-
tive time-resolved analytical method with single-molecule sensitivity, was used to examine
in live cells the hypothesis that prolonged exposure to non-peptide opioids promotes
heterodimer formation between MOP and 5-HT; s. This hypothesis, derived from preclini-
cal [6-8] and clinical studies [11,12,20], further asserts that altered cellular signalling due to
receptor heterodimer formation may contribute to neuroplastic changes that, eventually,
lead to sensitization of pronociceptive pathways at the organism level.

To test the initial statement in this hypothesis, FCCS was used to quantitatively
characterize in live cells interactions between MOP and 5-HT 5 receptors and the effects of
some of the most commonly used non-peptide opioid drugs: morphine, oxycodone, codeine
and fentanyl, on the extent of these interactions. The CLSM imaging, biochemical assays
and LC-MS/MS were used to assess the downstream consequences of these interactions.
The most important results are summarized in Table 1 and discussed below.

We found that MOP and 5-HT;a receptors associate in the plasma membrane
(Figures 1B, 2A and 3A), building heterodimer complexes characterized by an apparent
dissociation constant, szp = (440 £ 70) nM. This result, obtained nondestructively in live
cells, confirms the findings by Cussac et al. who have shown using co-immunoprecipitation
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and Bioluminescence Resonance Energy Transfer (BRET) that functional MOP and 5-HTj 5
heterodimers are formed in overexpressing cells [24]. We have verified this finding in
cells expressing physiologically relevant levels of the investigated receptors and deter-
mined the apparent dissociation constants for MOP-5-HT 5 heterodimers in live cells,
szp = (440 £ 70) nM. Moreover, in agreement with the results obtained by Cussac et al. [24],
we have also observed that DAMGO induces prominent MOP internalization but not the in-
ternalization of MOP-5-HT o heterodimer complexes, whereas the non-peptide opioids did
not cause internalization, neither of individual receptors, nor of heterodimer MOP-5-HT1 o
complexes (Figure 2).

Table 1. Equimolar concentrations of non-peptide opioids differently affect the apparent dissociation
constant of MOP-5-HTj 5, fluorophore brightness, ERK1/2 and p38 activation, and Ca?* levels and
signalling dynamics.

T(;e&;?)ﬁr?lxear;t (111(1\(:/11) Cl()llgsz)FP CP&“E&“;“" ERK12 - p38 (kCI-II{z) Ca®" Dynamics
Untreated 440+ 70 1.1+0.3 0.8£0.2 40 Stationary state
Fentanyl 80 =70 1.9+0.7 1.1+£03 + + 40 Stationary state
Morphine 200 £70 20+0.5 1.3+07 + + 120 Small-amplitude oscillations
Codeine 100 £+ 70 19+05 1.0+03 + + 135 Relaxation oscillations
Oxycodone 200 + 70 1.8£07 09+03 0 + 60 Relaxation oscillations

Prolonged exposure to all opioids tested facilitated heterodimer formation between
MOP and 5-HT 5 receptors, albeit to a different extent (Figure 3), differently altered in-
tracellular Ca2* levels and signalling dynamics (Figure 4) and activated ERK1/2 and p38
signal transduction pathways to a different extent (Figure 5). Fentanyl, the most potent
off all non-peptide opioids tested here, exhibited in the concentration range 50-750 nM,
a dose-dependent effect on MOP-5-HT o heterodimer formation (Figure 3A,B) and sta-
bilized significantly the heterodimer complexes, as evident from the five-fold decrease
in the apparent dissociation constant from szp = (440 £ 70) nM in untreated cells, to
szlg entanyl = (80 £ 70) nM in cells treated with 750 nM fentanyl. It also elicited the highest
activation of the ERK1/2 and a comparably strong activation of the p38 (Figure 5). Finally,
fentanyl caused an acute decrease in Ca?* levels, as evident from the pronounced increase
in Fura Red fluorescence (Figure 4, Table 1), which is in line with previously reported find-
ings [38]. In contrast, oxycodone elicited the weakest stabilizing effect on MOP-5-HT1 5 het-
erodimer formation, as evident from the two-fold reduction in KZ?%XY codone = (200 & 70) nM
(Figure 3C) and elicited the highest activation of the p38 (Figure 5B), while causing an in-
significant activation of the ERK1/2 (Figure 5A, Table 1). Treatment with 750 nM oxycodone
did not significantly affect Ca®* signalling dynamics, although a small reduction in Ca2*
level and the appearance of small-amplitude relaxation oscillations were noted. The very
strong activation of the p38 observed in our study is in line with recent findings in rats
showing increased p38 activity during chronic oxycodone exposure [39]. p38 activation
may also be relevant for the aversive, addictive effects of oxycodone—p38 activation was
shown to underlie opioid reward behaviour in mice [40] and the kappa opioid recep-
tor (KOP)-induced p38 activation has been shown to reinstate drug seeking behavior in
mice [41]. Based on this, a recent study argued that the addictive qualities of oxycodone
outweighed its benefits as a prescription drug [42].

Morphine and codeine showed significant differences in their potency to stabilize
MOP-5-HTj 4 heterodimer complexes, with codeine eliciting a higher stabilizing effect

than morphine, szﬁorphine = (200 £+ 70) nM and szféo deine = (100 = 70) nM (Figure 3C,

Table 1). Codeine also elicited more dramatic effects on intracellular Ca?* signalling,
reducing to a larger extent intracellular Ca?* levels and causing more dramatic changes
in Ca?* signalling dynamics than morphine (Figure 4B). However, they activated the
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ERK1/2 and p38 signalling pathways to a similar extent. The unexpected observation
that codeine more strongly stabilized MOP and 5-HTja heterodimer complexes than
morphine is contrary to the general view that codeine is an inactive prodrug with a low
affinity for MOP, the effect of which is obtained first after its metabolic conversion to
morphine [43-45] and dihydrocodeine-6-O-gluconoride [46,47]. To interrogate this further,
an LC-MS/MS analysis was deployed. The LC-MS/MS showed that the concentration of
codeine metabolites in the cell culture medium and the cell lysate, if present at all, is below
the detection limit of the applied method (Supplementary Materials, Section S6, Table S1).
This finding is in line with the fact that HEK293 cells do not express the CYP2D6 gene
(https:/ /www.proteinatlas.org/ENSG00000100197-CYP2D6/ cell, 3 February 2022), which
is crucial for metabolizing codeine [48]. Taken together, our data indicate that codeine is an
active compound in its own right. Recent studies showed that codeine has a 6-fold higher
permeability and crosses the plasma membrane faster than morphine [49], which could
potentially explain the strong response elicited in our cell model. This finding suggests that
the pharmacodynamics of codeine is not yet fully elucidated and warrants further studies.

Moreover, FCCS analysis revealed that all non-opioid peptides tested nearly doubled
eGFP brightness, while Tomato brightness was not affected to the same extent and treatment
with oxycodone and codeine did not alter Tomato brightness (Table 1). The following
processes: homodimerization of MOP and, to a lesser extent, of 5-HT;5; homo- and
heterooligomerization of MOP and 5-HTj 4; and changes in fluorescence lifetime of eGFP
and Tomato due to intracellular environment changes caused by signal transduction, can
independently or jointly increase the brightness of eGFP/Tomato. Further studies are,
however, needed to distinguish the contribution of these possible mechanisms. Most
notably, stringent number and brightness analysis and fluorescence lifetime measurements
would be needed to discern the contribution of one effect from the other. Having said
this, we point out that changes in brightness consistent with the presence of higher order
oligomers were not observed.

The possibility to quantitatively characterize MOP/5-HT 5 interactions in live cells
is a significant achievement of great general interest—the stability of G protein-coupled
receptor (GPCR) homo/heterodimer complexes is measured in live cells for a handful
of GPCREs, see for example [34-36,50], even though it is well recognized that numerous
GPCRs form homo- and heterodimers and that these interactions are important targets for
drug development [51]. However, some limitations of our approach are inevitably present
and warrant further discussion. Most notably, FCS/FCCS cannot detect endogenous
nonfluorescent receptors, receptor constructs with irreversibly photobleached fluorophores
or with fluorophores residing for various reasons in dark states. This affects the actual value
of the apparent dissociation constants. However, in the context of our study, this limitation
does not affect the conclusions of our work, since relative differences are analysed.

Another limitation of our study is that the work was performed using transfected
cells that express the proteins of interest through powerful promoters, which may lead
to artefacts due to over-expression. To mitigate this risk, we have generated stably trans-
formed cell lines—it is commonly known that stably transformed cells do not yield as high
expression as transiently transfected cells. Besides, we have selected for our analysis cells
expressing low levels of MOP-eGFP and 5-HTj 5-Tomato—the average number of molecules
in the OVE of Npop = (27 £ 6) and Ns.gr1a = (25 £ 3) corresponds to a surface density of
about (130 + 10) molecules/um?. For comparison, many studies of GPCRs class A show
that the average surface density of endogenous GPCRs is typically low, <5 molecules/um?,
in healthy but increase severalfold in disease states—a recent study showed endogenous
MOP levels of 4 molecules/um? [52]. However, as cautioned by the authors, one needs
to bear in mind that this value may be underestimated due to low antibody binding
efficiency—theoretical studies show that at GPCRs surface densities < 5 molecules/ pm?
the receptors may be too far apart from each other to allow for the efficient build-up of Gy
to concentrations needed to modulate the activity of other intracellular proteins and show
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that G protein signalling occurs within nanodomains where the local density of GPCRs is
easily > 50 molecules/ um? [53].

Furthermore, an important limitation of our study is that the effects of one concentra-
tion of non-peptide opioids is tested. A dose-response analysis is needed to characterize
cellular responses to varied amounts of the selected non-peptide opioids and stringent
control experiments are needed to examine to what extent the observed effects are me-
diated via the monomeric fraction of the receptor pool and what the contribution of the
receptor heterodimer is. In the light of our work, it is important to point out that while the
affinity of the tested non-peptide opioids for binding to MOP is in the range 1-750 nM [54]
and to 5-HT in the 2-20 uM range [55], pharmacologically relevant concentrations of
non-peptide opioids are considerably higher [56]. For example, in opioid-naive postop-
erative patients, an analgesic effect of fentanyl is achieved at the lowest blood plasma
fentanyl concentration levels of about 1.8—4.4 nM (0.6-1.5 ng/mL) [57]. However, much
higher concentrations were measured in cancer patients treated for pain; on average 530 nM
(178 ng/mL) [56,58]. The concentrations used in our study are therefore in the pharmacolog-
ically relevant range. Moreover, in this study we chose to study equimolar concentrations
of opioids, rather than equipotent concentrations. Although there are several conversion
tables for opioid potency, they are perceived as unreliable [59]. The few studies that have
addressed opioid equianalgesic dose/potency ratios are heterogeneous with respect to
size, subjects, specific aims, settings, and study method [60]. Thus, Rennick et al. have
concluded from their findings that there is no true universal way to accurately perform
equianalgesic conversions for opioids [60]. Given that the aim of our work was to assess the
effect of non-peptide opioids on the extent of MOP-eGFP and 5-HTA-Tomato association
in live cells, the study design where cells with similar receptor surface density levels are
used and the effects of equimolar concentrations of non-peptide opioids are compared is
correct. It may, however, be interesting to examine in the future the effect of equipotent
concentrations of non-peptide opioids, determined with regard to a quantifiable effect,
such as the ability to alter intracellular Ca?*, ERK1/2 or p38 phosphorylation levels.

Furthermore, the treatment time length is an important variable. We have chosen
18 h, taking into consideration the cell doubling time, which is under the condition of our
experiments ~36 h for HEK293 cells and ~72 h for PC12 cells. In this way, the cells were
exposed to treatment for a considerable fraction, 0.25-0.50, of their cycle time and the effect
of the number of divisions during the course of an assay is small [61]. In future studies it
may, however, be interesting to examine the effect of treatment time length on MOP-eGFP
and 5-HTjo-Tomato association in live cells in order to understand the relevance of this
phenomenon in acute vs chronic treatment with non-peptide opioids.

Finally, we have not used in our study antagonists of MOP and 5-HT; 4 receptors
to block effects mediated via monomeric receptors. Consequently, we cannot discern to
what extent Ca?* level and dynamics, and ERK1/2 or p38 phosphorylation levels change
via heterodimer-mediated pathways and whether these effects can also be blocked by the
selective antagonists of MOP and 5-HTjx.

4. Materials and Methods
4.1. Cell Culture and Transfection

Human embryonic kidney (HEK293) and rat phaeochromocytoma (PC12) cell lines
(American Type Culture Collection (ATCC)), were used because they are capable of post-
translational folding and modifications required to express MOP and 5-HT; 5 [62-64]. The
experiments were first performed in HEK293 cells, and key findings were validated in
PC12 cells. The HEK293 and PC12 cells were stably transformed to simultaneously express
the human MOP receptor genetically fused at the C-terminus with the enhanced Green
Fluorescent Protein (MOP-eGFP) and the human 5-HTj 4 receptor genetically fused at the
C-terminus with the Tomato Red Fluorescent Protein (5-HTj-Tomato). Both constructs
were cloned into the pBudCE4.1 vector (Thermo Fisher, Munich, Germany), with the
MOP-eGFP gene being expressed under the control of the hEF-1 promoter (KpnXho) and
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5-HTjo-Tomato gene under the control of the CMV promoter (HindXba). For details, see
Supplementary Materials (Section S1, Figure S1A).

For cultivation, untransformed and stably transformed HEK293 and PC12 cells were
cultured in collagen coated T25 flasks (Sarsted) at 37 °C in a humidified atmosphere
containing 5% CO,. HEK293 cells were cultured in DMEM medium supplemented with 10%
Fetal Bovine Serum (FBS), 100 U/mL penicillin and 100 ng/mL streptomycin (PenStrep).
For PC12 cells, the RPMI 1640 medium supplemented with 10% Horse Serum (HS) and 5%
FBS, 100 U/mL penicillin and 100 pug/mL streptomycin was used. All cell culture reagents
were from Invitrogen, Stockholm, Sweden.

For generating the stably transformed cell lines, the HEK293 and PC12 cells were
grown to 70% confluence in 8-well chambered cover slides (Nalge Nunc International,
Rochester, NY, USA) and transfected using Lipofectamine 2000 (Invitrogen), following the
transfection protocol provided by the manufacturer. Stably expressing cell lines were iso-
lated through selection using culture medium supplemented with phleomycin D1 antibiotic
(0.4 mg/mL, Thermo Fisher). Positive and negative control cells were cultured and trans-
fected in the same way. For details, see Supplementary Materials (Section S1, Figure S1A,B).
The functionality of MOP-eGFP and 5-HTj 4-Tomato receptors was validated by assessing
how treatment with the selected agonists morphine, serotonin or buspirone or their combi-
nation: morphine and serotonin, or morphine and buspirone, affects phosphorylation of
Erk1/2 and p38 MAPKSs. The data show that all tested compounds and their combination
increase the protein levels of p-ERK1/2 and p-p38 as compared to their levels in untreated
cells (Section S1, Figure S1C).

4.2. Confocal Laser Scanning Microscopy (CLSM) Imaging and Fluorescence Correlation and
Cross-Correlation Spectroscopy (FCS/FCCS)

The CLSM imaging and FCS/FCCS were performed using an individually modified
ConfoCor 3 system (Carl Zeiss, Jena, Germany), as previously described [65,66]. Briefly,
the system comprises an inverted microscope for transmitted light and epifluorescence
(Axiovert 200 M); a VIS-laser module housing the Ar/ArKr (458, 477, 488 and 514 nm),
HeNe 543 nm and HeNe 633 nm lasers; a scanning module LSM 510 META modified
to enable imaging using silicon avalanche photodiodes (SPCM-AQR-1X, PerkinElmer,
Waltham, MA, USA) in order to allow studies of cells expressing low levels of the proteins
of interest; and an FCS/FCCS module with two detection channels. The C-Apochromat
40x /1.2 W UV-VIS-IR objective was used throughout. A stage incubator consisting of
a heated microscope stage (Heating insert P), incubator box (Incubator S), atmosphere-
controller (CTI-Controller 3700) and a temperature regulator (Temp control 37-2 digital),
was used to maintain the cells at 37.0 °C and supply them with heated humidified air
containing 5.0% CO,. The temperature and CO; levels were continuously monitored and
regulated via a digital feedback control algorithm, allowing temperature control within
£0.2 °C and atmosphere control within +0.1% CO,.

The CLSM images were acquired in a sequential, i.e., dual track mode, one channel at a
time. The eGFP fluorescence was excited using the 488 nm line of the Ar/ArKr laser. A band
pass 505-530 nm emission filter was used to spectrally narrow the emitted fluorescence.
Tomato fluorescence was excited using the 543 nm HeNe laser, and a long pass 580 nm
emission filter was used to collect the emitted fluorescence. Incident and emitted light
were separated using the main dichroic beam splitter HFT 488/543/633. The eGFP and
Tomato fluorescence were separated using a secondary dichroic beam splitter NFT 545
(Figure 1A). Images were acquired without averaging, using a pixel dwell time of 51.2 us
and a 512 x 512 pixels format (Figure 1B).

The optical setup for FCCS was the same as for CLSM imaging described above.
Fluorescence intensity fluctuations were recorded at the apical plasma membrane of live
cells identified by an axial fluorescence intensity scan (Figure 1C). Time series were collected
in an array of 10 consecutive measurements, each measurement lasting 20 s (Figure 1D).
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4.3. Brief Background on FCS/FCCS

Fluorescence cross-correlation spectroscopy (FCCS) is a dual color variant of fluores-
cence correlation spectroscopy (FCS). The FCS measures with sub-microsecond temporal
resolution spontaneous fluctuations in fluorescence intensity around a steady state to ex-
tract quantitative information about the concentration and diffusion/size of fluorescent
molecules [67-69]. The FCS is well suited for biological applications, as it is non-destructive
and allows quantitative measurements to be performed in sub-cellular compartments [70].
The fluctuations in fluorescence intensity are recorded in a very small observation volume
element (OVE) that is typically about Voyg = 0.1-2 fL ((0.1-2) x 10-15 L). The OVE is
generated by tightly focusing the incident laser light into the sample using a high nu-
merical aperture objective. Fluorescence is collected through the same objective, and the
volume from which fluorescence is being collected is reduced by placing a pinhole in
the optically conjugate plane in front of the detector [69,71]. The spontaneous diffusion
of fluorescent molecules in and out of the OVE gives rise to fluctuations in fluorescence
intensity. The size and volume of the OVE is specific for each instrument and is determined
in calibration experiments using a reference molecule with a known diffusion coefficient,
such as Rhodamine 6G (Rh6G). Using a standard 10 nM RhéG solution, and following the
procedure described in detail in [71], the OVE volume in our system was determined to be
Vove = 0.2 fL [68]. For a quick estimate of the concentration, note that for a 10 nM solution
and Voyg = 0.17 fL, the average number of molecules in the OVE (N) is N =1 [71,72].

The FCS/FCCS works best at low, sub-micromolar concentrations [71], where the
signal from a bright fluorescent molecule generates a substantial increase in fluorescence
intensity that is well above the background signal from the surrounding molecules. From
the recorded fluorescence intensity fluctuations, which are generated by the translational
diffusion of fluorescent molecules, one can extract the average number of molecules in the
OVE (N), i.e., their concentration and their average translational diffusion time (tp), which
is defined by the diffusion coefficient (D), i.e., the size of the molecule (Stokes-Einstein
equation). To extract this information from fluorescence intensity fluctuation analysis, the
most commonly employed method, which is also used here, is temporal autocorrelation
analysis. In temporal autocorrelation analysis, the signal is compared to a copy of itself
delayed for a certain lag time (7) using the autocorrelation function:

(5F (t)-5F(t + 1))
(F(t))?

In Equation (1), chevron brackets denote average values of the analyzed variables
over time, and fluorescence intensity fluctuation (8(F(t)) is the deviation of the fluorescence
intensity at time t (F(t)) from the mean fluorescence intensity ((F(t))), dF(t) = F(t) — (F(t)).
Accordingly, 8F(t + t) = E(t + ) — (F(t)). When the fluctuations are not random, temporal
autocorrelation analysis yields a temporal autocorrelation curve (tACC). The tACC is char-
acterized by a maximal limiting value of G(t) as T — 0 and decreases to the value G(t) =1
at long lag times, indicating that correlation between the fluorescence intensities is being
lost (Figure 1E, green and red). If there is only one process that gives rise to fluorescence
intensity fluctuations, the tACC shows one inflection point, that is, one characteristic decay
time. If there are more processes giving rise to fluorescence intensity fluctuations, which
occur at different time scales, the tACC assumes a more complex shape with more than one
characteristic decay time (Figure 1E, green and red). The zero-lag amplitude of the tACC,
(Go = G(0) — 1) provides information about the concentration of fluorescent molecules as it
equals the inverse average number of molecules in the OVE (1/N). Thus, the amplitude
of the tACC decreases when N increases. The characteristic decay time of the tACC gives
information about the rates at which processes that give rise to the fluorescence intensity
fluctuations occur. When fluorescence intensity fluctuations are generated by molecular
diffusion, the characteristic decay time of the tACC reflects the average time it takes for a
molecule to cross through the OVE by translational diffusion.

G(t) =1+ )
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For dual colour FCCS, two spectrally distinct fluorescent molecules, such as eGFP
and Tomato, are used to render the molecules of interest visible. Fluorescence intensity
fluctuations are then simultaneously recorded for both fluorophores using overlaying
excitation pathways, but separate detector pathways (Figure 1A). The fluorescence intensity
fluctuations observed in FCCS (Figure 1D) are subjected to temporal auto- and cross-
correlation analysis. This generates two tACCs, one for each fluorophore (Figure 1E, red and
green) and, when the molecules of interest bind, one temporal cross-correlation curve (tCCC;
Figure 1E, black), which reflects the population of dually labelled molecules diffusing as
one [36,73,74]. As in FCS, the amplitudes of the individual tACCs contain information
about the total average number of green- and red-labelled molecules in the OVE, now being
the sum of unbound singly labelled molecules and the bound dually labelled complexes.
Thus, for the eGFP-labelled MOP receptors, NgtOtal = Ng + Ngr, and for the Tomato-labelled
5-HT; 4 receptors, N;°% = N, + N gr (Figure 1E). Only the dually labelled receptor-receptor
heterodimer molecules give rise to fluorescence intensity fluctuations in both detectors at
the same time, and are thus the only ones to contribute to the tCCC, obtained by calculating
the cross-correlation function:

<6Fgreen (t) '6Fred (t + T)>
<Fgreen (t)> <Fred (t)>

In contrast to the amplitudes of the tACCs (Equation (1)), which are inversely propor-
tional to the average number of molecules in the OVE (see detailed explanation in [71,75],
the zero-lag amplitude of the tCCC (Equation (2)) is directly proportional to the number of
dually labelled molecules (Ng) and thus increases as Ng, increases:

Gee(t) =1+ 2

Ngr
(Ng + Ngr) - (Nr + Ngr)

Gee(0) —1 e ®)

In order to characterize the degrees of binding between MOP-eGFP and 5-HTj4-
Tomato, i.e., to determine the number of the heterodimer receptor complexes, FCCS data
are further analysed to obtain a dimensionless value known as the relative cross-correlation
amplitude (RCCA) [75]. The RCCA is defined as the limiting value, when the lag time
approaches zero (T — 0), of the cross-correlation curve relative to the autocorrelation curve
for a single fluorophore. For example, the number of bound, dually labelled molecules
carrying both the green and the red label, relative to the total number of molecules carrying
the red label (NrtOtal = N; + Ngr), equals the amplitude of the cross-correlation curve
(Gce(0) — 1) relative to the amplitude of the green autocorrelation curve (Gac,g(0) — 1) [75]:

Gee(0)—1 Ny N

RCCA = < = = 4
GAC,g(O) -1 Ni‘)tal N; + Ngr ( )

Knowing the concentration of MOP-eGFP and 5-HT-Tomato molecules, and the
concentration of heterodimer MOP-eGFP-5-HT o-Tomato complexes, the apparent dissoci-
ation constant for the receptor-receptor heterodimer complex can be calculated:

cMOP_ 5-HT1A
K?PP — Cfree “free (5)
CMOP—5—-HT1A

or, when expressed using the quantities determined by FCCS:

o (Nl — Nl RCCA ) (1 - RCCA)
L RCCA Na-Vovg

(6)

In Equation (6), N4 is the Avogadro number. For determining the dynamic range of
the RCCA, i.e., the smallest and the largest RCCA values that could be reliably measured,
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see control experiments described in Supplementary Materials (Section S1. Transfection,
positive and negative control cells (Figure S2)). Derivation of Equation (6) is given in
Supplementary Materials, Section S2. Calculation of the apparent dissociation constant).

One challenge in dual-color FCCS that is particularly important to consider when
fluorescence proteins are being used is the risk of false-positives due to spectral crosstalk
between channels, which may lead to overestimation of the cross-correlation amplitude [75].
In order to ascertain that this error is minimized, we have validated the optical setting
using control cells—cells expressing eGFP and Tomato were used as negative control
(Supplementary Materials, Section S1. Transfection, positive and negative control cells
(Figure S2C)) and cells expressing genetically fused eGFP-Tomato were used as positive
control (Supplementary Materials, Section S1. Transfection, positive and negative control
cells (Figure S2A)). The corresponding tCCCs are shown in Figure 1F. Control experiments
showed that the dynamic range in dual-color FCCS differed from the theoretical range,
0 < RCCA <1, and was determined to be, (0.10 £ 0.07) < RCCA < (0.80 + 0.08). The
RCCA value determined in the negative control experiments, RCCAp. = (0.10 £ 0.07),
indicated that only values that are significantly larger then RCCA,. should be considered
as a positive indication of binding. Positive control experiments indicated that RCCA
values higher than RCCAp¢ = (0.80 £ 0.08) may not be reached for reasons explained in
(Supplementary Materials, Section S1. Transfection, positive and negative control cells
(Figure S2E,F), and that RCCA values as high as RCCA,, indicate that 100% binding
between the investigated receptors has been reached.

In order to ascertain that errors due to spectral crosstalk are minimized, the optical
setting was further validated using the so-called switching mode. In the switching mode,
the sample is alternatingly (every 240 ps) illuminated with one laser at a time to excite
one fluorophore only [69,71]. By using the switching mode, we could adjust the optical
setting so that the crosstalk is minimal when the non-switching mode is being used, as
explained in detail in [71], thus ascertaining that increased RCCA are actually being ob-
served following treatment with non-peptide opioids (Supplementary Materials, Section S3.
Relative cross-correlation amplitude (RCCA) increased upon opioid treatment. Verification
was done by switching FCCS (Figures S3 and S4). Finally, in order to account for the,
while minimized, inevitably present cross-talk-induced cross-correlation, the RCCA was
corrected by subtracting the cross-talk-induced cross-correlation from the RCCA and scaled
up as follows [36,75,76]:

RCCA — k-f
1— k- f
where « is the so-called bleed-through ratio, i.e., brightness as reflected by the counts per
second and per molecule (CPM) of the green dye in the red channel (CPMg/;) when the
red fluorophore is not present, divided by its brightness in the green channel CPMg /¢,
k = CPM, i CPMg/q, and f is the count rate (CR) ratio in the green and red channels,
f = CRg/CR;. For the optical setting used in our studies, k = 0.1 and f < 1.2. Following
treatment, a two-fold increase in eGFP brightness was observed, while Tomato brightness
remained largely unchanged (Table 1). To account for this, the k factor was accordingly

scaled. Thus 0.1 < k < 0.2, and the product 0.12 < k-f < 0.24.

RCCAcorrected = (7)

4.4. Opioid Treatment

Cells stably expressing MOP-eGFP and 5-HTj 4-Tomato were cultured in 8-well cham-
bered coverslides (Nalge Nunc International, USA) at 37 °C in a humidified atmosphere
containing 5% CO, using phenol red-free media, supplemented in the same way as de-
scribed above. To ascertain that MOP-eGFP is functional and integrated into cellular
physiology, the selective MOP receptor peptide agonist DAMGO ([D-Ala?, N-MePhe?,
Gly-ol°] enkephalin), was used (Figure 2) [77]. For experiments with non-peptide opioids,
the cells were incubated for 18 h with different concentrations of fentanyl (50 nM, 500 nM,
750 nM or 1 uM) or morphine (250 nM, 500 nM or 750 nM). Based on the results of these
experiments (explained in the Section 2), the 750 nM concentration was selected as suitable

227



Molecules 2022, 27, 2350

for further studies. Hence, the cells were subsequently treated with 750 nM codeine or
oxycodone. Non-peptide opioids and the peptide opioid DAMGO were all purchased from
Sigma-Aldrich.

4.5. Intracellular Ca®* Tmaging

In order to measure acute opioid-induced changes in Ca* levels, cells were incubated
for 30 min with Fura Red (Invitrogen), a ratiometric Ca?* fluorescent indicator [78,79]
stimulated with 750 nM opioids and Ca?* levels were monitored using sequential, i.e.,
dual-track time-lapse CLSM imaging. In the first track, the 488 nm line of the Ar/ArKr
laser was used to excite eGFP and Fura Red. The eGFP signal was collected using the
band pass 505-530 nm emission filter, and the Fura Red signal was collected using the long
pass 680 nm emission filter. In response to changes in Ca?* concentrations, the excitation
wavelength of Fura Red shifts from 472 nm at low Ca?* concentration to 436 nm at high
Ca?* concentration [78]. As a result, the intensity of the Fura Red fluorescence signal
decreases when intracellular Ca?* levels increase and increases as they fall again. In the
second track, the 543 nm HeNe laser was used to excite Tomato, and fluorescence was
collected using the band pass 580-620 nm emission filter. The images were collected every
30 s for 40 min (in some cases up to 80 min). The pixel dwell time was 51.2 ps, and the
images were collected without averaging.

4.6. Western Blotting

Transfected HEK293 cells expressing MOP-eGFP and 5-HT1-Tomato were cultured
in collagen-coated T25 flasks (Sarstedt) as described in the Cell culture and transfection
section. At around 90% confluence, the cells were treated with opioids following the
protocol described in the Opioid treatment section. Adherent cells were removed from the
flasks with trypsin-EDTA (0.05%, Thermo Fisher Scientific), washed with ice-cold PBS
and centrifuged at 1500 rpm for 5 min at 4 °C. The cell pellets were solubilized in RIPA
lysate buffer (10 x 10° cells/mL) containing protease inhibitor and phosphatase inhibitor
(Sigma-Aldrich) and incubated for 30 min on ice. The cell solution was transferred to
Eppendorf tubes and centrifuged at 10 000 rpm for 10 min. The total protein content was
determined colorimetrically using the BioRad RC DC Protein Assay (Bio-Rad). Samples
(20 pg protein) were denatured at 70 °C for 10 min with 4X LDS Sample Buffer, 10X Sample
Reducing Agent (Invitrogen) and water was added to a final volume of 30 puL. Samples
were loaded on precast polyacrylamide gels (Invitrogen) along with 5 uL of pre-stained
standard protein ladder (Thermo Fisher Scientific), electrophoresed and transferred onto a
nitrocellulose membrane (Thermo Fisher Scientific). The membrane was probed overnight
with antibodies against ERK1/2 (Invitrogen and Cell Signaling Technology, Inc., Danvers,
MA, USA), phospho-ERK1/2 (Invitrogen and Cell Signaling Technology, Inc.), p38 (Cell
Signaling Technology, Inc.), phospho-p38 (Cell Signaling Technology, Inc.) or (-actin
(Invitrogen and Cell Signaling Technology, Inc.). Only one primary antibody was used at
a time and the membrane was stripped for 15 min with a western blot stripping buffer
(Thermo Fisher Scientific) in between the different primary antibodies. Depending on the
primary antibody, either biotin or horseradish peroxidase conjugated secondary antibody
(Invitrogen) was used for detection. Western blot experiments were repeated three times,
starting from different cell cultures. The same trend was observed in all repetitions. Data
from one representative experiment are shown (Supplementary Materials, Section S4.
Western blotting (Figure S5)).

4.7. LC-MS/MS Opioid Metabolite Analysis

In order to assess whether opioids were active compounds in their own right, HEK293
cells expressing MOP-eGFP and 5-HT;4-Tomato were cultured in collagen-coated T25
flasks (Sarstedt) as described in the Section 4.1. At 90% confluence, the cell media was
supplemented with 750 nM of morphine, oxycodone, codeine or fentanyl. After 18 h of
incubation, the cell media was collected, the cells were lysed, and the cell culture medium
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and the lysate were stored at —20 °C. Prior to LC-MS/MS analysis, the samples were
thawed and allowed to reach room temperature, diluted 10x with MilliQ water and filtered
using Agilent/Whatman MiniUniPrep vials 0.2 pm PP (p/n 5190-1421). The samples
were aliquoted (in triplicate) and subjected to LC-MS/MS for metabolite analysis. To
this aim, a general protocol initially developed for urine analysis was used [80]. An LC-
MS/MS analysis tested for the presence of morphine, morphine-3-glucuronide, morphine-6-
glucuronide, normorphine, codeine, codeine-6-glucuronide, norcodeine, 6-acetylmorphine
and ethylmorphine (Supplementary Materials, Section S5. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis (Tables S1 and S2)).

The analysis was performed using an ACQUITY UPLC I-Class system from Waters
(Milford, MA, USA) coupled to a Waters Xevo TQD (Waters). All systems were controlled
by MassLynx (Waters, version 4.1 SCN 940). Chromatographic separation was achieved
on an ACE Excel 2 C18-PFP column (100 mm X 2.1 mm, 1.8 um, Aberdeen, Scotland) kept
at 60°C. Mobile phase A consisted of 0.001% formic acid in 10 mM ammonium formate
pH 5.2 and mobile phase B consisted of 0.001% formic acid in methanol. Initial gradient
conditions were 1% B held for 1.5 min, then increasing to 5% B during 0.1 min following a
ramping of B to 41% until 7.5 min. The following gradient steps were 95% B until 8 min
following 95% B during 1 min before reaching 1% B again and equilibration during 1 min.
Total run time was 10.1 min and LC flow was 0.5 mL/min. The injection volume was
3 pL. The electro spray ionization (ESI) interface was operating in positive mode and the
mass spectrometer was operating in multiple reaction monitoring (MRM) mode with two
transitions for each analyte and one transition for each internal standard according to the
table below. Both quadrupoles were set in unit resolution. Data were processed using
TargetLynx TM (MassLynx version 4.1 SCN940).

Analytes were identified by their retention time and transition ratio. Quantification
of the analytes in the samples was performed using calibration samples with eleven
concentrations of the analyte, as shown in Supplementary Materials (Section S6, Table S1).

4.8. Statistical Analysis

A student’s t-test was used to determine whether the difference between the mean
values measured in untreated and treated cells, or in cells treated with different opioids,
are significantly different from each other. The results are reported using a two-tailed
p-value (p). The Benjamini-Hochberg method to control the False Discovery Rate (FDR) in
sequential modified Bonferroni correction for multiple hypothesis testing was thereafter
applied. At an FDR value of 5%, p < 0.012 was determined to be statistically significant.

5. Conclusions

The long-term usefulness of opioids in chronic pain treatment is hampered by side
effects. Drugs targeting 5-HT; 4 have been shown to alleviate the adverse effects of pro-
longed opioid use, suggesting interactions between MOP- and 5-HT A-mediated pathways.
However, details of underlying mechanisms remain obscure. The aim of our study was to
investigate whether these pathways can be integrated at the single-cell level by MOP- and
5-HT A heterodimerisation. Our quantitative characterization of MOP-eGFP and 5-HT15-
Tomato interactions in live cells shows that these receptors can indeed form heterodimers in
the plasma membrane of cells expressing physiologically relevant levels of these receptors.
Our data show that under the conditions of our study, a surface density of (130 £ 10)
molecules/um?2, about 33% of the 5-HT;o-Tomato receptors are bound in heterodimer
complexes with MOP-eGFP in untreated cells.

In line with our hypothesis, we found an increase in MOP-5-HT; 5 heterodimer for-
mation in cells simultaneously expressing MOP and 5-HT;4 receptors following 18 h of
incubation with fentanyl, morphine, codeine and oxycodone. All tested non-peptide opi-
oids stabilized the heterodimer complexes and elicited a distinct down-stream cellular
signalling response, as evidenced by Ca?* imaging and ERK1/2 and p38 activation. An opi-
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oid metabolites analysis did not show any traces of common opioid metabolites, indicating
that codeine was an active compound with a similar strength to morphine.

Taken together, our findings suggest that treatments hindering MOP-5-HT A het-
erodimer formation could provide potentially new strategies to treat opioid induced hy-
peralgesia and help to preserve the analgesic effects of opioids. The development of new
drugs targeting these mechanisms is therefore of interest.
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//www.mdpi.com/article/10.3390/molecules27072350/s1. Subsections: S1. Transfection, positive
and negative control cells, S2. Calculation of the apparent dissociation constant (derivation of
Equation (6) given in the main text), S3. Relative Cross-Correlation Amplitude (RCCA) increased
upon opioid treatment. Verification by switching FCCS, S4. Western blotting and S5. Liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Figures: Figure S1. Transfection
and cellular model generation; Figure S2. Determination of the RCCA for positive and negative
control cells; Figure S3. RCCA increases upon opioid treatment; Figure S4. Switching FCCS; Figure S5.
Western blots showing the activation of extracellular signal-regulated kinase (Erk1/2 and p-Erk1/2)
and the p38 mitogen-activated protein kinase (p38/p-p38 MAPK) in HEK293 cells expressing MOP-
eGFP and 5-HT;p-Tomato. Loading control: 3-actin. Tables: Table S1. Calibration standards for
LC-MS/MS; Table S2. LC-MS/MS data for morphine (MOR), normorphine (NMOR), Morphine-3-
glucuronide (M3G), Morphine-6-glucuronide (M6G), codeine (COD), norcodeine (NCOD), Codeine-
6-glucuronide (C6G), Ethyl-morphine (EMOR) and 6-acetyl-morphine (6 MAM). For every analyte
two transitions (denoted 1 and 2) are measured, where one determines the concentration (underlined)
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Abstract: Background: Recent studies suggest that lipids, including free fatty acids (FFAs), are
necessary for proper p opioid receptor (MOR) binding and that activation of opioid receptors (ORs)
improves intestinal inflammation. The objective of the study was to investigate a possible interaction
between the ORs and FFA receptors (FFARs) ligands in the colitis. Methods: The potential synergistic
effect of ORs and FFARs ligands was evaluated using mouse model of acute colitis induced by
dextran sulfate sodium (DSS, 4%). Compounds were injected intraperitoneally (i.p.) once or twice
daily at the doses of 0.01 or 0.02 mg/kg body weight (BW) (DAMGO—an MOR agonist), 0.3 mg/kg
BW (DPDPE—a 6 OR (DOR) agonist) and 1 mg/kg BW (naloxone—a non-selective OR antagonist,
GLPG 0974—a FFAR?2 antagonist, GSK 137647—a FFAR4 agonist and AH 7614—a FFAR4 antagonist)
for 4 days. Results: Myeloperoxidase (MPO) activity was significantly decreased after DAMGO
(0.02 mg/kg BW) and GSK 137647 (1 mg/kg BW) administration and co-administration as compared
to DSS group. Conclusions: Treatment with ligands of ORs and FFARs may affect the immune cells
in the inflammation; however, no significant influence on the severity of colitis and no synergistic
effect were observed.

Keywords: free fatty acid receptors; lipids; opioid receptor; DAMGO; colitis

1. Introduction

Inflammatory bowel disease (IBD), represented by Crohn’s disease (CD) and ulcerative
colitis (UC), is one of the most common gastrointestinal (GI) disorders with unknown
etiology. Chronic inflammation, visceral pain, recurrent and alternating diarrhea and
constipation are typical symptoms of IBD. Pharmacological treatment includes non-steroid
anti-inflammatory drugs (NSAIDs), corticosteroids and biological therapies, e.g., anti-
tumor necrosis factor « (anti-TNFo) and anti-a4p7 integrin antibodies. Additionally,
surgical procedures, such as resection of the intestine’s inflamed part, may be applied in
severe cases [1,2]. Unfortunately, these methods are not fully effective (only about 50% of
patients achieve remission), and they may cause serious adverse events (SAEs) [3].

Free fatty acids (FFAs) belong to signaling molecules which act through G protein-
coupled receptors (GPCRs) [4]. There are four types of receptors for FFAs: FFAR1 (former
nomenclature: GPR40), FFAR2 (GPR43), FFAR3 (GPR41) and FFAR4 (GPR120). FFAR2
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and FFARS3 are activated by short chain fatty acids (SCFAs), while FFAR1 and FFAR4
are activated by medium and long chain fatty acids (MCFAs and LCFAs, respectively).
FFAR ligands are involved in the regulation of metabolism and in inflammatory processes,
also in the gut [5]. Recent studies showed that activation of FFAR1 and FFAR4 might
decrease inflammation. In addition, it was showed that FFAR2 ligands are engaged in
neutrophil inhibition and subsequently alleviate the severity of inflammation [6-8]. These
findings suggest that FFARs have the potential to become new pharmacological targets in
the treatment of IBD.

Ligands of the p opioid receptor (MOR) and & opioid receptor (DOR), including
endogenous opioid peptides, such as 3-endorphin and plant-derived opiates, are known for
their central and peripheral analgesic effects [9,10]. In line, endogenous opioids were shown
to be potentially engaged in pain regulation in chronic IBD [11]. Furthermore, Valdez-
Morales et al. [12] proved that the release of endogenous opioids during dextran sulfate
sodium (DSS)-induced chronic colitis in mice suppressed the excitability of nociceptive
dorsal root ganglia neurons. Interestingly, there is evidence that endogenous opioid
peptides are locally produced at the site of inflammation [13]. Consequently, Philippe
et al. [14] showed anti-inflammatory properties of MOR agonists in the treatment of colonic
inflammation in the mouse models of colitis. Furthermore, DiCello et al. [15] discovered
that DOR signaling is enhanced in the enteric nervous system in DSS-induced acute colitis,
suggesting that DORs can also be regarded as a potential pharmacological target in IBD
treatment.

On the other hand, current studies claim that lipids, including FFAs, are necessary for
proper MOR binding [16]. However, the literature on this potentially pharmacologically
relevant subject is very scarce. Based on the data summarized above, we hypothesized
that the co-administration of opioid receptor (OR) and FFAR ligands may exhibit synergy
in alleviation of inflammation and, consequently, influence the course of IBD. Therefore,
the aim of the study was to investigate a possible interaction between opioid receptor and
FFAR ligands in the mouse model of colitis.

2. Results
2.1. FFAR? Antagonist and MOR Agonist Decreased MPO Activity, but Did Not Display
Synergistic Anti-Inflammatory Effect

To investigate the possible synergistic anti-inflammatory effect of a MOR agonist
DAMGO and a FFAR?2 antagonist GLPG 0974 in the mouse GI tract, we used a well-known
mouse model of colitis induced by DSS which mimics UC. As shown in Figure 1, animals
exposed to DSS developed a severe colonic injury, evidenced by—among others—increased
macroscopic damage score and elevated MPO level compared with controls. DAMGO
(0.02 mg/kg BW) and GLPG 0974 (1 mg/kg BW), injected once daily did not influence BW
loss (Figure 1a), macroscopic score (Figure 1b), colon length (Figure 1c) and colon weight
(Figure 1d). However, the co-administration of DAMGO and GLPG 0974 non-significantly
decreased MPO activity as compared to DSS group and the compounds alone (Figure 1e).

Bootstrap for hypothesis testing revealed that Ppootstrap in case of obtained difference in
means between DSS + DAMGO vs DSS + DAMGO and GLPG 0974 ligands in macroscopic
colon damage score (Figure 1b), colon length (Figure 1c), colon weight (Figure 1d) and MPO
activity (Figure le) were 0.7928 (calculated absolute difference in means 0.2670), 0.5614
(calculated absolute difference in means 0.2310 cm), 0.7761 (calculated absolute difference
in means 0.0132 g) and 0.2105 (calculated absolute difference in means 3.6200 pU/g tissue),
respectively.
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Figure 1. The i.p. administration of MOR agonist DAMGO (0.02 mg/kg BW) and FFAR2 antagonist
GLPG 0974 (1 mg/kg BW) from day 3 to day 6, both once daily alleviate MPO activity, marker of
DSS-induced colitis in mice. Figure shows data for body weight loss (a), macroscopic score (b), colon
length (c), colon weight (d) and MPO activity (e). * p < 0.05, *** p < 0.0001, as compared to control
mice. Data represent mean + SEM of 5-10 mice per group. Abbreviations: DSS—dextran sulfate
sodium, FFAR4—free fatty acid receptor type 4, i.p.—intraperitoneally, MOR— opioid receptor,
MPO—myeloperoxidase.

2.2. FFAR4 Antagonist Did Not Influence the Effect of MOR Agonist

MOR agonist DAMGO administered twice daily at the dose of 0.02 mg/kg BW (i.p.)
and FFAR4 antagonist AH 7614 administered twice daily at the dose of 1 mg/kg BW
(i.p.) did not attenuate DSS-induced colitis alone or in co-administration, as indicated by
inflammatory indicators (Figure 2a—d).

Bootstrap for hypothesis testing revealed that Ppoostrap in case of obtained difference
in means between DSS + DAMGO vs DSS + DAMGO and AH 7614 ligand in macroscopic
colon damage score (Figure 2b), colon length (Figure 2c) and colon weight (Figure 2d)
were 0.2445 (calculated absolute difference in means 1.300), 0.6970 (calculated absolute
difference in means 0.1240 cm) and 0.5535 (calculated absolute difference in means 0.0239 g),
respectively.
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Figure 2. The i.p. administration of MOR agonist DAMGO (0.02 mg/kg BW) and FFAR4 antagonist
AH 7614 (1 mg/kg BW) from day 3 to day 6, both twice daily did not alleviate symptoms of DSS-
induced colitis in mice. Figure shows data for body weight loss (a), macroscopic score (b), colon
length (c) and colon weight (d). * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 as compared to
control mice. Data represent mean £ SEM of 5-10 mice per group. Abbreviations: DSS—dextran
sulfate sodium, FFAR4—free fatty acid receptor type 4, i.p.—intraperitoneally, MOR— opioid
receptor, MPO-myeloperoxidase.

2.3. FFAR4 Antagonist Did Not Influence the Effect of DOR Agonist

To test the anti-inflammatory activity of DOR agonist DPDPE and FFAR4 antagonist
AH 7614 in the mouse model mimicking UC, a DSS-induced colitis was used. The i.p.
administration of DPDPE (0.3 mg/kg BW) and the i.p. administration of AH 7614 (1 mg/kg
BW), both twice daily between days 3 and 6 did not induce any improvement in the
disease score, as demonstrated by the BW loss (Figure 3a), macroscopic colon damage
score (Figure 3b), colon length (Figure 3c), colon weight (Figure 3d) and MPO activity
(Figure 3e).

Bootstrap for hypothesis testing revealed that Ppootstrap in case of obtained difference
in means between DSS + DPDPE vs. DSS + DPDPE and AH 7614 ligands in macroscopic
colon damage score (Figure 3b), colon length (Figure 3c), colon weight (Figure 3d), and
MPO activity (Figure 3e) were 0.8040 (calculated mean absolute difference in means 0.2500),
0.5160 (calculated mean absolute difference in means 0.1800 cm), 0.8918 (calculated mean
absolute difference in means 0.0044 g) and 0.6638 (calculated absolute difference in means
1.21 pU/g tissue), respectively.
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Figure 3. The i.p. administration of DOR agonist DPDPE (0.3 mg/kg BW) and FFAR4 antagonist AH
7614 (1 mg/kg BW) from day 3 to day 6, both twice daily did not alleviate symptoms of DSS-induced
colitis in mice. Figure shows data for the body weight loss (a), macroscopic score (b), colon length
(c), colon weight (d) and MPO activity (e). * p < 0.05, ** p < 0.01 and **** p < 0.0001, as compared to
control mice. Data represent mean + SEM of 5-10 mice per group. Abbreviations: DOR—? opioid
receptor, DSS—dextran sulfate sodium, FFAR4—free fatty acid receptor type 4, i.p.—intraperitoneally,
MPO—myeloperoxidase.

2.4. FFAR4 and MOR Agonists Decreased MPO Activity, but Did Not Display Any
Synergistic Effect

MOR agonist DAMGO at the dose of 0.02 mg/kg BW and FFAR4 agonist GSK 137647
at the dose of 1 mg/kg BW were administered i.p. twice daily from day 3 to day 6. Clinical
and macroscopic indicators of colitis, such as BW loss (Figure 4a), macroscopic colon
damage score (Figure 4b), colon length (Figure 4c) and colon weight (Figure 4d), were not
altered as compared to DSS-treated group.

Noteworthy, the anti-inflammatory effects of DAMGO and GSK 137647 alone and
the combination of DAMGO and GSK 137647 were observed on MPO activity (Figure 4e).
However, no synergistic effect between MOR and FFAR4 agonists was noted. Moreover,
investigated compounds did not influence the microscopic total damage score (Figure 4f,g).

Bootstrap for hypothesis testing revealed that Ppootstrap in case of obtained difference in
means between DSS + DAMGO vs. DSS + DAMGO and GSK 137647 ligands in macroscopic
colon damage score (Figure 4b), colon length (Figure 4c), colon weight (Figure 4d), and
MPO activity (Figure 4e) were as follows 0.2297 (calculated absolute difference between
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means 0.7340), 0.8861 (calculated absolute difference in means 0.0441 cm), 0.4470 (calculated
absolute difference in means 0.0320 g) and 0.8692 (calculated absolute difference in means
0.0400 pU/ g tissue), respectively.
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Figure 4. The i.p. administration of MOR agonist DAMGO (0.02 mg/kg BW) and FFAR4 agonist
GSK 137647 (1 mg/kg BW) from day 3 to day 6, twice daily alleviated established DSS-induced
colitis in mice. Figure shows data for body weight loss (a), macroscopic score (b), colon length (c),
colon weight (d), MPO activity (e) and microscopic score (f). Representative photos of hematoxylin
and eosin staining of colon samples (g). Scale bar = 100 pm. * p < 0.05, ** p < 0.01 as compared to
control mice, whereas ## p < 0.01, as compared to DSS-treated mice. Data represent mean + SEM of
5-10 mice per group. Abbreviations: DSS—dextran sulfate sodium, FFAR4—free fatty acid receptor
type 4, i.p.—intraperitoneally, MOR— opioid receptor, MPO—myeloperoxidase.

2.5. FFAR4 Agonist Did Not Influence the Effect of Opioid Antagonist

A non-selective opioid receptor antagonist naloxone and FFAR4 agonist GSK 137647,
both at the dose 1 mg/kg BW, were administered twice daily from day 3 to 6. The co-
administration of naloxone and GSK 137647 in DSS-induced mouse model of colitis did
not alleviate symptoms of disease (Figure 5a—e).

Bootstrap for hypothesis testing revealed that Ppootstrap in case of obtained difference in
means between DSS + naloxone vs. DSS + naloxone and GSK 137647 ligands in macroscopic
colon damage score (Figure 5b), colon length (Figure 5c), colon weight (Figure 5d), and
MPO activity (Figure 5e) were 0.1158 (calculated mean absolute difference in means 2.1),
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0.1221 (calculated mean absolute difference in means 0.651 cm), 0.3317 (calculated mean
absolute difference in means 0.0455 g) and 0.5067 (calculated absolute difference in means
1.1000 nU/ g tissue), respectively.
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Figure 5. The i.p. administration of opioid receptor antagonist naloxone and FFAR4 agonist GSK
137647 (from day 3 to day 6, both 1 mg/kg BW, twice daily) did not alleviate symptoms of DSS-
induced colitis in mice. Figure shows data for body weight loss (a), macroscopic score (b), colon
length (c), colon weight (d) and MPO activity (e). * p < 0.05, ** p < 0.01 and **** p < 0.0001 as
compared to control mice. Data represent mean + SEM of 5-10 mice per group. Abbreviations:
DSS—dextran sulfate sodium, FFAR4—free fatty acid receptor type 4, i.p.—intraperitoneally, MPO—
myeloperoxidase.

3. Discussion

Several lines of evidence suggest the interplay between the endogenous opioid system
and FFAs. In the early 1980s, the first reports showed that endogenous opioids contribute
to the pathophysiology of central nervous system trauma [17,18]. The opioid mechanism
was proved using naloxone, which significantly reversed hypotension and reduced pulse
pressure after experimental brain injury. Noteworthy, it was also demonstrated that
brain trauma might cause the release of FFAs. In 1990, Bakshi et al. [19] showed that
the « opioid receptor (KOR) agonist (dynorphin)-induced spinal cord tissue damage was
connected with the increase in the level of total FFAs, reflecting changes in both saturated
and unsaturated fatty acids. It was also evidenced that phospholipid hydrolysis may
contribute to this type of injury. In further experiments it was indicated that dynorphin-
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induced spinal cord tissue damage may be reversed with dynorphin antagonists or non-
selective opioid antagonists. Moreover, pretreatment with nalmefene, an opioid receptor
antagonist significantly attenuated the increase in total FFAs and individual increases
in palmitic acid, stearic acid and oleic acid in spinal cord tissue, providing a potential
link between opioids and membrane lipid-dependent mechanism. Finally, Hasegawa
et al. [16] suggested that both unsaturated fatty acids and phospholipids can enhance
binding of a purified MOR. Additionally, recent studies established that bioactive lipids
and MOR cooperate in diabetes [20]. Namely, chronic oral administration of the lipid,
12(S)-hydroxyeicosatetraenoic [12(S)-HETE] reduced duodenal contractions and improved
glucose tolerance. This effect was blocked by the peroxisome proliferator-activated receptor
v (PPARY) antagonist GW 9662. Since 12(S)-HETE is considered as a second messenger
that transmits signals from activated MOR, further experiments examined whether MOR is
a receptor controlling intestinal contractions and glucose metabolism. The results showed
that MOR agonist DAMGO significantly decreased frequency and contraction amplitude
of the duodenum of diabetic mice; moreover, this effect was dependent on PPARYy [20].

SCFAs, which modulate FFAR2-dependent pathways, also play an important role in
IBD pathophysiology through neutrophil chemotaxis, T cell differentiation and activation
and production of cytokines, including tumor necrosis factor & (TNF-), interleukin (IL)-1
and IL-8 [21,22]. Pizzonero et al. [23] demonstrated that the FFAR2 antagonist GLPG
0974 contributes to inhibition of acetate-induced neutrophil migration and is responsible
for reduction of a neutrophil-based pharmacodynamics marker and CD11b activation-
specific epitope in a human whole blood assay, suggesting that FFAR2 could be a potential
pharmacological target for anti-IBD drugs. Two consecutive randomized, double-blind,
placebo-controlled, single-center phase 1 studies (NCT01496937 and NCT01721980) evalu-
ated the safety, tolerability and efficacy of GLPG 0974 in healthy subjects. Results showed
that this compound was safe and well-tolerated up to a daily dose of 400 mg [24]. In
addition, GLPG 0974 induced substantial and sustained inhibition of acetate-stimulated
neutrophil activation. In phase 2 (NCT01829321), patients with mild-to-moderate UC were
treated with GLPG 0974 at the dose of 200 mg, twice daily for 28 days. The aim of the
study was to examine potential side effects (safety and tolerability) and efficacy of the
FFAR?2 antagonist. Although reduction of neutrophil activation and infiltration in GLPG
0974-treated individuals were observed, compared to those who received placebo, there
were no differences in clinical responses, including Mayo score, or histopathology scoring
of colon biopsies.

Recently, the nutritional therapy has begun to play a critical role in IBD course,
emphasizing the role of—among others—FFAs in IBD [8,25,26]. Several studies suggest
that activation of FFAR4 leads to an anti-inflammatory effect [27,28]. Moreover, patients
with IBD have increased expression of FFAR4, which positively correlates with TNF-«
level in the gut [29]. However, first reports showed contradictory properties of the selective
GPR120/FFAR4 agonist, called compound A in IBD. Oh et al. [30] showed that compound
A displays high selectivity and affinity, and is orally available; moreover, it produced potent
anti-inflammatory effect on macrophages in vitro and in vivo in obese mice. In contrast,
Wannick et al. [31] suggested that oral administration of compound A did not alleviate
tissue inflammation in the mouse models of prototypical autoimmune diseases. On the
other hand, a synthetic FFAR4 agonist GSK 137647 (administered at the dose of 1 mg/kg
BW, i.p., twice daily) alleviated DSS-induced intestinal inflammation in mice, as indicated
by significantly reduced MPO activity and macroscopic parameters, such as BW loss [28].

New therapeutics are urgently needed for patients with IBD and current research
includes compounds targeting the opioid system [11,13]. Many in vitro and in vivo studies
proved that peripherally active opioids decrease the release of pro-inflammatory cytokines
or neuropeptides and improve wound healing [21,32,33]. For example, a synthetic MOR
agonist DAMGO at the dose of 0.02 mg/kg BW administered in DSS-induced acute colitis
significantly decreased disease activity index (DAI) and MPO activity and other parameters
of inflammation, such as expression of cytokines and nuclear transcription factor-«B (NF-
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kB) [34]. Interestingly, lower (0.01 mg/kg BW) and higher (0.04 or 0.08 mg/kg BW) doses
of DAMGO did not affect the parameters of inflammation, including DAI and MPO activity
suggesting a narrow therapeutic window for the anti-inflammatory properties of this
compound [34]. Concurrently, Leanez et al. [35] discovered that a DOR agonist DPDPE
demonstrated antinociceptive effect in peripheral inflammation and suggested that it was
mainly mediated by nitric oxide derived from nitric oxide synthase 1. DPDPE is also
engaged in inhibition of plasma extravasation during chronic intestinal inflammation [36].
Finally, MOR and DOR were found to be expressed by neurons and immune cells in the
GI tract, especially in the colon [37] and they have since been considered as attractive
pharmacological targets in IBD treatment.

In the present study, the possible synergistic effect of MOR/DOR and FFAR ligands
was investigated. Of all the setups examined, the most interesting observation was that
the treatment with DAMGO and GSK 137647 alone and in co-administration may affect
the immune function in the colonic inflammation through reduction of MPO activity.
Furthermore, we evaluated the microscopic total damage to analyze the reduction of
neutrophil infiltration in tissues; however, no statistically significant results were obtained.
In addition, in our experiments we have not observed any synergistic effects. This may be
caused by the fact that no positive, anti-inflammatory effects of DAMGO alone were seen.
The probable reason for such outcomes could be the severity of inflammation or doses of
tested compounds used in our study (please see Study Limitations below).

To ensure that the revealed mean differences between MOR/DOR ligands alone and
in co-administration with FFAR ligands were not observed due to pure chance, we used
the bootstrap hypothesis testing technique with 10,000 iterations (see below Equation (1)).
The bootstrap method is a statistical procedure that resamples a single dataset to create
many simulated samples. Such approach is one of the ways to control and check the
stability of the obtained results, especially when we have relatively small sample sizes. It
is also a convenient method, often used in life sciences, that avoids the cost of repeating
the experiment to obtain other groups of sample data; moreover, it follows 3R recommen-
dations. Hypothesis testing is a fundamental statistical procedure on which all inference
is based. It evaluates two mutually exclusive statements about differences in data sets to
determine which statement is best supported by the gathered data. We believed that using
this technique would support our results and increase the power of our inference.

Asindicated above, although DAMGO and GSK 137647 alone and in co-administration
decreased MPO activity, when compared to untreated group, we did not observe synergy
in their action. On the other hand, the high values of the bootstrap statistics (there were
N0 Ppootstrap < 0.05) in our experiments indicated that there is still a chance in further
experiments of obtaining values of differences between the mean MOR and MOR + FFAR
that were greater than or equal to the results we presented.

4. Materials and Methods
4.1. Animals

Experimentally naive male BALB/c mice obtained from the vivarium of the University
of Lodz, Poland, were used in all experiments. Mice weighed 22-26 g (6-8 weeks of age) and
were housed at a constant temperature (22-23 °C) and maintained under a 12-h light/dark
cycle (lights on at 6.00 am) in sawdust-lined plastic cages with free access to chow pellets
and tap water. All animal protocols were approved by the local Animal Care Committee
(Protocols 3/1.B124/2019 and 11/1B128/2019). All efforts were made to minimize animal
suffering and to reduce the number of animals used. Groups of 5-10 animals were used in
all in vivo experiments.

4.2. Drugs

MOR agonist—DAMGO was purchased from Sigma-Aldrich (Poznan, Poland), whereas
DOR agonist—DPDPE was obtained from TriMen Chemicals (Lodz, Poland). FFAR ligands,
including a FFAR4 agonist—GSK 137647, a FFAR4 antagonist—AH 7614 and a FFAR2
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antagonist—GLPG 0974 and naloxone were obtained from Tocris Bioscience (Bristol, UK).
DSS (MW 40,000) was purchased from PanReac AppliChem, Lot N0.9J013322 (Darmstadt,
Germany). All drugs were dissolved in 5% dimethyl sulfoxide (DMSO) in saline, which was
used as a vehicle; DSS was dissolved in tap water. The vehicle in the used concentration
had no effects on the observed parameters.

4.3. Induction of Colitis

Colonic inflammation in this model was induced by DSS (4% wt/vol). DSS was added
to drinking water from day 0 to day 5. On days 6 and 7 DSS solution was changed to tap
water. Control animals were receiving tap water throughout the whole experiment. Animal
body weight and general health and disease progression were monitored daily.

4.4. Pharmacological Treatments

In the DSS model, mice were treated with various combinations of opioid receptor
and FFAR ligands, namely: DAMGO (0.02 mg/kg BW, intraperitoneally (i.p.), once or
twice daily), DPDPE (0.3 mg/kg BW, i.p., twice daily), naloxone (1 mg/kg BW, i.p., twice
daily), GLPG 0974 (1 mg/kg BW, i.p., once daily), GSK 137647 (1 mg/kg BW, i.p., twice
daily) and AH 7614 (1 mg/kg BW, i.p., twice daily), from day 3 to day 6. On day 7, animals
were sacrificed, and evaluation of colonic damage was performed. In all experiments
control animals received vehicle (100 pL, i.p.) alone. The doses of opioid receptor and
FFAR ligands used in this study were selected based on literature and preliminary studies.

4.5. Evaluation of Colonic Damage

Disease parameters were evaluated on day 7 of the experiment. After euthanasia,
the entire colon was isolated and weighed with fecal content; colon length was measured
using a caliper. Then, the colon was opened longitudinally and cleaned from the fecal
content. A total macroscopic damage score was calculated for each animal based on the
(i) stool consistency (where 0 means normal well-shaped fecal pellets and 3 means diarrhea),
(ii) colon epithelial damage based on a number of ulcers (0-3), (iii) colon length and weight
scores expressed as a percentage change of each parameter in relation to the control group
(0 points, <5% change; 1 point, 5-14% change; 2 points, 15-24% change; 3 points, 25-35%
change; and 4 points, >35% change). The presence (score = 1) or absence (score = 0) of fecal
blood was also recorded. Total score = 0 means no inflammation.

4.6. Determination of Tissue Myeloperoxidase Activity

Myeloperoxidase (MPO) activity was quantified with the method described earlier
by Salaga et al. [38]. In brief, 0.3 cm segments of colon were weighed and rapidly homog-
enized in hexadecyltrimethylammonium bromide (HTAB) buffer (0.5% HTAB in 50 mM
potassium phosphate buffer, pH 6.0; approx. 30 mg of tissue/mL). Then, the homogenate
was centrifuged for 15 min (13,200 g, 4 °C) and the supernatant was used in the subsequent
steps. On a 96-well plate, 200 pL of 50 mM potassium phosphate buffer (pH 6.0), containing
0.167 mg/mL of O-dianisidine hydrochloride and 0.05 uL of 1% hydrogen peroxide was
added to 7 pL of the supernatant. Absorbance was measured (in triplicate) at 450 nm
(iMARK Microplate Reader, Biorad, United Kingdom) at 0, 30 and 60 s after initiation
of reaction. MPO was expressed in milliunits per gram of wet tissue, 1 unit being the
quantity of enzyme able to convert 1 umol of hydrogen peroxide to water in 1 min at
room temperature. Units of MPO activity per 1 min were calculated from a standard curve
prepared with the use of purified peroxidase enzyme.

4.7. Histology

Segments of the distal colon were stapled flat, mucosal side up, onto cardboard and
fixed in 10% neutral-buffered formalin for 24 h at 4 °C. Then, samples were dehydrated in
sucrose, embedded in paraffin, sectioned at 5 um and mounted onto slides. Subsequently
sections were stained with hematoxylin and eosin and examined using (Axio Imager A2
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5 bootstrap —

microscope, Carl Zeiss, Berlin, Germany). Microscopic total damage score was determined
based on the following parameters: presence (score = 1) or absence (score = 0) of goblet cell
depletion, the presence (score = 1) or absence (score = 0) of crypt abscesses, the destruction
of mucosal architecture (normal = 1, moderate = 2, extensive = 3), the extent of muscle
thickening (normal = 1, moderate = 2, extensive = 3) and the presence and degree of
immune cell infiltration (normal = 1, moderate = 2, transmural = 3).

4.8. Bootstrap for Hypothesis Testing in R Software

To compare numeric variables for two groups/datasets, bootstrap approach to hy-
pothesis testing was implemented. This approach was taken as an alternative to the
two-sided t-test for two samples comparing independent groups (all datasets had nor-
mal distribution). All calculations were made in RStudio software with utilizing R pro-
graming language. Specific code for all computations was written for this purpose, ac-
cording to guidelines from Marinstats lectures from the University of British Columbia
(https:/ /statslectures.com/r-scripts-datasets, accessed on 1 April 2021). Program code
was attached in Supplementary Materials. Calculation of the absolute difference in means
for MOR vs. MOR + FFAR ligand or DOR vs. DOR + FFAR ligand in colitis was the first
step in our approach (observed_test_stat). Next, the matrix of 10,000 bootstrap resamples
with replacement from our datasets were made. Each pair of data (column) was a single
bootstrap sample. For each of such new random resampled column, the absolute difference
in means for MOR vs. MOR + FFAR ligand or DOR vs. DOR + FFAR ligand was calculated
through loop (bootstrap_test_stat [1, n + 1, n = 10,000]). Eventually, P value of bootstrap
(Ppootstrap) Was calculated as follows (Equation (1)):

bootstrap, .~ => observed_test_stat + ...+ bootstrap,,g > observed_test_stat

stat10000 —

10000 @
where P value denotes the number of the bootstrap test statistics that were greater than or
equal to the observed test statistic divided by the total number of bootstrap test statistics.
For example, Ppootstrap = 0.25 (for calculated absolute difference in means = 13 units) was
interpreted as out of the 10,000 bootstrap test statistics calculated, 2500 (25%) of them had
test statistic greater than 13 units. This, in turn, was interpreted as follows: if there was no
difference between two groups, we would see a test statistic equal or higher than the value
of observed_test_stat (absolute difference in the sample means; in the example above: 13)
by chance 25% of the time. More generically p-values of bootstrap have told us what the
probability is of getting the test statistic we got, or if the null hypothesis is true (there is no
difference between two groups/datasets).

4.9. Statistics

Statistical analysis was performed using Prism 9.0.1 (GraphPad Software Inc., La Jolla,
CA, USA) and RStudio software. The data are expressed as means = SEM. The Shapiro-
Wilk test was used to test the normality of data distribution. One-way analysis of variance
(ANOVA) followed by Bonferroni post-hoc test and student t-test were used for analysis.
To better evaluate the synergy of the opioid receptor and FFAR ligands, mainly due to
relatively small sample sizes and the low statistical power of the estimated inferences, we
employed the bootstrap hypothesis testing technique (10,000 iterations) to ensure that the
revealed differences in means between MOR vs. MOR + FFAR ligand or DOR vs. DOR
+ FFAR ligand, in colitis were not observed due to pure chance. P values and P value of
bootstrap (Ppootstrap) < 0.05 were considered as statistically significant.

5. Conclusions

Our results showed that treatment with ligands of MOR and FFAR separately and in
combination may affect immune function in the inflammation seen by altering MPO activity
even though these ligands had no significant influence on the severity of colitis. However,
MOR/DOR and FFAR ligands did not exhibit synergistic effect in colonic inflammation,
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including immune aspect. This study indicates that the interaction between the endogenous
opioid system and FFARs, although suggested by some reports, does not take place in
colonic inflammation. Nevertheless, there are some premises to continue this research; one
of them is the high values of Ppootstrap Statistics in the conducted experiments. Further
validation of this interaction as a potential therapeutic target in IBD is thus needed. One
of the necessary future experiments should include higher doses of compounds (e.g.,
DAMGO). Moreover, a new possible interactions should be tested, e.g., for FFAR and
hormone binding sites.

6. Study Limitations

Although the doses of opioid receptors and FFARs ligands used in our study were
selected based on literature [14,29,35] and our preliminary results, we did not obtain any
beneficial impact on mouse colitis. Moreover, we concluded the study by investigating
whether the co-administration of opioid antagonist naloxone and FFAR4 agonist GSK
137647 may influence parameters of colitis in mice. This opposite direction of our research
also did not show any differences between treated and un-treated groups. In line, bootstrap
hypothesis testing for DOR ligand and DOR + FFAR ligands revealed the same trend of
randomness as mentioned in case of MOR ligand and MOR + FFAR ligands.

Supplementary Materials: Code Program S1: Bootstrap hypothesis test.
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