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The interest in opioids such as morphine, the prototypical opioid ligand, has been maintained
throughout the years. Identification of endogenous opioid peptides and their receptors (i, mu (MOR);
5, delta (DOR); k, kappa (KOR); nociceptin (NOP)), along with molecular cloning and elucidation of
crystal structures of opioid receptors represent key milestones in opioid research. With its ubiquitous
distribution in the central and peripheral nervous systems (CNS and PNS), the opioid system has a
central role in modulating pain and other physiological functions and pharmacological responses,
with therapeutic as well as unwanted side effects. The dramatic increase in medical use and misuse of
opioids with the rising number of opioid-related overdose deaths and diagnoses of opioid-use disorder
has led to the 21st century opioid crisis.

The Special Issue, “Opioids and Their Receptors: Present and Emerging Concepts in Opioid
Drug Discovery”, includes 11 research articles, one communication and six reviews, with authors
from 12 different countries, giving insight into ongoing subjects that span the opioid research field.
This issue presents recent advances in medicinal chemistry and pharmacology of new ligands targeting
the opioid receptors. Moreover, it highlights current concepts in opioid drug discovery together with
strategies to mitigate the deleterious effects of opioids. Central topics of this Special Issue include drug
design, structure—-activity relationships (SAR), biochemistry of the receptors, understanding of ligand
specific actions and the link between therapeutic effects, side effects and molecular mode of action.

The review by Sobczak and Goryriski [1] addresses the present opioid epidemic with literature
showing that over-the-counter (OTC) opioids are misused as an alternative for illicit narcotics or
prescription-only opioids. Three OTC opioid drugs, codeine, dihydrocodeine and loperamide,
are discussed, including pharmacology, interactions, safety profiles and how pharmacology is being
manipulated to misuse, focusing on abuse prevention and prevalence rates. Relatively easy access
to OTC opioids is alarming and requires further attention and discussion on the rescheduling of
their availability.

The imperative need for safer therapies for pain and other human disease states involving the
opioid system continues to drive the search for novel lead molecules and the development of new
mechanism-based treatment strategies. Since the structural elucidation of morphine, its skeleton and
its conversion to new analogues has been constantly in the attention of medicinal chemists, aiming to
discover therapeutically useful drugs and research tools. Three reports present new research in the
field of opioid morphinans [2—4].

In their study, Wang et al. [2] elaborated on extended SARs in (—)-N-phenethyl analogs of
N-nor-hydromorphone. Within the designed series, N-p-chloro-phenethylnorhydromorphone was a
bifunctional MOR-DOR ligand with a potent partial agonism at the MOR and a full potent agonism at the
DOR. This favorable combination of MOR and DOR activities in vitro was translated in vivo by potent
antinociception without respiratory depression in squirrel monkeys after subcutaneous administration.
In their communication, Kutsumura et al. [3] reported on SARs between the thiol group-trapping
ability of morphinans with a Michael acceptor and anti-Plasmodium falciparum activities. Using the
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DOR antagonist 7-benzylidenenaltrexone (BNTX) as a lead structure, new derivatives were designed
and a correlation between the antimalarial activity and the chemical reactivity of the BNTX derivatives
with 1-propanethiol was established. Using naltrindole (NTI), the indolo-morphinan DOR antagonist,
as a lead, Iwamatsu et al. [4] designed sulfonamide-type NTI derivatives by targeting the effect of
the N-substituent on functional activities at the DOR. They revealed SARs among the ligands with
activities at the DOR ranging from full inverse agonists to full agonists, with cyclopropyl-sulfonamide
(SYK-83) as the most potent full inverse agonist. The new NTI derivatives are expected to be useful
tools for investigating interactions of ligands with the DOR, conformational changes of the DOR and
induced functional activities.

Endogenous and naturally occurring opioid peptides have continuously served as important
leads for the design of peptide analogues, with a repertoire of structural modifications that can be
targeted when exploring SARs or focusing on the improvement of their pharmacodynamics and the
pharmacokinetics of peptide active compounds. Four research articles [5-8] focused on this subject.

In their report, Tymecka et al. [5] performed a B2-Homo-amino acid (B2hAA) scan of the selective
MOR peptide agonist TAPP (H-Tyr-D-Ala-Phe-Phe-NH,) sequence, an analogue of endomorphin-2
and enkephalin-derived DAMGO. Derivatives with (R)- or (S)-B%hPhe?* bound the MOR with affinities
equal to that of TAPP. Combining design strategies, synthesis, binding assays and molecular modeling,
they provided additional understanding of SARs of the TAPP sequence. Using a structure-based
docking at the MOR and three-dimensional interaction pattern analysis, Dumitrascuta et al. [6]
rationalized the experimental results on binding and activation of the MOR by three synthetic
analogues of the naturally occurring dermorphin and effective analgesics, DALDA, [Dmt!]DALDA
and KGOPO1. The Dmt (2/,6’-dimethyl-L-Tyr) moiety of [Dmt'[DALDA and KGOPO01 represented the
driving force for the high potency and agonist activity at the MOR. The findings of Tymecka et al. [5] and
Dumitrascuta et al. [6] offer significant structural insights into flexible peptide ligand-MOR interactions
that are important for further understanding of MOR function and pharmacology, and the future
design of peptide-based analgesics.

Cassell et al. [7] explored SAR trends, at the meta-position of Phe?, of the endogenous DOR
peptide Leu®-enkephalin, demonstrating that substitution at this position variously regulated DOR
and MOR affinity and G protein activity, enabled the fine-tuning of (3-arrestin2 recruitment to both
receptors, and increased the plasma stability of the derived peptides. The resulting peptide analogues
should be useful tools for studying the role of DOR in cardiac ischemia and the importance of DOR
mediated 3-arrestin2 signaling in the peptides cardioprotective effects.

The SAR study by Brice-Tutt et al. [8] studied the influence of the Phe residues’ stereochemistry
in the macrocyclic tetrapeptide CJ-15,208 (cyclo[Phe-D-Pro-Phe-Trp]), from the fungus Ctenomyces
serratus, and its analogue [D-Trp]CJ-15,208 (cyclo[Phe-D-Pro-Phe-D-Trp]) on opioid activity profiles.
Unlike the parent peptides, KOR antagonism was exhibited by only one stereoisomer, while another
isomer produced DOR antagonism. They identified the stereoisomer [D-Phe'3]CJ-15,208 as a potent
antinociceptive after oral administration lacking respiratory depression and locomotor impairment
and without preference or aversion in mice.

Natural product medicines have a long history of use in the treatment and prevention of many
human diseases. Zerumbone, a sesquiterpene from the wild ginger plant Zingiber zerumbet (L.) Smith,
produces allodynia and hyperalgesia in animals. Gopalsamy et al. [9] reported on the involvement of
potassium channels and opioid receptors (MOR, DOR and KOR) in zerumbone-induced antinociception
in a mouse model of chronic constriction injury neuropathic pain after intraperitoneal administration.

As the ongoing worldwide opioid crisis is the result of the use of centrally-acting opioids for
controlling pain, the idea of peripheralization of opioids to minimize the activation of central opioid
receptors, and as a consequence the unwanted CNS side effects, has stimulated the development of
peripherally selective opioid ligands, discussed in a research article [10] and a review [11].

In their study, Zador et al. [10] reported on a new analogue of codeine, 14-methoxycodeine-6-O-sulfate
(14-OMeC6SU), as a potent, peripheral MOR agonist. It was more effective than codeine, and equipotent
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to morphine in inducing antinociception in acute nociceptive pain, and it produced peripherally-mediated
anti-hyperalgesic effects in inflammatory pain after subcutaneous administration in rats. Additionally,
14-OMeC6SU showed an improved in vitro and in vivo activity profile compared to codeine-6-O-sulfat.
Fiirst et al. [11] reviewed the consequence of the activation of peripheral MORs in analgesia and analgesic
tolerance, along with approaches that enhanced analgesic efficacy and decreased the development of
tolerance to opioids at the peripheral sites. They also addressed the advantages and drawbacks of the
activation of peripheral MORs on the sensory neurons and gut (leading to dysbiosis) in the development of
central and peripheral analgesic tolerance. The reviewed data suggest that the development of peripheral
analgesic tolerance to opioids is largely dependent on the pain entity, animal pain model, and the route of
administration, local versus systemic.

With the awareness that narcotic addiction is derived from the MOR, the KOR is emerging
as a promising target for developing safer therapeutics without the common side effects
associated with classical opioids, such as rewarding effects, respiratory depression and overdose.
Schmidhammer et al. [12] reviewed recent chemical developments of SARs on diphenethylamines,
anew class of structurally distinct and selective KOR ligands, with diverse profiles ranging from potent
and selective agonists to G protein-biased agonists and selective antagonists. The first lead molecules in
the series included the selective KOR full agonist HS665 and the partial agonist HS666. The combination
of target drug design, synthetical efforts and pharmacology of diphenethylamines has enabled the
identification of structural elements that determine distinct activity profiles, with the potential as
candidates for future drug development for the treatment of pain and neuropsychiatric diseases.

Increasing evidence on the heteromerization of native opioid receptors in discrete brain neuronal
circuits with selective targeting of heteromers as a tool to modulate receptor activity, and multifunctional
ligands, which simultaneously activate two or more targets to produce a more desirable drug profile,
are emerging concepts for the development of novel therapeutic drugs and strategies, presented in the
earlier cited report [2] and in two additional research articles [13,14].

Using double-fluorescent knock-in mice co-expressing functional MOR and DOR, Derouiche et al. [13]
demonstrated that co-expression of native MOR and DOR in hippocampal neurons alters the intracellular
fate of the MOR in a ligand-selective manner, with MOR-DOR co-internalization induced by the MOR-DOR
biased agonist CYM51010, the MOR agonist DAMGO and the DOR agonist deltorphin II, but not the
MOR agonists morphine and methadone or the DOR agonist SNC80. Their observations pointed out
to MOR-DOR heteromerization as a means to fine-tune MOR signaling and neuronal activity with the
potential for developing novel innovative therapeutics.

The study by Wtorek et al. [14] targeted the concept of multifunctional ligands, specifically novel hybrids
combining opioid pharmacophores with either substance P (SP) or neurokinin receptor (NK1) antagonist
fragments, as a strategy for developing effective and safer medications for pain treatment. They reported
on opioid agonist/NK1 antagonist Tyr-[D-Lys-Phe-Phe-Asp]-Asn-D-Trp-Phe-D-Trp-Leu-Nle-NH, and
opioid agonist/NK1 agonist Tyr-[D-Lys-Phe-Phe-Asp]-GIn-Phe-Phe-Gly-Leu-Met-NH, peptide hybrids
with antinociceptive efficacy without inducing analgesic tolerance or constipation in mice after
intraperitoneal administration. Research approaches to diminish opioid liabilities take advantage of the
current concept of functional selectivity, with biased ligands (agonists and antagonists) as innovative
opportunities for opioid pain therapy and use management, subjects reviewed in [12,15-17] and
explored in a research article [18].

In their review, Faouzi et al. [15] presented the design and pharmacological outcomes of biased
agonists of all opioid receptor types (MOR, DOR, KOR and NOP), aiming at achieving functional
selectivity. They described a large number of structurally diverse biased agonists, with the focus on
the understanding of the limitations and advantages both in vitro and in vivo that they can provide.
Azevedo Neto et al. [16] discussed the accumulated literature on the potential of biased MOR agonists
for the development as safer analgesics. They presented the pharmacology of three G protein-biased
MOR agonists, oliceridine (TRV130), very recently approved for pain treatment, and PZM21 and
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SR-17018, in relationship to that of morphine and fentanyl, and proposed that their improved safety
profile could be likely attributable to low efficacy partial agonism rather than G protein-bias.

A review by Sadee et al. [17] addressed the less explored area of biased opioid antagonism,
where biased MOR antagonists, such as 6(3-naltrexol, could serve as modulators of opioid dependence,
for improved pain therapy and opioid use management. They proposed a novel receptor model that
can account for diverse pharmacological effects of MOR ligands, including biased antagonists.

Using molecular docking and molecular dynamics (MD) simulations at three crystal structures of
the MOR, Podlewska et al. [18] explored the distinct activity profiles at the MOR of morphine (unbiased
ligand), PZM21 and SR-17018 (G protein-biased MOR agonists) and fentanyl ((3-arrestin2-biased
MOR agonist). Several shared and distinct receptor-ligand interaction patterns were identified,
and specific amino acids were proposed to be of particular interest when designing new G protein-biased
MOR agonists.

The diversity among the topics in this Special Issue in the up-to-date reports is a testimony to the
complexity of the opioid system that results from the expression, regulation and functional role of
ligands and receptors. Moreover, the array of multidisciplinary research areas illustrates the rapidly
developing research and translational activities in the opioid drug discovery.

We wish to thank all the authors for their contribution to this Special Issue. It is beyond any doubt
that it will serve as a useful reference while also stimulating continued research in the chemistry and
pharmacology of opioids and their receptors, with the prospective for developing improved therapies
of human diseases, but also improving health and quality of life in general.

Funding: The authors thank the Austrian Science Fund (FWEF: 12463, P30433, P30592, and 14697), and the University
of Innsbruck.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Several over-the-counter (OTC) drugs are known to be misused. Among them are
opioids such as codeine, dihydrocodeine, and loperamide. This work elucidates their pharmacology,
interactions, safety profiles, and how pharmacology is being manipulated to misuse these common
medications, with the aim to expand on the subject outlined by the authors focusing on abuse
prevention and prevalence rates. The reviewed literature was identified in several online databases
through searches conducted with phrases created by combining the international non-proprietary
names of the drugs with terms related to drug misuse. The results show that OTC opioids are
misused as an alternative for illicit narcotics, or prescription-only opioids. The potency of codeine
and loperamide is strongly dependent on the individual enzymatic activity of CYP2D6 and CYP3A4,
as well as P-glycoprotein function. Codeine can also be utilized as a substrate for clandestine syntheses
of more potent drugs of abuse, namely desomorphine (“Krokodil”), and morphine. The dangerous
methods used to prepare these substances can result in poisoning from toxic chemicals and impurities
originating from the synthesis procedure. OTC opioids are generally safe when consumed in
accordance with medical guidelines. However, the intake of supratherapeutic amounts of these
substances may reveal surprising traits of common medications.

Keywords: over-the-counter drugs; misuse; abuse; opioid drugs; pharmacology; codeine;
dihydrocodeine; loperamide

1. Introduction

Over-the-counter (OTC) drugs are medicines sold without medical prescription to treat common
and temperate medical conditions. Unfortunately, the misconception that OTC drugs are devoid of
any harm to users has become established as a commonly held belief. While it is true that most of
them are relatively safe, if administered with moderation, misuse is usually associated with the intake
of excessive amounts and is burdened with life-threatening consequences. Due to the acknowledged
misuse liability, or associated health risks, some countries have already restricted access to several
OTC drugs by introducing an intermediate category of pharmacy-only (or pharmacist-only) medicines
(POMs). While the purchase of POMs does not require a prescription from a physician, they may
only be purchased in a pharmacy. Other restrictions, such as age limit or maximal purchase quotas,
may also be in place for the sale of POMs and OTC drugs.

This matter is further complicated by the differences in local regulations. For example, codeine
is available as an OTC medicine in countries such as Denmark [1], Poland (up to 240 mg per single
purchase—since December 2016) [2], the UK (up to 12.8 mg per single tablet), and several other
European states [3], as well as in Japan. At the same time, it is classified as prescription only
medicine in Australia (where it has been recently up-scheduled from the OTC category) [4], or USA [5].
Dihydrocodeine, a stronger opioid drug, is generally not available as an OTC medicine. However,
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few exceptions exist—e.g., in the UK or Japan. Loperamide on the other hand, is usually available
without prescription and without almost any restrictions regarding its sale.

All of the aforementioned drugs are classified as opioid agents, and the evidence exists that
they are misused, either unintentionally, or for non-medical intents. Several authors have already
investigated the issue of misuse and abuse of OTC drugs from the perspective of pharmacology;
however, these reports usually address single drugs, and few reports that are focused on a broader
picture are regretfully still not fully comprehensive. This especially concerns the opioid drugs that tend
to be omitted from such reviews. Out of four of the most extensive works investigated by the authors,
only two discuss codeine, and none discuss either dihydrocodeine or loperamide [6-9].

This review is focused on three opioid drugs—codeine, dihydrocodeine, and loperamide—that
can still be purchased without medical prescription in numerous parts of the world, addressing their
pharmacology, interactions, safety profiles, and how pharmacology is manipulated in non-medical
applications. This work intends to elucidate the reasons behind the misuse or abuse of these common
medications. As such, it adds to numerous works regarding abuse prevention and prevalence rates
that are already published.

2. Results and Discussion

2.1. Introduction to Opioid Drugs

From a chemical standpoint, opioids comprise a diverse group of drugs, but they all share a
common affinity towards 1, §, and k opioid receptors. Most of the opioids used in clinical practice,
including those available as OTC medicines, are agonists of opioid receptors that are predominantly
selective for 1 type receptors. Receptor type specific effects, as well as some examples of the drugs that
are selective ligands for those receptors, are presented in Table 1 [10,11].

Therapeutically beneficial analgesia results from diminished nociceptor excitability
and the reduced release of pro-inflammatory peptides at nerve terminals [12]. However, effects, such as
euphoria resulting from the agonism of u receptors (described as sudden rush), mood modulation
contributed by the agonism of b receptors, or hallucinations caused by agonism of k receptors [10,11],
are often credited with the interest in these drugs with non-medical intents. Opioids also possess
synergic effects with GABAergic receptor agonists, such as alcohol, barbiturates, or benzodiazepines.

Table 1. Receptor type specific effects of opioid drugs (agonists).

physical dependence
pupil constriction
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Typical opioid overdose is associated with a characteristic triad of symptoms: decreased
consciousness (or coma), abnormally slow or ceased respiration, and pinpoint pupils. Respiratory
depression can manifest as cyanosis and have severe (neural damage caused by cerebral hypoxia)
or even fatal consequences [10]. Paraesthesia (abnormal dermal sensations), urinary retention,
and histamine-mediated reactions (emesis, flushing, itching, and nausea) have been also reported for
opiate use [23]. Prolonged abuse results in physical and psychological dependence, the development
of tolerance (possibly due to the desensitization and internalisation of t receptors [24], and probable
formation of opiate antibodies [25]), and is associated with the onset of withdrawal syndrome
(symptoms include: agitation, diarrhoea, insomnia, muscle cramps, panic attacks, and sweating),
when dosing is abruptly discontinued [26,27].

2.2. Codeine

Codeine is a natural alkaloid of opium poppy (an opiate), with affinity to p, 6 and k receptors
acting as their agonist. Codeine is approximately 20 times more selective towards the 1 receptors than
towards 0 type, and even less selective (ca. 20-30 times) towards k receptors (see Table 1). It is marketed
as a cough suppressant and analgesic and is available for patients as tablets and syrups. In medications
indicated for mild to moderate pain control, codeine is often paired with paracetamol (acetaminophen)
or ibuprofen, and in medications indicated for cough and cold with promethazine or salicylic acid.
The drug is generally not perceived as harmful by the patients [28,29], and this lenient attitude has
perhaps resulted in increased worldwide consumption within the last 20 years and also in increased
codeine dependency rates. In this regard, codeine is the world’s most consumed opioid (based on drug
quantity [30]), and codeine-dependent individuals account for approximately 2% of all admissions to
some substance abuse centers [31].

The pharmacological profile of codeine as therapeutic drug, as well as a misused substance,
is an outcome of active metabolite formation. The complex biotransformation pathways leading
to prescription-only opioids, such as hydrocodone (up to 11% of parent drug), morphine (5-30%),
and its more potent metabolites (hydromorphone and morphine-6-glucuronide), are presented in
Figure 1[6,12,32]. Such pharmacokinetics result in codeine potency being approximately one tenth
the potency of morphine and resulting equianalgesic dose of codeine being 6.67-10 times larger than
with morphine (both administered orally) [33,34].

Ifat.

morphine-6

morphine-3-sulfate

morphine-3-glucuronide
UGT287 UGT1A1

morphine-6-glucuronide '/

morphine-3,6-diglucuronide
UGT284  UGT1A3 norhydromorphone
UGT2B15 UGT1A9

UGT2817 UGTIA10
cYp3as hydromorphone-3-glucuronide
creace) VS8
&1n2
hydromorphone-3-sulfate
SLT1A:

dih

phine

(6-B-hydromorphol) 4’| dihydroisomorphine-3-glucuronide

dihydromorphine y N )
P dihydromorphine-6-glucuronide
ve2od (6-a-hy
dihydromorphine-3-glucuronide
cvP3a4
cve3ne
dihydromorphine-3-sulfate
nordihydromorphine

nordihydrocodeine

other metabolite | nordihydrocodeine-6-glucuronide |

I codeine-6-glucuronide I I norhydrocodone ]

prescription drug

Figure 1. Metabolic pathways of codeine and dihydrocodeine. Abbreviations used: CYP = cytochrome
P450, SULT = sulfotransferase, UGT = uridine diphosphate glucuronosyltransferase.
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Although codeine is almost completely absorbed from the gastrointestinal tract (94 + 4%),
the pharmacokinetics of the drug may vary significantly between individuals due to genetic
polymorphisms of CYP2D6 and CYP3A4 genes [6]. The transformation of codeine to morphine
is especially dependent on CYP2D6 functionality, a factor firmly associated with one’s ethnicity.
In poor metabolizers (with two non-functional alleles of the CYP2D6 gene), codeine may not express
the desired effect at all, while in ultra-rapid metabolizers (with three or more functional alleles),
poisoning is possible even within the recommended dose [12,32,35,36]. Other factors, such as a fat-rich
diet and contents of grapefruit juice (especially bergamottin, an inhibitor of CYP3A4), are proven to
potentialize the drug. In addition, P-glycoprotein (P-gp)—an efflux pump preventing certain drugs
from penetrating the blood-brain barrier (BBB)—has been shown to have significant impact on brain
concentration of the morphine [37].

As a cough suppressant, codeine (through active metabolites) acts in sub-analgesic doses at the p,
and k receptors by inhibiting the medullary cough center. The analgesic action is mediated by p receptors,
with the complementary contribution of other opioid receptor types [6,38]. Codeine-containing OTC
medications are often misused to achieve euphoria, relaxation, and feeling of warmth (described as
recurrent waves of pleasurable sensations), or as a substitute for illicit narcotics [26]. In a single dose,
codeine is generally described by its misusers as sedating, but repetitive doses tend to be energizing [27].
Positive reinforcement is an effect of i, receptor stimulation. Misuse has also been reported as a
means to escape persistent pain or achieve a state of disconnection or dissociation. This dissociative
state is described as a dream-like floating sensation accompanied by slight hallucinations (e.g., seeing
geometric shapes), or even out-of-body experiences [26].

The symptoms of codeine overdose are mostly consistent with typical opioid poisoning,
but the drug originating from OTC formulations is often accompanied by non-opioid analgesics.
Thus, hepatotoxicity from paracetamol, or gastrointestinal damage (haemorrhages, ulcerations,
hypokalaemia, metabolic acidosis) and nephrotoxicity caused by ibuprofen are common consequences
of its misuse [27,39-41]. In effort to evade these harms, various homemade extraction methods are used
to separate codeine from the abovementioned drugs—for example, the so-called cold water extraction
that exploits solubility differences between ingredients [35,42,43]. Lately, some pharmaceutical
companies begun to incorporate physical or chemical barriers to their products as a means to combat
such practices [26].

OTC codeine tablets are available in doses up to 15 mg, with guidelines recommending 15 mg
every 4-6 h (maximally 45 mg a day) as an antitussive, and up to 15-30 mg every 6h (maximally 90 mg a
day) for pain control. Drug misusers propose 30-60 mg as a starting dose (to test individual reaction for
the drug), and further doses of 100-250 mg in order to achieve euphoria [27,28,44]. While a quantity of
500-1000 mg is usually considered lethal [45], as much as 1536 mg a day has been reported as dependent
individuals’ routines [6,26,39,40,46—48]. Due to the large doses consumed, codeine used for non-medical
purposes is more dangerous than morphine used for anesthesia. The safety ratio of misused codeine
is ca. 20 [45] (ratio of usual lethal dose to the usual effective dose), while the therapeutic index of
morphine is 70 [49] (ratio of lethal dose (LDs) to the therapeutic effective dose (EDsp)). The safety ratio
of codeine is equal to that of methadone (when both drugs are administered orally for non-medical
purposes), but this is more than three times larger than for the injected heroin [45]. Based on animal
studies it is possible to compare the safety of codeine with morphine, and also with fellow OTC
opioid loperamide (all drugs administered orally; see Table 2). Experimental data show that, despite
its reputation as a safe drug [28,29], codeine is in fact dangerous and is characterized by a narrow
therapeutic index.
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Table 2. Efficacy and toxicity of selected opioids in animal studies.

Mouse Rat
LDsg EDsg . LDso EDsp ! .
Drug (mg/kg) (mg/kg) Therapeutic Index (mg/kg) (mg/kg) Therapeutic Index
Morphine 524 [50]
(reference) 610 [521 258 Bl 18.2-21.2 335 [50] N/A N/A
. ) 432 [54] 266 [45] i}
Codeine 250  [45,53] 1399 [51] 1.8-5.8 07 53] 69.3 [55] 3.8-6.2
015  [57]
Loperamide 105 [56] N/A N/A 185 [56] 0.61 58] 102-1233
181 [57,58]

! Morphine and codeine tested as analgesics, loperamide tested as antidiarrheal.

The effects of opioids such as codeine are known to be potentialized by the non-selective H;
histaminergic receptor antagonists such as promethazine. Usually, therapeutic doses of first-generation
antihistamines cause sedation by blocking the H; receptors located in the central nervous system (CNS),
sometimes to such extent that diphenhydramine is even marketed as an OTC sleeping aid. Surprisingly,
supratherapeutic doses may cause paradoxical CNS stimulation (euphory, hallucinations), mainly due
to anticholinergic poisoning [59]. Promethazine misuse is either related to its calming effect or ability to
induce paradoxical euphoria and occasional hallucinations (auditory and visual), when administered
in larger amounts [60]. Such effects are further enhanced by the simultaneous consumption of alcohol.
To exploit these features, promethazine—codeine containing syrup is mixed with alcohol, candy, and soft
drinks to create “purple drank”. The concoction is probably named after the color of the syrup’s dye
and pursued in order to achieve euphoric and relaxing sensations [6,61]. Arrhythmia (manifesting as a
prolongation of the QT interval in electrocardiogram), delirium, psychoses, substance dependence,
and withdrawal syndrome are some of the known consequences of its misuse, as well as tardive
dyskinesia resulting from the antagonism of D, dopaminergic receptors [62].

Another alarming trend entails clandestine syntheses of more potent opioids with codeine used as
a substrate. The “homebake” method results in the demethylation of codeine to morphine, while with
a slightly more complex protocol [63-66] it is possible to obtain desomorphine—a drug with an
8-10 times stronger analgesic effect (up to 80-100 times stronger than the precursor codeine) and three
times the toxicity of morphine [42,65]. Structural differences between these opioids are presented
in Figure 2.

o}
HaC™
H
, Ny
HO™
codeine morphine
o}
e
0 90
H
N~cH; H N~CH,3
HO™
dihydrocodeine desomorphine

Figure 2. Chemical structures of selected opioid drugs.
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Desomorphine is commonly known as “Krokodil”, allegedly due to consequences of its injectable
use, which presents as discoloured (green/black), flaking, and scale-like skin with ulcerations, somewhat
resembling crocodile scale [11,23,63]. Although the drug is dated back to 1920s, it remained on
the sidelines until its non-medical use spread across Russia, Ukraine, and neighbouring countries as a
shocking new menace, reaching its apex just several years ago. Harm caused by “Krokodil” seems to
be mostly related to reagents and contaminants introduced during the synthesis process, and include
jaw osteonecrosis caused by red phosphorus, heavy metal poisoning (concentration, memory, motor,
and speech impairments) due to corroded laboratory equipment, and skin infections with vascular
damage that often leads to necrosis/gangrene, sometimes requiring limb amputation [23]. As an opioid,
desomorphine has the same u receptor affinity as morphine (but weaker to 5 and « type receptors),
but is more addictive due a to faster onset of action and shorter elimination time, while also not
inducing the emetic effects related to the use of morphine [64,67]. Damage to liver and kidneys has
also been reported, as well as hallucinations [23].

2.3. Dihydrocodeine

Twice as strong as codeine, dihydrocodeine is a cough suppressant and analgesic used for mild to
moderate pain control [68]. Slight euphoria, reported as a therapeutic side effect, increases further with
supratherapeutic doses. Other adverse effects include constipation, drowsiness, dry mouth, headaches,
nausea, respiratory depression, urinary retention, and substance dependence.

Dihydrocodeine, an agonist of p, §, and k opioid receptors, is highly selective for p type
(/5 selectivity ratio is ca. 20-25; p/k selectivity ratio is ca. 45-55; see Table 1). As with codeine,
dihydrocodeine acts through the formation of active metabolites. A small percentage of parent drug
(1.3-9%) is transformed to dihydromorphine (1.2 times as potent as morphine) by CYP2D6. However,
the formation of this metabolite is not solely responsible for the analgesic effect of dihydrocodeine [69].
Other metabolites include nordihydrocodeine, which has the same 1, §, and « receptors affinity as
dihydrocodeine (16% of parent drug, mediated by CYP3A4), and dihydrocodeine-6-glucuronide
(28% of parent drug) [68,70,71].

Over-the-counter dihydrocodeine medicines are available as syrups and tablets with doses up to
20 mg, and often contain paracetamol, or non-steroidal anti-inflammatory drugs (NSAIDs), as opposed
to prescription-only medications, in which dihydrocodeine is generally the sole active ingredient,
which is also present in higher dose and in controlled release formulation. Typical dihydrocodeine
dosing as an OTC analgesic is ca. 7.5-15 mg every 4-6 h, not surpassing ca. 60 mg a day. Reports on
drug misuse point at single doses of 300-900 mg, and up to 1350 mg a day [72]. A single dose of 70 mg
is usually sufficient to induce a euphoric state. The lowest published toxic dose (oral) is 28 mg/kg
(what corresponds to approximately 2000 mg for an average adult) [73].

2.4. Loperamide

Is a synthetic opioid antidiarrheal characterized by poor bioavailability and substantial metabolism
due to a first pass effect and only a fraction of ingested drug crossing the blood-brain barrier. These traits
have contributed to a long-lasting belief that, although a potent opioid (with structural similarity to
fentanyl), loperamide is devoid of a central mechanism of action and perfectly safe to use [58,74-76].
However, recent reports on its misuse and a sudden increase in number of poisonings recorded since
2014, have led to a re-evaluation of its safety, and prompted a warning from the Food and Drug
Administration (FDA) issued in 2016 and regarding arrhythmogenic potential of loperamide when
taken in high doses [77-79]. The minimal BBB penetration and subsequent insignificant effects on
the central nervous system, despite the lipophilic nature of the compound (logP value is estimated
to be in the range 4.44-5.5 [80,81]), are a result of P-gp’s activity [82,83]. However, the ingestion of
massive amounts, so called megadosing, can lead to drug concentration surpassing P-gp’s processing
capacity. Additionally, common agents, such as piperidine (present in black pepper), proton-pump
inhibitors (including fellow OTC drug omeprazole), as well as loperamide itself, are P-gp inhibitors
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with considerable potential to increase the amount of loperamide that is crossing the BBB [78,84].
Additionally, the inhibition of CYP3A4 and CYP2C8 by cimetidine or ranitidine (OTC medications from
Hj-antihistamine class) and the contents of grapefruit juice, have been shown to hinder loperamide’s
metabolism, increasing bioavailable drug concentration [75,76,83,84].

Loperamide is an agonist of the 1, 5, and « opioid receptors. The drug shows strong selectivity
towards p receptors (/5 selectivity >300; see Table 1). In therapeutic doses, it almost exclusively
binds to a fraction of these receptors located along the gastrointestinal tract. However, when taken in
supratherapeutic doses it can manifest its central mechanism of action. Loperamide is also an inhibitor
of voltage-dependent P/Q(; ) calcium channels, calcium channels in the intestines, sodium channels in
the heart, and calmodulin [75,82,83].

Cardiotoxicity in large doses is visible as a widening of the QRS complex. This is caused by a
prolongation in depolarization due to a blockade of sodium channels, and the widening of the QT
interval due to prolonged repolarization, which is caused by a blockade of potassium ion channels
regulating delayed rectifier currents [74,78,82,85-88].

Therapeutic dosing typically involves an initial dose of 4 mg, followed by 2 mg after every loose
stool (but not exceeding 16 mg a day). A quantity corresponding to 5-10 times the therapeutic dose
(20-40 mg) is allegedly enough to alleviate symptoms of opioid withdrawal syndrome, and larger
doses of 60-800 mg, or 1600 mg a day, can cause euphoria. However, regardless of consumed amount,
loperamide seems to be without an analgesic effect [76,89]. While misuse is more often intended to
aid opioid withdrawal rather than for other non-medical purposes, most of the reported poisonings
(almost half of them) have been associated with suicide attempts [77,79,90]. As with other opioids,
withdrawal syndrome and dependence have also been described with prolonged use of loperamide.

2.5. Alternative (Non-Opioid) Antitussives Used to Treat Unproductive Cough

Cough medications stand as one of the most misused drugs, not only within the OTC drugs
category, but also among all psychoactive substances [91]. The misuse of antitussives is often
associated with the aforementioned opioids, such as codeine or dihydrocodeine, but non-opioid
dextromethorphan and zipeprol also gained some recognition as recreational drugs, owing to their
hallucinogenic properties when taken in supratherapeutic doses. Several cases of fatal poisonings have
since led to a withdrawal of zipeprol. However, dextromethorphan-based cough medicines remain
available as one of the most popular antitussive medicines worldwide.

Structurally, dextromethorphan is an isomer of the opioid levorphanol, but due to its marginal
affinity to opioid receptors, it is not classified as an opioid. Pharmacologically, dextromethorphan is an
agonist of o receptors (formerly classified as opioid receptors) and, in higher doses, an antagonist of
excitatory N-methyl-D-aspartate glutamate receptors (NMDARs). Dextromethorphan is metabolized
to dextrophan by the CYP2D6 [92] and, given that this metabolite is credited for the dissociative effects
of the drug, in the case of its misuse, dextromethorphan can be considered a prodrug [8].

According to the reports, dextromethorphan is usually misused in quantities of 225-2500 mg [7,93],
while a lethal dose is considered to be within the 50-500 mg/kg range (approximately 3500-35,000 mg
for an adult) [8]. Such a wide range is mainly an outcome of significant differences to the CYP2D6
activity found across populations, caused by the polymorphism of a related gene [6]. Nevertheless,
the aforementioned values result in a drug safety ratio of approximately 15 (other authors state it to be
ca. 10 [45]), which is less than a corresponding value for codeine (safety ratio = 20) [45]. This shows
that dextromethorphan, although not an opioid itself, is no safer than codeine if not used accordingly.

3. Conclusions

The misuse of opioid drugs is an important issue burdening the modern world more than ever
before. The scale of this phenomenon, called the 21st century opioid crisis, is clearly illustrated by an
ever-increasing involvement of opioids in the total number of all substance overdoses. The number of
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opioid overdoses has increased nearly 6-fold over the course of the last 20 years, and their contribution
to fatal intoxications grew from approximately one half to over two thirds of all cases [94].

While it is generally agreed upon that this problem concerns mainly prescription-only opioids
and illicit narcotics (such as novel analogues of fentanyl), the involvement of OTC opioids should
not be overlooked as there is sound evidence that such substances are being misused. Relatively
easy access to OTC opioids is alarming and perhaps requires additional consideration and debate
on the rescheduling of their availability (some countries already undertaken such steps and limited
access to codeine or dihydrocodeine [4]). However, as discussed, drugs are among the most popular
medicines worldwide, their sudden disappearance from over-the-counter sale could prove problematic
for patients. At the moment, codeine and loperamide are both considered essential medicines
according to the WHO [95]. However, their misuse liability is an important stimulus for research on
new, less-addictive candidates to replace them (both opioid and non-opioid).

4. Materials and Methods

4.1. Data Source

Study material was identified and retrieved from the Medline database, accessed via the PubMed
website [96], and the full-text databases of the following publishers: Elsevier [97], Springer Nature [98],
and Wiley [99]. The search was conducted with phrases created by combining the international
non-proprietary names of opioid drugs (codeine, dihydrocodeine, and loperamide), or the word OTC,
with terms such as abuse, misuse, addiction, dependence, intoxication, poisoning, and toxicity.
An additional search was conducted with the Nicolaus Copernicus University search engine,
and references from already included items were screened for previously omitted records. The complete
workflow is presented in Figure 3, showing flow diagram prepared according to the PRISMA
guidelines [100].

Records identified through
database searching
(n=9251)

Additional records identified
through other sources
(n=43)

Records after duplicates removed
(n=529)

Records screened Records excluded
(n=529) (n=392)

l

Full-text articles assessed Full-text articles excluded,
for y with reasons
(n=137) (n=55)

!

Studies included in
qualitative synthesis
(n=82)

Figure 3. PRISMA Flow Diagram.

Initially, 9182 items were identified, specifically 5477 for codeine, 393 for dihydrocodeine, 836 for
loperamide, and 2476 records discussing OTC drugs in general. Eventually, 137 items were assessed,
43 for codeine, 19 for dihydrocodeine, 20 for loperamide, 41 for opioids, and 14 for OTC drugs.
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4.2. Inclusion and Exclusion Criteria

As pharmacology was the main focus of this review, no territorial criteria were used. Therefore,
records from both counties where disclosed drugs are available without prescription, and those where
they are only available with a prescription were included. No limitations regarding publication date
were in place; however, when available, recent (less than 5-years-old) and primary literature was
prioritized to display the current state of knowledge on the subject. Only papers written in the English
and Polish languages were assessed.

4.3. Additional Limitations of the Work

The abuse-related substance consumption amounts disclosed in this work are based on user
self-reports or toxicological case reports. Thus, presented values only hint at the most popular patterns,
and are not establishing the definitive boundaries of this phenomenon. Furthermore, it should be
noted that most pharmaceuticals containing the herein discussed substances are formulated using
salts of active pharmaceutical ingredients, not their free base or acid forms. As many investigated
records failed to mention the exact chemical form, this review further disregarded them, using instead
a simplified nomenclature for the sake of unification and clarity.
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Abstract: (—)-N-Phenethyl analogs of optically pure N-norhydromorphone were synthesized and
pharmacologically evaluated in several in vitro assays (opioid receptor binding, stimulation of
[3°S]GTPYS binding, forskolin-induced cAMP accumulation assay, and MOR-mediated (3-arrestin
recruitment assays). “Body” and “tail” interactions with opioid receptors (a subset of Portoghese’s
message-address theory) were used for molecular modeling and simulations, where the “address”
can be considered the “body” of the hydromorphone molecule and the “message” delivered by
the substituent (tail) on the aromatic ring of the N-phenethyl moiety. One compound, N-p-chloro-
phenethynorhydromorphone ((7aR,12bS)-3-(4-chlorophenethyl)-9-hydroxy-2,3,4,4a,5,6-hexahydro-
1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7(7aH)-one, 2i), was found to have nanomolar binding
affinity at MOR and DOR. It was a potent partial agonist at MOR and a full potent agonist at DOR
with a 8/ potency ratio of 1.2 in the (I°®SIGTPYS) assay. Bifunctional opioids that interact with MOR
and DOR, the latter as agonists or antagonists, have been reported to have fewer side-effects than
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MOR agonists. The p-chlorophenethyl compound 2i was evaluated for its effect on respiration in both
mice and squirrel monkeys. Compound 2i did not depress respiration (using normal air) in mice
or squirrel monkeys. However, under conditions of hypercapnia (using air mixed with 5% CO,),
respiration was depressed in squirrel monkeys.

Keywords: opioid; bifunctional ligands; (~)-N-phenethylnorhydromorphone analogs; [2°S|GTPgammaS
assay; forskolin-induced cAMP accumulation assays; 3-arrestin recruitment assays; MOR and DOR
agonists; respiratory depression; bias factor; molecular modeling & simulation

1. Introduction

It is well-known that various N-substituents in the classical opioid-type of structure (e.g., 4,5-epoxy
morphinans, morphinans, 6,7-benzomorphans, 5-phenylmorphans) can change prototypical N-methyl
substituted agonist opioids to opioid antagonists. Most familiar, replacement of the N-methyl with
an N-allyl moiety in morphine and oxymorphone converted them to the antagonists nalorphine and
naloxone (Scheme 1).

Oxymorphone

Nalorphine Naloxone

Scheme 1. Prototypical 4,5-epoxymorphinan agonists and antagonists.

Exactly how the N-substituent interaction with amino acid residues in the receptor induces
that change remains uncertain. The N-methyl substituent in morphine and oxymorphone either
permits or does not prevent the ligand from receptor interactions that result in analgesia and
the well-known panoply of opioid side-effects. Concurrent with their interaction with G-proteins,
potent clinically utilized opioids also recruit 3-arrestin2. This recruitment has been hypothesized to
underly the undesirable effects of opioids, including respiratory depression, inhibited gastrointestinal
transport, and tolerance [1-4], although recent data using (-arrestin2 knockout mice cast doubt on that
hypothesis [4].

Replacement of an N-methyl group with a different substituent, the N-phenethyl moiety, has also
been shown to change an opioid agonist to an antagonist in at least one of the types of classical opioids;
however, that outcome is not consistent for all opioid structures. Most N-phenethyl-substituted opioids,
such as N-phenethylnormorphine [5], N-phenethylnoroxymorphone [6], and 2’-hydroxy-5,9-dimethyl-
N-phenethylbenzomorphan [6] have been found to be potent p-opioid receptor (MOR) agonists,
but N-phenethyl-5-phenylmorphan acts as a MOR antagonist [7]. In that 5-phenylmorphan series,
we found that the agonist vs antagonist activity of the compound was dependent on chirality.
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The 1R,5R,95-enantiomer of the N-p-nitrophenethyl-5-phenylmorphan was found to be a potent MOR
agonist, and the 15,55,9R-enantiomer acted as a MOR antagonist [8].

N-Phenethylnorhydromorphone (S11, Scheme S1 in the Supplementary Material) was first
synthesized in 2001 by Lo and McErlane in 1.3% yield; it was not further examined at that time because
their synthesis did not provide the quantity of S11 necessary for in vitro or in vivo assays [9]. It could
be anticipated that it, like N-phenethylnormorphine and all other classical opioids, would display the
side-effects displayed by morphine. We obtained S11 through an improved synthesis (see Scheme S1 in
the Supplementary Material), and we found that S11 acts as a bifunctional ligand, with a DOR-MOR &/p
ratio = 39 in a functional assay (Table 2). It displayed extremely high MOR potency (ECsy = 0.04 nM)
compared to morphine (EC5p = 4.7 nM), DOR potency (EC5p = 1.54 nM), and also k-opioid receptor
(KOR) activity (ECsp = 23 nM). This interesting pharmacology prompted our use of S11 as a template for
modifying its activity with the addition of different substituents on the nitrogen atom. We hypothesized
that relatively small changes in, for example, the N-phenethyl group, hereafter referred to as the
“tail” of the molecule, e.g., by adding substituents in various positions on the aromatic ring (Table 1),
might modify the ligand’s activity and, perhaps, enhance its therapeutic potential. This “tail wags
dog” experiment can be considered a subset of the message-address concept [10] as applied to opioids,
where the “address” can be considered the bulk of the hydromorphone molecule and the “message”
delivered by the substituent on the aromatic ring of the N-phenethyl moiety. We needed to modulate
(decrease) the agonist potency of the S11 compound at MOR and KOR without disturbing its DOR
activity. Since we were unaware of a theoretical model that could predict which substituent would
be able to tweak the molecule in that way, we decided to begin our exploration with the design and
synthesis and evaluation of compounds with varied substituents on the nitrogen atom and on the
aromatic ring of the phenethyl moiety, followed by rationalization of their activity using molecular
modeling and dynamics simulations.

A bifunctional compound that acted as a MOR agonist and DOR antagonist would be of the
greatest interest, since that combination of receptor interactions is believed to produce antinociceptive
activity with fewer of the unfortunate side-effects of opioids [11-13]. The receptor interaction induced
by ligands with MOR agonist and DOR agonist activity would also be of interest because that type of
combination of MOR and DOR occupancy has also been noted to produce fewer of the undesirable
side-effects caused by MOR agonist opioids [14-16]. For example, Su et al., have found that one of
the DOR functions was to modulate or counteract the respiratory depression caused by the MOR
and, most importantly, further noted that both DOR agonists and DOR antagonists acted similarly
in counteracting respiratory depression [17]. It has been found that deaths due to opioid overdose
are directly related to an opioid’s effect on respiratory depression [18]. It is theoretically possible that
a potent agonist with the “correct” §/u potency ratio would have diminished effects on respiration
or not depress respiration at all. The question of what that “correct” §/u ratio might be has not as
yet been answered. Our previous attempts to determine this in the 5-phenylmorphan series failed
due to their lack of potency [19,20]. There have been many reports of lessened side-effects induced
by bifunctional ligands, mostly reduced gastrointestinal effects, a few equivocal results on reduced
tolerance and dependence, and other reports have indicated reduced respiratory depression [21-27].

,

2. Results and Discussion

2.1. Chemistry

To prepare the necessary quantity of N-norhydromophone base (510 in Scheme S1, see Supplementary
Material) we used a previously reported efficient process (hydromorphone synthesis, Scheme S1) for the
conversion of (—)-tetrahydrothebaine (S1) to dihydromorphine (S3) [28]. We found that using the HCI
salt of compound S3 as the reactant instead of the hydrate (product of the basic hydrolysis of S2) could
dramatically increase the yield of the oxidation [29], achieving hydromorphone hydrochloride (S4) in
90% yield. Transformation of hydromorphone S4 into one of our key intermediates, S7, was performed

23



Molecules 2020, 25, 2640

in four steps [30]. Optically pure (—)-N-substituted hydromorphone analogs with different substituents
on the N-phenethyl moiety were obtained by N-alkylation of the secondary amine S10 (Scheme 2).

HO

R4Br, NaHCOg4

NH DMF, 50-90 °C
10-70%

WO

N-Norhydromorphone lad

R,PhCH,CH,Br,
NaHCO3;
DMF, 50-90 °C
10-70%
2ak
R4 R,
Group 1 Group 2 Group 3 Group 4
2a: 4-NO, 2¢: 4-Me 2e: 4-F
la: ~ScN 2b: 3NO, 2d: 4-OMe  2f 3-F
1b: ~ >""CN 2g: 2-F
= 2h: 4-CF3
le: ~ F""Ph 2i 4-Cl
. 23 4-Br
1d: /\E%;> 2k: 2,6-Cl
S5: Hydromorphone
S11: N-Phenethylnorhydromorphone

Scheme 2. Synthesis of N-substituted hydromorphones.
2.2. In Vitro Studies

We prepared four groups of compounds (Scheme 2); two cyano analogs (1a, 1b) and two aromatic
ring compounds without substituents (1c, 1d) in group 1, two N-nitrophenethyl compounds (2a, 2b) in
group 2, N-p-methylphenethyl and p-methoxyphenethyl compounds (2¢, 2d) in group 3, and three
fluorophenethyl-substituted compounds (2e, 2f, 2g), a p-trifluoromethylphenethyl (2h), and a
p-chlorophenethyl (2i) compound in group 4. Opioid receptor binding data (Ki, nM) and stimulation of
([*°SIGTPYS) binding were obtained for all of these compounds (Table 1). Two additional compounds
were added to group 4 in Table 2 (forskolin-induced cAMP accumulation assay), a 4-bromo (2j) and
a 2,6-dichlorophenethyl compound (2k), and two additional compounds were added to group 1,
hydromorphone (S5) and N-phenethylnorhydromorphone (S11). These four compounds were only
examined using the forskolin-induced cAMP accumulation assay. The ability of all of the compounds
to recruit 3-arrestin was also determined (Table 2).

Opioid receptor binding data (Ki, nM) and stimulation of ([**S]GTPyS) binding were obtained
for all of these compounds (Table 1). Two additional compounds were added to group 4 in Table 2
(forskolin-induced cAMP accumulation assay), a 4-bromo (2j) and a 2,6-dichlorophenethyl compound (2k),
and two additional compounds were added to group 1, hydromorphone (S5) and N-phenethylnor
hydromorphone (S11). These four compounds were only examined using the forskolin-induced cAMP
accumulation assay. The ability of all of the compounds to recruit -arrestin was also determined
(Table 2).
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2.2.1. Opioid Receptor Binding, Ligand Efficacy and Potency ([®*S]GTPYS Binding Assays)

The MOR binding affinity, in the receptor binding assay, of N-cyanomethyl (1a) and N-cyanopropyl
compounds (1b) in group 1 (Table 1), both without an aromatic ring on the nitrogen atom,
were comparable to the affinity of morphine (Ki = 4.51 and 4.25 vs 3.26 for morphine). However, 1a had
only partial MOR agonist activity (47% stimulation) and very low potency (ECsy = 425 nM) in the
[35S]GTPyS assay (Table 1), and 1b, in contrast, was a MOR antagonist in that assay (antagonist activity
was assumed given the high MOR binding affinity, and lack of [®*S]JGTPyS stimulation at MOR). All of
the compounds in group 1 (Table 1) that were assessed at DOR had relatively low receptor binding
affinity (Ki > 70 nM). At KOR, 1a had a Ki of about 90 nM, whereas 1b had a higher binding affinity at
KOR than MOR, a > 30-fold increase in KOR agonist affinity due to the extension of the carbon chain
from N-cyanomethyl to N-cyanopropyl. Compounds in group 1 with an extended and rotationally
restricted N-substituent (compound 1c) or a bulky N-substituent (compound 1d) showed little binding
affinity or potency at any opioid receptor. Compounds were considered inactive and were not tested
(NT) in functional assays when they were found to displace <50% of the radioligand at a 100 nM
concentration in an exploratory binding assay (not described in the Material and Methods Section).

The m-(2b) and p-N-nitrophenethylnorhydromorphone (2a) in group 2 in Table 1 showed a
>10-fold difference in MOR binding affinity in the receptor binding assay and a remarkable change
from potent MOR agonist 2a to MOR antagonist 2b (Table 1) was observed in the [®S]GTPyS assay,
apparently induced by the change in the position of the aromatic ring’s substituent. This bolstered our
hypothesis that we could influence and considerably alter activity by substitution on the phenyl ring.

The group 3 alkyl and alkoxy compounds had very high MOR affinity (Ki < 1 nM) and high
DOR affinity (Ki = 5-6 nM) in the receptor binding assay, and while 2c¢ was a potent partial MOR
agonist in the [?°SIGTPyS assay, the methoxy compound 2d appeared to be a MOR antagonist in
that assay. Both of these compounds had ECsp < 35 nM at DOR with 2¢ acting as a full agonist
(95% stimulation) and 2d a partial agonist (49% stimulation). Compound 2d was also a potent KOR
agonist (EC50 = 5.9 nM), although it was not efficacious at KOR (21.8% stimulation).

The halides in group 4 (Table 1) harbored the most interesting compound 2i, from the perspective
of having a desirable 5/u potency ratio. All of the halides had high affinity at MOR and DOR (Ki ranged
from 0.3 to 2.7 nM at MOR and 4 to 16 nM at DOR), and less affinity at KOR (Ki > 20 nM), in the
receptor binding assays. Additionally, all group 4 compounds had nanomolar MOR potency in the
[3S]GTPYS assay (EC50 = 2.0-3.4 nM) and all except 2i and 2h had lower DOR agonist potency
(EC50 > 50 nM). The trifluoromethyl compound 2h had moderate DOR potency (ECsy = 36 nM),
whereas 2i had nanomolar potency at DOR (EC50 = 2.4 nM), with a 5/ potency ratio of 1.2.

2.2.2. Ligand Potency and Efficacy Using the Forskolin-induced cAMP Accumulation Assay

As seen in the forskolin-induced cAMP accumulation assay (group 1, Table 2), 1ahad morphine-like
potency, as it did in the [?*S]JGTPyS assay. In contrast, compounds 1a, 1c and 1d had relatively low
potency for DOR or KOR cAMP stimulation.

Again, as in the [°S]JGTPyS assay, 1c with restricted rotation and 1d with a bulky side-chain were
less potent than the cyanomethyl compound 1a. The standard compounds for comparison purposes,
S5 and S11, hydromophone and N-phenethylnorhydromorphone in group 1, were relatively potent
at MOR (ECsp = 1.67 and 0.04 nM, respectively) and S11 was potent at DOR (ECsp = 1.54 nM) and
somewhat less potent at KOR (ECs5y = 22.7 nM). The parent compound hydromorphone (S5) was
essentially inactive at DOR and KOR (EC5p > 130 nM). The N-phenethylnorhydromorphone (S11),
had an ECsy &/ ratio = 38.5, and that was possibly too high for the mitigation of side-effects that might
be provided by interaction with DOR.

The bias factor of all of the tested compounds ranged between ca. 0.4 and 3.5 (Table 2). Examination
of the MOR -arrestin recruitment for S11 and 2i indicated that they both had a lower bias factor than
morphine (indicating their greater ability to recruit 3-arrestin). All of these G-protein biased ligands
recruit 3-arrestin almost as well, or better than morphine. If recruitment of 3-arrestin correlated with
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the side-effects of these compounds, they should all cause, for example, respiratory depression, as well
as other side-effects caused by interaction with MOR. As noted previously, however, the ability of
MOR ligands to recruit 3-arrestin may not have any bearing on whether they will or will not display
opioid-like side-effects [4].

The MOR antagonist profile of 2a in group 2 (Table 1), the p-nitro compound, that was seen in
the [*°S]GTPyS assay was not observed in the forskolin-induced cAMP accumulation assay (Table 2).
In the cAMP assay, both 2a and 2b had MOR agonist activity (ECsp = 0.05 and 5.2 nM, respectively);
a >100-fold potency change due to a positional shift of an aromatic substituent.

In group 3 in Table 2, the alkyl and alkoxy compounds, 2¢c and 2d, were found to have relatively
high potency (ECsy = 0.08 and 0.13 nM, respectively) at MOR and at DOR (EC5p = 1.0 and 2.7 nM,
respectively. They were also KOR agonists (ECsy = 8.7 and 7.4 nM, respectively). In the cAMP assay
(Table 2), 2d was not found to have MOR antagonist activity.

In group 4 (Table 2), the most interesting compound was again found to be 2i. It had extremely
high agonist potency at MOR and DOR (ECs = 0.05 and 0.53 nM, respectively), and was efficacious at
both receptors. It was much less potent at KOR (EC5g = 55 nM). The o-fluoro compound 2g was notable
for its relatively high MOR agonist potency (0.01 nM), with full (101%) efficacy. The p-bromo compound
2j also appeared to be of interest in that its EC5( &/t ratio = 6.5 was less than the ratio found for 2i in the
cAMP assay (8/u ratio = 10 for 2i). Compound 2j was also potent at both MOR and DOR in the cAMP
assay (ECsp < 1 nM), but it had moderate agonist potency at KOR (20 nM). Although KOR agonists
have therapeutic potential, they also have undesirable CNS-mediated side-effects (e.g., dysphoria,
hallucinations) [32].

We hypothesized that a compound with a /it potency ratio of less than 7 in the [®°SJGTPyS assay
would be desirable if the compound were to display other than the full array of undesirable effects that
clinically used analgesics manifest. Recent work on bifunctional compounds explored compounds
with §/p potency ratios of 5 to 7 in [*>S]GTPyS assay assays, and found that those compounds had a
less disruptive effect on locomotor activity than morphine or oxymorphone [33].

2.2.3. Molecular Modeling and Simulations.

Specifically placed moieties at the tail end of the N-phenethyl substituent changed the compound
from a MOR partial agonist in the [®*S]GTPyS assay (e.g., N-p-nitrophenethyl-norhydromorphone,
2a) to a MOR antagonist (e.g., N-m-nitrophenethylnorhydromorphone, 2b). In the forskolin-induced
cAMP accumulation assay, that same positional shift of the substituent in the aromatic ring in 2a to 2b
caused a >100 fold change in potency. We used quantum chemical calculations and molecular dynamics
simulations to determine if a moiety in precise positions on the aromatic ring in the N-phenethyl
moiety of norhydromorphone would display sufficient differences in their interaction with MOR to
induce the change in activity and/or potency. More generally, our simulations allowed us to identify
the critical residues interacting with the body (Figure 1) and the tail (Figure 2) of the ligands that are
responsible for the differences in receptor properties. Together, the experimental and simulation data
led us to propose a set of general rules for the N-phenethyl-substitutions to impart specific behaviors,
such as partial or full agonist or possible antagonist activities, which may help design compound with
novel properties (see details in the Supplementary Materials).

Body-Opioid Receptor (OR) interactions

All the compounds considered in our simulations have similar body-OR interaction patterns
regardless of the substituents on the N-phenethyl ring; the interactions are consistent with those
reported recently for a series of phenethyl oxymorphone compound bound to the active MOR [33].
These are shown in Figure 1 for both the MOR and the DOR, and involve polar/charged residues
in transmembrane helix (TMH) 3, 5 and 6, and hydrophobic residues in TMH 5, 6, and 7. A contact
is deemed significant if it persists for at least 50% of the time (see example in Table S2), although
not necessarily all the interactions are seen at a given time. Different substituents, however, lead to
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different statistics of the individual interactions due to modest repositioning of the ligands resulting
from different tail-OR interactions. All the residues in direct contact with the body are conserved in
both receptors. Three additional, non-conserved residues, each belonging to TMH 5, 6, and 7 interact
indirectly with -O- and -OH groups of the body via short water chains. Thus, suitable substitutions
that engage these residues more directly (e.g., polar or H-bond interactions) may help modulate the
MOR and DOR activity, potency and affinities independently.

Body-OR interactions
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Figure 1. Conserved polar/charged residues (in red; numbering as in MOR) that interacted with the -O
and -OH groups of the N-phenethylnorhydromorphone body through H-bonds; the body was also
stabilized by close packing with four conserved nonpolar residues (blue) through hydrophobic forces.
Although not in direct interactions, a few non-conserved residues (green) were seen to interact with the
ligands indirectly through short water chains. These residues may thus be important to modulate the
behavior of MOR and DOR independently, which may be accomplished through specific substituents
that can engage them more directly. Frequencies of contacts were deemed statistically relevant if
they were observed at least 25% of the time, except for the critical -NH—D147 distance (MOR) and
-NH—D128 distance (DOR) that was required to persist for at least 75% of the time for the conformer to
be considered (see details of the analysis in Table S2).

Tail-OR interactions

Because the tail is located deep inside the pocket, relatively small changes in the N-phenylethyl
ring via substitutions perturb residues located in different regions of the ORs and engage different
TMHs (Figure S1). The constrained environment of the tail suggests that these interactions can induce
major changes in the OR structure and/or dynamics, as confirmed by preliminary data from principal
component analysis (to be published). Unlike the relatively rigid ligand body, the tail has several
energetically similar conformers (Figure 52). Some of these conformers can be ruled out based on
unfavorable steric interactions (cf. Computational Section 5). However, the simulations show that
all of the conformers selected by the pocket can be stabilized because each substituent can always
find favorable interactions through polar/nonpolar or H-bond interactions. It is noted that none of
these conformers lose the critical polar/H-bond interaction between the protonated nitrogen of the
ligands and the carboxylate of the anchoring aspartic acid D147 (MOR) or D128 (DOR) (cf. Table S2).
The multiplicity of binding modes may explain, in part, the tendency of most ligands in the Table 1
series to display partial agonist activity, i.e., with some modes leading to agonist and others to
antagonist activity. This scenario may coexist with the more traditional view of partial activity as
the result of multiple substates of the receptor stabilized by a single conformer (not observed in the
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simulations). We carried out a comparative analysis of the experimental observations summarized
in Table S1. Here we focused on the results pertaining to the effects of F and Cl substitution at the
p-position of the N-phenethyl moiety on both receptors (Figure 2A, additional details in SI). The p-F
(2e) was found to be a potent partial MOR agonist and weak partial DOR agonist, whereas p-Cl (2i),
although still a potent partial MOR agonist, becomes a potent full DOR agonist, an unexpected result
with therapeutic potential.

Tail-OR interactions
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Figure 2. Critical tail-OR interactions of p-F (2e) and -Cl (2i) substituents. (A) p-F (weak partial DOR
agonist) vs. p-Cl (potent full DOR agonist); only one of the two conformers of each ligands are
shown (see text); (B) p-Cl (potent partial MOR agonists); the two conformers shown. The red lines
represent frequent, statistically significant interactions that were obtained from the dynamic simulations.
Sequence numbering as in the corresponding ORs.

One of the conformers of 2e and of 2i showed the same pattern of interactions with the DOR,
engaging both TMH 6 (W274) and 7 (N310, S311, N314); this conformer (not shown) was expected to
elicit the same dynamic behavior of the receptor and was unlikely to be responsible for the observed
partial vs. full agonist activities. The second conformer did show qualitative differences (Figure S2A);
when compared to 2e, 2i partially disengaged TMH 7 and engaged TMH 3. On the one hand, Cl is
larger than F, resulting in higher polarizability together with a longer C-Cl bond distance, and is less
electronegative, resulting in a less negative partial charge and weaker electric field at the atom surface.
These differences appeared to be enough for 2i to interact more favorably with both S135 and S311,
which were in opposite sides across the pocket; 2e instead interacted more closely with the polar
groups of adjacent N310 and N314 on the same TMH 7. In both cases, the ligands interacted with TMH
6, showing persistent interactions with the -NH group of W274 and with the H atoms on the F270
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ring via weak polar interactions. Although halogen-bonding interactions were not included in the
forcefield [34,35], it could be predicted that the incipient o-hole and equatorial negative charge of the
Cl atom (Figure S2) would further stabilize this pattern of interactions. There may be other qualitative
differences between 2e and 2i if the latter interacts with the aromatic ring via C-Cl/7t interactions [36];
in this case, the side-chain may adopt a different conformation and affect the dynamics of TMH 6.
Despite the differences in the pattern of interactions, the type and frequency of polar and non-polar
contacts were fundamentally the same in both ligands, which may explain their similar Ki values.
When all the interactions were considered, only two residues of DOR show unique interactions with
these ligands: N314 (only with 2e) and S135 (only with 2i). Therefore, substituents that interacted with
5135 (or engaged TMH 3 near this residue) and interacted less strongly with N314 (or disengaged
TMH 7) may confer potent full DOR agonism. The difference in atomic size, polarizability, and
electronegativity, as well as the putative C-Cl/m interactions, appear to play a role in the difference
between 2e and 2i. Accordingly, it would be of interest to see the effects of p-Br and p-I on DOR
behavior. In MOR, the patterns of interactions of 2i were similar to those in DOR (Figure 2B): one
conformer interacted with TMH 6 and 7 and the other with TMH 3 and 7. This may be enough to impart
potent agonism, as in the DOR, but only partial agonist activity in MOR. When all the interactions
were considered, F289 is the only residue that was unique in the interaction patterns of 2i with the
receptors. The present investigation indicated that changing the balance of interactions of the phenethyl
ring with 5154, N332, and F289 by a suitable substituent may help design potent, full DOR agonists.

The constrained environment of the tail substituent on the aromatic ring of the N-phenethyl
moiety located deep inside the receptor pocket suggested that these interactions can induce major
changes in the OR structure or dynamics. The consequences of such effects were already observed in
a previous study where a p-NO; substitution in the ring elicited significant changes in OR activity
and efficacy [8]; computational studies of other GPCRs have also shown the importance of the lower
strata of the binding pocket to affect function [37]. Thus, moieties in specific positions on the phenyl
ring in N-phenethylnorhydromorphone might convert a potent MOR agonist to MOR antagonist or
significantly change its potency. This was shown using in vitro assays with the nitro substituent on the
phenyl ring (in 2a and 2b, Table 1). Depending on the position of the nitro substituent in the phenyl
ring, one of the compounds (with a p-nitro substituent, 2a) was a potent low efficacy MOR agonist
with subnanomolar affinity and the other (with a m-nitro substituent, 2b) was a high-affinity MOR
antagonist in the [3°SJGTPyS assay (Table 1), a minor positional change inducing a significant change
in activity. In the forskolin-induced cAMP accumulation assay, a major difference in potency was
observed with these compounds.

2.3. In Vivo Data

2.3.1. Respiratory Depression Assays in Mice

The p-chlorophenyl compound 2i was among the most interesting of the compounds in that it
exhibited high MOR and DOR affinity and potency and was a potent efficacious DOR agonist and a
partial MOR agonist in the [®°S]GTPyS assay (Table 1). It was an exceptionally potent MOR agonist in
the forskolin-induced cAMP accumulation assay (Table 2). Few compounds have been noted in the
literature that combine potent MOR partial agonist and potent DOR full agonist activity in a 5/ ratio
of about 7 in opioid receptor binding studies and in a /1 ratio of about 1 from potency studies in the
[P3SIGTPyS assay (Table 1). We thought that it would be of interest to further examine that compound
in vivo.

In mice, 2i did not depress respiration rate in the presence of normal air. Figure 3A shows time
courses of saline, morphine (10 mg/kg), and different doses of 2i on respiration rate. Figure 3B shows
the calculated area under the curve (AUCs) from 6 min to 45 min post injection. As seen in Figure 3B,
10 mg/kg morphine significantly reduced (p < 0.0001) respiration rate compared to saline (One-way
ANOVA revealed a significant effect for treatment F(5,38) = 18.34, p < 0.0001).
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Figure 3. Effects of morphine and 2i on respiratory rate in mice. After acclimation in observation
boxes, mice were injected with either saline, morphine 10 mg/kg, or 2i and connected to a throat
sensor. Five min later, the recording was started and respiratory rate was measured from 6 min to
45 min post-injection (A). Area under the curve (AUC) was calculated from 6 min to 45 min. Morphine
significantly reduced respiratory rate compared to saline (B). Data are expressed as mean + standard
error of the mean (SEM.) (n = 6-8) (**** p < 0.0001). One-way ANOVA followed by Dunnett’s multiple
comparison test.

The doses chosen were based on the squirrel monkey tail withdrawal latency assay and the
highest dose (0.1 mg/kg) was about 5 or 6 times higher than the EDs5 values at 50 and 52 °C from
the tail withdrawal latency assay (the usual dose studied to observe side-effects is about 4x the
ED50). Compound 2i (0.01-0.1 mg/kg) had no effect on respiration rate in this assay in mice although
morphine, as expected, significantly decreased respiratory rate. Results for oxygen saturation (SpO,)
indicated that neither morphine nor 2i had any effect on SpO,, from 6 min to 45 min post-injection
(data not shown).
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2.3.2. Antinociceptive Studies and Respiratory Depression Studies in Squirrel Monkeys

Further studies evaluated the effects of 2i and, for comparison, morphine, in assays of antinociception
and respiratory depression in nonhuman primates. In a squirrel monkey tail withdrawal latency assay,
the p-chlorophenethyl compound 2i exhibited the observed partial MOR agonist in vitro characteristics
(in the [3°S]GTPYyS assay) by having a full effect at moderate (50 °C) and hot (52 °C) but not at very
hot (55 °C) water temperatures. In comparison, morphine elicited full antinociceptive effects at all
three water temperatures. The compound 2i, like morphine, also produced dose-related behavioral
impairment, evident as decreases in operant performance and, consequently, the number of reinforcers
obtained during an operant task interspersed between tail-withdrawal tests. The doses of 2i that
produced behavioral impairment were similar to those that produce antinociception in 50 °C and 52 °C
water (Figure 4).
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Figure 4. Effects of 2i on tail withdrawal latency from different temperatures of water (filled symbols)
and operant behavior disruption (open symbols) in squirrel monkeys (1 = 4). Data are expressed as
mean + SEM (n = 4).

The EDs( doses for producing antinociception at 50 °C or 52 °C were, respectively, 0.010 and
0.015 mg/kg, and the ED50 dose for reducing the number of reinforcers earned (behavioral impairment),
was 0.022 mg/kg, resulting in ED5 ratios (behavioral impairment/antinociception) that were about 2 or
less. Ratio values greater than 1 imply some behavioral selectivity in observed effects although, as can
be seen in Table 3, morphine had an even greater behavioral impairment/antinociception potency ratio
than did 2i. Further studies evaluated whether 2i differed from morphine in its capacity to produce
respiratory depression in squirrel monkeys.

The results from a respiratory depression assay in squirrel monkeys correlated somewhat with data
obtained using mice. As shown in Figure 5 during exposure to air alone, neither 2i (0.003-0.1 mg/kg)
nor morphine (0.03-3.0 mg/kg) had effects on respiratory rate or overall ventilation (minute volume)
in squirrel monkeys, whereas in mice morphine (10 mg/kg), but not 2i (0.01-0.1 mg/kg), depressed
ventilation. In contrast, during exposure to 5% CO, mixed in air (hypercapnia), both 2i and morphine
significantly decreased ventilation in squirrel monkeys, resulting from respiratory depressant effects
(Figure 5).
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Table 3. ED50 values and ratios of ED50 values for effects measured in squirrel monkeys.

Behavioral Measures 2i Morphine

EDs (mg/kg)
Antinociception (52 °C) @ 0.015 0.14
Behavioral Disruption 0.022 1.30
Respiratory Depression © 0.057 1.06

Potency Ratios
Behavioral Disruption: Antinociception 1.5 9.0
Respiratory Depression: Antinociception 3.9 7.3
Respiratory Depression: Behavioral Disruption 2.6 0.8

@ Dose required to increase tail withdrawal latency to 5 s; b dose required to reduce the number of reinforcements
earned to 5 per cycle; © dose required to decrease minute volume in 5% CO, to 50% of the baseline value.

= 1250 — 1250
E ® £
] [
E 5
3 * 3
@ 750 > 750
E * 5
£ £
= =

O o) *
250 O\O\Q—O 250
90 %

Frequency (breaths/min)

Frequecny (breaths/min)

60_ 60_
30 30+
_|_| :I T T T _|_' k T T T
S 0.0032 0.01 0.032 0.1 S 0.3 1 3
Compound 2i (mg/kg) Morphine (mg/kg)

Figure 5. Effects in squirrel monkeys of 2i and morphine on respiratory rate (bottom panels) or on
minute volume (top panels) in the presence of normal air (open symbols) or air mixed with 5% CO,
(filled symbols). 2i and morphine significantly reduced minute volume in 5% CO, without significantly
altering respiratory rate. Data are expressed as mean + SEM. (1 = 4); (*) indicates the difference from
saline (p < 0.01; one-way ANOVA followed by Dunnett’s multiple comparison test.

The EDs5 values for producing antinociception in 52 °C water, decreasing the number of reinforcers
earned in an operant behavioral task, and decreasing ventilation in 5% CO,, as well as calculated
potency ratios across the procedures, are summarized in Table 3. Here, a complicated picture emerges
in which morphine has a larger, and hence more favorable, potency ratio for antinociceptive and
behaviorally disruptive effect than does 2i, whereas 2i has a higher ratio for behaviorally disruptive
and respiratory depressant effects. Indeed, the potency ratio for morphine for behavioral disruption
and respiratory depression was < 1, indicating that breathing was decreased at similar doses to those
that decreased behavior, whereas 2-fold higher doses of 2i were needed to decrease CO,-stimulated
breathing (Figure 5).

The EDs5 values for producing antinociception in 52 °C water, decreasing the number of reinforcers
earned in an operant behavioral task, and decreasing ventilation in 5% CO,, as well as calculated potency
ratios across the procedures, are summarized in Table 3. Here, a complicated picture emerges in which
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morphine has a larger, and hence more favorable, potency ratio for antinociceptive and behaviorally
disruptive effect than does 2i, whereas 2i has a higher ratio for behaviorally disruptive and respiratory
depressant effects. Indeed, the potency ratio for morphine for behavioral disruption and respiratory
depression was <1, indicating that breathing was decreased at similar doses to those that decreased
behavior, whereas 2-fold higher doses of 2i were needed to decrease CO,-stimulated breathing.

3. Material and Methods

3.1. General Information

Melting points were determined on a B-545 instrument (Biichi, Labortechnik AG, Flawii,
Switzerland) and are uncorrected. Proton and carbon nuclear magnetic resonance (‘H and '*C-NMR)
spectra were recorded on a Gemini-400 spectrometer (Varian, Palo Alto, CA, USA) with the values given
in ppm (TMS as internal standard) and ] (Hz) assignments of 'H resonance coupling. Mass spectra
(HRMS) were recorded on a VG 7070E spectrometer (VG Analytical Ltd., Altrincham, Cheshire,
England, UK) or a SX102a mass spectrometer (JEOL, Tokyo, Japan) 41 polarimeter (PerkinElmer,
Shelton, CT, USA) at room temperature. Gas chromatography (GC) was performed on a 6850 GC
system (Agilent Technologies, Santa Clara, CA, USA) equipped with a VL MSD detector. Thin layer
chromatography (TLC) analyses were carried out on prepackaged plates using various gradients of
CHCl3/MeOH containing 1% of 28% NH4OH (CMA) or gradients of EtOAc:n-hexane. Visualization
was accomplished under UV light or by staining in an iodine chamber. Flash column chromatography
was performed using RediSep Rf normal phase silica gel cartridges. Atlantic Microlabs, Inc. (Norcross,
GA, USA) or Micro-Analysis, Inc. (Wilmington, DE, USA) performed elemental analyses, and the
results were within + 0.4% of the theoretical values. All spectra were obtained on the free base.

3.2. Synthesis. General Procedure for Formation of Tertiary Amines.

(7aR,12bS)-3-(4-Chlorophenethyl)-9-hydroxy-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofurol 3,2-e]-
isoquinolin-7(7aH)-one (2i): To a stirred solution of N-norhydromorphone (S10 in the Supplementary
Materials, 0.406 g, 1.5 mmol) in DMF (10 mL) were added NaHCOj3; (0.504 g, 6 mmol) and
1-(2-bromoethyl)-4-chlorobenzene (0.480 mL, 3.3 mmol). The mixture was heated at 90 °C overnight,
cooled to room temperature, filtered through Celite, and concentrated in vacuo. Water (10 mL) was
added and the mixture extracted with CHCl3 (3 X 20 mL). The combined organics were washed with
H,0O (5 x 20 mL), dried over NapSOy, filtered through Celite, and concentrated in vacuo to afford
2i free base as a crude colorless oil. Purification of this oil by SiO, column chromatography with
10% NH4OH in MeOH/CHCI; (gradient, 0 — 4% of 10% NH4OH) afforded 2i (0.420 g, 70%) as a
colorless oil. "H-NMR (DMSO-dg): & 9.09 (s, 1H), 7.30 (d, ] = 8.4 Hz, 2H), 7.26 (d, ] = 8.4 Hz, 2H), 6.51
(d,] = 8.0 Hz, 1H), 6.46 (d, ] = 7.6 Hz, 1H), 4.78 (s, 1H), 3.17 (s, 1H), 2.79 (d, ] = 18.4 Hz, 1H), 2.71-2.56
(m, 5H), 2.52 (dd, ] = 14.4 Hz, 4.8 Hz, 1H), 2.48-2.40 (m, 1H), 2.23 (dd, ] = 18.2 Hz, 5.4 Hz, 1H), 2.11
(d, ] = 13.6 Hz, 1H), 2.04-1.93 (m, 2H), 1.76-1.71 (m, 1H), 1.47 (d, ] = 10.0 Hz, 1H), 1.01-0.91 (m, 1H);
IBC-NMR (DMSO-dg): & 209.2, 144.3, 140.1, 139.6, 131.0, 130.8, 128.5, 127.9, 124.9, 119.6, 117.3, 90.7, 57.3,
56.4,47.1,44.8,41.8, 40.1, 35.3, 33.4, 25.5, 21.2; HRMS (TOF MS ES*) caled for CoyHosCINO3 (M + HY)
410.1523, found 410.1527. 2i HCl: An HCl salt was prepared by dissolving 2i free base in hot i-PrOH
(5.0 mL) followed by the addition of 37% HCI (0.10 mL, 3 equiv). It was concentrated in vacuo to afford
the salt. Anal. Calcd for C24H24C1NO305H2005C3H80 (21 HC105H2005C3H80) C, 6329, H, 611,
N, 2.77; found: C, 63.09; H, 6.23; N, 2.89%. [oc}zDO —138.5 (¢ 0.65, MeOH, HCI-0.5H,0-0.5i-PrOH).

2-((7aR,12bS)-9-Hydroxy-7-ox0-1,2,4,4a,5,6,7,7a-octahydro-3H-4,12-methanobenzofuro[ 3,2-eJisoquinolin-
3-yl)acetonitrile (1a): The general procedure with 10 (0.406 g, 1.5 mmol), 2-bromoacetonitrile (0.230 mL,
3.3 mmol), NaHCO3 (0.504 g, 6 mmol), and DMF (10 mL) at room temperature. Purification by column
chromatography afforded 1a free base (0.250 g, 50%) as a white solid. 'H-NMR (CD;0D): 6 6.61 (d,
] = 8.0 Hz, 1H), 6.56 (d, ] = 8.4 Hz, 1H), 4.76 (s, 1H), 3.74 (d, ] = 17.2 Hz, 1H), 3.63 (d, ] = 17.2 Hz, 1H),
3.36 (dd, ] =5.2Hz, 2.8 Hz, 1H), 2.99 (d, ] = 18.4 Hz, 1H), 2.69 (dd, ] = 11.6 Hz, 3.6 Hz, 1H), 2.62 (dt,
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J=12.6 Hz, 3.4 Hz, 1H), 2.53 (td, ] = 14.0 Hz, 4.4 Hz, 1H), 2.46-2.35 (m, 2H), 2.28 (dt, ] = 14.0 Hz, 3.0 Hz,
1H), 2.13 (td, ] = 12.4 Hz, 4.8 Hz, 1H), 1.89-1.83 (m, 1H), 1.72 (ddd, ] = 12.4 Hz, 3.2 Hz, 1.6 Hz, 1H),
1.14 (ddd, J = 27.2 Hz, 13.2 Hz, 2.8 Hz, 1H); 3C-NMR (CD;0D): § 210.0, 144.1, 139.4, 126.7, 124.4,
119.7,117.4,117.0,90.9, 58.3, 46.7, 44.4, 42.2, 41.8, 39.2, 34.5, 25.1, 21.1; HRMS (TOF MS ES*) calcd for
C18H19N203 [M + H]+ 311.1396, found 311.1397. Anal. Calcd for C18H18N203'0.1CHC13'0.25H20
(1a-:0.1CHCl3-0.25H,0): C, 66.48; H, 5.42; N, 8.46; found: C, 66.52; H, 5.74; N, 8.57%. [oc]gJ -190.5
(c 0.43, CHCl3/MeOH (20/1)).
2-((7aR,12bS)-9-Hydroxy-7-ox0-1,2,4,4a,5,6,7,7a-octahydro-3H-4,12-methanobenzofuro[ 3,2-eJisoquinolin-
3-yl)butanenitrile (1b): The general procedure with S10 (0.406 g, 1.5 mmol), 4-bromobutanenitrile
(0.344 mL, 3.3 mmol), NaHCO;3 (0.504 g, 6 mmol), and DMF (10 mL). Purification by column
chromatography afforded 1b free base (0.350 g, 70%) as a colorless oil. 'H-NMR (CD30D): § 6.59
(d, ] =8.0Hz, 1H), 6.54 (d, ] = 8.4 Hz, 1H), 4.74 (s, 1H), 3.22 (dd, ] = 5.6 Hz, 2.8 Hz, 1H), 2.91 (d,
J = 18.4 Hz, 1H), 2.72-2.48 (m, 7H), 2.37 (dd, ] = 18.4 Hz, 5.6 Hz, 1H), 2.28 (dt, ] = 13.6 Hz, 3.2 Hz,
1H), 2.19 (td, ] = 12.0 Hz, 3.2 Hz, 1H), 2.09 (td, ] = 12.0 Hz, 4.4 Hz, 1H), 1.88-1.77 (m, 3H), 1.66 (ddd,
J =12.4 Hz, 3.0 Hz, 1.8 Hz, 1H), 1.14 (ddd, ] = 27.4 Hz, 13.0 Hz, 2.8 Hz, 1H); 3C-NMR (CD30D) 6 210.4,
144.1,139.1,127.1, 125.0, 119.9, 119.6, 117.3,91.0, 57.7, 52.8, 47.3, 44.5, 41.7, 39.4, 34.8, 25.3,22.9, 20.8,
13.8; HRMS (TOF MS ES*) calcd for CooHp3N,O3 [M + H]*™ 339.1709, found 339.1711. An HCl salt was
prepared by dissolving 1b free base in hot i-PrOH (5.0 mL) followed by the addition of concentrated
aq HCl1 (0.10 mL, 3 equiv) and cooling to 5 °C. The crystals were filtered and air-dried to give 1b as
its HCl salt. Anal. Calcd for CyoHyN,O3-HCl-1.5H,0-0.25C3HgO (1b-HCI-1.5H,0-0.25C3HsO): C,
59.65; H, 6.74; N, 6.49; found: C, 59.78; H, 6.77; N, 6.72%. [(x]g) —188.3 (c 0.6, CHCl3/MeOH (1/10),
HCI-1.5H,0-0.25C3HgO salt).
(7aR,12bS)-3-Cinnamyl-9-hydroxy-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofurol 3,2-elisoquinolin-
7(7aH)-one (1c) Thkye general procedure with S10 (0.406 g, 1.5 mmol), (E)-(3-bromoprop-1-en-1-yl)
benzene (0.650 mg, 3.3 mmol), NaHCOj3 (0.504 g, 6 mmol), and DMF (10 mL). Purification by column
chromatography and crystallization from MeOH afforded 1c free base (0.180 g, 31%) as a white solid.
TH-NMR (DMSO-dg) 6. 9.10 (s, 1H), 7.41 (d, ] = 7.6 Hz, 2H), 7.29 (t, | = 7.4 Hz, 2H), 7.20 (t, ] = 7.4 Hz,
1H), 6.57-6.49 (m, 3H), 6.26 (dt, | = 15.6 Hz, 6.4 Hz, 1H), 4.80 (s, 1H), 3.32-3.28 (m, 1H), 3.21-3.14 (m,
2H), 2.86 (d, ] = 18.4 Hz, 1H), 2.57-2.48 (m, 3H), 2.23 (dd, ] = 18.2 Hz, 5.4 Hz, 1H), 2.12 (dt, ] = 14.0 Hz,
2.8 Hz, 1H), 2.01 (d, ] = 7.2 Hz, 2H), 1.77-1.72 (m, 1H), 1.48 (d, ] = 9.2 Hz, 1H), 0.97 (ddd, ] = 27.2 Hz,
12.8 Hz, 2.2 Hz, 1H); 3C-NMR (DMSO-dg): § 209.2, 144.4, 139.7, 137.2, 131.8, 129.0, 128.5, 127.9, 127.8,
126.6,124.9,119.6, 117.3,90.8, 57.2, 56.9, 47.1, 45.0, 41.9, 40.1, 35.3, 25.5, 20.9; HRMS (TOF MS ES*) caled
for Co5HosNO;3 [M + H]* 388.1913, found 388.1906. Anal. Caled for Co5Hp5NO3-0.25H,0 (1¢:0.25H,0):
C, 76.60; H, 6.56; N, 3.57; found: C, 76.28; H, 6.42; N, 3.62%. [oc]g) —214.0 (¢ 0.4, CHCl3/MeOH (1/10)).
(7aR,12bS)-3-((2,3-Dihydro-1H-inden-2-yl)methyl)-9-hydroxy-2,3,4,4a,5,6-hexahydro-1H-4,12-methano-
benzofurol3,2-elisoquinolin-7(7aH)-one (1d): The general procedure with §10 (0.406 g, 1.5 mmol),
2-(bromomethyl)-2,3-dihydro-1H-indene (0.470 mL, 3.3 mmol), NaHCOj5 (0.504 g, 6 mmol), and DMF
(10 mL). Purification column chromatography and crystallization from chloroform afforded 1d (0.190 g,
32%) as white solid. 1H-NMR (CD;OD): § 7.16-7.14 (m, 2H), 7.08-7.05 (m, 2H), 6.60 (d, ] = 8.0 Hz,
1H), 6.55 (d, ] = 8.0 Hz, 1H), 4.75 (s, 1H), 3.24 (dd, ] = 5.0 Hz, 2.6 Hz, 1H), 3.07-2.99 (m, 2H), 2.93 (d,
] = 18.4 Hz, 1H), 2.76-2.59 (m, 5H), 2.56-2.49 (m, 3H), 2.35-2.26 (m, 2H), 2.20 (td, ] = 12.0 Hz, 3.0 Hz,
1H), 2.11 (td, ] = 12.0 Hz, 4.2 Hz, 1H), 1.86-1.80 (m, 1H), 1.65 (d, ] = 12.0 Hz, 1H), 1.13 (ddd, ] =27.2 Hz,
13.2 Hz, 2.2 Hz, 1H); 3C-NMR (CD;0D): § 210.6, 144.1, 142.7, 142.6, 139.1, 127.2, 125.7, 125.2, 124.1,
119.6,117.2,91.1,59.6, 57.5, 45.1, 41.8, 39.5, 37.2, 37.1, 37.0, 34.9, 25.4, 20.7; HRMS (TOF MS ES™) calcd
for CyeHogNO5 [M + H]* 402.2069, found 402.2068. Anal. Caled for CpgHyyNO5-CHCl3 (1d-CHCl3): C,
62.30; H, 5.12; N, 2.68; found: C, 62.26; H, 5.42; N, 2.69%. [oc]zDO —137.0 (¢ 0.77, CHCl3/MeOH (10/1)).
(7aR,12bS)-9-Hydroxy-3-(4-nitrophenethyl)-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofuro| 3,2-¢]-
isoquinolin-7(7aH)-one (2a): The general procedure with S10 (0.406 g, 1.5 mmol), 1-(2-bromoethyl)-4-
nitrobenzene (759 mg, 3.3 mmol), NaHCOj3; (0.504 g, 6 mmol), and DMF (10 mL). Purification by
column chromatography afforded 2a (0.070 g, 10%) as a colorless oil. TH-NMR (CD;0D): 5 8.16 (d,
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] = 8.4 Hz, 2H), 7.51 (d, ] = 8.4 Hz, 2H), 6.61 (d, ] = 8.4 Hz, 1H), 6.56 (d, ] = 8.0 Hz, 1H), 4.77 (s, 1H),
3.32-3.30 (m, 1H), 2.99-2.72 (m, 6H), 2.61-2.49 (m, 2H), 2.38 (dd, | = 18.6 Hz, 5.8 Hz, 1H), 2.29 (dt,
J =14.0 Hz, 3.0 Hz, 1H), 2.24 (td, ] = 12.2 Hz, 3.4 Hz, 1H), 2.11 (td, ] = 12.4 Hz, 4.8 Hz, 1H), 1.88-1.81
(m, 1H), 1.69 (d, ] = 12.0 Hz, 1H), 1.15 (ddd, ] = 27.2 Hz, 13.2 Hz, 2.0 Hz, 1H); 3C-NMR (100 MHz,
CD;O0D): 5 210.4, 148.6, 146.5, 144.1, 139.2, 129.5, 127.0, 124.9, 123.0, 119.6, 117.3, 91.0, 57.5, 55.6, 47.2,
44.7,41.6,39.4,34.7,33.4,25.3, 20.6; HRMS (TOF MS ES*) calcd for Co4HpsN,O5 [M + H]* 421.1763,
found 421.1762. An HCl salt was prepared by dissolving 2a free base in hot i-PrOH (5.0 mL) followed
by the addition of concentrated aqueous HCI (0.10 mL, 3 equiv) and cooling to 5 °C. The crystals
were filtered and air-dried to give 2a as its HCI salt. Anal. Calcd for CpsHpN»O5-HCI-1.75H,0
(2a-HCI-1.75H,0): C, 58.99; H, 5.69; N, 5.56; found: C, 59.02; H, 5.88; N, 5.74%. [oc}%;) —107 (¢ 0.4, MeOH,
HCI-1.75H,0 salt).
(7aR,12bS)-9-Hydroxy-3-(3-nitrophenethyl)-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofuro| 3,2-e]-
Oisoquinolin-7(7aH)-one (2b): The general procedure with $10 (0.406 g, 1.5 mmol), 1-(2-bromoethyl)-3-
nitrobenzene (759 mg, 3.3 mmol), NaHCO;3; (0.504 g, 6 mmol), and DMF (10 mL). Purification by
column chromatography afforded 2b free base (0.035 g, 5%) as a colorless oil. 'H-NMR (CD30D):
68.16 (t, ] = 3.0 Hz, 1H), 8.05 (ddd, ] = 8.0 Hz, 2.4 Hz, 0.8 Hz, 1H), 7.66 (d, ] = 7.6 Hz, 1H), 7.51 (t,
] =7.8 Hz, 1H), 6.59 (d, ] = 8.0 Hz, 1H), 6.55 (d, ] = 8.0 Hz, 1H), 4.75 (s, 1H), 3.28-3.27 (m, 1H), 2.97-2.84
(m, 4H), 2.82-2.71 (m, 2H), 2.60-2.47 (m, 2H), 2.37 (dd, ] = 18.6 Hz, 5.8 Hz, 1H), 2.30-2.21(m, 2H), 2.09
(td, ] = 12.2 Hz, 4.6 Hz, 1H), 1.86-1.79 (m, 1H), 1.68 (ddd, ] = 12.4 Hz, 3.2 Hz, 1.6 Hz, 1H), 1.13 (ddd,
J =27.4 Hz, 13.0 Hz, 2.8 Hz, 1H); '3C-NMR (CD3;0D): § 210.3, 148.2, 144.1, 142.8, 139.2, 134.9, 129.0,
127.0, 125.0, 123.2,120.6, 119.6, 117.3, 91.0, 57.5, 55.7, 47.3, 44.7, 41.7, 39.4, 34.8, 33.1, 25.3, 20.7, HRMS
(TOF MS ES*) caled for Co4HpsN»Os5 [M + HJ* 421.1763, found 421.1762. An HCl salt was prepared by
dissolving 2b free base in hot i-PrOH (5.0 mL) followed by the addition of concentrated aqueous HCI
(0.10 mL, 3 equiv) and cooling to 5 °C. The crystals were filtered and air-dried to give 2b as its HCl salt.
Anal. Caled for Cp4Hy4N,O5-HCI-1.5H,0 (2b-HCI-1.5H,0): C, 59.64; H, 5.55; N, 5.49; found: C, 59.56;
H, 5.83; N, 5.79%. [a]% ~137.9 (¢ 0.6, CHCl3/MeOH (1/20), HCI1.5H,0).
(7aR,12bS)-9-Hydroxy-3-(4-methylphenethyl)-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofurol 3,2-e]-
isoquinolin-7(7aH)-one (2c): The general procedure with $10 (0.406 g, 1.5 mmol), 1-(2-bromoethyl)-4-
methylbenzene (0.502 mL, 3.3 mmol), NaHCOj; (0.504 g, 6 mmol), and DMF (10 mL). Purification by
SiO, column chromatography afforded 2c free base (0.330 g, 65%) as a colorless oil. TH-NMR (CD3;0D):
5711 (d, ] =8.4Hz 2H),7.08 (d, ] = 8.4 Hz, 2H), 6.61 (d, ] = 8.4 Hz, 1H), 6.56 (d, ] = 8.4 Hz, 1H),
4.77 (s, 1H), 3.36 (dd, ] = 5.2 Hz, 2.4 Hz, 1H), 2.97 (d, ] = 18.4 Hz, 1H), 2.80-2.65 (m, 5H), 2.62 (dt,
J=12.8 Hz,3.2 Hz, 1H), 2.53 (td, ] = 14.0 Hz, 4.8 Hz, 1H), 2.36 (dd, | = 18.4 Hz, 5.6 Hz, 1H), 2.29 (dt,
J =13.2 Hz, 3.0 Hz, 1H), 2.28 (s, 3H), 2.21 (td, ] = 12.0 Hz, 2.1 Hz, 1H), 2.12 (td, ] = 12.0 Hz, 4.0 Hz, 1H),
1.88-1.82 (m, 1H), 1.68 (d, ] = 12.4 Hz, 1H), 1.15 (ddd, ] = 27.0 Hz, 13.4 Hz, 2.4 Hz, 1H); 3C-NMR
(CD;0D): 6 210.3, 144.1, 139.2, 136.9, 135.2, 128.6, 128.2, 127.0, 124.8, 119.6, 117.3, 91.0, 57.0, 56.7,
47.2,45.1,41.4,39.4, 34.6, 33.2, 25.4, 20.2, 19.7; HRMS (TOF MS ES*) caled for CosHpsNO3 [M + HJ*
390.2069, found 390.2071. An HCl salt was prepared by dissolving 2¢ free base in hot MeOH (5.0 mL)
followed by the addition of concentrated aq HCI (0.10 mL, 3 equiv) and cooling to 5 °C. The crystals
were filtered and air-dried to give 2c as its HCl salt. Anal. Calcd for Cp5HyyNO3-HCI-1.5H,0-0.5CH4O
(2¢-HCI-1.5H,0-0.5CH40): C, 65.56; H, 6.78; N, 2.92; found: C, 65.37; H, 7.09; N, 2.99%. [oc}%;] -139.5
(c 0.63, MeOH, HCI-1.5H,0-0.5CH40).
(7aR,12bS)-9-Hydroxy-3-(4-methoxyphenethyl)-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofurol 3,2-e]-
isoquinolin-7(7aH)-one (2d): The general procedure with $10 (0.406 g, 1.5 mmol), 1-(2-bromoethyl)-4-
methoxybenzene (0.520 mL, 3.3 mmol), NaHCOj3 (0.504 g, 6 mmol), and DMF (10 mL). Column
chromatography afforded 2d free base (0.370 g, 64%) as a colorless oil. "H-NMR (DMSO-dg): & 9.09 (s,
1H), 7.13 (d, ] = 8.4 Hz, 2H), 6.81 (d, ] = 8.4 Hz, 2H), 6.51 (d, ] = 8.0 Hz, 1H), 6.46 (d, ] = 8.4 Hz, 1H),
4.79 (s, 1H), 3.69 (s, 3H), 3.20 (s, 1H), 2.80 (d, | = 18.4 Hz, 1H), 2.63-2.53 (m, 5H), 2.51-2.44 (m, 2H),
2.23(dd, ] = 18.4 Hz, 5.6 Hz, 1H), 2.12 (d, ] = 13.6 Hz, 1H), 2.01-1.97 (m, 2H), 1.76-1.72 (m, 1H), 1.47
(d, ] = 9.2 Hz, 1H), 1.02-0.91 (m, 1H); 3C-NMR (DMSO-dg): 5 209.3, 157.9, 144.3, 139.6, 132.8, 130.0,
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128.0,124.9,119.6,117.3,114.0,90.8, 57.2, 57.1, 55.4, 47.1, 44.9, 41.8, 40.1, 35.3, 33.4, 25.5, 21.0; HRMS
(TOF MS ES*) caled for CosHpgNOy [M + H]* 406.2018, found 406.2014. An HCl salt was prepared by
dissolving 2d free base in hot i-PrOH (5.0 mL) followed by the addition of concentrated aqueous HCI
(0.10 mL, 3 equiv) and cooling to 5 °C. The crystals were filtered and air-dried to give 2d as its HCI salt.
Anal. Calcd for Cp5HyyNO4-HCI-0.5H,0-0.5C3HgO (2d-HCI1-0.5H,0:0.5C3HgO): C, 66.19; H, 6.83; N,
2.77; found: C, 66.17; H, 6.92; N, 2.91%. [oc]g) —136.5 (¢ 0.68, MeOH, HC1-0.5H,0-0.5i-PrOH).
(7aR,12bS)-9-Hydroxy-3-(4-fluorophenethyl)-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofurol 3,2-el-
isoquinolin-7(7aH)-one (2e): The general procedure with S10 (0.406 g, 1.5 mmol), 1-(2-bromoethyl)-4-
fluorobenzene (0.460 mL, 3.3 mmol), NaHCO3 (0.504 g, 6 mmol), and DMF (10 mL). Purification by
column chromatography afforded 2e free base (0.290 g, 50%) as a colorless oil. "H-NMR (CD;0D): §
7.24 (dd, ] = 8.2 Hz, 5.4 Hz, 2H), 6.99 (t, ] = 8.8 Hz, 2H), 6.60 (d, ] = 8.0 Hz, 1H), 6.56 (d, ] = 8.4 Hz,
1H), 4.77 (s, 1H), 3.30 (s, 1H), 2.97 (d, ] = 18.4 Hz, 1H), 2.83-2.66 (m, 5H), 2.61 (dt, ] = 12.8 Hz, 3.4 Hz,
1H),2.52 (td, ] = 142 Hz, 4.6 Hz, 1H), 2.37 (dd, | = 18.6 Hz, 5.8 Hz, 1H), 2.29 (dt, | = 14.0 Hz, 2.8 Hz,
1H), 2.22 (td, ] = 12.0 Hz, 3.0 Hz, 1H), 2.12 (td, ] = 12.0 Hz, 4.4 Hz, 1H), 1.88-1.82 (m, 1H), 1.69 (d,
J =12.4 Hz, 1H), 1.15 (ddd, | = 27.2 Hz, 13.2 Hz, 2.4 Hz, 1H); 13C-NMR (CD;0D): § 210.3, 162.7, 160.2,
144.1,139.2,136.0(2), 130.0(2), 127.0, 124.9, 119.6, 117.3, 114.6, 114.4, 91.0, 57.2, 56.6, 47 .2, 45.0, 41.5, 39.4,
34.7,32.8,25.4, 20.4; HRMS (TOF MS ES*) caled for Co4HysFNO3 (M + H*) 394.1818, found 394.1825.
An HCl salt was prepared by dissolving 2e free base in hot i-PrOH (5.0 mL) followed by the addition
of concentrated aq HCl (0.10 mL, 3 equiv) and cooling to 5 °C. The crystals were filtered and air-dried
to give 2e as its HCl salt. Anal. Calcd for Co4Hp FNO3-HCI-1.5H,0 (2e-HCI-1.5H,0): C, 63.14; H, 6.03;
N, 2.98; found: C, 63.09; H, 6.18; N, 3.07%. [cx}%;) —137.8 (¢ 0.65, MeOH, HCI-1.5H;0).
(7aR,12bS)-9-Hydroxy-3-(3-fluorophenethyl)-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofuro[ 3,2-el-
isoquinolin-7(7aH)-one (2f): The general procedure with 10 (0.406 g, 1.5 mmol), 1-(2-bromoethyl)-3-
fluorobenzene (0.460 mL, 3.3 mmol), NaHCO3 (0.504 g, 6 mmol), and DMF (10 mL). Purification by
column chromatography afforded 2f free base (0.270 g, 46%) as colorless oil. 'H-NMR (CD;0D): 6 7.27
(dd, J = 14.0 Hz, 8.0 Hz, 1H), 7.05 (d, ] = 7.6 Hz, 1H), 6.99 (d, ] = 10.4 Hz, 1H), 6.90 (td, ] = 8.6 Hz,
2.4 Hz, 1H), 6.61 (d, ] = 8.4 Hz, 1H), 6.56 (d, ] = 8.0 Hz, 1H), 4.76 (s, 1H), 3.34-3.32 (m, 1H), 2.96 (d,
J = 18.4 Hz, 1H), 2.85-2.68 (m, 5H), 2.60 (dt, ] = 12.6 Hz, 3.4 Hz, 1H), 2.52 (td, ] = 14.0 Hz, 4.6 Hz, 1H),
2.36 (dd, ] =18.4 Hz, 5.6 Hz, 1H), 2.28 (dt, ] = 13.8 Hz, 2.1 Hz, 1H), 2.21 (td, ] = 12.4 Hz, 3.2 Hz, 1H),
2.11 (td, ] = 12.2 Hz, 4.4 Hz, 1H), 1.87-1.81 (m, 1H), 1.67 (d, ] = 12.4 Hz, 1H), 1.14 (ddd, ] = 26.8 Hz,
13.4 Hz, 2.4 Hz, 1H); 3C-NMR (CD;0D): § 210.4, 164.1, 161.7, 144.1, 143.1, 143.0, 139.2, 129.7, 129.6,
127.0, 1249, 124.3, 124.2,119.7, 1174, 115.1, 114.9, 112.5, 112.2, 91.0, 57.2, 56.1, 47.2, 44.9, 41.5, 39 4,
34.7,33.3, 25.3, 20.4; HRMS (TOF MS ES*) caled for Co4HpsFNO3 [M + H]*™ 394.1818, found 394.1821.
An HCl salt was prepared by dissolving 2f free base in hot i-PrOH (5.0 mL) followed by the addition
of concentrated aqueous HCl (0.10 mL, 3 equiv) and cooling to 5 °C. The crystals were filtered and
air-dried to give 2f as its HCl salt. Anal. Calcd for Cp4H3FNO3-HCI-1.25H,0 (2f-HCI-1.25H,0): C,
63.71; H, 6.13; N, 3.10; found: C, 63.71; H, 6.11; N, 3.11%. [oc]ZDO —149.2 (¢ 0.48, MeOH, HCI-1.25H,0).
(7aR,12bS)-9-Hydroxy-3-(2-fluorophenethyl)-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofuro[ 3,2-el-
isoquinolin-7(7aH)-one (2g): The general procedure with $10 (0.406 g, 1.5 mmol), 1-(2-bromoethyl)-2-
fluorobenzene (0.460 mL, 3.3 mmol), NaHCO3 (0.504 g, 6 mmol), and DMF (10 mL). Purification by
column chromatography afforded 2g free base (0.260 g, 45%) as a colorless oil. TH-NMR (CD;0D):
07.31-7.27 (m, 1H), 7.24-7.19 (m, 1H), 7.11-7.01 (m, 2H), 6.61 (d, | = 8.4 Hz, 1H), 6.56 (d, ] = 8.0 Hz,
1H), 4.77 (s, 1H), 3.36 (dd, | = 5.2 Hz, 2.8 Hz, 1H), 2.96 (d, | = 18.4 Hz, 1H), 2.94-2.66 (m, 5H), 2.61
(dt, ] = 12.8 Hz, 3.4 Hz, 1H), 2.40 (td, ] = 14.0 Hz, 4.6 Hz, 1H), 2.38 (dd, ] = 18.6 Hz, 5.8 Hz, 1H),
2.29 (dt, J = 14.0 Hz, 3.0 Hz, 1H), 2.23 (td, ] = 12.4 Hz, 3.2 Hz, 1H), 2.12 (td, ] = 12.2 Hz, 4.6 Hz, 1H),
1.89-1.82 (m, 1H), 1.70-1.67 (m, 1H), 1.15 (ddd, ] = 27.2 Hz, 13.4 Hz, 2.4 Hz, 1H); '>*C-NMR (CD;0D):
62104, 162.4, 160.0, 144.0, 139.2, 130.9, 130.8, 127.8, 127.7, 127.0, 126.8, 126.6, 124.9, 123.9(2), 119.6,
117.3,114.7,114.5,91.0,57.2, 55.0, 47.2, 45.0, 41.5, 39.4, 34.7, 26.9(2), 25.4, 20.4; HRMS (TOF MS ES*)
caled for Co4HpsFNO3 [M + HJ* 394.1818, found 394.1822. An HCl salt was prepared by dissolving 2g
free base in hot i-PrOH (5.0 mL) followed by the addition of concentrated aq HCl (0.10 mL, 3 equiv)
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and cooling to 5 °C. The crystals were filtered and air-dried to give 2g as its HCl salt. Anal. Calcd
for Cp4H4FNO5-HC1-1.5H,0 (2g-HCI-1.5H,0): C, 63.51; H, 5.74; N, 3.05; found: C, 63.09; H, 6.18; N,
3.07%. [oc]g) —135.7 (¢ 1.25, MeOH, HCI-1.5H,0).
(7aR,12bS)-9-Hydroxy-3-(4-(trifluoromethyl)phenethyl)-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzo
furo-[3,2-elisoquinolin-7(7aH)-one (2h): The general procedure with S10 (0.406 g, 1.5 mmol), 1-(2-bromoethyl)-
4-(trifluoromethyl)benzene (0.554 mL, 3.3 mmol), NaHCO; (0.504 g, 6 mmol), and DMF (10 mL).
Purification by column chromatography afforded 2h free base (0.145 g, 25%) as a colorless oil. 'H-NMR
(CD;0D): § 7.58 (d, ] = 8.0 Hz, 2H), 7.45 (d, ] = 8.0 Hz, 2H), 6.61 (d, ] = 8.4 Hz, 1H), 6.56 (d, ] = 8.4 Hz,
1H), 4.77 (s, 1H), 3.34-3.32 (m, 1H), 2.97 (d, ] = 18.4 Hz, 1H), 2.93-2.72 (m, 5H), 2.60 (dt, ] = 12.8 Hz,
3.4 Hz, 1H), 2.54 (td, ] = 14.0 Hz, 4.8 Hz, 1H), 2.38 (dd, ] = 18.6 Hz, 5.8 Hz, 1H), 2.29 (dt, | = 14.0 Hz,
3.0 Hz, 1H), 2.23 (td, ] = 12.2 Hz, 3.4 Hz, 1H), 2.12 (td, ] = 12.2 Hz, 4.2 Hz, 1H), 1.88-1.82 (m, 1H), 1.69
(d, ] = 11.6 Hz, 1H), 1.15 (ddd, ] = 27.2 Hz, 13.2 Hz, 2.4 Hz, 1H); 3C-NMR (CD;0D): § 210.4, 144.1,
139.2,129.0, 128.5,128.1, 127.8, 127.5, 127.0, 124.9, 124.8(2), 124.7(2), 119.6, 117.3, 91.0, 57.3, 56.0, 47.2,
44.8,41.6,39.4,34.7, 33.4, 25.3, 20.5; HRMS (TOF MS ES*) caled for CosHpsF3NO3 [M + H]* 444.1787,
found 444.1788. An HCl salt was prepared by dissolving 2h free base in hot i-PrOH (5.0 mL) followed
by the addition of concentrated aq HCI (0.10 mL, 3 equiv) and cooling to 5 °C. The crystals were
filtered and air-dried to give 2h as its HCl salt. Anal. Calcd for Cy5H4F3NO3-HCI-0.5H,0-0.5C3HgO
(2h-HC1-0.5H,0-0.5C3HgO): C, 61.31; H, 5.73; N, 2.60; found: C, 61.33; H, 5.83; N, 2.70%. [oc]lzj0 -122.0
(c 0.4, MeOH, HCI-0.5H,0:-0.5i-PrOH).
(7aR,12bS)-3-(4-Chlorophenethyl)-9-hydroxy-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofurol 3,2-e]-
isoquinolin-7(7aH)-one (2i): See the General Procedure in 3.2.
(4R,7aR,12bS)-3-(4-Bromophenethyl)-9-hydroxy-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofuro[ 3,2-e]-
isoquinolin-7(7aH)-one oxalate (2j): The general procedure with §10 (0.3 g, 1.11 mmol), 4-bromophenethyl
bromide (0.586 g, 2.22 mmol), NaHCO3 (0.50 g, 5.95 mmol), and DMF (10 mL) at room temperature.
The reaction was heated to 60 °C for 20 h cooled to room temperature, and filtered through a pad
of Celite. The DMF was removed via azeotrope with toluene (3 X 20 mL), then purification by SiO,
column chromatography with 10% NH4OH in MeOH/CHCI3 (0% — 5% of 10% NH,OH) gave the base
2j ree base (0.212 g isolated, 41% yield) as a light brown oil. An oxalate salt was prepared by dissolving
2j in a minimal amount of hot i-PrOH followed by addition of a concentrated solution of oxalic acid in
isopropanol. Cooling at 5 °C overnight gave 2j-oxalate as a precipitate (0.131 g, 44/%), mp 201-204 °C.
"H-NMR (CD3;0D): § 7.39 (d, ] = 8.1 Hz, 2H), 7.07 (d, ] = 8.1 Hz, 2H), 6.71 (d, ] = 8.1 Hz, 1H), 6.58
(d, ] = 8.1 Hz, 1H), 4.65 (s, 1H), 3.34 (d, ] = 0.4 Hz, 1H), 2.96 (t, ] = 15.8 Hz, 1H), 2.78-2.69 (m, 5H),
2.65-2.61 (m, 1H), 2.38-2.32 (m, 3H), 2.27-2.21 (m, 1H), 2.16-2.07 (m, 1H), 1.84-1.76 (m, 2H), 1.27-1.18
(m, 2H).13*C-NMR (CD3;0D):  209.12, 144.04, 139.08, 138.89, 131.39, 130.47, 126.78, 125.05, 120.26,
119.89, 118.00, 91.35, 57.67, 56.64, 47.40, 45.03, 42.11, 40.13, 35.16, 33.63, 25.41, 20.98; HRMS (TOF MS
ES+) C24H24BI‘NO3 (M+H+) 45410]8, found 454.1021. Anal. Calcd for C24H24BI'NO3'C2H204'2H20
(2§-CoH,042H,0) C, 54.31%; H, 5.15%; N, 2.44%; found: C, 54.09%; H, 5.04%; N, 2.71%. [o]20 ~87.0 (c
1.2, MeOH, C24H24BI'NO3'C2H204'2H20).
(7aR,12bS)-3-(2,6-Dichlorophenethyl)-9-hydroxy-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofuro[ 3,2-e]
isoquinolin-7(7aH)-one (2k): The general procedure with §10 (0.56 g, 2 mmol), 2,6-dichlorophenethyl
bromide (1.0 g, 4 mmol), NaHCO; (0.70 g, 8.3 mmol), and DMF (10 mL). Purification by column
chromatography afforded 2k free base (0.012 g, 0.02 mmol, 2%) as a yellow oil. The oil was taken up in
acetone (2 mL) and oxalic acid (0.002 g) added to give pure 2k-oxalate (0.014 g) as a white powder.
"H-NMR (DMSO-dg): 5 7.49 (d, ] = 8.0 Hz, 2H), 7.32 (t, ] = 8.0 Hz, 1H), 6.58 (q, ] = 7.5 Hz, 2H), 4.91
(s, 1H), 3.72-3.70 (m, 1H), 3.24-3.13 (m, 2H), 3.10-2.93 (m, 3H), 2.91-2.81 (m, 1H), 2.76-2.66 (m, 1H),
2.63-2.54 (m, 2H), 2.39-2.32 (m, 1H), 2.20-2.16 (m, 2H), 1.86-1.83 (m, 1H), 1.65-1.62 (m, 1H), 1.06-0.95
(m, 1H); 13C-NMR (DMSO-dg): § 208.6, 163.2, 144.4, 140.0, 135.2, 129.9, 129.0, 120.0, 117.7, 90.4, 57.9,
46.2,31.1, 25.0; m.p. 204-206 °C (decomp); HRMS (ESI): Calcd for Co¢HpsCLoNO7 [M + H]* 444.1133,
found: 444.1129; Anal. Calcd for CyHp5CI,NO7 -2.25 H,O:C, 54.32; H, 5.17; N, 2.44; found: C, 54.22; H,
4.86; N, 2.59.
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3.3. In Vitro Pharmacology.

3.3.1. Opioid Receptor Binding Affinity

Frozen whole rat brains excluding cerebellum were thawed on ice, homogenized in 50 mM
Tris HCI, pH 7.5 using a Polytron (Brinkman Instruments, Westbury, NY, USA), setting 6 for 20 s),
and centrifuged at 30,000x g for 10 min at 4 °C. The supernatant was discarded and the pellet was
re-suspended in fresh buffer and spun at 30,000 g for 10 min. The supernatant was discarded and
the pellet was re-suspended to give 100 mg/mL original wet weight. Ligand binding experiments
were conducted in polypropylene assay tubes containing 0.5 mL Tris HCI buffer for 60 min at room
temperature. [PH]DADLE (final concentration 1 nM, PolyPeptide Laboratories, San Diego, CA, USA),
PHIDAMGO (final concentration 1 nM, PolyPeptide Laboratories, San Diego, CA, USA) or [PH]U69,593
(final concentration 1 nM, Perkin Elmer Life Sciences, Waltham, MA, USA) were used to determine
binding at 8-, u- and k-opioid receptor sites, respectively. Unlabeled DAMGO (final concentration,
30 nM) was added to the delta assay tubes to block p-receptor binding. All assay tubes contained
100 uL homogenate suspension. Nonspecific binding was determined in all assays using 0.01 mM
naloxone. Incubations were terminated by rapid filtration through Whatman GF/B filters, presoaked in
0.1% polyethyleneimine, using a Brandel R48 filtering manifold (Brandel Instruments Gaithersburg,
Maryland). The filters were washed twice with 5 mL cold buffer and transferred to scintillation vials.
Cytoscint (MP BioMedicals, Santa Ana, CA, USA) 3.0 mL) was added and the vials were counted the
next day using a Perkin Elmer TriCarb liquid scintillation counter. Data were analyzed with GraphPad
Prism software (GraphPad Inc., San Diego, CA, USA).

3.3.2. Stimulation of [®S]GTPyS Binding

All tissue culture reagents were purchased from Gibco Life Sciences (Grand Island, NY, USA).
Cé6-rat glioma cells stably transfected with a rat MOR or rat DOR [38] and Chinese hamster ovary
(CHO) cells stably expressing a human KOR [39] were used for all in vitro assays. Cells were grown to
confluence at 37 °C in 5% CO, in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum and 5% penicillin/ streptomycin. Membranes were prepared by washing confluent cells
three times with ice-cold phosphate buffered saline (0.9% NaCl, 0.61 mM Nap,HPOy, 0.38 mM KH,POy,
pH 7.4). Cells were detached from the plates by incubation in warm harvesting buffer (20 mM HEPES,
150 mM NaCl, 0.68 mM EDTA, pH 7.4) and pelleted by centrifugation at 1600 rpm for 3 min. The cell
pellet was suspended in ice-cold 50 mM Tris-HCl buffer, pH 7.4, and homogenized with a Tissue Tearor
(Biospec Products, Inc., Bartlesville, OK, USA) for 20 s. The homogenate was centrifuged at 15,000 rpm
for 20 min at 4 °C. The pellet was re-homogenized in 50 mM Tris-HCI with a Tissue Tearor for 10 s,
followed by re-centrifugation. The final pellet was re-suspended in 50 mM Tris-HCI and frozen in
aliquots at 80 °C. Protein concentration was determined via a BCA protein assay (Thermo Scientific
Pierce, Waltham, MA, USA) using bovine serum albumin as the standard.

Agonist stimulation of [35S]guanosine 5’-O-[y-thio]triphosphate (P3SIGTPyS, 1250 Ci, 46.2 TBg/mmol)
binding to G-protein was measured as described previously [40]. Briefly, membranes (10-20 pug
of protein/tube) were incubated 1 h at 25 °C in GTPYS buffer (50 mM Tris-HCI, 100 mM NaCl,
5 mM MgCl2, pH 7.4) containing 0.1 nM [35S]GTPYyS, 30 uM guanosine diphosphate (GDP),
and varying concentrations of test compound. G-Protein activation following receptor stimulation of
[3SIGTPYS (% stimulation) with test compound was compared with 10 uM of the standard compounds
[D-Ala2,N-MePhe4,Gly-ol]- enkephalin (DAMGO) at MOR, D-Pen2,5-enkephalin (DPDPE) at DOR,
or U69,593 at KOR. The reaction was terminated by vacuum filtration of GF/C filters that were washed
10 times with GTPyS buffer. Bound radioactivity on dried filters was determined by liquid scintillation
counting, after saturation with EcoLume liquid scintillation cocktail, in a Wallac 1450 MicroBeta
(PerkinElmer, Waltham, MA, USA). The results are presented as the mean + standard error (SEM) from
at least three separate assays performed in duplicate; potency (EC50 (nM)) and % stimulation were
determined using nonlinear regression analysis with GraphPad Prism.
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3.3.3. Forskolin-Induced cAMP Accumulation Assays

Cell Lines and Cell Culture

HitHunter Chinese hamster ovary cells (CHO-K1) that express human p-opioid receptor
(OPRM1), human k-opioid receptor (OPRMK1), and human &-receptor (OPRMD1) were used for the
forskolin-induced cAMP accumulation assay. PathHunter CHO cells expressing human p-opioid
receptor (3-arrestin-2 EFC cells were used for the (3-arrestin-2 EFC recruitment assay. Both cell lines were
purchased from Eurofins DiscoverX (Fremont, CA, USA). Cell culture was performed as previously
described [41].

Assays

These were performed as previously described using HitHunter CHO-K1 cells expressing either
human OPRM1, OPRK1, or OPRMDI1 cells. Briefly, cells were dissociated from culture plates and
plated at 10,000 cells/well in a 384-well tissue culture plate and incubated overnight at 37 °C in 5% CO5.
Stock solutions of compound were made in 100% DMSO at a 5 mM concentration. A serial dilution of
10 concentrations was made using 100% DMSO, creating 100X solutions of the compound for treatment.
The 100x solutions were then diluted to 5x solutions using assay buffer consisting of Hank’s Buffered
Salt Solution, HEPES, and forskolin. The HitHunter cAMP Assay for Small Molecules by DiscoverX was
then used according to manufacturer’s directions, utilizing the 5x solutions containing the compound
studied. Cells were incubated with compound for 30 min at a 1x concentration. The following day,
the Cytation 5 plate reader and Gen5 Software were used to quantify luminescence (BioTek, Winooski,
VT, USA) [41].

3.3.4. B-Arrestin-2 EFC Recruitment Assay

Assays were performed as previously described [41] using PathHunter human p-opioid receptor
[3-arrestin-2 EFC cells. Briefly, cells were dissociated from culture plates and plated at 5000 cells/well in a
384-well tissue culture plate and incubated overnight at 37 °C in 5% CO,. Stock solutions of compound
were made in 100% DMSO for a final concentration of 5 mM. A serial dilution of 11 concentrations was
made using 100% DMSO to create 100X solutions of the compound. Assay buffer containing Hank’s
Buffered Salt Solution and HEPES was used to dilute the 100x solutions to 5x solutions. The DiscoverX
PathHunter assay was used according to manufacturer’s instructions. Cells were treated with the
compounds for a final 1X concentration for 90 min. at 37 °C and 5% CO,. Reagents from the assay kit
were used accordingly and the cell culture plate was protected from light for 1 h. Cytation 5 plate
reader and Gen5 Software were used to quantify luminescence (BioTek).

3.3.5. Data Analysis

Data were analyzed as previously described [42] using GraphPad Prism 6.0 software (GraphPad,
San Diego, CA, USA different address given before). Briefly, sigmoidal dose-response curves in the
forskolin-induced cAMP accumulation assay and the 3-arrestin2 EFC recruitment assay were generated
using nonlinear regression analysis. Compounds were evaluated in triplicate in individual experiments
with n > 2. All values in the cAMP accumulation assay and 3-arrestin2 recruitment assay are reported
as the mean + SEM. Bias factors were calculated using Equation (1) shown below.

. _ EC50 testxEmax DAMGO
Log (blﬂS flleOI’) - (Log (Emax testxEC50 DAMGO ))CAMP

(LO (EC50 testxEmax DAMGO ))
& \ Emax tesixEC50 DAMGO B—arrestin

)
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3.4. In Vivo Pharmacolog

3.4.1. Measurement of Respiration Rate and Arterial Oxygen Saturation in Mice

Male Swiss Webster mice (Taconic Biosciences, Germantown, NY, USA) weighing 30-35 g were
used. Mice were housed in a temperature- and humidity-controlled environment with a 12-h light-dark
cycle in the Temple University Animal Care Facility. They were supplied with food and water ad
libitum. Before any procedure was applied, the mice were acclimated for 1 week in the animal facility.
Behavioral testing was performed between 11:00 a.m. and 5:00 p.m. On the day of the experiment,
mice were brought to the room and acclimated for 45-60 min in the observation boxes All animal care
and experimental procedures were approved by the Institutional Animal Care and Use Committee of
Temple University (Protocol #4793 Respiration Measurement in Mice; Approval Date: 1 June 2018),
and conducted according to the NIH Guide for the Care and Use of Laboratory Animals.

Respiration and oxygen saturation (SpO,) were measured using MouseOx Plus Rat and Mouse
Pulse Oximeter (Starr Life Sciences Corp, Oakmont, PA, USA) in conscious, freely moving animals.
Animals were exposed to 4% isoflurane for 30 s to connect throat collar sensor and to inject (s.c.) either
saline, morphine 10 mg/kg, or 2i (0.01-0.1 mg/kg, n = 6-8). Mice were then placed into observation
boxes and recording was started 5 min later to eliminate any anesthesia effect. Respiration and
SpO, were recorded every second and averaged over 1-min periods for 40 min. Morphine, 10 mg/kg,
was used as a positive control [43].

3.4.2. Statistical Analysis

Area under the curve (AUC) was calculated from 6 min to 45 min and analyzed using one-way
analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test. Data are expressed
as mean =+ standard error of the mean (S.E.M.), and p < 0.05 was accepted as statistically significant.
GraphPad Prism, version 7, was used for data analysis.

3.5. Warm-Water Squirrel Tail-Withdrawal and Operant Responding

Male squirrel monkeys (Saimiri sciureus) were housed in a climate-controlled vivarium with a
12-h light/dark cycle (7 AM-7 PM) in the McLean Hospital Animal Care Facility (licensed by the U.S.
Department of Agriculture and compliant with guidelines provided by the Committee on Care and
Use of Laboratory Animals of the Institute of Laboratory Animals Resources, Commission on Life
Sciences, National Research Council; 2011). Tail withdrawal latencies and food-maintained behavior
were assessed as described previously [44]. Briefly, monkeys were seated in customized Plexiglas
chairs that allowed their tails to hang freely behind the chair and were equipped with colored stimulus
lights, a response lever, and a receptacle into which 0.15 mL of 30% sweetened condensed milk could
be delivered. Animals were trained to respond under a fixed-ratio 10-response (FR10) schedule of
food reinforcement in the presence of red stimulus lights. Completion of 10 responses in less than
20 s resulted in milk delivery, and initiated a timeout (TO) period of 30 s during which all stimulus
lights remained off. Failure to complete 10 responses within 20 s initiated the 30 s TO. Tail withdrawal
latencies were measured during the 30 s TO periods by immersing the subject’s tail in water held
at 35 °C, 50 °C, 52 °C, or 55 °C (each temperature of water was presented in a randomized order).
Experimental sessions were 4 or 5 sequential cycles, each composed of a 10 min TO during which
no lights were on and responding had no programmed consequences followed by a 5 min response
component during which the FR10 schedule of food reinforcement and interspersed determinations of
tail withdrawal latencies was in effect. Cumulative doses of 2i or morphine were administered shortly
after the onset of the 10 min TO.

3.6. Squirrel Monkey Ventilation

Male squirrel monkeys were acclimated to a customized round acrylic chamber (13.75” day x 15" h)
that served as a whole-body plethysmograph (EMKA Technologies, Montreal, PQ, Canada). Gas (either
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air or a 5% CO; in air mixture) was introduced to and extracted from the chamber at a constant flow
rate of 5 L/min. Experimental sessions consisted of 4-6 consecutive 30 min cycles, each comprising a
15 min exposure to air followed by a 15 min exposure to 5% CO,. Drug effects were determined using
cumulative dosing procedures, and injections were administered following each exposure to 5% CO,,
Respiratory rate and tidal volume (mL/breath) were recorded over 1 min periods and were multiplied
to provide minute volumes. Data from the last three minutes of each exposure to air or CO2 were
averaged and used for analysis of drug effects on ventilation.

4. Computational Methods

All the ligands considered in this study and their conformers (see Table S1 and Figure S2A in SI)
in their protonated form were geometry optimized via quantum chemical (QM) calculations at the
B3LYP/6-31G* level in the gaseous phase as implemented in Gaussian 09 software [45]. The atomic
polar tensor derived charges from these calculations were used to assign a partial charge on each atom
for the ligands. All other parameters were determined by chemical analogy with the topology and the
parameters files of the all-atom CHARMM force field (version c42b2) [46]. The structures of the inactive
forms of MOR (PDB # 4DKL) and DOR (4EJ4) were taken as the starting configurations. After removing
the cocrystallized ligands and crystal water/ions, the intracellular loop (ICL3) connecting TM5 and TM6
was first modeled in each receptor using MM (ab initio) methods [8,47,48]. The modeled receptors were
then embedded in a membrane composed of zwitterionic 1-palmitoyl-2-oleoyl-phosphatidylcholine
lipid molecules with initial concentrations of Na*, K*, and CI” ions in the extracellular (EC) and
intracellular (IC) regions. All the amino acids were assumed to be neutral at physiological pH
except Asp~, Glu™, Lys* and Arg™*; additional ions were used to neutralize the systems. The initial
orientation and relative position of the receptor with respect to the membrane were obtained from
the OPM database [49]. The receptor and the membrane were then solvated in TIP3P water, and a
single Na* ion was introduced in the binding pocket and coordinated as in the DOR (4N6H) [50].
The system was then energy minimized and thermally equilibrated according to the following protocol:
first, the conformation of the receptor and Na* were kept fixed, and the membrane and water were
gradually heated to the target temperature (37 °C) at constant pressure (1 atm); the system was then
equilibrated for 5 ns; the constraints on the side chains and ion were then removed, and the system
equilibrated for another 5 ns; finally, all the constraints were removed, and the system equilibrated
for another 5 ns. Throughout the entire equilibration process, the ion remained coordinated with the
anchoring aspartic acid D147 (MOR) and D128 (DOR) (sequence numbering follows the corresponding
crystal structures). A conformation (snapshot) of each system at the end of the final equilibration
phase was used to dock the ligands. These are the basal conformations that all the ligands “see”
before entering the binding pocket, and were used for all the comparative analyses, regardless of
the experimentally determined activity or pharmacological outcome. After removing the Na* ion,
the ligands (and their conformers) were rigidly docked into the binding pocket based on two criteria:
the close contact between the charged amine and the anchoring Asp™ and the binding mode of the
antagonists 3-FNA and naltrindole co-crystallized with the MOR and the DOR, respectively. Several
conformers (cf. Figure 52) could be eliminated by steric considerations alone. Others (especially those
involving rotations of ¢1; cf. Figure S2) could still dock without apparent steric clashes upon small
relaxations of the pocket side chains, but they tended to lose the critical interaction with Asp™ in the
course of equilibration or early production; when this occurred in repeated simulations, the conformer
was discarded. Overall, between one and four stable conformers were left for each ligand (see Table S2).
The three-stage equilibration protocol described above for Na* was repeated for each ligand/conformer
after docking. Steric relaxation of the ligand and residues in the pocket set in during the early stages
of equilibration. Five independent 50 ns molecular dynamics simulations were conducted for each
system at 37 °C and 1 atm, using periodic boundary conditions and particle mesh Ewald summations.
This simulation time was sufficient to ensure convergence and statistical analysis of the quantities
of interest (hydrophobic contacts, H-bonds, electrostatic interactions), which were computed after
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structural relaxation set in (estimated from Cax-RMSD vs. time), typically during the last half of the
dynamic trajectory (production run). The results combine data from all the independent simulations
for each ligand conformer/OR.

5. Conclusions

We hypothesized that substituents at the tail end of the body of a large molecule might modify the
in vitro activity and/or potency of the compound and possibly modify a G-protein biased compound
that acted primarily through MOR to a bifunctional ligand. We found that a substituent, a chlorine
atom, modified the activity of N-phenethylnorhydromorphone (S11), a potent full agonist with a
DOR-MOR 6/u potency ratio of 38.5, to a compound with a §/u potency ratio of 1.2, N-p-chloro
phenethylnorhydromorphone (2i). It exhibited potent partial MOR agonist and potent full DOR
agonist activity. In fact, the introduction of a p-Cl substituent (2i) in the N-phenethyl moiety did not
particularly reduce the MOR potency of S11 but instead increased its DOR potency; it induced a change
from a molecule that acted primarily as a MOR ligand to a bifunctional compound with the ability to
interact potently with MOR and DOR. This change was due to a simple substituent at the tail end of
the compound. Molecular modeling and simulations found that the substituent on the aromatic ring of
the N-phenethyl moiety is located in an area where relatively small changes in the N-phenylethyl ring
via substitution perturb residues located in quite different regions of the opioid receptors and engage
different TMHs. In theory, the combination of MOR and DOR properties found in 2i might have made
the compound less likely than other potent analgesics to cause respiratory depression [17]. Indeed,
that was found to be the case in mice using normal air, where a clear difference was found between the
effects of 2i and morphine on respiration. Both 2i and morphine are partial agonists; if the lack of effect
on respiration was due to the partial agonist character of 2i, the same effect would be expected with
morphine. The ability of 2i to recruit -arrestin2 at least as well as morphine (Table 2) would predict
that it should exhibit all of the side-effects known to occur with morphine. The inability of 2i to depress
respiration in mice might indicate that the recruitment of 3-arrestin2 may not be the cause of all of the
side-effects seen with opioids [4]. However, with squirrel monkeys under more stringent conditions,
in an assay using 5% CO; mixed in air, 2i was found to be as effective as morphine in depressing
respiration. Further work is necessary to determine whether 2i will produce the gastrointestinal effects,
tolerance, and dependence that occur with other G-protein biased opioids.

6. Patents

K. C. Rice, A. E. Jacobson, F. Li, E. Gutman, E. W. Bow: Biased Potent Opioid-Like Agonists as
Improved Medications to Treat Chronic and Acute Pain and Methods of Using the Same. International
Application PCT/US19/22701, 18 March 2019 (PCT Application Serial No.: PCT/US2019/022701, filed 18
March 2019). Patent No. WO 2019182950.

Supplementary Materials: 'H and "*C-NMR spectra of novel compounds, molecular modeling, and dynamics
simulations, and Scheme S1, the Synthesis of hydromorphone (S5). N-norhydromorphone (S10) and N-phenethy
Inorhydromorphone (S11).
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Abstract: 7-Benzylidenenaltrexone (BNTX) and most of its derivatives showed in vitro antimalarial
activities against chloroquine-resistant and -sensitive Plasmodium falciparum strains (K1 and FCR3,
respectively). In addition, the time-dependent changes of the addition reactions of the BNTX
derivatives with 1-propanethiol were examined by 'H-NMR experiments to estimate their thiol
group-trapping ability. The relative chemical reactivity of the BNTX derivatives to trap the thiol group
of 1-propanethiol was correlated highly with the antimalarial activity. Therefore, the measurements
of the thiol group-trapping ability of the BNTX derivatives with a Michael acceptor is expected to
become an alternative method for in vitro malarial activity and related assays.

Keywords: morphinan; BNTX; § opioid receptor antagonist; 'H-NMR experiments; mechanism
elucidation

1. Introduction

Malaria is one of the world’s deadliest infectious diseases and it is widespread in the tropical
and subtropical regions located in a broad band around the equator, including Africa, Southeast
Asia, Middle East, and Latin America. In 2017, an estimated 219 million malaria infections were
reported in 87 countries, including about 435,000 deaths from malaria [1]. Malaria also causes serious
complications, such as cerebral malaria involving encephalopathy [2], blackwater fever [3], and acute
respiratory distress syndrome (ARDS) [4]. Since 2001, the World Health Organization (WHO) has
recommended Artemisinin-based combination therapy (ACT) for antimalarial medication. However,
not only general drug-resistant type of malaria, such as chloroquine-resistance (CQ-resistance), but also
artemisinin-resistant malaria has been identified, creating a critical social situation [5,6].

Against such a background, we first reported that a & opioid receptor (DOR) antagonist
7-benzylidenenaltrexone (BNTX, 1, Figure 1) had a potent CQ-resistance reversing effect on Plasmodium
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chabaudi, that is, the combined administration of 1 (perorally) and CQ (intravenously) decreased
the number of parasitized red blood cells in mice infected with CQ-resistant malaria [7]. These research
results revealed that DOR antagonism was particularly important for the CQ-resistance reversing effect.
Further studies suggested that the CQ-resistance reversing effect of 1 was closely related to not only
the DOR antagonism but also to the presence of a Michael acceptor moiety in morphinan compound
1. Although a correlation between the DOR antagonism and its CQ-resistance reversing effect on
malaria parasites has not yet been clearly elucidated, the Michael acceptor structure could be involved
in the effect by reacting with the thiol group of the glutathione-system to increase oxidative stress in
the host [8]. In addition, Asahi and co-workers also reported that the morphinan 1 effectively inhibited
the successive ring—trophozoite-schizont progression of P. falciparum during early developmental
stages, which are associated with the development of pyknosis in ring forms, as compared to another
antimalarial drug dihydroartemisinin [9]. In another study of 1 in protozoal infections, 1 and its
derivatives exhibited in vitro antitrichomonal activity against Trichomonas vaginalis and the activity
was also related to the presence of a Michael acceptor moiety in the morphinan derivatives [10,11].
Thus, “thiol group-trapping action by Michael acceptors such as an «,3-unsaturated ketone moiety”
in morphinan compounds could be considered as a common factor for both the CQ-resistance
reversing effect in malaria and the antitrichomonal effects. Therefore, we hypothesized that chemical
enhancement of the ability to trap thiol groups (for example: glutathione et al. in malaria [12-14];
cysteine etal. in trichomonads [15-19]) would affect the inhibition of each antioxidant system, leading to
the direct improvement of antiprotozoal activity (Figure 1). Morphinan compounds such as 1 have been
recognized as structurally typical drug-like compounds, such as some compounds (morphine, codeine,
and nalfurafine [20], etc.) have been used in clinical practice. In fact, we have already confirmed
in vivo experiments that the morphinan compound 1 is effective against CQ-resistant malaria [7,8].
However, there have been no applications of morphinan compounds to protozoal infections, and this
study is quite significant in the search for new lead compounds for protozoal infections. In this
paper, we investigated the correlation between the thiol group-trapping ability of 1 and its derivatives
and in vitro antimalarial activity.

Red part: morphinan skeleton

OH R Oxidative Il
v/\ V/\N yZ 1\ Stress
Antiprotozoal
0 <0 SH Effects
OH OH
BNTX (1) antioxidant thiol

Figure 1. Structure of BNTX (1) and a plausible explication of antiprotozoal effects by the morphinan compounds.
2. Results and Discussion

First, BNTX (1) and the related derivatives 2-20 (see Table 1), which were prepared by the previously
reported synthetic methods [10,11], were evaluated for in vitro antimalarial activities against
CQ-resistant and -sensitive Plasmodium falciparum strains (K1 and FCR3, respectively) (Table 1) [21].
All compounds 1-20 exhibited moderate antimalarial activity against the CQ-resistant K1 strain (IC5 =
2.08-19.8 uM), except for the dimethylamino-substituted derivative 17. These compounds also exhibited
similar activity against the CQ-sensitive FCR3 strain (ICsy = 1.94-15.0 uM), with the exception of 17
and the reduced derivative 20. Notably, the morphinan derivatives bearing an electron-withdrawing
substituted benzylidene group such as the compounds 6, 8, 9, and 11 tended to exhibit relatively high
antimalarial activities. On the contrary, the electron-donating substituted derivatives 16 and 17 tended
to exhibit weak activities. These results thus suggested that inductive effects caused by introducing
substituents into the benzylidene site affected antimalarial activity to some extent. For the compounds
with alkylidene groups (14, 15, and 18), the antimalarial activity increased as the ring size increased.
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Of particular importance is the result that the antimalarial activity of the saturated derivative 20 lacking
a Michael acceptor was significantly deactivated, as in our previous studies [8,11]. In the first in vitro
antimalarial activity evaluation of a variety of BNTX derivatives, almost all derivatives were found
to exhibit moderate antimalarial activity, although none of them were as potent as the clinical drugs
artemisinin and chloroquine. Furthermore, the antimalarial activity correlated with electron density of
the Michael acceptor, as we predicted.

Table 1. In vitro antimalarial activity of the morphinan derivatives 1-20.

R
A
oH ‘ A2 1(R=H) 9 (R = 3-Br, 5-NO,)
Ve ey
o 0 6(R=4-) :: iz - :m:z)
7 (R =4-CN)
OH 8 (R =4-NO,)
L
OH
VN A VN
O 0  1a(mn=4) O 0 O o
O 15(n=2)
OH 18 (n=1) OH OH
19 20
ICsp (uM) ICsp (uM)
Compound e Compound B
K12 FCR3P K1  FCR3P
Artemisinin  0.03 0.04 104 7.33 6.38
Chloroquine 0.57 0.07 11¢ 2.60 2.50
BNTX (1)¢  4.08 3.26 124 3.93 4.66
2d 431 3.94 134 7.89 9.43
3d 3.60 2.86 144 2.08 1.95
4d 2.82 2.67 154d 7.37 7.16
5d 3.07 2.76 164 7.58 6.61
64 2.78 224 174 >201  N/A
7d 3.16 2.38 184 18.3 15.0
gd 3.04 2.24 194d 15.6 10.3
9d 2.99 2.13 204 19.8 >21.5

2 chloroquine-resistant P. falciparum strain. ® chloroquine-sensitive P. falciparum strain. € hydrochloride. ¢ tartrate.

Next, to easily evaluate the thiol group-trapping ability of BNTX (1) and the various derivatives
2-20, we examined the time-dependent changes of the addition reactions of the compounds 1-20 with
1-propanethiol (as a simple model compound with a thiol group) by utilizing "H-NMR. A typical
experimental example is as follows (Scheme 1). 1-Propanethiol was added to a solution of 1in DMSO-dg
(4 mM) at 37 °C, and the reaction system was kept at the same temperature. Then, the residual rate
of 1 was calculated by measuring the integral value of the vinyl proton at constant time intervals.
In addition, the time-dependent change of each reaction of 1 with the addition of increasing amounts
of 1-propanethiol was performed (1, 3, 10, and 30 equiv.) as shown in Figure 2.

tartrate
H

tartrate
H

nPrSH (X equiv) V/\N/+

DMSO-dg (4 mM)
37 °C, time

OH OH

Scheme 1. Reactions of 1 with 1-propanethiol.
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Figure 2. Temporal change of the addition reaction and the residual rate of 1.

The correlation chart between the elapsed time of the reaction and the residual rate of 1 showed
that the addition reaction of 1-propanethiol achieved equilibrium and the residual rate of substrate
1 converged to a steady-state. General glutathione levels in healthy human erythrocytes cover
a wide range (0.4 to 3.0 mM [22] or 0.1 to 10 mM [23]). Therefore, we decided to evaluate the thiol
group-trapping ability of 1-20 with 3 equivalents of 1-propanethiol (12 mM), because the addition
reaction proceeded very slowly when the concentration of 1-propanethiol was 4.0 mM (1.0 equivalent)
as shown in Figure 2. Table 2 shows the residual rate (%) of the starting materials 1-20 after 1 day or
2 days (also see the Supplementary Materials). The residual rate of starting morphinan derivatives
was calculated by measuring the integral value of the proton at the C5-posidion because of ease of
comparison of integral values before and after addition reaction.

Table 2. The residual rate of the derivatives 1-20 after 1 or 2 days.

Residual Rate (%) Residual Rate (%)
Compound Compound

1 day 2 days 1 day 2 days
1¢ 40.2 38.7P 117 35.1 14.0
2¢ 36.0 34.1° 12¢ 54.9 53.2
3¢ 70.0 56.0 13¢ 45.8 38.6
4¢ 46.4 36.3 14¢ 25.3 16.2
5¢ 41.8 31.2 15°¢ 6.8 6.0
6° 51.3 40.1 16¢ 79.0 66.8
7¢ 24.6 17.7 17¢ 90.0 88.3
8¢ 15.6 10.3 18¢ 82.6 80.2
9¢ 6.7 6.3 19¢ 90.9 83.8
10¢ 36.6 24.8 20¢ 97.9 89.8

2 hydrochloride. P 2.5 days later. © tartrate.

Furthermore, we created a correlation diagram in which the antimalarial activities (IC5y values)
of the BNTX derivatives shown in Table 1 were on the vertical axis, and the residual rate (%)
of the individual derivatives shown in Table 2 was on the horizontal axis, with the exception of
compounds 17 and 20 (Figure 3). The data showed a clear tendency for the morphinan derivatives with
higher thiol group-trapping ability to have higher antimalarial activity (shown enclosed in the red circle
in Figure 3). In contrast, the correlation diagram also showed that a lower ability to capture thiol groups
was associated with a lower antimalarial activity of the derivatives. These experimental results partly
support the recent research reports on thiol group-trapping effects by other laboratories [24-29]. Thus,
as we initially described our hypothesis, the antiprotozoal activity (antimalarial or antitrichomonal
activity) of the BNTX (1) and its derivatives with a Michael acceptor may be expressed by inhibiting
the respective antioxidant system of infectious protozoa. In the near future, we aim to further elucidate
the mechanism of antimalarial activity of the morphinan compounds by applying these results to
in vivo assays, which we have performed in previous studies. When evaluating antimalarial activity
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of the morphinan derivatives, the examination of the thiol group-trapping ability through an organic
chemistry approach might become a reliable primary screening tool.

(HM) =

tartrate tartrate

20 H OH PISH (12 mM) Iy
\VaR & SPr

DMSO-dg

18 37°C o ©

1 day or 2 days

Y
o

OH
(4mM)  (OMe) (OMe)

N
N

-
o

IC5, / Anti-malarial activity
(K1: blue, FCR3: orange)
® N

»

L ]

L ]

0 10 20 30 40 50 60 70 80 90 100
Residual rate of the morphinan derivatives (1 day: circle, 2 days: triangle) (%)
Figure 3. Relationship between antimalarial activities of the BNTX derivatives and the thiol
group-trapping ability. Blue symbols represent K1, the CQ-resistant strain, while the orange symbols
represent the CQ-sensitive strain, FCR-3. The filled circles (o) indicate the residual rates at day 1
and the filled triangles (a) represent the day 2 values. ? The residual rates of 1 and 2 after 2.5 days

were adopted.
3. Materials and Methods

All melting points were determined on a Yanaco MP-500P melting point (Mp) apparatus
(Tokyo, Japan) and were uncorrected. Infrared spectra (IR) were recorded with a JASCO FI/IR
4100 spectrophotometer (Tokyo, Japan). 'H and '*C NMR spectra data were obtained with JEOL
JNM-ECS 400 instruments (Tokyo, Japan). Chemical shifts are quoted in ppm using tetramethylsilane
(8 = 0 ppm) as the reference for 'H NMR spectroscopy (JEOL RESONANCE, Tokyo, Japan), CDCl;
(6 = 77.0 ppm) for '¥C NMR spectroscopy. Mass spectra were measured with a JEOL J]MS-T100LP
spectrometer. Elemental analysis was performed with a J-SCIENCE MICRO CORDER JM-10 model
analyzer. Column chromatography was carried out on silica gel (Fuji Silysia, CHROMATOREX PSQ60B,
Aichi, Japan). Thin layer chromatography (TLC) and preparative TLC were performed on Merck
Kieselgel 60 Fps4 (0.25 mm and 0.50 mm) plates (Darmstadt, Germany). All reactions were performed
under an argon atmosphere. Synthetic procedures and analytical data for the compounds 1-7, 16, 17,
19, and 20 were reported in our previous paper [11]. Additionally, the analytical data of compound 8
have been reported [30].

3.1. Experimental Data

(12bS)-6-((E)-3-Bromo-5-nitrobenzylidene)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6
-hexahydro-1H-4,12-methanobenzofuro|3,2-eJisoquinolin-7(7aH)-one (9): IR (neat) cm™1: 3348, 2925,
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2831, 1695, 1533, 1347, 1051. "H NMR (400 MHz, CDCl3): § (ppm) 0.12—0.17 (m, 2H), 0.54—0.58 (m, 2H),
0.83-0.89 (m, 1H), 1.67 (d, ] = 13.3 Hz, 1H), 2.30-2.43 (m, 5H), 2.66—2.76 (m, 2H), 2.85 (d, ] = 15.1 Hz,
1H), 3.13-3.24 (m, 2H), 4.71 (s, 1H), 6.66 (d, ] = 8.2 Hz, 1H), 6.76 (d, ] = 8.2 Hz, 1H), 7.46 (d, ] = 2.3 Hz,
1H),7.79 (dd, ] = 1.8, 1.8 Hz, 1H), 8.15 (dd, ] = 1.8, 1.8 Hz, 1H), 8.31 (dd, ] = 1.8, 1.8 Hz, 1H). The OH
peaks were not observed. 13C NMR (100 MHz, CDCl3): 5 (ppm) 3.7,4.2,9.2,22.8,31.6,33.5,43.3,48.1,
59.3, 61.6,70.6,89.9, 117.8, 120.4, 123.0 (x 2), 124.4, 126.3, 129.4, 135.1, 136.5, 138.3, 138.4 (x 2), 143.7,
148.7,198.7. HR-MS (ESI): m/z [M + H]" caled for Co7HosBrN,Og: 553.09742, found: 553.09566.

9-tartrate: Mp (dec) 166.0—-168.0 °C. Anal. Calcd for Cy7Hy5BrN;Og-C4HgOg-1.9H,0: C, 50.47; H, 4.75;
N, 3.80, found: C, 50.34; H, 4.91; N, 3.65.

(4R,4aS,7aR,12bS,E)-3-(Cyclopropylmethyl)-4a,9-dihydroxy-6-((perfluorophenyl)methylene)-2,3,4,4a,5,6
-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7(7aH)-one (10): IR (KBr) cem™: 3377, 2927,

1698, 1521, 1496. TH NMR (400 MHz, CDCl3): § (ppm) 0.11-0.15 (m, 2H), 0.52-0.55 (m, 2H), 0.81-0.84

(m, 1H), 1.63—1.66 (m, 1H), 2.24—2.50 (m, 6H), 2.64—-2.74 (m, 2H), 3.13 (d, ] = 18.8 Hz, 1H), 3.19 (d, ] =

6.0 Hz, 1H), 4.72 (s, 1H), 6.66 (d, ] = 8.2 Hz, 1H), 6.75 (d, ] = 8.2 Hz, 1H), 7.21 (s, 1H). The OH peaks

were not observed. 1*C NMR (100 MHz, CDCl3): § (ppm) 3.6, 4.2, 9.2, 22.7, 31.6, 35.1, 43.4, 48.1, 59.3,
61.4,70.2,89.7,117.8,120.4, 123.5, 124.4, 129.3, 138.3, 139.7, 143.5, 197.9. Some aromatic carbons were

not observed. HR-MS (ESI): m/z [M + H]* caled for Co7Hp3FsNOy: 520.15472, found: 520.15331.

10-tartrate: Mp (dec) 178.2-179.9 °C. Anal. Caled for CpyHppFsNO,-C4HOy-2H,0: C, 52.77; H, 4.57; N,
1.99, found: C, 52.82; H, 4.68; N, 2.23.

(12bS)-3-(Cyclopropylmethyl)-4a,9-dihydroxy-6-((E)-4-isothiocyanatobenzylidene)-2,3,4,4a,5,6
-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7(7aH)-one (11): IR (KBr) cm~!: 3409, 2924,
2096, 1685, 1596.

1H NMR (400 MHz, CDCls):  (ppm) 0.13—0.15 (m, 2H), 0.54—0.56 (m, 2H), 0.83—0.88 (m, 1H), 1.66—1.68
(m, 1H), 2.26-2.48 (m, 5H), 2.64—2.74 (m, 2H), 2.92 (d, ] = 15.6 Hz, 1H), 3.15 (d, ] = 18.8 Hz, 1H), 3.21
(d, ] = 6.0 Hz, 1H), 4.69 (s, 1H), 6.65 (d, ] = 8.0 Hz, 1H), 6.75 (d, ] = 8.0 Hz, 1H), 7.21 (d, ] = 8.2 Hz, 2H),
7.34 (d, ] =8.2Hz, 2H), 7.58 (d, | = 8.3 Hz, 1H). The OH peaks were not observed. 13C NMR (100 MHz,
CDCl): b (ppm) 3.7,4.1,9.3,22.8,31.7,33.7,43.3,47.8,59.4, 61.6, 70.2, 89.9, 117.7,120.2, 124.5, 125.8
(x2),129.7,131.4 (x 2),131.5,133.3,134.1, 136.4, 138.3, 138.6, 143.7, 198.6. HR-MS (ESI): m/z [M + H]*
caled for CogHy7N»O4S: 487.16915, found: 487.16863.

11-hydrochloride: Mp (dec) 189.6—191.3 °C. Anal. Caled for CpsHpsN,O4S-HC1-2.3H,0: C, 59.58; H, 5.64;
N, 4.96, found: C, 59.42; H, 5.55; N, 4.82.

N-(4-((E)-((4R 4aS,7aR,12bS)-3-(Cyclopropylmethyl)-4a,9-dihydroxy-7-oxo-1,2,3,4,4a,5,7,7a-octahydro
-6H-4,12-methanobenzofurol3,2-e]isoquinolin-6-ylidene)methyl)phenyl)acrylamide (12): IR (KBr)
em~: 3435, 2925, 1672, 1592. 'H NMR (400 MHz, CDCl3): & (ppm) 0.13-0.16 (m, 2H), 0.52—0.57
(m, 2H), 0.83-0.86 (m, 1H), 1.64—1.66 (m, 1H), 2.26-2.47 (m, 5H), 2.66—2.72 (m, 2H), 3.00 (d, ] = 15.6 Hz,
1H), 3.15 (d, ] = 18.8 Hz, 1H), 3.24 (d, ] = 6.4 Hz, 1H), 4.68 (s, 1H), 5.78 (dd, ] = 10.1, 1.1 Hz, 1H), 6.26
(dd,J =16.7,10.7 Hz, 1H), 6.44 (dd, ] = 16.7, 1.1 Hz, 1H), 6.64 (d, ] = 8.2 Hz, 1H), 6.74 (d, ] = 8.2 Hz, 1H),
7.28 (d, ] = 8.2 Hz, 2H), 7.57-7.63 (m, 4H). The OH peaks were not observed. 13C NMR (100 MHz,
CDCly): 6 (ppm) 3.6,4.2,9.3,22.9,31.8, 33.8, 43.4,47.7,59.4, 61.5, 70.2, 90.0, 117.7, 119.5 (x 2), 120.1,
124.6,128.4,129.8,130.9, 131.1, 131.4 (x 2), 131.5, 138.4, 138.5, 140.1, 143.8, 163.6, 198.4. HR-MS (ESI):
m/z [M + H]* caled for C3gH31N,Os5: 499.22330, found: 499.22469.

12-tartrate: Mp (dec) 202.0-203.9 °C. Anal. Caled for C3pH3yN»O5-C4HgO4-2.8H,0: C, 58.41; H, 6.00;
N, 4.01, found: C, 58.46; H, 5.81; N, 4.11.

(4R 4aS,7aR,12bS,E)-3-(Cyclopropylmethyl)-6-((6,6-dimethoxy-3-oxocyclohexa-1,4-dien-1-yl)methylene)
-4a,9-dihydroxy-2,3,4,4a,5,6-hexahydro-1H-4,12-methanobenzofuro[3,2-eJisoquinolin-7(7aH)-one
(13): IR (KBr) cm™': 3417, 2937, 1671, 1632. "H NMR (400 MHz, CDCls): & (ppm) 0.14—0.15 (m, 2H),
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0.54-0.59 (m, 2H), 0.83—0.86 (m, 1H), 1.63—1.66 (m, 1H), 2.23—-2.40 (m, 4H), 2.46 (dd, ] = 12.0, 6.2 Hz,
1H), 2.65 (dd, ] = 18.5, 6.4 Hz, 1H), 2.73 (dd, ] = 12.0, 4.1 Hz, 1H), 2.93 (d, ] = 15.1 Hz, 1H), 3.13 (d,] =
18.5 Hz, 1H), 3.21 (d, ] = 6.4 Hz, 1H), 3.25 (s, 6H), 4.69 (s, 1H), 6.29 (s, 1H), 6.4 (dd, J = 10.4, 2.1 Hz, 1H),
6.64 (d,] = 8.2 Hz, 1H), 6.74 (d, ] = 8.2 Hz, 1H), 6.81 (d, ] = 10.4 Hz, 1H), 7.27 (s, 1H). The OH peaks
were not observed. 1*C NMR (100 MHz, CDCls): 5 (ppm) 3.7, 4.1,9.3,22.7,31.5, 34.6, 43.3, 48.0, 51.2,
51.3,594, 61.6,70.4,89.9,94.9,117.6,120.2,124.6, 129.5, 131.1, 131.7, 132.9, 138.2, 138.4, 143.6, 144 .4,
151.4, 185.0, 198.5. HR-MS (ESI): m/z [M + H]" calcd for Co9gH3,NO7: 506.21788, found: 506.21626.

13-tartrate: Mp (dec) 218.6—220.5 °C. Anal. Calcd for Co9H31NO7-C4HO4-3.5H,0: C, 55.15; H, 6.17; N,
1.95, found: C,55.17; H, 5.79; N, 1.92.

(4R ,4aS,7aR,12bS,E)-6-(Cyclohexylmethylene)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6
-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7(7aH)-one (14): IR (KBr) cm™!: 3422, 2925,
1686. 'H NMR (400 MHz, CDCl3): § (ppm) 0.14-0.15 (m, 2H), 0.52-0.60 (m, 2H), 0.86—0.87 (m, 1H),
1.06—-1.29 (m, 5H), 1.44 (d, ] = 12.8 Hz, 1H), 1.59-1.73 (m, 5H), 2.09 (dd, ] = 15.1, 2.8 Hz, 1H), 2.21-2.46
(m, 5H), 2.60-2.73 (m, 3H), 3.10 (d, ] = 18.3 Hz, 1H), 3.24 (s, 1H), 4.59 (s, 1H), 6.55-6.60 (m, 2H), 6.70
(d,] = 8.2 Hz, 1H). The OH peaks were not observed. '>*C NMR (100 MHz, CDCl;): § (ppm) 3.8, 4.1,
9.3,22.9,254,25.5,25.7,31.4 (x 2),31.9,32.5,37.2,43.4,47.9,59.4, 61.8,70.1,90.1, 117.5, 119.9, 124 4,
129.8, 130.5, 138.3, 143.6, 149.4, 198.7. HR-MS (ESI): m/z [M + H]* calcd for Cp;H34NOy: 436.24878,
found: 436.24706. 14-tartrate: Mp (dec) 176.8—-178.8 °C. Anal. Calcd for Cy;H33NO,4-C4HgOg-1.8H,O:
C,60.24; H, 6.95; N, 2.27, found: C, 60.39; H, 6.92; N, 2.14.

(4R,4aS,7aR,12bS,E)-6-(Cyclobutylmethylene)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6
-hexahydro-1H-4,12-methanobenzofuro[3,2-eJisoquinolin-7(7aH)-one (15): IR (KBr) cm~!: 3419, 2936,
1685, 1612. TH NMR (400 MHz, CDCl3): & (ppm) 0.15-0.16 (m, 2H), 0.56—0.57 (m, 2H), 0.86—0.89
(m, 1H), 1.60-1.63 (m, 1H), 1.85-2.12 (m, 6H), 2.21-2.39 (m, 4H), 2.46 (dd, ] = 12.6, 6.2 Hz, 1H),
2.56-2.65 (m, 2H), 2.70—2.74 (m, 1H), 3.09—3.24 (m, 3H), 4.60 (s, 1H), 6.60 (d, ] = 8.2 Hz, 1H), 6.71 (d, ] =
8.2 Hz, 1H), 6.88 (dd, ] = 8.7, 2.3 Hz, 1H). The OH peaks were not observed. 13C NMR (100 MHz,
CDClz): & (ppm) 3.7,4.1,9.3,19.1, 22.8, 28.65, 28.67, 31.7, 32.5, 34.3, 43.3,47.9, 59.4, 61.7,70.0, 90.1, 117.3,
119.9, 124.6, 129.9, 130.3, 138.2, 143.6, 148.9, 197.9. HR-MS (ESI): m/z [M + H]* calcd for Co5HzgNOy:
408.21748, found: 408.21657.

15-tartrate: Mp (dec) 166.9—-168.9 °C. Anal. Caled for Co5HpgNO,-C4HOg:1.4H,0: C, 59.76; H, 6.54; N,
240, found: C,59.73; H, 6.72; N, 2.48.

(4R ,4aS,7aR,12bS,E)-3-(Cyclopropylmethyl)-6-(cyclopropylmethylene)-4a,9-dihydroxy-2,3,4,4a,5,6
-hexahydro-1H-4,12-methanobenzofuro|[3,2-e]isoquinolin-7(7aH)-one (18): Mp (dec) 222.0-223.8 °C. IR
(KBr) cm™': 3399, 2924, 2821, 1678, 1328. 'H NMR (400 MHz, CDCl3): § (ppm) 0.14-0.18 (m, 2H),
0.54-0.59 (m, 2H), 0.63—0.75 (m, 2H), 0.87—1.01 (m, 3H), 1.51—1.55 (m, 1H), 1.62—1.65 (m, 1H), 2.23-2.50
(m, 5H), 2.61-2.73 (m, 2H), 2.80 (d, ] = 15.6 Hz, 1H), 3.14 (d, ] = 18.8 Hz, 1H), 3.27 (d, ] = 6.0 Hz, 1H),
4.61 (s, 1H), 5.28 (brs, 1H), 6.21 (dd, ] = 11.2, 2.1 Hz, 1H), 6.60 (d, ] = 8.2 Hz, 1H), 6.71 (d, ] = 8.2 Hz, 1H).
The OH peak was not observed. 13C NMR (100 MHz, CDCl3): & (ppm) 3.6, 4.1,9.35,9.38, 9.8, 12.2,
229,31.8,32.4,43.4,47.7,59.4, 61.6, 69.9,90.0, 117.3,119.8, 124.6, 129.3, 130.0, 138.2, 143.7, 150.9, 196.1.
HR-MS (ESI): m/z [M + H]" caled for Co4HygNOy: 394.20183, found: 394.20102.

18-tartrate: Mp (dec) 173.0~175.0 °C. Anal. Calcd for Cp4Hy7NO4-C4HgOg-1.2H,0: C, 59.50; H, 6.31; N,
248, found: C, 59.67; H, 6.33; N, 2.22.

3.2. Antimalarial Assay

The evaluation of antimalarial activity was conducted as previously reported [21]. Briefly, cultured
P. falciparum (chloroquine sensitive FCR3 strain and chloroquine resistant K1 strain) in Type A* blood
was seeded in 96-well culture plates (parasitemia 0.5%-1%, hematocrit 2.0%) and incubated with
test drugs for 72h in RPMI medium supplemented with 10% human plasma at 37 °C, under 93%
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Ny, 4% CO,, and 3% O,. After incubation, parasite lactate dehydrogenase activity was assayed to
determine parasite growth and calculate the antimalarial activity in comparison with the controls
that had received no drugs. This study was approved by “Kitasato Institute Hospital Research Ethics
Committee (N012102)” on donated human blood from volunteers.

4. Conclusions

In conclusion, the antimalarial activities of the BNTX derivatives with a Michael acceptor were
evaluated using CQ-resistant K1 and -sensitive FCR3 strains. Moreover, the thiol group-trapping abilities
of the derivatives were also investigated relatively, using 'H-NMR experiments. The experimental
results strongly supported a correlation between the antimalarial activity and the chemical reactivity of
the BNTX derivatives with 1-propanethiol. Thus, the measurement of the thiol group-trapping ability
of the derivatives with a Michael acceptor could become a reliable and valid screening technique for
antimalarial or related activities.

Supplementary Materials: The addition reactions of 1-propanethiol (Table 2) in detail are available online.
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Abstract: We have recently reported that N-alkyl and N-acyl naltrindole (NTI) derivatives showed
activities for the 6 opioid receptor (DOR) ranging widely from full inverse agonists to full agonists.
We newly designed sulfonamide-type NTI derivatives in order to investigate the effects of the
N-substituent on the functional activities because the side chain and S=O part in the sulfonamide
moiety located in spatially different positions compared with those in the alkylamine and amide
moieties. Among the tested compounds, cyclopropylsulfonamide 9f (SYK-839) was the most potent
full inverse agonist for the DOR, whereas phenethylsulfonamide 9e (SYK-901) showed full DOR
agonist activity with moderate potency. These NTI derivatives are expected to be useful compounds
for investigation of the molecular mechanism inducing these functional activities.

Keywords: § opioid receptor; NTI derivative; sulfonamide; inverse agonist; neutral antagonist; agonist

1. Introduction

The ligands interacting with receptors have long been classified into agonists and antagonists.
However, it is now widely accepted that there are agonists, neutral antagonists, and inverse agonists.
Agonists interact with receptors in the active state to induce physiological activities, whereas inverse
agonists, which bind to receptors in the inactive state, can suppress the constitutive activities of
receptors. The constitutive activity is characterized as activities induced by receptors in the absence of
agonists [1-3]. Neutral antagonists themselves do not exhibit any activities and can block the functions
of both agonists and inverse agonists. Recently, the relationship between some disease states and the
constitutive activity of receptors, and developments of inverse agonists have been reported [4-20].
In the opioid field, since Costa and Herz firstly reported that peptidic ICI-174,864 showed & opioid
receptor (DOR) inverse agonist activity [21], several peptidic and non-peptidic DOR inverse agonists
have been developed [4]. Possible pharmacological effects resulting from DOR inverse agonism include
anorexia [22,23], short-term memory improvement [24], and antitussive effects [25]. We also recently
reported several DOR inverse agonists with the skeleton of naltrindole (NTI) [24-26], which was
developed as a selective DOR antagonist by Portoghese et al. [27,28].
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Interestingly, a series of compounds we reported induced activities from full inverse agonists
to full agonists depending on their substituents on the 17-nitrogen atom (Figure 1) [24-26,29].
Amide-type compound SKY-623 bearing 17-cyclopropanecarbonyl group was a DOR full inverse
agonist with high potency [25]. Well-known NTI with the 17-cyclopropylmethyl substituent was a
neutral antagonist [27,28]. In contrast, SYK-754 possessing the phenylacetyl group as a 17-substituent
was a DOR full agonist with moderate potency [29]. The 17-substituent of the morphinan skeleton,
which is a representatively fundamental core of opioid ligands and is shared among NTI and many
clinically used opioids like morphine, oxymorphone, and naloxone, is a determinant of the activities
of ligands, either agonist or antagonist [30]. Especially, this tendency is observed in the ligands
showing selectivity for the u opioid receptor (MOR), which is one of the known opioid receptor types,
encompassing MOR, DOR, and « opioid receptor (KOR). For example, naltrexone and naloxone with a
bulky 17-substituent like cyclopropylmethyl and allyl, respectively, are antagonists, while morphine
and oxymorphone, having a small methyl group at the 17-nitrogen, are agonists. However, to the best
of our knowledge, this is the first example of opioid ligands with common structures, but possessing
different 17-substituents, whose activities range from full inverse agonists to full agonists. It is also
worth noting that amide-type compounds SYK-623 and SYK-754 showed opioid functionality even
though they lack a basic nitrogen. The basic nitrogen in opioid ligands, which is protonated under
the physiological environment, is well-known to be an essential pharmacophore. Indeed, co-crystals
of opioid receptors with specific antagonists or agonists have been resolved to reveal the interaction
between the protonated nitrogen atom in the ligands and the aspartic acid residue in the receptor [31-35].
Moreover, such interaction between a ligand and the receptor has also been recently elucidated by
cryo-electron microscopic analysis of the ligand-receptor complex [36,37]. The neoclerodane diterpene
salvinolin A is known to be a non-nitrogenous KOR agonist [38]. However, salvinolin A has been
reported to bind to the KOR in a different fashion from that of morphinan derivatives [39]. Taken together,
several NTI derivatives that we have reported (Figure 1) are expected to be useful compounds to
elucidate the binding modes of these structures and to investigate the effects of the N-substituents
on the conformational changes of the DOR that induce functional activities from inverse agonists to
agonists. We were therefore interested in sulfonamide-type NTI derivatives, because not only the
orientation of the sidechain, but also the chemical property of the nitrogen atom in the sulfonamide
moiety differs from those of tertiary alkyl or amide-type compounds. Herein, we will report the
synthesis of sulfonamide-type NTI derivatives and the evaluation of their opioid activities. We also
compared activities among the NTI derivatives having corresponding tertiary alkyl amine, amide,
and sulfonamide moieties.

SYK-623: R = (C=0)c-Pr: DOR full inverse agonist
NTI: R = CH,c-Pr: DOR neutral antagonist
SYK-754: R = (C=0)CH,Ph: DOR full agonists

Figure 1. Structures of SYK-623 (DOR full inverse agonist), NTI (DOR neutral antagonist), and SYK-882
(DOR full agonist).

2. Results and Discussion

2.1. The Most Stable Conformations of the Corresponding Alkyl-, Amide-, and Sulfonamide-Type Compounds
and the Comparison of the Basicities of Their Nitrogen Atoms

Inorder to clarify the structural differences among alkylamines, amides, and sulfonamides, we calculated
the most stable conformations of 1-(2,2,2-trifluoroethyl)piperidine (A), 1-(trifluoroacetyl)piperidine (B),
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and 1-(trifluoromethylsulfonyl)piperidine (C) as model compounds at the wB97XD/6-31G(d,p) level
(Figure 2). The orientations of trifluoromethyl parts in the three model compounds differed from
each other. The C=0O or S=O moieties in piperidines B or C, which were possible functionalities
to interact with the receptor, were also oriented toward distinct directions. The active conformers,
which interact with the target proteins, do not necessarily correspond to the most stable conformations.
However, it is obvious that the relative relationship among the spatial locations of the piperidine ring,
side chain, and the C=0O or S=O moieties varied among the three piperidines. As the nitrogens of
piperidines A and B are sp® and sp? hybridized, respectively, the structures of these nitrogens were
trigonal pyramid and the trigonal plannar, respectively. Meanwhile, the nitrogen of piperidine C
was observed to be slightly pyramidalized. According to the calculations by Advanced Chemistry
Development (ACD/Labs) Software V11.02, the nitrogen of piperidine A is basic, whereas piperidines
B and C have no basic nitrogens: the predicted pKa values were 6.79 + 0.10 for A, -1 + 0.20 for B,
and —7.81 + 0.20 for C. The amide-type NTI derivative SYK-623 (Figure 1) was a DOR full inverse
agonist, even though it lacked a basic nitrogen, a known important pharmacophore. This observation
evoked the idea that the C=O moiety might compensate for the interaction between the protonated
nitrogen and the receptor. It is interesting to consider whether the S=O moieties in sulfonamide-type
NTI derivatives, which were oriented differently from the C=0O part in amide-type NTI derivatives,
can function as a surrogate for the amide carbonyl moiety.

A B C

Side view

\ VAR /‘—-‘/‘_

Figure 2. The most stable conformations of 1-(2,2,2-trifluoroethyl)piperidine (A), 1-(trifluoroacetyl)piperidine
(B), and 1-(trifluoromethylsulfonyl)piperidine (C). The conformers were obtained by the wB97XD/6-31G(d,p)
level calculation.

2.2. Chemical Synthesis

Compound 7 [24,25], which is the key intermediate for the synthesis of the target sulfonamide-type
NTI derivatives, was synthesized from naltrexone hydrochloride (1) (Scheme 1). Fischer indolization
of 1 with phenylhydrazine hydrochloride gave NTI (2) [27,28] in 99% yield, which was treated with
acetic anhydride to afford diacetate 3 in 95% yield. The reaction of 3 with Troc-Cl provided a mixture
of compounds 4 and 4’. Although the dealkylation with chloroformates is the usual method [40-42],
the application of the methodology to 14-hydroxymorphinan derivatives requires the protection
of the 14-hydroxy group because the cleavage reaction of the D-ring (piperidine ring) reportedly
proceeded when applying the methodology to 14-hydroxy free morphinan derivatives [43]. Although
the treatment with zinc and acetic acid is the usual deprotection procedure for the N-Troc group [44],
the application of the deprotection conditions to the 14-acetoxy morphinan derivatives like 4 and
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4’ sometimes facilitated the migration of the acetyl group from the 14-O-position to the 17-nitrogen.
Therefore, we attempted to hydrolyze the 14-acetate under basic conditions using methanol as a solvent
to afford compounds 5 and 6 in 60% and 21% yields, respectively. As compound 5 was unexpectedly
obtained, we explored the optimal conditions of hydrolysis (see the Supporting Information for
details). The treatment of a mixture of 4 and 4’ with 4 M NaOH aqueous solution using THF as a
solvent selectively furnished compound 5 and methyl carbamate 6 was almost not detected. Finally,
the key intermediate 7 was prepared by introduction of TBS group at the phenolic hydroxy group
of 5. Although we previously reported the synthesis of 7 from 1 [24], the synthetic method shown
in Scheme 1 was four steps shorter and provided the key intermediate 7 in higher total yield than
the previous method (see the Supporting Information for details). Portoghese et al. and Rice et al.
independently reported the synthesis of the 5 hydrochloride from noroxymorphone in one step (see the
Supporting Information for details) [45,46]. However, noroxymorphone is difficult to obtain and very
expensive compared with naltrexone hydrochloride (1).

Scheme 1. Synthesis of the key intermediate 7. Reagents and conditions: (a) PANHNH,-HCl, MeSO3H,
EtOH, reflux, 99%; (b) AcyO, 85 °C, 95%; (c) Troc-Cl, K,CO3, 1,1,2,2-tetrachloroethane, reflux, 92%;
(d) 4 M NaOH aq, MeOH, reflux, 5: 60% from 3, 6: 21% from 3; (e) 4 M NaOH aq, THE, reflux, 5: 72%
from 3, 6: trace from 3; (f) TBSCI, imidazole, DMF, rt, 70%.

Designed sulfonamide-type NTI derivatives 9 were synthesized from the key intermediate 7
(Scheme 2). Sulfonylation of 7 and the followed deprotection of TBS group gave compounds 9a-g.
For the synthesis of vinyl sulfonamide derivatives 8g, 2-chloroethylsulfonyl chloride was used in the
presence of NaOH instead of triethylamine. The change from triethylamine to more basic NaOH
effectively expedited E2 elimination to provide the vinylsulfonyl moiety.
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a: R=Me, b: R=CFj3, ¢: R=Ph, d: R=Bn, e: R = phenethyl,
f: R=c-Pr, g: R =vinyl

Scheme 2. Synthesis of sulfonamide-type NTI derivatives 9. Reagents and conditions: (a) RSO,Cl,
Et;N, CH,Cly, 0 °C, 46-98%; (b) CICH,CH,S0,Cl, 0.5 M NaOH aq, CH,Cl,, 0 °C, 56% (8g); (¢) 1.0 M
TBAF, THF, rt, 71-96%.

2.3. Binding Affinity and Functional Activity

The binding affinities of the synthesized compounds 9 for the opiod receptors were evaluated by
competitive binding assays according to the previously reported methods [47] (Table 1). Although the
binding affinity of compound 9d for the DOR was low, the other tested compounds 9 bound to the
DOR with strong to moderate affinities. Among them, compound 9f with a cyclopropylsulfonyl group
was the strongest binder to the DOR with a K; value of 7.44 nM. However, its affinity for the DOR
was over 10-fold lower than that of the mother compound NTI. Compounds 9¢ and 9f, which had
relatively high affinities for the DOR, showed binding affinities for the KOR, but their affinities for the
KOR were lower than those for the DOR. All the tested compounds exhibited almost no affinities for
the MOR. The DOR selectivities displayed by the tested compounds tended to also be observed in the
series of alkyl- and amide-type NTI derivatives.

As all the tested compounds 9 showed DOR selectivities, we evaluated the functional activities of 9
for the DOR by [3°S]JGTPYS binding assays according to the previously reported methods [47] (Table 1).
Compounds 9a, 9b, 9f, and 9g showed inverse agonist activities. Among them, compounds 9f and
9g showing high efficacies were almost full inverse agonists. The activity of 9f was comparable to
that to SYK-623 (ECs5p = 0.969 nM, Emax = —91.2%) [25]. Interestingly, both compounds possessing the
cyclopropyl moiety together with either a C=0 or a S=O functionality were inverse agonists, while the
NTI-bearing cyclopropylmethyl group, with neither the C=0O nor S5=O moiety, was a neutral antagonist.
Benzylsulfonamide 9d and phenethylsulfonamide 9e were DOR agonists. Morphine derivatives with
large and small N-substituents are known to show antagonist and agonist activities, respectively, while
the N-phenethyl derivative bearing a larger N-substituent was an agonist [30]. Although it is not
fully clear why such outcomes were observed, the observations for compounds 9d and 9e may result
from a similar cause. As no [®*S]JGTPyS binding was measured for compound 9¢, 9c was a neutral
DOR antagonist.

We summarized the binding affinities and functional acitvities of the corresponding alkyl-, amide-,
and sulfonamide-type NTI derivatives for the DOR in Table 2. Full agonists, partial agonists, neutral
antagonists, partial inverse agonists, and full inverse agonists were categorized based on the following
criteria: Emax > 80% for full agonists, 80% > Emax > 10% for partial agonists, 10% > Emax > —10% for
neutral antagonists, —10% > Emax > —80% for partial inverse agonists, and —80% > Emax for full inverse
agonists. In the case that the substituent R was methyl, trifluoromethyl, phenyl, or cyclopropyl group,
NTI derivatives were neutral antagonsts or inverse agonists. However, no clear trend dependent
on the moiety X was observed. On the other hand, the derivatives bearing benzyl or phenethyl
substituent as the R group exhibited agonist activities regardless of the moiety X. Although all the
derivatives with the phenyl, benzyl, or phenethyl substituent as the R group possessed the phenyl
ring in their N-substituents, regardless of the moiety X, the derivatives with benzyl-X- or phenethyl-X-
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group showed positive intrinsic activities whereas N-(phenyl-X)- derivatives displayed no positive
intrinsic activities. It is not clear why such results were obtained, but the length between the phenyl
ring and morphinan core structure may play a key role. When the substituent R is a vinyl group,
the X moiety seemed to control the functional activities: an alkyl-type derivative (X = CH,) was an
agonist while amide-type (X = CO) or sulfonamide-type (X = SO,) derivatives were inverse agonists.
The outcomes shown in Table 2 critically suggest that the N-substituent (R-X- group) would affect
the functional activity. This observation is consistent with the idea that binding of these different
structures would selectively alter the conformation of the DOR to induce an agonistic, inverse agonistic
activity, or no activity at all. However, it is not yet known which functional group or which interaction
would control the conformational changes of the receptor based on the classical structure-activity
relationship study carried out in this research. Further investigations using computational simulation,
X-ray crystallographic or cryo-electron microscopic studies of the complex of these ligands with the
DOR are expected to reveal key insights.

Table 1. Binding affinities of compounds 9 for the opioid receptors # and functional activities of

compounds 9 for the DOR P.
9a-g
Binding Affinity, nM (95% CI) Functional Activity for DOR
Compd R
K; (DOR) K; (MOR) K; (KOR) ECsp, nM (95% CI) Emax, % (95% CI)
DPDPE © — NTd NTd NTd 4.66 (2.08-10.4) 100¢
ICI-174,864 © — 422 (215-829) NTd NTd 114 (67.9-192) -100f
0.457
< — ! g h
NTI (0192-1.09) 30.7 (12.5-75.4)  14.7 (3.16-68.5) ND 7.50
10,100 —48.8
- 4 g —
9a Me 284 (151-535) (1920-16,600) ND 0.468 (0.0816-2.68) (~58.2--39.5)
9b CF. 365 (193-692) 11,800 675 (210-2170) ND & -36.11
3 (1740-80,300) )
20,500
- 4 - g 8
9¢ Ph 49.6 (26.2-93.9) (1560-269,000) 95.6 (41.4-220) ND ND
5180 18,800
9d Bn 734 (326-1660) (1930-13,900)  (6010-58,800) 310 (82.1-177) 47.1 (36.9-57.3)
1400 17,800
9e Phenethyl 132 (57.0-304) (261-7440) (6840-46,300) 75.8 (39.5-146) 88.1 (79.2-97.0)
3900 -80.5
of c-Pr 7.44 (3.53-15.7) (1450-10,500) 13.6 (5.45-33.7)  1.59 (0.825-3.05) (-87.7--73.4)
. 3570 59,100 -80.2
9g vinyl 196 (87.5-440) (1420-8970) (2190-160,000) 7.80 (1.58-38.4) (-97.8—62.6)

2 Evaluated by the ability of each compound to displace [PH]DAMGO (MOR), [*H]DPDPE (DOR), or [*H]U-69,593
(KOR) binding to the CHO cells expressing human MOR, DOR, or KOR. The data represent means of three samples.
® Membranes were incubated with [**S]JGTPyS and GDP in the presence of the test compound. The human DOR
recombinant cell membrane (CHO) was used in this assay. The data represent means of three samples. ¢ From
ref. [24]. ¢ NT: Not tested. ¢ DPDPE (1 uM) was used as the standard DOR agonist. fIC1-174,864 (10 uM) was
used as the standard DOR inverse agonist. 8 ND: Not determined. " Percent stimulation at 10 uM of the tested
compound. 95% CI: 95% confidence interval.
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Table 2. Comparison of binding affinity and functional activity for the DOR among the corresponding
alkyl-, amide-, and sulfonamide-type NTI derivatives.

Alkyl-Type, X = CH, Amide-Type, X = CO Sulfonamide-Type, X = SO,
(95% CI) (95% CI) (95% CI)
9a (SYK-884)
K; = 284 nM (151-535)
EC50 = 0.468 nM (0.0816-2.68)
Emax = —48.8% (-58.2--39.5)

SYK-165 2 9b (SYK-837)
CF K; = 134 nM (75.4-239) K; = 365 nM (193-692)
3 ECs = 45.5 nM (17.5-118) ECsp: ND €
Emmax = —44.8% (=51.9-—37.7) Emax = —36.1% 4
SYK-619 ©
i K; =158 nM (7.23-34.7)
ECs = 16.1 nM (7.31-35.4)
Emax = —56.5% (—63.3-—49.8)
SYK-707 ¢ 9d (SYK-887)
B K; = 1.94 nM (1.50-2.50) K; = 734 nM (326-1,660)

ECsp = 15.1 nM (2.67-85.0)
Emax =40.3% (304—502)

ECsp = 310 nM (82.1-117)
Emax = 47.1% (36.9-57.3)

Phenethyl

SYK-706

K; = 0.609 nM (0.407-0.913)

ECso = 101 nM (4.46-2,280)
Emax = 16.2% (8.14-24.3)

vinyl

— Full agonist (Emax > 80%), : partial agonist (80% > Emax > 10%), _: neutral antagonist (10% >
Emax > —10%), : partial inverse agonist (—10% > Emax > -80%), yumm: full inverse agonist (=80% > Emax)-
a From ref. [26]. ® From ref. [25]. ¢ ND: Not determined. ¢ Percent stimulation at 10 M of the tested compound.
¢ From ref. [24]. f From ref. [29]. 8 SYK-903 was newly synthesized and evaluated in comparison with SYK-836
and SYK-886. The synthetic method and its spectral data are described in the Supporting Information. The data
represent means of three or four samples. 95% CI: 95% confidence interval.

3. Materials and Methods

3.1. General Information

All reagents and solvents were obtained from commercial suppliers and were used without further
purification. Melting points were determined on a Yanako MP-500P melting point apparatus and were
uncorrected. IR spectra were recorded on a JASCO FT/IR-460Plus. NMR spectra were recorded on an
Agilent Technologies VXR-400NMR for 'H- and '*C-NMR. Chemical shifts were reported as § values
(ppm) referenced to tetramethylsilane, acetone-dg, methanol-d4, or dimethyl sulfoxide-ds. MS were
obtained on a JMS-AX505HA, JMS-700 MStation, or JMS-100LP instrument by applying an electrospray
ionization (ESI) method. Elemental analyses were determined with a Yanako MT-5 and JM10 for
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carbon, hydrogen, and nitrogen. The progress of the reaction was determined on Merck Silica Gel Art.
5715 (TLC) visualized by exposure to UV light or with sodium phosphomolybdate solution (sodium
phosphomolybdate (9.68 g) in distillated water (400 mL), sulfuric acid (20 mL), and 85% phosphoric
acid (6 mL)). Column chromatographies were carried out using Fuji Silysia CHROMATOREX® PSQ
60B (60 um) or Fuji Silysia CHROMATOREX® NH-DM2035 (60 pum). The reactions were performed
under an argon atmosphere unless otherwise noted.

3.2. Procedures for the Synthesis All the New Compounds and Their Spectroscopic Data

3.2.1. 17-Cyclopropyl-6,7-didehydro-4,5x-epoxyindolo[2’,3":6,7Jmorphinan-3,143-diyl Diacetate (3)

A solution of NTI (220 mg, 0.53 mmol) in acetic anhydride (5 mL) was stirred at 83 °C for 2 h.
After cooling to room temperature, the reaction mixture was poured into saturated sodium bicarbonate
aqueous solution and extracted with chloroform. The combined organic layers were washed with
brine and dried over anhydrous sodium sulfate. After removing the solvent in vacto, the residue was
purified by silica gel column chromatography to give the title compound 3 (252 mg, 95%) as a yellow
amorphous material; IR (film) cm™': 3375, 1730, 1450, 1367, 1255, 1231, 1190, 1155, 1046, 1016, 744.
'H NMR (400 MHz, CDCly): 5 0.05-0.17 (m, 2H), 0.46-0.57 (m, 2H), 0.77-0.88 (m, 1H), 1.78 (dd, ] = 2.0,
12.2 Hz, 1H), 1.96 (s, 3H), 2.24 (s, 3 H), 2.25-2.32 (m, 1H), 2.28 (dd, ] = 6.9, 12.5 Hz, 1H), 2.42 (dd, ] = 6.1,
12.5 Hz, 1H), 2.53 (ddd, ] = 5.3, 12.3, 12.3 Hz, 1H), 2.55 (dd, ] = 1.3, 16.9 Hz, 1H), 2.72-2.80 (m, 2H), 3.18
(d,] = 18.8 Hz, 1H),3.82 (d, ] = 16.9 Hz, 1H), 4.70 (d, ] = 6.2 Hz, 1H), 5.69 (s, 1H), 6.64 (d, ] = 8.2 Hz,
1H), 6.76 (d, ] = 8.2 Hz, 1H), 7.03-7.08 (m, 1H), 7.15-7.21 (m, 1H), 7.34 (br d, ] = 8.2 Hz, 1H), 7.42 (br d,
J = 7.8 Hz, 1H), 8.09 (s, 1H). 13C NMR (100 MHz, CDCl3): 5 3.7, 3.8, 9.5, 20.5, 22.3, 24.0, 24.5, 30.9, 43.7,
48.2,55.7,59.5,83.8,85.7,110.9, 111.3, 118.7, 119.1, 119.4, 122.4, 122.9, 126.6, 128.6, 130.8, 132.0, 132.8,
137.0, 146.9, 168.5, 170.6. HR-MS (ESI): Calcd for C3oH31N,O5 [M + H]*: 499.2233. Found: 499.2246.

3.2.2. 6,7-Didehydro-4,5x-epoxyindolo[2’,3":6,7]morphinan-3,143-diol (nor-NTI) (5)

To a solution of compound 3 (1.6 g, 3.22 mmol) in 1,1,2,2-tetrachloroethane (10 mL) were added
potassium carbonate (2.2 g, 16.1 mmol) and 2,2,2-trichloroethyl chloroformate (2.22 mL, 16.1 mmol),
and the mixture was refluxed for 20 h with stirring. After cooling to room temperature, the reaction
mixture was poured into saturated sodium bicarbonate aqueous solution and extracted with chloroform.
The combined organic layers were washed with brine and dried over anhydrous sodium sulfate.
After removing the solvent in vacuo, the obtained crude product was used in the next reaction without
any purification.

To asolution of the crude productin THF (15 mL) was added 4 M sodium hydroxide aqueous solution
and the mixture was refluxed for 24 h with stirring. After cooling to room temperature, the reaction
mixture was poured into saturated sodium bicarbonate aqueous solution and adjusted to pH 7-8 by
addition of 2 M hydrochloric acid, then extracted with a mixed solvent (chloroform:ethanol = 3:1).
The combined organic layers were washed with brine and dried over anhydrous sodium sulfate.
After removing the solvent in vacuo, the residue was purified by silica gel column chromatography
to give the title compound 5 (834 mg, 72% from 3) as a yellow amorphous material; IR (film) cm™:
3292, 1617, 1501, 1457, 1325, 1240, 1164, 1072, 868. 'H NMR (400 MHz, methanol-dy): 5 1.90 (dd, ] = 3.8,
13.2 Hz, 1H), 2.65 (dd, ] = 1.2, 16.0 Hz, 1H), 2.66 (ddd, ] = 5.2, 134, 13.4 Hz, 1H), 2.92 (d, ] = 16.0 Hz, 1H),
2,99 (ddd, ] = 4.1,13.2, 13.2 Hz, 1H), 3.12-3.18 (m, 1H), 3.21 (d, ] = 19.2 Hz, 1H), 3.46 (dd, ] = 6.8, 19.2 Hz,
1H), 3.80 (d, ] = 6.8 Hz, 1H), 5.68 (s, 1H), 6.639 (d, | = 8.2 Hz, 1H), 6.648 (d, | = 8.2 Hz, 1H), 6.97 (ddd,
J=09,7.1,80Hz, 1H), 7.11 (ddd, ] = 1.1, 7.1, 8.2 Hz, 1H), 7.33 (d, ] = 8.2 Hz, 1H), 7.38 (d, ] = 8.0 Hz,
1H), 7.89 (s, 1H), three protons (OH X 2 and NH) were not observed. 13C NMR (100 MHz, DMSO-dg):
547.1,54.3,56.1,67.0,71.7,72.1,79.2,84.3,109.6, 111.4, 114.6, 118.3, 118.5, 121.8, 125.0, 126.3, 129.4, 130.2,
136.8, 141.9, 143.9, 170.6. HR-MS (ESI): Calcd for CoHp1N,O3 [M + H]*: 361.1552. Found: 361.1563.
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3.2.3. Methyl 6,7-Didehydro-4,5x-epoxy-3,143-dihydorxyindolo[2’,3":6,7Jmorphinan-17-ylcarboxylate (6)

The hydrolysis of the crude compound, which was obtained by the reaction of compound 3
with 2,2,2-trichloroethyl chloroformate, was carried out using methanol instead of THF as a solvent,
provided compound 5 (60%) and the title compound 6 (21%) as off-white amorphous material; IR (film)
em™1: 3400, 1673, 1454, 1325, 909, 735. 'H NMR (400 MHz, methanol-d,): & 1.58-1.68 (m, 1H), 2.39-2.50
(m, 1H), 2.60 (d, | = 15.7 Hz, 0.5H), 2.62 (d, | = 15.7 Hz, 0.5H), 2.82-2.99 (m, 3H), 3.32 (d, ] = 18.2 Hz,
0.5H), 3.33 (d, ] = 18.2 Hz, 0.5H), 3.71 (s, 1.5H), 3.73 (s, 1.5H), 4.00 (dd, | = 5.0, 13.7 Hz, 0.5H), 4.06 (dd,
J=5.0,13.7Hz,0.5H), 4.59 (d, ] = 6.5 Hz, 0.5H), 4.65 (d, | = 6.4 Hz, 0.5H), 5.59 (s, 1H), 6.54 (d, ] = 8.1 Hz,
1H), 6.59 (d, ] = 8.1 Hz, 1H), 6.94 (ddd, ] = 0.9, 7.1, 7.9 Hz, 1H), 7.07 (ddd, | = 1.0, 7.1, 8.1 Hz, 1H),
7.30(d,] =8.1Hz, 1H),7.37 (d, ] = 7.9 Hz, 1H), 7.87 (s, 1H), two protons (OH x 2) were not observed.
13C NMR (100 MHz, methanol-d,): 5 30.2, 30.4, 33.6, 38.2, 38.5, 48.8, 53.3, 58.0, 58.3, 74.4, 79.5, 85.99,
86.03,110.8,110.9, 112.2, 118.7,119.4, 119.5, 119.8, 120.1, 123.3, 125.3, 128.1, 130.6, 130.7, 131.6, 138.8,
141.3,144.9, 158.6. HR-MS (ESI): Calcd for Cp4HyoNoNaOs [M + Na]*: 441.1426. Found: 441.1412.

3.2.4. General Synthesis of Sulfonamides 8

To a solution of compound 7 in dichloromethane were added sulfonyl chloride (RSO,Cl) or
trifluoromethylsulfonyl anhydride (2—4 eq) and triethylamine (2—4 eq), and the mixture was stirred
at 0 °C. The progress of the reaction was monitored by TLC analysis. After completion of the
reaction, the reaction mixture was poured into saturated sodium bicarbonate aqueous solution and
extracted with chloroform. The combined organic layers were washed with brine and dried over
anhydrous sodium sulfate. After removing the solvent in vacuo, the residue was purified by silica gel
column chromatography.

3-((tert-Butyldimethylsilyl)oxy)-6,7-didehydro-4,5a-epoxy-
17-(methylsulfonyl)indolo[2’,3":6,7[morphinan-14p-ol (8a)

Yield: 78%, white oil, IR (neat) cm™: 3583, 2927, 1497, 1443, 1323, 1274, 1147, 1044, 955, 906, 842.
TH NMR (400 MHz, CDCl3): & 0.02 (s, 3H), 0.04 (s, 3H), 0.89 (s, 9H), 1.82 (dd, | = 2.2, 12.8 Hz, 1H),
2.50 (ddd, | = 5.4, 12.8, 12.8 Hz, 1H), 2.69 (d, ] = 15.9 Hz, 1H), 2.91 (d, ] = 15.9 Hz, 1H), 3.03 (s, 3H),
3.15(ddd, ] =3.5,13.3,13.3 Hz, 1H), 3.17 (d, ] = 18.8 Hz, 1H), 3.39 (dd, ] = 6.6, 18.8 Hz, 1H), 3.74 (dd,
J =5.3,13.7 Hz, 1H), 4.41 (d, ] = 6.6 Hz, 1H), 5.58 (s, 1H), 6.56 (d, ] = 8.2 Hz, 1H), 6.61 (d, ] = 8.2 Hz,
1H),7.07 (ddd, ] =0.9,7.1,7.9 Hz, 1H), 7.19 (ddd, ] = 1.1, 7.1, 8.1 Hz, 1H), 7.34 (br d, ] = 8.2 Hz, 1H),
741 (br d, ] = 8.0 Hz, 1H), 8.11 (s, 1H), a proton (OH) was not observed. 13C NMR (100 MHz, CDCl5):
5-4.8,-4.7,18.2,25.5,29.7,29.8,33.9 ,38.9,45.9,47.9,58.4,73.3,83.7,109.7, 111.3, 118.8, 119.3, 119.8,
122.6,123.4,125.1, 126.5, 128.8, 129.3, 137.1, 138.9, 146.6. HR-MS (ESI): Calcd for CaoHssN>NaOsSSi
[M + Na]*: 575.2012. Found: 575.2029.

3-((tert-Butyldimethylsilyl)oxy)-6,7-didehydro-4,5a-epoxy-
17-(1,1,1-trifluoromethylsulfonyl)indolo[2’,3":6,7]morphinan-14f-ol (8b)

Yield: 74%, white amorphous material, IR (film) cm™1: 3417, 2930, 2857, 1605, 1498, 1382, 1195,
1115, 1044, 842. "THNMR (400 MHz, CDCl3): 5 0.02 (s, 3H), 0.04 (s,3H), 0.88 (s, 9H), 1.75 (br d, ] = 12.8 Hz,
1H), 2.53-2.81 (m, 3 H), 3.09 (d, ] = 18.9 Hz, 1H), 3.24 (ddd, ] = 2.9, 13.5, 13.5 Hz, 1H), 3.40 (dd, ] = 6.6,
18.9 Hz, 1H), 3.86 (dd, | = 4.6, 13.9 Hz, 1H), 4.34 (d, ] = 6.6 Hz, 1H), 5.57 (s, 1H), 6.57 (d, ] = 8.2 Hz, 1H),
6.63 (d, ] = 8.2 Hz, 1H), 7.05-7.10 (m, 1H), 7.20 (ddd, ] = 1.1, 7.1, 8.2 Hz, 1H), 7.33 (dd, ] = 0.7, 8.2 Hz,
1H), 7.37 (br d, ] = 7.8 Hz, 1H), 8.15 (s, 1H), a proton (OH) was not observed. 13C NMR (100 MHz,
CDCl3): 5 —4.8, —-4.7,18.2,25.5,29.68,29.71, 29.9, 40.5, 47.5, 60.0, 72.4, 83.6, 109.7, 111.3, 118.8, 119.2,
119.8,122.8,123.3, 124.0, 126.4, 128.6, 129.3, 137.1, 139.2, 146.6, the carbon binding to fluorines was not
determined. HR-MS (ESI): Calcd for CogHz4F3N,O5SSi [M + H]*: 607.1910. Found: 607.1898.
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3-((tert-Butyldimethylsilyl)oxy)-6,7-didehydro-4,5a-epoxy-
17-(phenylsulfonyl)indolo[2,3":6,7]morphinan-14p-ol (8c)

Yield: 90%, white oil, IR (neat) cm™!: 3399, 3059, 3023, 2928, 2857, 1714, 1631, 1604, 1496, 1455.
TH NMR (400 MHz, CDCl3): § —0.02 (s, 3H), 0.01 (s, 3H), 0.87 (s, 9H), 1.82 (dd, ] = 1.0, 13.0 Hz, 1H),
2.45 (ddd, | = 5.4,12.8, 12.8 Hz, 1H), 2.606 (d, ] = 15.8 Hz, 1H), 2.609 (d, ] = 18.8 Hz, 1H), 2.82 (s, 1H),
2922 (d, ] = 15.8 Hz, 1H), 2.924 (ddd, ] = 3.6, 12.6, 12.6 Hz, 1H), 3.10 (dd, ] = 6.6, 18.8 Hz, 1H), 3.80 (dd,
J =52,12.7 Hz, 1H), 4.42 (d, ] = 6.6 Hz, 1H), 5.58 (s, 1H), 6.36 (d, ] = 8.2 Hz, 1H), 6.52 (d, ] = 8.2 Hz,
1H), 7.04 (ddd, ] =0.9,7.0,79 Hz, 1H), 7.16 (ddd, ] = 1.1, 7.0, 8.2 Hz, 1H), 7.30 (br d, ] = 8.2 Hz, 1H),
7.39(br d, ] = 7.8 Hz, 1H), 7.53-7.60 (m, 2H), 7.61-7.66 (m, 1H), 7.87-7.92 (m, 2H), 8.06 (s, 1H). 13C NMR
(100 MHz, CDCl3): 6 —4.8, —4.7,18.2,25.5,29.1, 30.1, 30.5, 38.7,47.7, 58.7, 72.8, 84.1, 110.7, 111.1, 118.9,
119.5,122.4,123.1,124.7,126.5, 127.2, 128.4, 129.4, 129.8, 132.9, 137.1, 138.9, 139.8, 146.5, two signals in
the aromatic region would be overlapped. HR-MS (ESI): Caled for C34H39N,O5SSi [M + H]*: 615.2349.
Found: 615.2359.

17-(Benzylsulfonyl)-3-((tert-butyldimethylsilyl)oxy)-6,7-didehydro-
4,5a-epoxyindolo[2’,3":6,7]morphinan-14p-ol (8d)

Yield: 98%, white amorphous material, IR (film) cm™1: 3397, 3061, 2953, 2928, 2856, 1497, 1324,
1274, 1043, 852. 'H NMR (400 MHz, CDCl3): § 0.00 (s, 3H), 0.02 (s, 3H), 0.88 (s, 9H), 1.68 (dd, ] = 2.0,
12.9 Hz, 1H), 2.33 (ddd, ] = 5.4, 12.9, 12.9 Hz, 1H), 2.61 (d, ] = 15.6 Hz, 1H), 2.84 (d, ] = 15.6 Hz, 1H),
2.94 (d, ] = 19.0 Hz, 1H), 3.02 (ddd, ] = 3.5, 13.2, 13.2 Hz, 1H), 3.24 (dd, ] = 6.6, 19.0 Hz, 1H), 3.38 (dd,
J=523,13.6 Hz, 1H), 423 (d,] = 6.6 Hz, 1H), 432 (d, ] = 14.0 Hz, 1H), 442 (d, ] = 14.0 Hz, 1H), 5.54 (s,
1H), 6.49 (d, ] = 8.2 Hz, 1H), 6.57 (d, ] = 8.2 Hz, 1H), 7.04 (ddd, ] = 0.9, 7.1, 7.9 Hz, 1H), 7.17 (ddd, ] = 1.0,
7.1,82Hz, 1H),7.32 (d, ] = 8.2 Hz, 1H), 7.38 (d, ] = 7.9 Hz, 1H), 7.37-7.50 (m, 5H), 8.07 (s,1H), a proton
(OH) was not observed. '3C NMR (100 MHz, CDCl3): & —4.8, —4.7, 18.2, 25.5, 29.5,29.6, 33.2, 39.5, 47.7,
58.7,58.9,73.0,83.9,110.4, 111.2,118.8, 119.0, 119.6, 122.4, 123.1, 125.1, 126.6, 128.6, 128.8, 128.9, 129.4,
129.7,130.6, 137.1, 138.8, 146.4. HR-MS (ESI): Calcd for C35Hy1 N,O5SSi [M + H]*: 629.2505. Found:
629.2492.

3-((tert-Butyldimethylsilyl)oxy)-6,7-didehydro-4,5a-epoxy-
17-((2-phenyethyl)sulfonyl)indolo[2’,3":6,7morphinan-14-ol (8e)

Yield: 46%, pale yellow oil, IR (neat) cm™': 2928, 1497, 1443, 1275, 1147, 1044, 907, 853, 741, 423.
'H NMR (400 MHz, CDCl3): 5 0.01 (s, 3H), 0.04 (s, 3H), 0.88 (s, 9H), 1.78 (br d, | = 12.7 Hz, 1H), 2.47
(ddd, ] =5.3,12.7,12.7 Hz, 1 H), 2.68 (d, ] = 15.8 Hz, 1H), 2.87 (d, ] = 15.8 Hz, 1H), 3.11-3.23 (m , 4H),
3.32-3.43 (m, 3 H), 3.75 (dd, ] = 5.1, 13.6 Hz, 1H), 4.33 (d, | = 6.4 Hz, 1H), 5.55 (s, 1H), 6.54 (d, | = 8.2 Hz,
1H), 6.60 (d, ] = 8.2 Hz, 1H), 7.04-7.09 (m, 1H), 7.16-7.35 (m, 7H), 7.40 (br d, | = 7.9 Hz, 1H), 8.13 (br
s, 1H), a proton (OH) was not observed. 13C NMR (100 MHz, CDCly): & —4.8, —4.7,18.2, 25.5, 28.4,
29.7,29.8, 33.6,38.9,47.9,54.4,58.4,73.1,83.9,110.1, 111.2, 118.8, 119.1, 119.7, 122.5, 123.2, 125.1, 126.6,
126.8,128.4, 128.7, 128.8, 129.6, 137.1, 138.2, 138.8, 146.5. HR-MS (ESI): Calcd for CaHirNyNaOsSSi
[M + Na]*: 665.2481. Found: 665.2468.

3-((tert-Butyldimethylsilyl)oxy)-17-(cyclopropylsulfonyl)-6,7-didehydro-
4,5a-epoxyindolo[2’,3":6,7Jmorphinan-14p-ol (8f)

Yield: 98%, white amorphous material, IR (film) cm™1: 3397, 2928, 1604, 1497, 1444, 1325, 1274,
1147, 1046, 937, 906, 852. TH NMR (400 MHz, CDCl3): 5 0.01 (s, 3H), 0.04 (s, 3H), 0.89 (s, 9H), 1.00-1.10
(m, 2H), 1.20-1.28 (m, 2H), 1.83 (br d, ] = 11.2 Hz, 1H), 2.44-2.55 (m, 2H), 2.67 (d, ] = 15.8 Hz, 1H), 2.83
(s, 1H),2.93 (d, ] = 15.8 Hz, 1H), 3.13 (ddd, | = 3.4, 12.9, 12.9 Hz, 1H), 3.32 (d, | = 18.7 Hz, 1H), 3.37
(dd, ] = 6.2,18.7 Hz, 1H), 3.73 (dd, ] = 5.0, 13.0 Hz, 1H), 4.35 (d, ] = 6.2 Hz, 1H), 5.60 (s, 1H), 6.55 (d,
J=82Hz, 1H), 6.60 (d, ] =8.2 Hz, 1H), 7.05 (br dd, ] = 7.5, 7.5 Hz, 1H), 7.18 (br dd, | = 7.6, 7.6 Hz, 1H),
7.32(d, ] = 8.2 Hz, 1H), 7.40 (d, ] = 7.9 Hz, 1H), 8.09 (s, 1H). 13C NMR (100 MHz, CDCl3): 5 —4.8, —4.7,
5.3,5.7,18.2,25.5,29.2,29.7,30.0, 32.4, 38.9,47.7,58.8, 72.8, 84.1,110.5, 111.2, 118.8, 118.9, 119.5, 122.4,
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123.0, 124.9, 126.5, 128.6, 129.9, 137.1, 138.9, 146.5. HR-MS (ESI): Calcd for Cz;HN,05SSi [M + HJ*:
579.2349. Found: 579.2367.

3.2.5. 3-((tert-Butyldimethylsilyl)oxy)-6,7-didehydro-4,5x-epoxy-
17-(ethenylsulfonyl)indolo[2’,3":6,7]morphinan-143-ol (8g)

To a solution of compound 7 (29.9 mg, 0.063 mmol) in dichloromethane (3 mL) were added
2-chloroethanesulfonyl chloride (22.0 uL, 0.20 mmol) and 0.5 M sodium hydroxide aqueous solution
(15 uL), and the mixture was stirred at 0 °C for 20 h. The reaction mixture was poured into saturated
sodium bicarbonate aqueous solution and extracted with chloroform. The combined organic layers
were washed with brine and dried over anhydrous sodium sulfate. After removing the solvent in vacuo,
the residue was purified by silica gel column chromatography to give the title compound 8f (19.8 mg,
56%) as a white amorphous material; IR (film) cm™L: 3397, 2928, 2857, 1497, 1444, 1325, 1148, 1043, 852,
744. TH NMR (400 MHz, CDCls): § 0.01 (s, 3H), 0.04 (s, 3H), 0.88 (s, 9H), 1.80 (dd, ] = 2.1, 13.0 Hz, 1H),
2.46 (ddd, ] = 5.4,12.8,12.8 Hz, 1H), 2.67 (dd, ] = 0.9, 15.9 Hz, 1H), 2.91 (d, ] = 15.9 Hz, 1H), 3.06 (ddd,
J=35,13.1,13.1 Hz, 1H), 3.17 (d, ] = 18.8 Hz, 1H), 3.34 (dd, | = 6.5, 18.8 Hz, 1H), 3.63 (dd, ] = 5.3,
13.3 Hz, 1H), 4.37 (d, ] = 6.5 Hz, 1H), 5.58 (s, 1H), 5.99 (d, ] = 10.0 Hz, 1H), 6.31 (d, ] = 16.6 Hz, 1H), 6.54
(d, ] =82Hz, 1H), 6.60 (d, ] = 8.2 Hz, 1H), 6.65 (dd, ] = 10.0, 16.6 Hz, 1H), 7.06 (ddd, | = 0.8,7.0, 7.9 Hz,
1H),7.18 (ddd, ] = 1.1, 7.0, 8.2 Hz, 1H), 7.33 (br d, ] = 8.2 Hz, 1H), 7.40 (br d, ] = 7.8 Hz, 1H), 8.10 (s, 1H),
a proton (OH) was not observed. 1*C NMR (100 MHz, CDCl3): & —4.8, —4.7, 18.2, 25.5, 29.4, 29.6, 32.6,
38.3,47.8,58.4,72.9,84.0,110.4,111.2,118.9, 119.1, 119.6, 122.5, 123.2, 124.9, 126.6, 127.1, 128.6, 129.7,
135.7,137.1, 138.9, 146.5. HR-MS (ESI): Caled for C30H37N,05SSi [M + H]*: 565.2192. Found: 565.2195.

3.2.6. General Synthesis of Test Compounds 9

To a solution of compound 8 in THF was added 1.0 M solution of tetrabutylammonium fluoride
in THF (excess), and the mixture was stirred at room temperature. The progress of the reaction
was monitored by TLC analysis. After completion of the reaction, the reaction mixture was
poured into saturated sodium bicarbonate aqueous solution and extracted with a mixed solvent
(chloroform: ethanol = 3:1). The combined organic layers were washed with brine and dried over
anhydrous sodium sulfate. After removing the solvent in vacuo, the residue was purified by silica gel
column chromatography.

6,7-Didehydro-4,5a-epoxy-17-(methylsulfonyl)indolo[2’,3":6,7]morphinan-3,14f-diol (9a)

Yield: 87%, white amorphous material, IR (film) em~1: 3855, 3823, 3364, 1691, 1314, 1149, 899,
803, 752, 467. TH NMR (400 MHz, CDCl3): § 1.80 (dd, J = 2.2, 12.9 Hz, 1H), 2.49 (ddd, | = 5.4, 12.8,
12.8 Hz, 1H), 2.61 (dd, ] = 0.9, 15.9 Hz, 1H), 2.67 (s, 1H), 2.91 (d, ] = 15.9 Hz, 1H), 3.22 (s, 3H), 3.14 (ddd,
J=3.5,13.3,13.3 Hz, 1H), 3.16 (d, ] = 18.7 Hz, 1H), 3.36 (dd, ] = 6.5, 18.7 Hz, 1H), 3.74 (dd, | = 5.3,
13.6 Hz, 1H), 4.40 (d, | = 6.5 Hz, 1H), 5.02 (br s, 1H), 5.61 (s, 1H ), 6.58 (d, ] = 8.2 Hz, 1H), 6.65 (d,
J=8.2Hz, 1H),7.07 (ddd, ] =0.9,7.0,7.9 Hz, 1H), 7.18 (ddd, ] = 1.1, 7.0, 8.2 Hz, 1H), 7.28 (d, | = 8.2 Hz,
1H), 7.40 (d, ] = 7.9 Hz, 1H), 8.29 (s, 1H). 13C NMR (100 MHz, CDCl5): 5 29.5, 30.9, 32.9, 38.6, 40.0,
48.0,58.4,73.2,85.0,110.5,111.4,117.8,118.9, 119.6, 119.8, 123.4, 124.1, 126.5, 128.4, 129.2, 137.1, 139.3,
143.0. HR-MS (ESI): Calcd for Cp3H3N,05S [M + H]*: 439.1328. Found: 439.1336. Anal. Calcd for
Cy3H»N,O5S-1.1EtOH: C, 61.87; H, 5.89; N, 5.73. Found C, 61.47; H, 5.53; N, 5.36.

6,7-Didehydro-4,5a-epoxy-17-(1,1,1-trifluoromethylsulfonyl)indolo[2’,3’:6,7Jmorphinan-3,14f-diol (9b)

Yield: 74%, white amorphous material, IR (film) cm~1: 3410, 2924, 1707, 1638, 1618, 1508, 1456,
1380, 1195, 1113. 'H NMR (400 MHz, CDCl3): 5 1.77 (br d, ] = 12.6 Hz, 1H), 2.63 (ddd, ] = 5.3, 12.8,
12.8 Hz, 1H), 2.65 (d, ] = 159 Hz, 1H), 2.82 (d, ] = 15.9 Hz, 1H), 3.16 (d, | = 18.9 Hz, 1H), 3.25 (ddd,
J=2.8,13.3,13.3Hz, 1H), 3.44 (dd, ] = 6.7, 189 Hz, 1H), 3.88 (dd, ] = 4.9, 13.8 Hz, 1H), 4.38 (d, ] = 6.7 Hz,
1H), 4.92 (brs, 1H), 5.65 (s, 1H), 6.61 (d, ] = 8.2 Hz, 1H), 6.68 (d, ] = 8.2 Hz, 1H), 7.08 (dd, ] = 7.4, 7.4 Hz,
1H), 7.13-7.28 (m, 1H), 7.32 (br d, ] = 8.2 Hz, 1H), 7.37 (br d, ] = 7.9 Hz, 1H), 8.25 (s, 1H), a proton (OH)
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was not observed. 13C NMR (100 MHz, CDCly): § 29.7, 37.7, 40.5, 47.6, 59.9, 72.6, 85.0, 110.0, 111.5,
118.1, 118.9, 119.8, 119.9, 121.5, 123.5, 126.3, 128.1, 128.8, 137.1, 139.4, 142.9, a carbon in an aliphatic
region was not observed, and the carbon binding to fluoride was not determined. HR-MS (ESI): Calcd
for Co3HpoF3NLOsS [M + H]*: 493.1045. Found: 493.1058. Anal. Calcd for Co3H19F3N,O55-MeOH: C,
54.85; H, 4.60; N, 5.33. Found C, 54.90; H, 4.73; N, 5.12.

6,7-Didehydro-4,5a-epoxy-17-(phenylsulfonyl)indolo[2’,3":6,7morphinan-3,14$-diol (9¢)

Yield: 84%, white amorphous material, IR (film) cm™L: 3395, 2961, 2874, 1719, 1638, 1457, 1323,
1273, 1159, 730. 'H NMR (400 MHz, aceton-dg): § 1.69-1.76 (m, 1H), 2.59 (ddd, | = 5.4, 12.7, 12.7 Hz,
1H), 2.62 (dd, ] = 1.0, 159 Hz, 1H), 2.67 (d, ] = 18.6 Hz, 1H), 2.92 (ddd, ] = 3.5, 12.8, 12.8 Hz, 1H), 2.94
(d,] =159 Hz, 1H), 3.21 (dd, | = 6.4, 18.6 Hz, 1H), 3.73 (dd, | = 5.2, 12.8 Hz, 1H), 4.14 (s, 1H), 4.47 (d,
J =6.4Hz, 1H), 5.59 (s, 1H), 6.39 (d, ] = 8.1 Hz, 1H), 6.56 (d, ] = 8.1 Hz, 1H), 6.96 (ddd, ] =09, 7.1,
8.0 Hz, 1H), 7.10 (ddd, ] = 1.1, 7.1, 8.1 Hz, 1H), 7.35-7.39 (m, 2H), 7.59-7.67 (m, 3H), 7.84 (br s, 1H),
7.93-7.99 (m, 2H), 10.2 (br s, 1H). '3C NMR (100 MHz, DMSO-dy): § 28.8,29.0, 31.3, 38.5, 47.0, 58.2, 71.8,
71.9,83.8,109.5,111.4,117.3,118.38,118.44, 121.9,123.1, 126.4, 126.9, 129.3, 129.5, 130.0, 132.6, 136.8,
140.3, 140.5, 143.2, two signals in the aromatic region would be overlapped. HR-MS (ESI): Calcd for
CrgHy5N>05S [M + H]+: 501.1484. Found: 501.1474. Anal. Calcd for CogH»4N,O5S-H,0: C, 64.85; H,
5.05; N, 5.40. Found C, 64.92; H, 4.83; N, 5.31.

17-(Benzylsulfonyl)-6,7-didehydro-4,5a-epoxyindolo[2’,3":6,7]morphinan-3,14$-diol (9d)

Yield: 84%, white amorphous material, IR (film) cm~L: 3405, 1701, 1638, 1499, 1457, 1321, 1115,
1040, 862, 742, 700. 'H NMR (400 MHz, acetone-dg): 5 1.62 (dd, ] = 2.3, 12.7 Hz, 1H), 2.58 (ddd, ] = 5.5,
12.8,12.8 Hz, 1H), 2.67 (dd, ] = 0.9, 15.9 Hz, 1H), 2.95 (d, ] = 15.9 Hz, 1H), 2.88-3.08 (m, 1H), 3.01 (d,
] =18.7Hz, 1H), 3.38 (dd, | = 6.2, 18.7 Hz, 1H), 3.56 (dd, ] = 5.3, 13.7 Hz, 1H), 4.28 (d, ] = 6.2 Hz, 1H),
4.39 (s, 1H), 4.47 (d, | = 13.7 Hz, 1H), 4.56 (d, ] = 13.7 Hz, 1H), 5.60 (s, 1H), 6.52 (d, ] = 8.0 Hz, 1H), 6.62
(d, ] = 8.0 Hz, 1H), 6.85-7.02 (m, 1H), 7.12 (ddd, | = 1.0, 7.0, 8.2 Hz, 1H), 7.24-7.42 (m, 5H), 7.53-7.59 (m,
2H), 7.87 (br s, 1H), 10.23 (s, 1H). 13C NMR (100 MHz, CDCl3): § 29.4, 29.6, 32.9, 39.4, 47.8, 58.6, 59.0,
73.2,85.0,110.5,111.5,117.8 118.8, 119.5, 119.6, 123.1, 124.1, 126.4, 128.3, 128.9, 129.16, 129.21, 130.6,
137.1,139.2, 142.8, 152.8. HR-MS (ESI): Calcd for Co9H»705S [M + H]*: 515.1641. Found: 515.1632.
Anal. Calced for Cy9HpsN,O55-2H,O-EtOH: C, 62.40; H, 6.08; N, 6.69. Found C, 62.12; H, 5.75; N, 4.43.

6,7-Didehydro-4,5a-epoxy-17-((2-phenylethyl)sulfonyl)indolo[2’,3’:6,7[morphinan-3,14f-diol (9e)

Yield: 79%, white amorphous material, IR (film) cm~L: 3407, 2923, 1504, 1455, 1319, 1146, 1041,
903, 736. 'TH NMR (400 MHz, CDClg): 5 1.78 (br d, ] = 12.0 Hz, 1H), 2.47 (ddd, ] = 5.2, 12.7, 12.7 Hz,
1H), 2.63 (d, ] = 15.7 Hz, 1H), 2.64 (s, 1H), 2.87 (d, ] = 15.7 Hz, 1H), 3.09-3.24 (m, 4H), 3.30-3.45 (m, 3H),
3.75(dd, ] =4.9,13.8 Hz, 1H), 4.34 (d, ] = 6.4 Hz, 1H), 5.14 (br s, 1H), 5.59 (s, 1H), 6.57 (d, ] = 8.2 Hz,
1H), 6.64 (d, ] = 8.2 Hz, 1H), 7.06 (dd, ] = 7.4, 7.4 Hz, 1 H), 7.17 (dd, ] = 7.5, 7.5 Hz, 1H), 7.19-7.33 (m,
6H), 7.38 (d, ] = 7.8 Hz, 1H), 8.31 (s, 1H) 1H). 13C NMR (100 MHz, CDCl5): § 20.1, 29.6,29.9, 33.4, 38.9,
48.1,54.5,58.4,73.2,84.9,110.4,111.5, 117.8,118.9, 119.6, 119.8, 123.4, 124.2, 126.5, 126.9, 128.42, 128.45,
128.9,129.2,137.2,138.2,139.3, 145.0. HR-MS (ESI): Calcd for C3yHysN,NaOsS [M + Na]*: 551.1617.
Found: 551.1623. Anal. Calcd for C3yHgN,055-3.5H,0-0.5CHCl3: C, 56.24; H, 5.49; N, 4.30. Found C,
56.36; H, 5.71; N, 3.99.

17-(Cyclopropylsulfonyl)-6,7-didehydro-4,5a-epoxyindolo[2’,3’:6,7]morphinan-3,14p-diol (9f)

Yield: 96%, white amorphous material, IR (film) cm~L: 3400, 2922, 1719, 1638, 1508, 1457, 1322,
1145, 1044, 899, 726, 499. TH N MR (400 MHz, aceton-de): 5 0.95-1.14 (m, 4H), 1.73 (dd, ] = 2.0, 12.7 Hz,
1H), 2.659 (ddd, | = 5.4, 12.7, 12.7 Hz, 1H), 2.665 (d, ] = 15.6 Hz, 1H), 2.74-2.83 (m, 1H), 2.94 (d,
] =15.6 Hz, 1H), 3.11 (ddd, ] = 3.5, 13.1, 13.1 Hz, 1H), 3.25 (d, ] = 18.7 Hz, 1H), 3.43 (dd, ] = 6.7, 18.7 Hz,
1H), 3.70 (dd, ] = 5.4, 13.3 Hz, 1H), 4.23 (s, 1H), 4.35 (d, | = 6.7 Hz, 1H), 5.61 (s, 1H), 6.57 (d, ] = 8.1 Hz,
1H), 6.63 (d, ] = 8.1 Hz, 1H), 6.97 (ddd, ] = 0.9, 7.1, 7.9 Hz, 1H), 7.11 (ddd, ] = 1.0, 7.1, 8.2 Hz, 1H), 7.381
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(brd,]=8.2Hz, 1H),7.388 (brd, ] = 8.3 Hz, 1H), 10.2 (s, 1H), a proton (OH) was not observed. 13C NMR
(100 MHz, CDCl3): 6 5.3,5.7,29.2, 29.8, 30.0, 32.3, 38.9, 47.8, 58.8, 73.1, 85.2, 110.7, 111.4, 117.8, 118.9,
119.5,119.6,123.2, 123.9, 1264, 128.2, 129.5, 137.1, 139.3, 142.9. HR-MS (ESI): Calcd for CysH,sN,NaOsS
[M + Na]*: 487.1304. Found: 487.1283. Anal. Calcd for Co5H4N»O55-1.5H,0-0.2CHCl3: C, 58.72; H,
5.32; N, 5.43. Found C, 58.68; H, 5.16; N, 5.08.

6,7-Didehydro-4,5a-epoxy-17-(ethenylsulfonyl)indolo[2’,3":6,7[morphinan-3,14$-diol (9g)

Yield: 71%, white amorphous material, IR (film) cm™L: 3400, 1455, 1322, 1146, 903, 738. 'H NMR
(400 MHz, CDCl3): 6 1.79 (dd, | = 2.1, 12.8 Hz, 1H), 2.46 (ddd, | = 5.3, 12.8, 12.8 Hz, 1H), 2.63
(d, ] =15.8 Hz, 1H), 2.78 (s, 1H), 2.90 (d, ] = 15.8 Hz, 1H), 3.05 (ddd, ] = 3.5, 13.1, 13.1 Hz, 1H), 3.14
(d, ] =18.7Hz, 1H), 3.32 (dd, ] = 6.5, 18.7 Hz, 1H), 3.63 (dd, ] = 5.3, 13.3 Hz, 1H), 4.37 (d, ] = 6.5 Hz, 1H),
5.12 (brs, 1H), 5.61 (s, 1H), 5.99 (d, ] =9.8 Hz, 1H), 6.32 (d, ] = 16.4 Hz, 1H), 6.65 (d, ] = 8.2 Hz, 1H),
6.639 (d, ] = 8.2 Hz, 1H), 6.641 (dd, ] = 9.8, 16.4 Hz, 1H), 7.06 (dd, ] = 7.4, 7.4 Hz, 1H), 7.17 (dd, ] = 7.5,
7.5 Hz, 1H), 7.25-7.29 (m, 1H), 7.39 (d, ] = 7.9 Hz, 1H), 8.30 (s, 1H). 13C NMR (100 MHz, CDCl3): § 29.4,
29.6,32.5,38.4,479,584,73.1,85.1,110.7, 111.4, 117.8, 118.9, 119.5, 119.8, 123.4, 124.0, 126.5, 127.2,
128.3,129.3, 135.6, 137.1, 139.3, 142.9. HR-MS (ESI): Calcd for Cp4H>N>NaOsS [M + Nal,: 473.1147.
Found: 473.1138. Anal. Calcd for Cp4H»N,O5S-EtOH-0.3CHCl;5: C, 59.33; H, 5.36; N, 5.26. Found C,
59.17; H,5.22; N, 5.15.

3.3. Calculation of the Most Stable Conformations of Alkyl-, Amide-, and Sulfonamide-Type Piperidines

The initial geometries of the molecular models for density functional theory (DFT) calculations
were prepared using Schrodinger suites (Schrodinger, LLC) [48-54]. Structural optimizations were
performed for the prepared molecular models with wB97XD/6-31G(d,p) level of theory, respectively.
Their vibration frequencies were calculated at the same level to confirm their stationary structure.
All of the DFT calculations were performed using the Gaussian09 program [55].

3.4. Bioassays

3.4.1. Membrane Preparation

The human MOR, DOR, or KOR recombinant CHO cell pellets were resuspended in 50 mM
Tris—-HCl buffer containing 5 mM MgCl,, 1 mM ethylene glycol bis(2-aminoethyl ether)-N,N,N,N-
tetraacetic acid (EGTA), pH7.4. The cell suspensions were disrupted by use of a glassteflon homogeniser
and centrifuged at 48,000x g for 15 min. The supernatant was discarded and the pellets were
resuspended in buffer at a concentration of 5 mg protein/mL and stored at —80 °C until further use.

3.4.2. Competitive Binding Assays

Human MOR, DOR, or KOR recombinant CHO cell membranes were incubated for 2 h at 25 °C
in 0.25 mL of the buffer containing with various concentrations of the tested compound, 2 nM [*H]
DAMGO, [°H] DPDPE, or [*H] U69,593 (PerkinElmer, Inc., MA, USA), respectively. The incubation
was terminated by collecting membranes on Filtermat B filter (PerkinElmer, Inc.) using a FilterMate™
harvester (PerkinElmer, Inc.). The filters were then washed three times with 50 mM Tris—HCI buffer,
pH 7.4. Then, MeltiLex scintillant (PerkinElmer, Inc.) was melted onto the dried filters. Radioactivity
was determined by a MicroBeta scintillation counter (PerkinElmer, Inc.). Nonspecific binding was
measured in the presence of 10 uM unlabeled DAMGO, DPDPE, or U-69,593 (PerkinElmer, Inc.). K; and
95% CI values were calculated by Prism software (version 5.0).

3.4.3. [3°S]GTPYS Binding Assays

Human MOR, DOR, or KOR recombinant CHO cell membranes were incubated for 2 h at 25 °C in
0.25 mL of 50 mM Tris-HCl buffer containing 5 mM MgCl,, 1 mM EGTA, 100 mM NaCl, pH 7.4 with
various concentrations of the tested compound, 30 M guanosine 5-diphosphate (GDP) and 0.1 nM
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[®5S]GTPYS (PerkinElmer, Inc.). The incubation was terminated by collecting membranes on Filtermat
B filter (PerkinElmer, Inc.) using a FilterMate™ harvester (Perkin Elmer, Inc.). The filters were then
washed three times with 50 mM Tris—-HCl buffer, pH 7.4. Then, MeltiLex scintillant (PerkinElmer, Inc.)
was melted onto the dried filters. Radioactivity was determined by a MicroBeta scintillation counter
(PerkinElmer, Inc.). ECsg, Emax, and 95% CI values were calculated by Prism software (version 5.0).
Nonspecific binding was measured in the presence of 10 uM unlabeled GTPyS (PerkinElmer, Inc.).
DPDPE and ICI-174,864 (PerkinElmer, Inc.) were used as the standard DOR full agonist and full
inverse agonist, respectively.

4. Conclusions

We synthesized sulfonamide-type NTI derivatives to compare their functional activities for
the DOR with those of the corresponding alkyl- and amide-type NTI derivatives. Among them,
cyclopropylsulfonamide 9f (SYK-839) was the most potent full inverse agonist. Its potency and efficacy
were comparable to those of SYK-623, a previously reported amide-type full inverse agonist. On the
other hand, phenethylsulfonamide 9e (SYK-901) showed full agonist activity with moderate potency.
Not only the sulfonamide-type NTI derivatives but also the alkyl- and amide-type derivatives, which
induced activities for the DOR from full inverse agonist to full agonist, are expected to be useful
compounds for investigation of the relationship among the interactions of ligands with the DOR,
conformational changes of the DOR, and the induced functional activities.

Supplementary Materials: The following are available online. Synthesis of 5 hydrochloride, previously reported
synthetic method of 7, optimization of the reaction conditions for synthesis of 5, synthesis of SYK-903, and 'H and
13C NMR spectra are available online.
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Abstract: TAPP (H-Tyr-p-Ala-Phe-Phe-NH;) is a potent, p-selective opioid ligand. In order to
gain further insights into pharmacophoric features of this tetrapeptide, we have performed a
2-Homo-amino acid (3*hAA) scan of the TAPP sequence. To this aim, 10 novel analogues have been
synthesized and evaluated for p-opioid and d-opioid receptor affinity as well as for stability in human
plasma. The derivatives included compounds in which a (R)- or (S)-B2-Homo-Homologue replaced
the amino acids in the TAPP sequence. The derivatives with (R)- or (S)-p2hPhe? turned out to bind
1OR with affinities equal to that of the parent. B?hAAs in position 1 and 3 resulted in rather large
affinity decreases, but the change differed depending on the stereochemistry. 32-Homologation in the
second position gave derivatives with very poor uOR binding. According to molecular modelling,
the presented o/f-peptides adopt a variety of binding poses with their common element being an
ionic interaction between a protonable amine of the first residue and Asp147. A feature required for
high uOR affinity seems the ability to accommodate the ring in the fourth residue in a manner similar
to that found for TAPP. Contrary to what might be expected, several compounds were significantly
less stable in human plasma than the parent compound.

Keywords: B2-amino acids; B2-Homo-amino acids; p-opioid receptor; opioid peptides; TAPP; racemic
synthesis of $2-amino acids

1. Introduction

There is a rich repertoire of structural modifications that a medicinal chemist can use when
exploring structure-activity relationships of peptide active compounds or working on the improvement
of their physicochemical properties. This repertoire includes, e.g., backbone cyclization, introduction
of peptide bond isosteres, incorporation of p-amino acids, «,x-disubstituted amino acids, residues
with substituted or constrained side-chains, and other unnatural amino acids [1]. In the latter group,
a prominent place is occupied by -amino acids (3-AAs) [2,3]. The amino acids of this class have
two carbon atoms between the carboxylic and amino groups. With both mono-substitutions and
poly-substitutions being possible in different combinations and stereochemistries (Figure 1), 3-AAs
constitute a family of building blocks of enormous structural diversity.

3-Amino acids can be used to construct full 3-peptides (solely made of 3-AAs), but it is also
possible to create mixed «/3-peptides in which one or more p3-residues are incorporated instead of some
a-amino acids. There are three main structural consequences of introducing a 3-residue into a peptide
backbone. First, each 3-AA elongates the backbone by one methylene unit. Furthermore, it adds one
freely rotating sp3-sp® C-C bond, which increases the backbone flexibility. Lastly, in topographical
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terms, the position of side-chains of the residues that follow a 3-residue is shifted toward the C-terminus.
All these changes can have critical impact on activity and other properties (e.g., stability) of a peptide
sequence and this is why 3-AAs are useful means in medicinal chemistry research.

(A) R R
1 2
N /\rCOOH N _coon N )\(COOH N /XCOOH
Ry Bz Ba Ri ﬁz,s Ri Ry Bz,z
Rj
COOH COOH COOH
QVCOOH HN N HoN
H Ri Re
p223
(B)

HZN/\rCOOH HZNYCOOH HzNY\COOH
R ( R ) R

[3*-amino acid < B3-amino acid

(S) (R) (R)

Figure 1. (A) Examples of diverse possible types of -amino acids. (B) Comparison of absolute
configuration of «-, B2-, and p3-amino acids.

Peptides are endogenous ligands for all types of opioid receptors (i, 6, k, and nociceptin) [4].
Among these receptors, the p type (u-opioid receptor, LOR) constitutes a major molecular target
for the treatment of pain, but the medicinal potential of the remaining ORs has been increasingly
acknowledged [5]. Over the years, both natural and synthetic peptides as well as peptide-inspired
organic analogues have continued to be key compounds in the research on the opioid receptors.

In attempts to decipher structure-activity relationships of opioid peptides, or in search for more
stable analogues, the researchers also used B-AAs. All-p analogues (that is with B3-Homo-AA in every
position) of deltorphin I, Leu-enkephalin, and dermorphin were reported by Wilczyriska et al. [6].
The same paper presented several «/p-hybrides of deltorphin I. Alicyclic 3-amino acids as proline
mimics were used for studying conformational requirements in endomorphin-1/-2 analogues [7,8].
Other authors replaced proline for 3-alanine [9]. Earlier, cyclic 3-AAs were applied in studies on
morphiceptin [10,11] and dermorphin [12]. Cardillo et al. conducted a systematic 3-AA [13] and
p3-Homo-AA scan of endomorphin-1 [14], exchanging each single AA in the sequence for its 3-isomer or
p3-Homologue. In another work, B3-Homo and p2-Homo aromatic amino acids were introduced alone
or in combination in positions 3 or/and 4 of endomorphin sequence [15,16]. Mollica et al. performed a
p3-Homo-AA scan of a dimeric peptide, biphalin [17]. Several derivatives of this peptide with p>hPhe
or p3-Homo-p-NO,-Phe were reported by Fraczak et al. [18]. Dimeric derivatives of dermorphin were
probed with B3-hAAs as well [19]. Recently, Adamska-Barttomiejczyk et al. incorporated 3-AAs
into the structure of a cyclic endomorphin derivative, Tyr-c[D-Lys-Phe-Phe-Asp]NH, [20]. It is also
polysubstituted -AAs that were used in the opioid field. For example, several recent papers dealt
with endomorphin-1/-2 analogues containing one or more $%3-AAs [21-25].
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An interesting LOR selective opioid peptide is TAPP (H-Tyr-p-Ala-Phe-Phe-NH,, 1) [26].
Structurally, it resembles endomorphin-2 (H-Tyr-Pro-Phe-Phe-NH;) in having Phe-Phe in positions
3 and 4, but it is also similar to some enkephalin-based derivatives, such as DAMGO
(H-Tyr-p-Ala-Gly-N-MePhe-Gly-ol), in having p-Ala in the second position. The TAPP sequence was
probed by a p3-Homo-AA scan by Podwysocka et al. [27]. In the presented research, we wanted to
complement their work by conducting a 32-Homo-AA scan. To this aim, we have synthesized, tested
for receptor affinity, and plasma stability as well as subjected to molecular modelling 10 novel TAPP
analogues. In these, a-AAs in each position were replaced by their p2-Homologues. Additionally,
B2h-m-Tyr was used in the first position. As we employed both (R)-isomers and (S)-isomers of 3Zh-AAs,
we were able to probe the effect of backbone expansion with the concomitant retention or reversion of
side-chain spatial positioning. In this case, it is worth noting that, in 2-AAs, the very same spatial
arrangement of substituents at the asymmetric carbon as in a-AAs or B3-AAs gives usually different
absolute configurations (Figure 1B). In addition, a direct 32-Homo-counterpart (in terms of side-chain
location) of (S)-Phe is (R)-p?hPhe (exceptions are 32hCys, B2hThr, and B2hSer).

2. Results and Discussion

2.1. Chemistry

The planned modifications of the TAPP structure required preparation of 32-Homo-amino acids.
Since chiral synthesis of (2-amino acids is labour-intensive (several stages of synthesis), we decided to
start with p%-amino acids in the racemic form. These were prepared in two-step syntheses (Scheme 1),
starting from methyl cyanoacetate (2). This substrate was either alkylated with methyl iodide to
form methyl x-methyl cyanoacetate (3a, alanine analogue path) or transformed into Z/E isomers of
methyl a-cyano-cinnamates (3b—d) via Knoevenagel condensation with aromatic aldehydes (aromatic
analogues path). In the second step, the intermediates 3a—d were subject to simultaneous one-pot
reduction of nitrile groups and double bonds along with Boc-protection. This was possible due to
using CoCl,-NaBH,4 combination in anhydrous methanol with di-tert-butyl dicarbonate as a trapping
(to prevent dimerization into secondary amines) and a protective agent [28,29]. Thus, fully N-protected
and C-protected racemic 32-Homo-amino acids (4a-d) were obtained in moderately good yields.

NC.__COOCH, COOCH;
. — > BocHN
e Y Y

/ s >
2
9

a 4a (60%)
NC.__ COOCH;

2
\ NC COOCH i COOCH
ii\ \[r 3 > BoCHN/\{ 3

A H A
3b-d 4b-d
3b Ar'=Ph 4b Ar" = Ph (55%)
3c Ar' = 4-HO-Ph 4c Ar" = 4-BocO-Ph (49%)
3d Ar' = 3-HO-Ph 4d Ar" = 3-BocO-Ph (47%)

Scheme 1. Synthesis of racemic p?-Homo-amino acids. Reagents and conditions (i) Mel, KoCOs(ary),
-N,N dimethylformamide (DMF), (ii) Ar’"CHO, piperidine, MeOH, (iii) CoCl,-6H,0, NaBHy4, Boc,O,
MEOH(dry).
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Furthermore, an attempt was made to separate pure enantiomers (Scheme 2). After C-deprotection,
the acids (5a-d) were derivatized by coupling with (S)-(—)-a-methylbenzylamine. In the case of alanine
and phenylalanine analogues, the resulting diastereoisomeric amide pairs (6a—b) were separated with
column chromatography and further hydrolysed with 6M HCI. After purification (ion-exchange
chromatography), the absolute configuration of the products (7a—b) was determined by measuring
specific rotation and comparing it to the literature values. Regarding diastereoisomeric pairs of amides
of BZh-Tyr and BZh-m-Tyr (6c—d), it was possible to separate them using preparative high performance
liquid chromatography (HPLC). However, hydrolysis and isolation of the expected products failed.

HAN TS
Z i — AL AAAL
+ BOCHN/ Y \ e \m\w ii, dii, v HZN/Y\/UU” . HZN/\A/\JUUH
A * ;
BocHN" >y SO Riae” Riar” RiA
rRiA Sa-d 6a-d (S)-7a-b (R)-Ta-b
a R=Me

b-d Ar = Ph, 4-HO-Ph, 3-HO-Ph
Scheme 2. Separation of racemic p2-Hormo-amino acids. Reagents and conditions (i) coupling reagent

TBTU, diisopropylethylamine (DIPEA), DME, (ii) column chromatography: hexane (or CHCl3)/AcOEt,
(iil) 6M HCl reflux, (iv) ion exchange chromatography (Dowex 50W-X12), NHj3 aq.

The planned «/B-tetrapeptides (8-17) were then synthesized in solution. First, dipeptides
were formed from respective o- or B2-Homo amino acid derivatives. Then, the dipeptides were
coupled to yield the tetrapeptides, which was followed by ammonolysis to obtain the desired
tetrapeptide amides. In the case of analogues containing p?hTyr and B2h-m-Tyr, diastereoisomeric
mixtures were used for dipeptide syntheses and, therefore, diastereoisomeric mixtures of tetrapeptides
were obtained. It was possible to separate single isomers by preparative HPLC. The absolute
configurations of these derivatives were assigned based on HPLC retention times, per analogiam to
isomers of B2hPhe-p-Ala-Phe-Phe-NH, (18-19), on the assumption that the presence of meta-phenol
or para-phenol groups does not influence the elution order of diastereoisomers. The names of the
analogues for which such an assignment procedure was performed will be further on marked with an
asterisk: [(R)-p>hTyr]-TAPP, [(S)-B?hTyr]-TAPP* etc.

2.2. Opioid Receptor Affinity

The parent compound (TAPP, 1) and the synthesized o/p-peptides (8-17) were tested for binding
affinity to p-opioid and 6-opioid receptors. The determinations were performed by a competitive
radioligand displacement assay with selective radioligands. The results are presented in Table 1 (LOR)
and Table SM-BIN-1 in the Supplementary Materials (SOR) as half-maximal inhibitory concentration
(ICsp) with standard errors of the mean (S.E.M).

The parent peptide (TAPP) was found to have high affinity for pOR (ICs5p = 5.1 + 3.5 nM) and only
low binding to SOR, which is consistent with the data in the original TAPP report by Schiller et al. [30].
Introduction of an additional -CH,- unit into the TAPP backbone resulted in diverse changes in pOR
affinity, depending on the position where the backbone was expanded. Position 4 does not seem
sensitive for this modification at all. Derivative [(R)-p>hPhe*]-TAPP (12) exhibited IC50 of 1.9 + 2.4 nM,
which is equal to (not significantly different than) the value found for TAPP. In position 3, the additional
methylene ([(R)-p2hPhe’]-TAPP, 11) brought about a more than 10-fold decrease in pOR binding.
An even greater drop in affinity was observed for a derivative with the expansion in position 2. For this
compound ([(S)-p2hAla2]-TAPP, 10) the ICs, value was greater than 1000 nM, which means that it
is at least a 200-times weaker ligand than the parent. The backbone expansion in the first position
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decreased the affinity about 15-times ([(R)-Bthyrl]-TAPP*, 8). However, in this case, the binding
strength may be partially restored if the expansion is accompanied by meta-positioning of the phenol
group ([(R)-p%h-m-Tyr!]-TAPP*, 9).

Table 1. Binding affinity of the studied compounds.

ICsp = S.E.M. [nM] !

Compound
No. uOR 2
1 TAPP 51+35
Backbone Expansion without Changing the Spatial Positioning of the Side-Chain
8 [(R)-B?hTyr!|-TAPP* 77.6 + 2.4
9 [(R)-B%h-m-Tyr!']-TAPP* 489 +23
10 [(S)-BZhAla?]-TAPP > 1000
11 [(R)-B2ZhPhe®]-TAPP 954 +2.5
12 [(R)-p%hPhe*]-TAPP 1.9+24
Backbone Expansion with Changing the Spatial Positioning of the Side-Chain
13 [(S)-B?hTyr!|-TAPP * 338.8 +5.1
14 [(S)-BZh-m-Tyr!']-TAPP* 112+6.3
15 [(R)-p2hAla?]-TAPP 954.9 +2.9
16 [(S)-B2hPhe®]-TAPP 155+25
17 [(S)-p%hPhe*]-TAPP 7.8 +4.0

1 ICsp + S.E.M. Half-maximal inhibitory concentration + standard error of the mean. Mean of three determinations
in duplicate. > Radioligand: 0.5 nM [*’H]DAMGO.

If simultaneously with the introduction of a methylene unit into the backbone, side-chain
positioning was inverted, the observed trends in affinity were not parallel to those in the former
series. Position four is the least sensitive one, and the derivative [(S)-3*hPhe*]-TAPP (17) exhibited
similar pOR binding strength as TAPP. Not much worse was the analogue with (S)-ZhPhe in position
3 (16), which is in contrast to the former series where (R)-pZhPhe in this position (16) brought a
more pronounced decrease in affinity. Introduction of (R)-B?hAla in position 2 produced a derivative
with very low affinity (15, IC5p = 954.9 + 2.9 nM). With respect to position 1, backbone expansion
accompanied with an inversion of the side-chain positioning was associated with a large decline in
HOR affinity ([(S)-BZhTyr!]-TAPP*, 13, ICso = 338.8 + 5.1 nM). Notably, if additionally the phenol group
was switched to the meta-position, the binding strength was restored and equal to that of the parent
peptide ([(S)-p2h-m-Tyr!|-TAPP*, 14, ICs) = 11.2 + 6.3 nM).

As to the SOR affinity (Table SM-BIN-1), derivatives with modifications in positions 1 and 2 (8, 9, 10,
13, 14, 15) did not exhibit any measurable binding for the & opioid receptor. Expansion of the backbone
in the fourth position accompanied by inversion of the side chain location ([(S)-3*hPhe*]-TAPP, 17)
brought about a slight improvement in SOR affinity when compared to the parent peptide, but the ICs
value reads in the high-middle nanomolar range. The remaining three derivatives (11, 12, 16) exhibited
S0OR binding at a level similar to the parent TAPP.

Comparing these results to the work by Podwysocka et al. [27], a disparity of trends is
noticed. PB3-Homo-AAs in position 1 and 3 gave completely inactive derivatives, irrespectively
of the stereochemistry, while, in our work, Bz-Homo-AAs in these positions produced smaller pfOR
affinity decreases that varied with stereochemistry and [(S)-B?hPhe?]-TAPP can be considered as only
a slightly worse binder than the parent compound. On the contrary, 3-Homologation in position 2
gave a derivative with nanomolar affinity, and, in our work, analogues with f?hAla? did not have
appreciable LOR binding. Furthermore, in our report, derivatives with f3h-AA in the fourth position
are essentially equipotent to the parent, but, for B2-hAA* analogues, an affinity decrease by about six
times was reported.
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2.3. Molecular Modelling

In order to understand the observed structure-activity trends in terms of ligand-receptor
interactions, the compounds 1 and 8-17 were docked into the p-opioid receptor structure (PDB
accession code: 6DDF [31]) using AutoDock 4.2.6 [32].

The best scored pose for the parent TAPP (1) is presented in Figure 2A. Docking predicts that TAPP
binds pOR with the N-terminal Tylr1 directed toward the intracellular part of the receptor. The complex
is stabilized by a canonical ionic interaction of protonated Tyr!' amine with Asp147. The phenol group
of this residue is involved in hydrogen bonding with His297. Furthermore, the aromatic ring forms
several dispersive (7-alkyl) contacts with side chains of Met151, I1e296, and Val300. At the C-terminus,
the terminal amide interacts with Thr218 via the hydrogen bond. The Phe* is located in a hydrophobic
subsite formed by several residues of transmembrane helix 3 (TM3) and extracellular loops 1 and 2
(ECL1 and ECL2). There the aromatic ring participates in dispersive (7-alkyl) interactions with Trp133,
Tle144, and Cys217. The Phe® is positioned close to Asn127 and His319. Some other receptor residues
present in the vicinity of TAPP are shown in Figure 2B. Furthermore, an intramolecular hydrogen bond
between C=0 of p-Ala? and N-H of Phe* was predicted by docking.

@ VAL143 T™M3

ASE14) MET151
ECL1 _’, ™7

CYS140 ILE 44
\ TYR148

TYR326.

TRP293

) TM6 v
HIS297 e W5y W8 d5h SN

%

TRP318
]
- Hyerogen bond
Figure 2. yOR binding mode of the parent compound (TAPP, 1) as predicted by docking. (A) The
peptide (green sticks) in the binding site of the receptor (yellow). Side chains of only several residues

are shown. (B) The interactions scheme.

This binding mode is highly similar (Figure 3) to the one experimentally found for DAMGO in
6DDE and 6DDF structures [31]. In particular, both modes share (i) the canonical ionic interaction with
Asp147, (ii) similar positioning of Tyr! ring, and (iii) location of Phe* ring in the same hydrophobic
subsite. On the other hand, the p-Ala? in TAPP is shifted more towards TM7 and to the binding site
outlet when compared to DAMGO. The placement of TAPP’s Phe* aromatic ring is also similar to the
location of aromatic rings in small molecular ligands like BU72 (as found in crystallography [33]) or
fentanyl (as found by molecular modelling [34,35]).

For the herein reported «/p-peptides (8-17), the docking predicts that they do not necessarily
adopt the binding mode found for TAPP. The obtained binding poses are presented in Figure 4 and
they are summarized in detail in Table SM-MOD-1 in Supplementary Materials. A feature common for
all studied derivatives is the presence of the canonical ionic interaction with Asp147. On the other
hand, the side chain of Tyr! may be displaced in comparison to TAPP or DAMGO, participating in
different sets of interactions. Furthermore, in some cases, docking predicts that the peptide bond
elements may form hydrogen bonding to Tyr148. The aromatic ring in position three can be located
either closer to TM7 (as in TAPP) or closer to ECL2 and TM2. With regard to position four, for majority
of the derivatives, the aromatic ring is situated in the hydrophobic pocket formed by TM3, ECL1,
and ECL2, as in the case of TAPP and DAMGO. However, the position of the ring can be more or less
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displaced in comparison to these ligands and utterly different positions are found as well. Furthermore,
the interactions of the C-terminal amide are also predicted to vary depending on the derivative.

Figure 3. Comparison of the binding modes of DAMGO (from 6DDF PDB structure [31], pink sticks)
and TAPP (from docking, green sticks). The picture is oriented in the same projection as Figure 2.
Only several side-chains of the receptor binding site (yellow sticks) are shown.

Among this diversity of binding poses, it is hard to establish a coherent relationship between the
modification in the peptide structure and the change in the peptide-receptor interactions. The considered
expansions of the backbone affect, in most cases, more than one interaction site. Unfortunately,
in quantitative terms, the scoring function used for docking is not able to provide a predictive tool for
foreseeing the effects of such modest structural changes since no correlation was found between the
scoring value and the experimental affinity (Figure SM-MOD-1 and SM-MOD-2 in Supplementary
Materials). The analysis of the binding poses in qualitative terms allowed however for detection of an
interesting relationship between the position of the Xxx* side chain (according to docking) and the
affinity. The derivatives with the worst binding results are predicted to have the aromatic ring of the
fourth residue significantly displaced when compared to DAMGO or TAPP. This can be quantitatively
expressed in the form of a correlation equation (Figure 5A) where the independent variable standing
for the ring displacement is the root mean square deviation (RMSD) of Xxx* atoms’ positions of a
considered derivative when compared to DAMGO in the 6DDF structure [31]. It turns out that this
computational value correlates with the experimental affinity with a coefficient of determination (R?)
of 0.67, which can be considered a fairly good explanatory power for such a model.

We were then curious to see whether this relationship (of Xooxc position and affinity) might have
some general validity. In order to check it, we have docked another 12 H-Tyr-Xxx-Yyy-Phe-NH,
derivatives (Xxx = Ala, p-Ala, 3-Ala, N-MeAla, N-MeGly, Yyy = Phe or Trp) that were experimentally
tested for pOR affinity by Perlikowska et al. [9]. For these compounds, the Xxx* ring RMSD correlated
against affinity with R? = 0.60 (Figure 5B). In light of these results, it seems reasonable to conclude that,
for closer or more remote TAPP derivatives, a critical requirement for high LOR affinity is the ability to
place the Xooxh ring in the manner similar to that of DAMGO (that is, in the hydrophobic subpocket
formed by residues of TM3, ECL1, and ECL2).

A pair of derivatives that deserves a closer structural look are [(S)—[Sthyrl]—TAPP*
(13,1Cs0 = 338.8 + 5.1 nM) and [(S)-B>h-m-Tyr! |-TAPP* (14, IC5) = 11.2 + 6.3nM). In this case, the minute
difference in positioning of the phenol group (para- vs. meta-) is associated with over a thirty-fold
difference in affinity. Our modelling seems to provide explanation for this effect. Figure 6 gives
a comparison of the binding poses of 13 and 14. B2-Homologation in the first position backbone
accompanied with the inversion of the side chain spatial positioning causes the peptide 13 to adopt
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the binding pose of an apparently higher energetics than the parent. This can be associated with an
additional rotor being penalized for entropy and no novel interactions being created. On the other
hand, if the phenol group is shifted to the meta-position of the aromatic ring ([(S)-B2h-m-Tyr!]-TAPP*,
14), it allows for forming an H-bond to backbone carbonyl of 11e296 and this restores the affinity.

%

Figure 4. Binding modes of compounds 8-17 as predicted by docking. The pictures are oriented
in the same projection as Figure 2. Only several side-chains of the receptor binding site (yellow
sticks) are shown. (A) [(R)-B>hTyr!]-TAPP*, 8, (B) [(R)-p?h-m-Tyr'-TAPP*, 9, (C) [(S)-p?hAla?]-TAPP,
10, (D) [(R)-B*hPhe’]-TAPP, 11, (E) [(R)-B?hPhe*]-TAPP, 12, (F) [(S)-B>hTyr!]-TAPP*, 13, (G) [(S)-Bh-
m-Tyr!]-TAPP*, 14, (H) [(R)-B*hAla®]-TAPP, 15, (I) [(S)-B>hPhe®]-TAPP, 16, (J) [(S)-p>hPhe*]-TAPP, 17.

88



Molecules 2020, 25, 2461

&y

10 10
9 9
- 8 .8
g ]
=7 7
6 6
5 5
0 1 2 3 4 0 1 2 3 4
Xxx? ring displacement Xxx* ring displacement
compared to DAMGO [A] compared to DAMGO [A]

Figure 5. Correlation between the displacement of the ring of the fourth residue predicted by docking
and the experimental uOR affinity. The relationship for (A) the «/B-peptides reported in this work,
(B) derivatives reported in Reference [9]. The ring displacement is expressed as the RMSD of Xxx* ring
in the considered derivative (as predicted by docking) compared to N-Me-Phe* ring in DAMGO (6DDF
structure [31]). The points marked with dotted texture are arbitrarily chosen 5.82 for pICs being less
than 6.

TM6

ILE296

Figure 6. Comparison of binding poses of compounds [(S)—[Sthyrl]-TAPP*, 13 (orange) and
[(S)-Bh-m-Tyr!']-TAPP*, 14 (light blue). Only the first residues of the peptides are shown. The receptor
is partially represented as a surface representing the binding site. Only I1e296 side-chain (yellow sticks)
is explicitly shown.

2.4. Stability Against Proteolysis in Plasma

The parent peptide (1) and the analogues (8-17) were tested as to stability against proteolysis
in human plasma by a HPLC/MS method [19]. The results are graphically presented in Figure 7
and the representative HPLC chromatograms are given in Figures SM-STAB-1 to SM-STAB-22 in
Supplementary Materials. TAPP turned out to be resistant to proteolysis. After 96 h, more than 90% of
the initial peptide concentration (Cgg, > 90%) remained in the test sample. This is in marked contrast
to endomorphin-2 (Tyr-Pro-Phe-Phe-NH)) that, in the very same conditions, is rapidly degraded with
half-life time (Ty/,) of only 30 min. For TAPP, the first proteolytic cleavage occurs at the C-terminal
amide (deamidation).

Several of the studied analogues were much less stable when compared to the parent compound.
In particular, replacement of p-Ala (1) for both (S)-pZhAla (10) or (R)-p2hAla (15) in position 2 gave
compounds prone to proteolysis with Ty, of about 4.5 h. Derivatives with B2hPhe in the third
position were also less stable than the parent, but different rates of cleavage were observed for the
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stereoisomers. [(R)-p2ZhPhe’]-TAPP (11) was found to have half-life time of about 40 h, while, in the
case of [(S)-BZhPhe3]-TAPP (16), more than 65% of the initial peptide concentration remained in the
test solution after 96 h. When modifications in the fourth position are considered, again the isomer
with (R)-p*hPhe (12) was less stable (Cogp, = 55%) than the peptide with reverse configuration in this
position (17, Cggp, ~ 90%). The latter was equally resistant to proteolysis as the parent. All derivatives
with p2-Homo-amino acids in positions 2, 3, and 4 were cleaved at the peptide bond between the Tyr!
and the second residue (the site of the first proteolytic cleavage).

On the contrary, for the analogues modified in the first position, the first cleavage occurred at the
C-terminal amide (deamidation) in the case of the parent compound. All they (8, 9, 13, 14) exhibited
stability similar to TAPPs.

bbbt

remaining peptide [%)]

16
17

b

incubation time [min]

Figure 7. Results of stability determinations for compounds 1 and 8-17 expressed as percent of the
initial peptide concentration remaining in the test solution at a certain time-point. Each point is an
average result + standard deviation calculated from three independent experiments.

3. Materials and Methods

3.1. Chemistry

All materials (solvents and reagents) were purchased from commercial suppliers and used without
further purification. The NMR spectra were recorded on a Varian Unity Plus 200 spectrometer operating
at 200 MHz for 'TH-NMR and 50 MHz for 13C-NMR. The spectra were measured in CDCl3 or CD;0D
or acetone dg and are given as b values (in ppm) relative to TMS. Melting points were determined on a
Melting Point Meter KSP1D (A. Kriiss Optronic, Hamburg, Germany). TLC analyses were performed
on silica gel plates (Merck Kiesegel GF254, Merck, Darmstadt, Germany) and visualized using UV
light or iodine vapour or ninhydrin test. Column chromatography was carried out (at atmospheric
pressure) using Silica Gel 60 (230-400 mesh, Merck, Darmstadt, Germany) using appropriate eluents.
The crude final peptides were purified using reversed-phase high performance liquid chromatography
(RP-HPLC) on a preparative C-12 column (Phenomenex, Jupiter 4u Proteo 90A, AXIA 250 x 21.20 mm)
using 0.1% trifluoroacetic acid (TFA) in water/acetonitrile as a solvent system with UV detection
(214 nm). The peptide purity was estimated by analytical HPLC using a C-12 column (Jupiter 4u Proteo
90A, 250 x 4.6 mm) and the same solvent system and UV detection as above, and then confirmed in a
second solvent system 0.1% TFA in water/methanol. High resolution mass spectra (also low resolution)
were acquired on the Shimadzu LCMS-IT TOF mass spectrometer with electrospray ionization (ESI).

3.2. Synthesis of p?-Homo-Amino Acids

3.2.1. Methyl a-methyl-cyanoacetate (3a)

To a stirred solution of methyl cyanoacetate 2 (30 mmol, 1 equiv) and anhydrous potassium
carbonate (30 mmol, 1 equiv) in dimethylformamide, methyl iodide (30 mmol, 1 equiv) was added.
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Then the reaction mixture was stirred overnight. Next, the reaction mixture was diluted with water
and extracted with diethyl ether (4x). The combined organic layers successively washed with water
(2x), brine solution (3x), dried over anhydrous Na,SOy, and evaporated under vacuum. The crude
compound was purified by column chromatography on silica gel (hexane/ethyl acetate). Pure product
3a was obtained as colourless, low-density oil (1.42 g, 42%).

TH NMR (200 MHz, CDCls) &: 3.82 (s, 3H), 3.42 (q, | = 7.6 Hz, 1H), 1.37 (d, | = 7.6 Hz, 3H).
13C NMR (50 MHz, CDCl,) &: 165.9, 117.35, 53.24, 30.57, 15.30.

3.2.2. General Procedure (GP1) of Methyl a-cyano-cinnamates Synthesis via Knoevenagel
Condensation (3b—d)

The benzaldehyde (30 mmol, 1 equiv) or 3- or 4-hydroxybenzaldehyde, methyl cyanoacetate
2 (30 mmol, 1 equiv) and piperidine (0.2 mmol, 0.007 equiv) were heated under reflux for 8-12 h
in methanol. The reaction mixture was allowed to reach room temperature. Then volatiles were
evaporated. The crude compounds 3b—d were purified by column chromatography (hexane/ethyl
acetate) or crystallization from methanol.

Methyl a-cyanocinnamate (3b)

The desired product was isolated by column chromatography (hexane/ethyl acetate) or
crystallization (methanol) as white solid (4.98 g, 89%), mp = 90-91 °C [lit. 89-90 °C] [36].

'H NMR (200 MHz, CDCl,) 8: 8.27 (s, 1H), 8.06-7.88 (m, 2H), 7.60-7.42 (m, 3H), 3.94 (s, 3H).
13C NMR (50 MHz, CDCl3) §: 162.94, 155.28, 133.38, 131.33, 131.06, 129.25, 115.41, 102.47, 53.36.

Methyl a-cyano-4-hydroxycinnamate (3c)

The desired product was isolated by crystallization (twice from methanol) as a pale yellow solid
(4.63 g, 76%), mp = 210-212 °C [lit. 208-210 °C] [37]

TH NMR (200 MHz, CD;0D) §: 8.21 (s, 1H), 7.98-7.88 (m, 2H), 6.95-6.87 (m, 2H), 3.88 (s, 3H).
13C NMR (50 MHz, CD30D) &: 165.09, 164.46, 156.13, 135.17, 124.49, 117.30, 115.45, 98.58, 53.50.

Methyl a-cyano-3-hydroxycinnamate (3d)

The desired product was isolated by crystallization (twice from methanol) as a yellow solid (4.81 g,
79%), mp = 139-140 °C [lit. 142-143 °C] [38]

'H NMR (200 MHz, CD;OD) &: 8.21 (s, 1H), 7.47-7.34 (m, 3H), 7.05-6.99 (m, 1H), 3.90 (s, 3H).
13C NMR (50 MHz, CD3;0D) &: 164.41, 159.42, 156.61, 134.21, 131.48, 124.04, 121.93, 117.90, 116.48,
103.57, 53.91.

3.2.3. (R,S)-N-Boc-p2-Homo-Alanine Methyl Ester (4a)

To a stirred solution of the methyl a-methyl-cyanoacetate 3a (10 mmol, 1 equiv), Boc anhydride
(20 mmol, 2 equiv), CoCl,-6H,0 (2 mmol, 0.2 equiv) in dry methanol at 0 °C, sodium borohydride
(70 mmol, 7 equiv) were added gradually over 30 min. The reaction mixture was then stirred overnight
at room temperature. Then, triethylamine (10 mmol, 1 equiv) was added and stirring was continued for
30 min. Next, the solvent was evaporated and the residue was diluted with ethyl acetate and extracted
with saturated aqueous NaHCOj (3 X). The organic layer was washed with brine solution and dried
over anhydrous NaySOy, and then evaporated under vacuum. The product (Boc-B2hAla-OMe, 4a)
was isolated by column chromatography on silica gel (hexane/ethyl acetate) as solidifying, colorless oil
(1.30 g, 60%).

'H NMR (200 MHz, CDCly) &: 4.86 (br s, 1H), 3.71 (s, 3H), 3.54-3.12 (dm, 2H), 2.54-2.36 (m, 1H),
1.43 (s, 9H), 1.12 (d, ] = 7 Hz, 3H). 13C NMR (50 MHz, CDCl) &: 175.07, 155.77, 79.24, 52.15, 43.18,
39.58,28.31, 15.91. LR-MS my/z: 140 [M=Boc + Na]*, 240 [M + Nal*.
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3.2.4. General Procedure (GP2) of Aromatic 32-Homo-Amino Acid Synthesis, Boc-B?hXaa-OMe (4b-d)

To a stirred solution of the suitable methyl x-cyano-cinnamate derivative 3b—d (10 mmol, 1 equiv),
Boc anhydride (40 mmol, 4 equiv), CoCl,-6H,O (4 mmol, 0.4 equiv) in dry methanol at 0 °C, and sodium
borohydride (140 mmol, 14 equiv) were added gradually over 30 min. The reaction mixture was then
stirred overnight. Then, triethylamine (20 mmol, 2 equiv) was added and stirring was continued for
30 min. Next, the solvent was evaporated and the residue was diluted with ethyl acetate and extracted
with saturated aqueous NaHCOj5 (3 X). The organic layer was washed with brine solution, dried over
anhydrous NaySOy, and then evaporated under vacuum. The crude products 4b—d were isolated by
column chromatography on silica gel (hexane or chloroform/ethyl acetate).

(R,S)-N-Boc-f2-Homo-phenylalanine methyl ester (4b)

The desired product (Boc- p2ZhPhe-OMe, 4b) was purified by column chromatography (hexane/ethyl
acetate) as a solidifying oil (1.61 g, 55%).

TH NMR (200 MHz, CDCl3) 6: 7.33-7.13 (m, 5H), 4.86 (br's, 1H,), 3.64 (s, 3H), 3.48-3.16 (m, 2H),
3.10-2.74 (m, 3H), 1.42 (s, 9H). *C NMR (50 MHz, CDCl3) &: 174.61, 155.73, 138.22, 128.80, 128.49,
126.56,79.38, 51.77, 47.35, 41.48, 35.85, 28.30. LR-MS my/z: 316.2 [M + Na]*.

(R,S)-N-Boc-B2-Homo-O-tert-butyloxycarbonyl-tyrosine methyl ester (4c)

The desired product (Boc-[ﬁthyr(Boc)-OMe, 4c) was purified by column chromatography
(chloroform/ethyl acetate) as a solidifying oil (2.01 g, 49%).

'H NMR (200 MHz, acetone dg) &: 7.32-7.16 (m, 2H), 7.16-6.96 (m, 2H), 6.14 (br s, 1H), 3.57 (s, 3H),
3.38-3.20 (m, 2H), 3.0-2.76 (m, 3H), 1.52 (s, 9H), 1.40 (s, 9H), 3C NMR (50 MHz, acetone dg) &: 174.59,
152.66, 150.81, 137.62, 130.71, 122.07, 83.50, 79.38, 51.89, 48.81, 42.84, 35.61, 28.64, 27.83. LR-MS my/z:
432.2 [M + Na]*.

(R,S)-N-Boc-B2-Homo-O-tert-butyloxycarbonyl-meta-tyrosine methyl ester (4d)

The desired product (Boc-p%h-m-Tyr(Boc)-OMe, 4d) was purified by column chromatography
(chloroform/ethyl acetate) as a solidifying oil (1.92 g, 47%).

TH NMR (200 MHz, acetone dg) &: 7.38-7.20 (m, 1H), 7.16-6.90 (m, 3H), 6.14 (br s, 1H), 3.57 (s, 3H),
3.38-3.24 (m, 2H), 3.0-2.78 (m, 3H), 1.52 (s, 9H), 1.40 (s, 9H). '*C NMR (50 MHz, acetone dg) &: 176.59,
156.37,150.81, 143.25, 142.08, 130.61), 127.65, 121.93, 118.07, 83.63, 79.10, 51.70, 48.81, 42.84, 35.35, 28.31,
27.80. LR-MS mi/z: 432.2 [M + Na]*, 841.4 [2M + Na]*.

3.3. Separation of Racemic f>-Homo-Amino Acids (7a~b)

Boc-protected (2-Homo-amino acids 5a-b (also 5¢-d) were obtained according to the GP4. To a
stirred solution of 5a—b (5 mmol, 1 equiv) in DMF (10 mL), TBTU (5 mmol, 1 equiv), HOBt (5 mmol,
1 equiv), and DIPEA (10 mmol, 2 equiv) were added. After stirring the mixture at 0 °C for 10 min,
the (S)-(-)-a-methylbenzylamine (5 mmol, 1 equiv) was added. The reaction mixture was then
stirred overnight (allowing to reach to room temperature). Next, the mixture was diluted with 5%
NaHCOj3 and washed several times with ethyl acetate. The combined organic layers successively
washed with 5% NaHCOj3 (2 x), IM KHSOj (3 X), brine solution (3 x), and dried over anhydrous
NaySO4 and evaporated under vacuum. The resulting diastereoisomeric amide pairs (6a—b) were
separated by column chromatography (supplemented by an additional re-chromatography of partially
separated fractions) using as eluent CHCI3/AcOEt for 6a or hexane/AcOEt for 6b. The individual
amide diastereoisomers were heated under reflux in 6M HCl for 12 to 18 h. The reaction progress was
monitored by TLC. After the reaction, the mixture was concentrated, and respective (R)- or (S)-7a-b
enantiomers were isolated using cation exchange ion chromatography (Dowex 50W X12). A 0.2 M
ammonia solution was used as an eluent. After evaporation, white solids of individual isomers were
obtained and dried over NaOH.
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3.3.1. (R)-(-)-p2-Homo-alanine, (R)-(-)-7a

The desired product (R)-(-)-B%hAla was obtained as white solid, mp 186-187 °C
[lit. 185-187 °C] [39]; [e]*°p — 10.7 (c 1.0, 1M HCI) [lit. [«]*’p — 11.8 (c 1.0, 1M HCI)] [39].

TH NMR (200 MHz, CD30D) 6: 3.26-3.10 (dd, | = 8.6 Hz, ] =12.8 Hz, 1H), 3.10-2.96 (dd, | = 4.8 Hz,
J = 12.8 Hz, 1H), 2.96-2.76 (m, 1H), 1.31 (d, ] = 7.0 Hz, 3H). 13C NMR (50 MHz, CD3;0D) &: 176.71,
42.68, 38.18, 15.33. LR-MS my/z: 104.1 [M + H]*, 207.2 [2M + H]J*.

3.3.2. (S)-(+)-p2-Homo-alanine, (S)-(+)-7a

The desired product (S)-(+)-B?hAla was obtained as a white solid, mp 187-188 °C
[lit. 184-188 °C] [39]; [o]*°p + 10.2 (c 0.96, IM HCI) [lit. [«]*’p + 11.6 (c 1.0, IM HC)] [39].

TH NMR (200 MHz, CD5;0D) 5: 3.30-3.12 (dd, | = 8.4 Hz, ] = 13 Hz, 1H), 3.10-2.92 (dd, ] = 5 Hz,
J =13 Hz, 1H), 2.92-2.80 (m, 1H), 1.27 (d, ] = 7.0 Hz, 3H). '3C NMR (50 MHz, CD30D) &: 176.76, 42.88,
38.98, 15.43. LR-MS m/z: 104.1 [M + H]*, 207.2 [2M + H]*.

3.3.3. (R)—(+)—ﬁz—Homo—phenylalanine, (R)-(+)-7b

The desired product (R)-(+)-p%hPhe was obtained as a white solid, mp 210212 °C
[lit. 225-226 °C] [39]; [o]?p + 13.8 (¢ 1.083, IM HC) [lit. [x]*’p + 11.3 (c 1.0, 1M HCI)] [39].

TH NMR (200 MHz, CD30D) §: 7.35-7.28 (m, 2H), 7.20-6.87 (m, 3H), 3.12-2.90 (m, 3H), 2.80-2.54
(m, 2H). 13C NMR (50 MHz, CD;0D) &: 176.61, 138.22, 129.80, 128.49, 126.56, 46.35, 40.48, 36.85.
LR-MS m/z: 180.1 [M + HJ*, 359.2 [2M + H]*.

3.3.4. (S)-(-)-B2-Homo-phenylalanine, (S)-(—)-7b

The desired product (S)-(-)-pZhPhe was obtained as a white solid, mp 212-214 °C
[lit. 224-225 °C] [39]; [a]2p — 9.8 (c 0.835, 1M HCI) [lit. []*’p — 11.0 (¢ 1.0, 1M HCI)] [39].

TH NMR (200 MHz, CD;0D) 5: 7.37-7.28 (m, 2H), 7.30-6.95 (m, 3H), 3.14-2.90 (m, 3H), 2.80-2.56
(m, 2H). 13C NMR (50 MHz, CD;0D) &: 177.61, 139.20, 128.80, 128.59, 127.56, 45.35, 41.44, 36.67.
LR-MS my/z: 180.1 [M + H]*, 359.2 [2M + H]".

3.4. Synthesis of the Peptides

All planned tetrapeptides (1, 8-17) were obtained according to the following steps of the synthesis:
(I) preparation of Boc-protected N-terminal dipeptide methyl ester by the GP3, (II) preparation of
Boc-protected C-terminal dipeptide methyl ester using the GP3, (III) hydrolysis of the methyl ester of the
product of step (I) according to GP4, (IV) Boc-deprotection of Boc-protected C-terminal dipeptide methyl
ester (step II) using GP5, (V) coupling of Boc-protected N-terminal dipeptide to C-terminal dipeptide
methyl ester according to GP3, (VI) aminolysis of Boc-protected tetrapeptide methyl ester by the GP6.
(VII) purification by RP-HPLC, confirmation of purity (> 96%) by analytical RP-HPLC and confirmation
of molecular weight by mass spectrometry (3.1. Chemistry). HR-MS: for TAPP (1) 546.2715 (calcd for
C39H35N505, 546.2711), for [(R)-B>hTyr! ]-TAPP* (8) 560.2885, for [(R)-p>h-m-Tyr!]-TAPP* (9) 560.2885,
for [(S)-BZhAla%]-TAPP (10) 560.2893, for [(R)-B2hPhe?]-TAPP (11) 560.2879, for [(R)-B2hPhe*]-TAPP
(12) 560.2889, for [(S)-B>hTyr!']-TAPP* (13) 560.2874, for [(S)-BZh-m-Tyr!]-TAPP* (14) 560.2879,
for [(R)-B?hAla’]-TAPP (15) 560.2880, for [(S)-B*hPhe®]-TAPP (16) 560.2879, for [(S)-B?hPhe*]-TAPP
(17) 560.2882 (for 8-17 calcd for C31H37N50s5, 560.2867). The analytical data for compounds 1 and 8-17
are summarized in Supplementary Materials (Table SM-SYN-1).

3.4.1. General Procedure (GP3) for Synthesis of Protected Dipeptides and Tetrapeptides

To stirred solution of Boc-amino acid or Boc-dipeptide acid (10 mmol) in DMF (10mL), TBTU
(10 mmol, 1 equiv), HOBt (10 mmol, 1 equiv), and DIPEA (30 mmol, 3 equiv) were added. After stirring
the mixture at 0 °C for 10 min, the amine component or dipeptide methyl ester (10 mmol, 1 equiv) was
added. The reaction mixture was then stirred overnight (allowing to reach the room temperature). Next,
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the mixture was diluted with 5% NaHCO3 and washed several times with ethyl acetate. The combined
organic layers successively washed with 5% NaHCOj; (2 x), 1M KHSOj (3 X), brine solution (3 X),
and dried over anhydrous Nay;SO,4 and evaporated under vacuum. The crude peptides were used for
the next step without further purification.

3.4.2. General Procedure (GP4) for Methyl ester Removal

To a stirred solution of Boc-protected dipeptide methyl ester (10 mmol, 1 equiv) in MeOH,
LiOH-H,O (50 mmol, 5 equiv) was added. The reaction mixture was stirred at 0 °C for 4-8 h with
TLC-monitoring of the reaction progress. Next, the solvent was evaporated under reduced pressure.
The residue was diluted with water and washed with diethyl ether (2 ), acidified up to pH = 3 with
10% citric acid (aq.), and extracted with ethyl acetate (3 x). The organic layer was dried over anhydrous
MgSQOy, and concentrated under vacuum and used for the next step without further purification.

3.4.3. General Procedure (GP5) for Boc-Deprotection

Boc-protected dipeptide methyl ester (10 mmol, 1 equiv) was deprotected by 1IN HCI(g) in ethyl
acetate (8-10 mL). The Boc-tetrapeptide amide was deprotected by 1N HCI(g) in acetic acid (8-10 mL)
at room temperature for 2-3 h (TLC-monitoring). Then, the excess of cold ethyl ether was added to the
reaction mixture. Precipitated product was filtered off, washed with diethyl ether, and used for the
next step without further purification.

3.4.4. General Procedure (GP6) for Aminolysis of Methyl ester

The Boc—protected tetrapeptide methyl ester (20 mmol, 1 equiv) was dissolved in ammonia
solution in methanol (7N, 10 mL) and stirred for 3 to 10 days. The progress of the reaction was
monitored by HPLC. The solution was evaporated under reduced pressure and the crude product was
used for the next step without further purification.

3.5. Binding Affinity Determinations

The binding affinity of compounds 1 and 8-17 for tOR and SOR was determined in competitive
radioligand binding assays following the previously described method [19,40]. Membrane fractions of
rat brain Homogenate were incubated at 25 °C for 60 mins in the presence of radioligands (0.5 nM)
specific for each receptor (LOR: [PHIDAMGO and 5OR: [*H]DELT II, obtained as a generous gift from
Prof. Géza Téth [41]) and the increasing concentrations of the tested compounds (107! up to 107> M,
each concentration in duplicate). For measuring non-specific binding, 10 tM naloxone was used as the
competitor. The assay buffer contained 50mM Tris-HCI (pH 7.4), bovine serum albumin (0.1 mg/mL),
bacitracin (30 pug/mL), bestatin (30 uM), captopril (10 uM), and phenylmethylsulfonyl fluoride (0.1 mM)
in the total reaction volume of 1 mL. After the incubation, the binding reactions were terminated by
rapid filtration with M-24 Cell Harvester (Brandel/USA) through GF/B Whatman glass fibre strips.
The filters were pre-soaked with 0.5% PEI before harvesting in order to minimize non-specific binding.
Filter discs were placed separately in 24-well plates and immersed with the Optiphase Supermix
scintillation cocktail (Perkin Elmer, Waltham, MA, USA). Radioactivity was measured using a MicroBeta
LS Trilux scintillation counter (PerkinElmer, Waltham, MA, USA). The experiments were repeated
three times in duplicate and the results are presented as mean half-maximal inhibitory concentrations
(IC5p) with standard errors of the mean.

3.6. Molecular Modelling

The compounds 1 and 8-17 were docked into activated wOR structure (PDB accession code:
6DDF [31]) using AutoDock 4.2.6 [32]. The studied derivatives were sketched in Biovia Discovery
Studio Visualizer [42] and minimized with a Dreiding-like force field. Furthermore, they and the
protein structure were processed in AutoDock Tools 4 [32]. Protonation states were set as expected
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at physiological pH. The G-protein was removed from the receptor structure. The ligands were
considered flexible (except for amide bonds of the backbone) and the receptor was set as rigid.
The docking box was centered around the position of DAMGO in the 6DDF structure [31] and its
size was extended to cover the binding pocket and the extracellular part of the binding pocket entry.
Grids were calculated with AutoGrid and the docking was performed using Lamarckian Genetic
Algorithm with pseudo-Solis and Wets local searches (300 runs). A genetic algorithm was set to work
with a population of 3000 individuals with a maximum number of generations being 37,000, mutation
rate of 0.02, crossover rate of 0.8, and one individual surviving to the next generation. The probability of
local search on the individual was set to 0.1. The results of each run were clustered and representative
poses from several top-scored clusters of each ligand were visually inspected. A criterion for selecting
the binding poses was their conformity to known literature data on ligand-uOR interactions, i.e.,
presence of the interaction of protonated amine in position 1 with Asp147. Molecular graphics were
prepared in PyMOL [43].

In order to validate the relationship presented in Figure 5, a further 12 derivatives [9] were docked
to the pOR structure using the very same procedure as described above.

3.7. Stability Determinations

The determination of plasma stability was performed according to a previously described protocol
with minor modifications [19]. Human plasma for testing was obtained from a healthy donor.
Compounds 1 and 8-17 (0.7 pmol) were dissolved in water to obtain 1 mL of stock solution. Portions
of the plasma (100 L) were dispensed into Eppendorf tubes and equilibrated at 37 + 1 °C for 5 min,
before adding 100 uL of the stock solution of each tested peptide. Samples of the test solution were
taken and analyzed at several time points (0, 1, 2, 3, 4, 5, 6, 12, 24, 48, and 96 h of the experiment).

In order to precipitate the plasma proteins, 400 pL ethanol (98%) was added to the samples,
whereafter shaking (1 min) and cooling in 4 °C (5 min) followed. Subsequently, the samples were
centrifuged for 10 min at 2000 g. The supernatant (20 uL) was immediately analyzed by HPLC/MS
using the LCMS-2010EV Shimadzu apparatus with a Phenomenex Jupiter 4u Proteo 90A, C12
(25 cm x 2 mm X 4 um) column. The chromatography was performed in reversed-phase system
(solvents A: 0.05% FA in water, B: 0.05% FA in acetonitrile) with a non-linear gradient was used (1-31%
B in 20 min followed by an increase to 97% B from 20 to 30 min) at a solvent flow of 0.5 mL/min.
The activity of the plasma was confirmed by using endomorphin-2 (0.7 uM/mL) as a control sample.
The results of the HPLC/MS analyses allowed for quantitative determination of the concentration
changes of the tested peptides. Furthermore, it was possible to indicate the location of the first
proteolytic cleavage.

4. Conclusions

In conclusion, we have presented in this paper the results of ZhAA scan of the TAPP sequence.
Ten novel analogues were synthesized as well as tested for opioid binding and stability. None of the
new compounds bound the LOR better than the parent, but the compounds modified at position four
had equally good affinity as TAPP. On the contrary, Bz-Homologation in the second position gave
derivatives with very low binding strength. If the third position was modified, the (R)-isomer was
weaker than TAPP, but, in the case of the (S)-isomer, the decrease was only minor. Bthyr in the first
position caused affinity decreases (more pronounced with the (S)-isomer), but interestingly shifting the
phenol group to the meta-position (32h-m-Tyr) gave restoration of binding strength. It was particularly
noticeable with [(S)-BZh-m-Tyr! ]-TAPP whose ICs; value was statistically equal to that of TAPP and
30 times lower than that of [(S)-B2hTyr!]-TAPP.

The presented «/f-peptides and their parent, TAPP, were docked into the pOR structure.
According to modelling, TAPP binds the receptor by a canonical ionic interaction with Asp147
and by anchoring the Phe* ring in a hydrophobic subsite formed by residues of TM3, ECL1, and ECL2,
while placing the Phe® ring closer to TM7. For the novel analogues, docking does not predict a uniform
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binding mode, but a rather multitude of poses that vary at several subsites. No straightforward
correlation can be found between the site of backbone expansion and the change in receptor-ligand
interactions. There is also no correlation between the experimental binding affinity and the scoring
value. Yet, it is possible to find a relationship between the experimental binding and the positioning
of the Xxx* aromatic ring and this relationship can be even expressed quantitatively. Furthermore,
this correlation was validated to hold for some opioid tetrapeptides reported earlier by other authors.

With regard to stability in human plasma, TAPP turned out to be fairly stable (Cggp, > 90% of the
initial concentration). Surprisingly, the «/-analogues were not necessarily so. For example, those with
(R/S)-p%hAla in position 2 turned out to have half-life times of less than 5 h. Modifications in position
3 produced derivatives that were less stable than the parent. On the contrary, BhAAs in the first
position gave analogues equally stable to the parent.

The presented results enhance our understanding of structure-activity (stability) relationships of
opioid peptides, and, in particular, of the TAPP sequence. Thus, they will be useful for further design
of peptide analgesics.
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pertaining to particular analysis subjects. Items in each section are independently numbered. The sections are:
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Author Contributions: Conceptualization, A.M. and D.T. Data curation, D.T., PE].L., and PX. Funding acquisition,
AM. Investigation, D.T., PE]J.L., and PK. Methodology, D.T., PE].L., and PK. Project administration, A.M.
Supervision, A.M. Writing-original draft, D.T. and P.EJ.L. Writing-review & editing, A.M., D.T., PE].L., and PK.
All authors have read and agreed to the published version of the manuscript.

Funding: The European Union Grant NORMOLIFE (LSHC-CT-2006-037733) supported this work.

Acknowledgments: The calculations were performed at Swierk Computing Centre, National Centre for Nuclear

Research, Swierk, Poland. Prof. Géza Téth (Biological Research Centre, Hungarian Academy of Sciences, Szeged,
Hungary) is gratefully acknowledged for providing tritiated radioligands. This work was co-financed by the
EU from the European Regional Development Fund under the Operational Programme Innovative Economy,
2007-2013, and with the use of CePT infrastructure financed by the same EU program.

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

References

1.  Henninot, A.; Collins, J.C.; Nuss, .M. The Current State of Peptide Drug Discovery: Back to the Future?
J. Med. Chem. 2018, 61, 1382-1414. [CrossRef]

2. Steer, D.; Lew, R.; Perlmutter, P; Smith, A.; Aguilar, M.-I. f-Amino Acids: Versatile Peptidomimetics.
Curr. Med. Chem. 2002, 9, 811-822. [CrossRef] [PubMed]

3. Cabrele, C.; Martinek, T.A_; Reiser, O.; Berlicki, L. Peptides Containing 3-Amino Acid Patterns: Challenges
and Successes in Medicinal Chemistry. |. Med. Chem. 2014, 57, 9718-9739. [CrossRef] [PubMed]

4. Janecka, A; Fichna, J.; Janecki, T. Opioid Receptors and their Ligands. Curr. Top. Med. Chem. 2004, 4, 1-17.
[CrossRef] [PubMed]

5. Pradhan, A.A,; Befort, K.; Nozaki, C.; Gavériaux-Ruff, C.; Kieffer, B.L. The delta opioid receptor: An evolving
target for the treatment of brain disorders. Trends Pharmacol. Sci. 2011, 32, 581-590. [CrossRef] [PubMed]

6.  Wilczynska, D.; Kosson, P.; Kwasiborska, M.; Ejchart, A.; Olma, A. Synthesis and receptor binding of opioid
peptide analogues containing 3 3 — Homo —amino acids. J. Pept. Sci. 2009, 15, 777-782. [CrossRef]

7. Mallareddy,].R.; Borics, A.; Keresztes, A.; Kévér, K.E.; Tourwé, D.; Toth, G. Design, Synthesis, Pharmacological
Evaluation, and Structure—Activity Study of Novel Endomorphin Analogues with Multiple Structural
Modifications. ]. Med. Chem. 2011, 54, 1462-1472. [CrossRef]

8.  Keresztes, A.; Sztics, M.; Borics, A.; Kovér, K.E.; Forro, E.; Fiilop, E; Tomboly, C.; Péter, A.; Péhi, A,;
Fébian, G.; et al. New Endomorphin Analogues Containing Alicyclic 3-Amino Acids: Influence on Bioactive
Conformation and Pharmacological Profile. ]. Med. Chem. 2008, 51, 4270-4279. [CrossRef]

9.  Perlikowska, R.; Fichna, J.; WyrAbska, A.; Poels, J.; Vanden Broeck, J.; Toth, G.; Storr, M.; do Rego, J.-C.;
Janecka, A. Design, Synthesis and Pharmacological Characterization of Endomorphin Analogues with
Non-Cyclic Amino Acid Residues in Position 2. Basic Clin. Pharmacol. Toxicol. 2010, 106, 106-113. [CrossRef]

96



Molecules 2020, 25, 2461

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yamazaki, T.; Probstl, A.; Schiller, PW.; Goodman, M. Biological and conformational studies of
[Val4]morphiceptin and [D-Val4]Jmorphiceptin analogs incorporating cis-2-aminocyclopentane carboxylic
acid as a peptidomimetic for proline. Int. J. Pept. Protein Res. 1991, 37, 364-381. [CrossRef]

Mierke, D.E,; NoBner, G.; Schiller, PW.; Goodman, M. Morphiceptin analogs containing 2-aminocyclopentane
carboxylic acid as a peptidomimetic for proline. Int. |. Pept. Protein Res. 1990, 35, 35-45. [CrossRef] [PubMed]
Bozii, B.; Filop, E; Toth, G.; Téth, G.; Sziics, M. Synthesis and opioid binding activity of dermorphin
analogues containing cyclic 3-amino acids. Neuropeptides 1997, 31, 367-372.

Cardillo, G.; Gentilucci, L.; Melchiorre, P.; Spampinato, S. Synthesis and binding activity of endomorphin-1
analogues containing 3-amino acids. Bioorg. Med. Chem. Lett. 2000, 10, 2755-2758. [CrossRef]

Cardillo, G.; Gentilucci, L.; Qasem, A R.; Sgarzi, F.; Spampinato, S. Endomorphin-1 Analogues Containing
B-Proline Are p-Opioid Receptor Agonists and Display Enhanced Enzymatic Hydrolysis Resistance.
J. Med. Chem. 2002, 45, 2571-2578. [CrossRef]

Lesma, G.; Salvadori, S.; Airaghi, F.; Bojnik, E.; Borsodi, A.; Recca, T.; Sacchetti, A.; Balboni, G.; Silvani, A.
Synthesis, pharmacological evaluation and conformational investigation of endomorphin-2 hybrid analogues.
Mol. Divers. 2013, 17, 19-31. [CrossRef]

Lesma, G.; Salvadori, S.; Airaghi, F; Murray, T.E; Recca, T.; Sacchetti, A.; Balboni, G.; Silvani, A. Structural and
Biological Exploration of Phe 3 — Phe 4 — Modified Endomorphin-2 Peptidomimetics. ACS Med. Chem. Lett.
2013, 4, 795-799. [CrossRef]

Mollica, A.; Pinnen, F,; Costante, R.; Locatelli, M.; Stefanucci, A.; Pieretti, S.; Davis, P,; Lai, J.; Rankin, D.;
Porreca, F; et al. Biological Active Analogues of the Opioid Peptide Biphalin: Mixed «/f 3 — Peptides.
J. Med. Chem. 2013, 56, 3419-3423. [CrossRef]

Fraczak, O.; Lasota, A.; Kosson, P.,; Lesniak, A.; Muchowska, A.; Lipkowski, A.W.; Olma, A. Biphalin analogs
containing 33-Homo-amino acids at the 4,4’ positions: Synthesis and opioid activity profiles. Peptides 2015,
66, 13-18. [CrossRef]

Fraczak, O.; Lasota, A.; Tymecka, D.; Kosson, P.; Muchowska, A.; Misicka, A.; Olma, A. Synthesis, binding
affinities and metabolic stability of dimeric dermorphin analogs modified with 3 3 — Homo —amino acids.
J. Pept. Sci. 2016, 22, 222-227. [CrossRef]

Adamska-Bartlomiejczyk, A.; Lipiniski, P.E].; Piekielna-Ciesielska, J.; Kluczyk, A.; Janecka, A. Pharmacological
profile and molecular modeling of cyclic opioid analogs incorporating various phenylalanine derivatives.
sent 2020.

Wang, Y.; Yang, J.; Liu, X.; Zhao, L.; Yang, D.; Zhou, J.; Wang, D.; Mou, L.; Wang, R. Endomorphin-1
analogs containing «-methyl-f-amino acids exhibit potent analgesic activity after peripheral administration.
Org. Biomol. Chem. 2017, 15, 4951-4955. [CrossRef] [PubMed]

Wang, Y.; Xing, Y.; Liu, X.; Ji, H.; Kai, M.; Chen, Z.; Yu, J.; Zhao, D.; Ren, H.; Wang, R. A New Class of Highly
Potent and Selective Endomorphin-1 Analogues Containing x-Methylene-3-aminopropanoic Acids (Map).
J. Med. Chem. 2012, 55, 6224—6236. [CrossRef] [PubMed]

Zhao, L.; Luo, K.; Wang, Z.; Wang, Y.; Zhang, X.; Yang, D.; Ma, M.; Zhou, J.; Cui, J.; Wang, J.; et al.
Design, synthesis, and biological activity of new endomorphin analogs with multi-site modifications.
Bioorg. Med. Chem. 2020, 28, 115438. [CrossRef] [PubMed]

Liu, X;; Wang, Y,; Xing, Y.; Yu, J.; Ji, H.; Kai, M.; Wang, Z.; Wang, D.; Zhang, Y.; Zhao, D.; et al. Design,
Synthesis, and Pharmacological Characterization of Novel Endomorphin-1 Analogues as Extremely Potent
p-Opioid Agonists. J. Med. Chem. 2013, 56, 3102-3114. [CrossRef] [PubMed]

Hu, M.; Giulianotti, M.A.; McLaughlin, ].P; Shao, J.; Debevec, G.; Maida, L.E.; Geer, P.; Cazares, M.;
Misler, J.; Li, L.; et al. Synthesis and biological evaluations of novel endomorphin analogues containing
a-hydroxy-p-phenylalanine (AHPBA) displaying mixed p/d opioid receptor agonist and & opioid receptor
antagonist activities. Eur. |. Med. Chem. 2015, 92, 270-281. [CrossRef] [PubMed]

Schiller, PW.; Dung, N.T.M.; Chung, N.N.; Lemieux, C. Dermorphin analogs carrying an increased positive
net charge in their “message” domain display extremely high. mu.-opioid receptor selectivity. ]. Med. Chem.
1989, 32, 698-703. [CrossRef] [PubMed]

Podwysocka, D.; Kosson, P.; Lipkowski, A.W.; Olma, A. TAPP analogs containing 33-Homo-amino acids:
Synthesis and receptor binding. J. Pept. Sci. 2012, 18, 556-559. [CrossRef]

Caddick, S.; de, K,; Haynes, A.K.; Judd, D.B.; Williams, M.R. Convenient synthesis of protected primary
amines from nitriles. Tetrahedron Lett. 2000, 41, 3513-3516. [CrossRef]

97



Molecules 2020, 25, 2461

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Caddick, S.; Judd, D.B.; Lewis, A.K.d.K,; Reich, M.T.; Williams, M.R. A generic approach for the catalytic
reduction of nitriles. Tetrahedron 2003, 59, 5417-5423. [CrossRef]

Kim, EJ.; Kovalyshyn, I.; Burgman, M.; Neilan, C.; Chien, C.-C.; Pasternak, G.W. o 1 Receptor Modulation of
G-Protein-Coupled Receptor Signaling: Potentiation of Opioid Transduction Independent from Receptor
Binding. Mol. Pharmacol. 2010, 77, 695-703. [CrossRef]

Koehl, A.; Hu, H.; Maeda, S.; Zhang, Y.; Qu, Q.; Paggi, ] M.; Latorraca, N.R.; Hilger, D.; Dawson, R.; Matile, H.;
et al. Structure of the p-opioid receptor-Gi protein complex. Nature 2018, 558, 547-552. [CrossRef] [PubMed]
Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.E,; Belew, R.K.; Goodsell, D.S.; Olson, A.]. AutoDock4
and AutoDockTools4: Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30,
2785-2791. [CrossRef] [PubMed]

Huang, W.; Manglik, A.; Venkatakrishnan, A.J.; Laeremans, T.; Feinberg, E.N.; Sanborn, A.L.; Kato, H.E.;
Livingston, K.E.; Thorsen, T.S.; Kling, R.C.; et al. Structural insights into p-opioid receptor activation. Nature
2015, 524, 315-321. [CrossRef] [PubMed]

Lipinski, PE].; Jaroriczyk, M.; Dobrowolski, J.C.; Sadlej, J. Molecular dynamics of fentanyl bound to p-opioid
receptor. J. Mol. Model. 2019, 25, 144. [CrossRef] [PubMed]

Lipinski, P,; Kosson, P,; Matalifiska, J.; Roszkowski, P.; Czarnocki, Z.; Jaronczyk, M.; Misicka, A.;
Dobrowolski, J.; Sadlej, J. Fentanyl Family at the Mu-Opioid Receptor: Uniform Assessment of Binding and
Computational Analysis. Molecules 2019, 24, 740. [CrossRef] [PubMed]

Texier-Boullet, F.; Foucaud, A. Knoevenagel condensation catalysed by aluminium oxide. Tetrahedron Lett.
1982, 23, 4927-4928. [CrossRef]

Sipild, J.; Nurmi, H.; Kaukonen, A.M.; Hirvonen, J.; Taskinen, J.; Yli-Kauhaluoma, J. A modification of the
Hammett equation for predicting ionisation constants of p-vinyl phenols. Eur. . Pharm. Sci. 2005, 25, 417-425.
[CrossRef]

Yang, P; Liu, Y.; Chai, L.; Lai, Z.; Fang, X.; Liu, B.; Zhang, W.; Lu, M.; Xu, Y.; Xu, H. Nmp-based ionic
liquids: Recyclable catalysts for both hetero-Michael addition and Knoevenagel condensation in water.
Synth. Commun. 2018, 48, 1060-1067. [CrossRef]

Juaristi, E.; Quintana, D.; Balderas, M.; Garcia-Pérez, E. Enantioselective synthesis of (-amino
acids. 7. Preparation of enantiopure x-substituted -amino acids from 1-benzoyl-2(S)-tert-butyl-3-
methylperhydropyrimidin-4-one.1,2. Tetrahedron Asymmetry 1996, 7, 2233-2246. [CrossRef]

Mataliriska, J.; Lipinski, PE].; Kotlarz, A.; Kosson, P.; Muchowska, A.; Dyniewicz, J. Evaluation of Receptor
Affinity, Analgesic Activity and Cytotoxicity of a Hybrid Peptide, AWL3020. Int. . Pept. Res. Ther. 2020.
[CrossRef]

Té6th, G.; Lovas, S.; Otvés, E. Tritium Labeling of Neuropeptides. In Neuropeptide Protocols; Humana Press:
New Jersey, NJ, USA, 1997; pp. 219-230.

Biovia Discovery Studio Visualizer Biovia Discovery Studio Visualizer 2018. Available online: www.
3dsbiovia.com (accessed on 20 April 2020).

Schrodinger LLC The PyMOL Molecular Graphics System 2018. The PyMOL Molecular Graphics System.
Available online: www.pymol.org (accessed on 20 April 2020).

Sample Availability: Samples of the compounds 1 and 8-17 are available from the authors.

® © 2020 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 (http://creativecommons.org/licenses/by/4.0/).

98



molecules ﬁw\n\l’y

Atrticle

Mechanistic Understanding of Peptide Analogues,
DALDA, [Dmt'IDALDA, and KGOP01, Binding to
the Mu Opioid Receptor

Maria Dumitrascuta I'f, Marcel Bermudez %%, Steven Ballet 3, Gerhard Wolber 2* and
Mariana Spetea 1*

1 Department of Pharmaceutical Chemistry, Institute of Pharmacy and Center for Molecular Biosciences

Innsbruck (CMBI), University of Innsbruck, Innrain 80-82, 6020 Innsbruck, Austria;
maria.dumitrascuta@uibk.ac.at

Institute of Pharmacy, Freie Universitat Berlin, Konigin-Luise-Str. 2+4, D-14195 Berlin, Germany;
m.bermudez@fu-berlin.de

Research Group of Organic Chemistry, Departments of Chemistry and Bioengineering Sciences,
Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussels, Belgium; Steven.Ballet@vub.be

*  Correspondence: gerhard.wolber@fu-berlin.de (G.W.); mariana.spetea@uibk.ac.at (M.S.)

1t Contributed equally to this work.

Academic Editor: Derek J. McPhee
Received: 8 April 2020; Accepted: 27 April 2020; Published: 29 April 2020

Abstract: The mu opioid receptor (MOR) is the primary target for analgesia of endogenous
opioid peptides, alkaloids, synthetic small molecules with diverse scaffolds, and peptidomimetics.
Peptide-based opioids are viewed as potential analgesics with reduced side effects and have
received constant scientific interest over the years. This study focuses on three potent peptide
and peptidomimetic MOR agonists, DALDA, [Dmt']DALDA, and KGOP01, and the prototypical
peptide MOR agonist DAMGO. We present the first molecular modeling study and structure-activity
relationships aided by in vitro assays and molecular docking of the opioid peptide analogues, in order
to gain insight into their mode of binding to the MOR. In vitro binding and functional assays revealed
the same rank order with KGOP01 > [Dmt!]DALDA > DAMGO > DALDA for both binding and
MOR activation. Using molecular docking at the MOR and three-dimensional interaction pattern
analysis, we have rationalized the experimental outcomes and highlighted key amino acid residues
responsible for agonist binding to the MOR. The Dmt (2’ 6’-dimethyl-L-Tyr) moiety of [Dmt! ]DALDA
and KGOP01 was found to represent the driving force for their high potency and agonist activity
at the MOR. These findings contribute to a deeper understanding of MOR function and flexible
peptide ligand-MOR interactions, that are of significant relevance for the future design of opioid
peptide-based analgesics.

Keywords: mu opioid receptor; opioid peptides and peptidomimetics; DAMGO; DALDA;
[Dmt']DALDA; KGOPO1; binding; molecular docking; structure-activity relationships

1. Introduction

Opioids are the mainstay in the management of moderate to severe pain, and remain the most
efficacious analgesics currently available [1]. The opioid receptors, mu (MOR), delta (DOR), and kappa
(KOR), are G protein-coupled receptors (GPCRs) and molecular targets for opioid analgesics [2],
that modulate nociception pathways in the central and peripheral nervous systems (CNS and PNS) [2—4].
Over the years, the MOR received a constant attention as the most important opioid receptor subtype
responsible for opioid-induced analgesia, but concomitantly is also most responsible for the unwanted
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side effects (e.g., respiratory depression, constipation, sedation, dependence, and tolerance) of opioid
analgesics [1,2]. All major clinically used opioid drugs, including morphine, oxycodone, and fentanyl,
are agonists at the MOR [1,5]. In the past decade, abuse and misuse of opioids became a significant
public health concern due to the huge rise in overdose morbidity and mortality [6,7]. In this view,
the development of effective and safer analgesics represents a key research goal for 21st century
analgesic drug discovery and pain medicine.

MOR mediates not only the analgesic effect of morphine, structurally related compounds,
and other opioid drugs, but it is also the endogenous target of naturally occurring peptides [3,4].
Under physiological conditions, the MOR is activated by f3-endorphins, enkephalins, endomorphins,
and dermorphins, as endogenous neurotransmitters that have been extensively studied since their
discovery [8-10]. Although there is a strong evidence for their role in pain regulation and potential use
as analgesics, their poor enzymatic stability and difficulties in penetrating the blood-brain barrier (BBB)
after systemic administration have limited their clinical applicability [8-14]. Generation of potent,
stable peptidomimetics with improved pharmacodynamics and pharmacokinetics entails a systematic
understanding of the structure-activity relationships (SAR), where the function of key residues can be
determined using different strategies, such as amino acid substitution, deletion or addition of natural or
unnatural amino acids, conformational restriction through peptide main chain or side chain cyclization,
peptide bond replacement, or design of bi- or multifunctional peptide ligands [11-17]. A diversity of
opioid peptide-based analgesics with reduced adverse effects was made available through chemical
synthesis and appraised as prospective therapeutic agents or research tools [5,11,13-15,17].

Since the breakthrough of GPCR crystallization one decade ago, the understanding of the complex
biology of GPCR activation and signaling has dramatically increased [16-19]. Substantial advances
in structural biology of GPCRs were possible by means of innovative methodological and powerful
computational systems [20-22]. Due to its therapeutic relevance, the MOR is among the few GPCRs
determined in different activation states, with the first X-ray crystal structure of the murine MOR
published in 2012 in complex with the irreversible morphinan antagonist -funaltrexamine (PDB ID:
4DKL) [23], and the 3D-structure in the active conformation reported in 2015, where the receptor was
co-crystallized with the morphinan agonist BU72 (PDB ID: 5C1M) [24]. Recently, the high resolution
cryo-electron microscopy (cryo-EM) structure of the MOR (PDB ID: 6DDF) bound to the agonist
peptide DAMGO (Figure 1) was reported [25], offering an important view on the structural features
that contribute to the G; protein-coupling specificity of the MOR. The available crystal structures of the
MOR together with efficient computational methods (i.e., molecular docking and molecular dynamics
simulations) provide essential insights into binding modes of ligands to the receptor, with the gained
knowledge being successfully translated into the discovery of novel bioactive molecules [22,26,27].
Most of molecular modeling reports on the active and inactive structures of the MOR targeted small
molecules as ligands, with only few studies employing peptides, mostly DAMGO, as the prototypical
MOR selective synthetic analogue of the natural peptides enkephalin [25,28,29], endomorphin-2,
and dermorphin, as endogenous opioid ligands for the MOR [30,31].

DAMGO H-Tyr-DAla-Gly-NMePhe-Gly-OH
DALDA H-Tyr-DArg-Phe-Lys-NHa
[Dmt']DALDA H-Dmt-DArg-Phe-Lys-NH:
KGOP01 H-Dmt-DArg-Aba-3Ala-NH:

Figure 1. Sequence of investigated opioid peptide analogues. Dmt: 2’,6’-dimethyl-L-tyrosine;
Aba: 4-amino-tetrahydro-2-benzazepinone.

In this report, we have addressed for the first time a structure-based docking study at the active
conformation of the MOR of three peptide and peptidomimetic, potent MOR agonists, DALDA,
[Dmt'IDALDA, and KGOPO1 (Figure 1). Merging experimental (in vitro assays) with computational
(in silico methods) approaches, we aimed to explain the molecular basis for their binding to the
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MOR, in terms of understanding the structural correlations as well as interpreting the related
SARs. The two peptides DALDA [32] and [Dmt']DALDA [33] are synthetic analogues of the
naturally-occurring dermorphin, having high enzymatic stability due to the presence of D-Arg in
the second position of the peptide sequence (instead of D-Ala in dermorphin), and a modified Tyr?,
Dmt (2/,6’-dimethyl-L-Tyr), in [Dmt']DALDA (Figure 1). While DALDA does not cross the BBB to a
significant extent, [Dmtl]DALDA was demonstrated to be able to pass the BBB to produce analgesia in
animals after systemic administration [13]. KGOPO01 is a new tetrapeptide, CNS penetrant, and stable
analogue of [Dmt!]DALDA with two unnatural amino acids, 4-amino-tetrahydro-2-benzazepinone
(Aba) at position 3 and BAla at position 4 [34]. The rationale for the selection of these peptide
analogues is based on the numerous in vitro and in vivo studies that have established them as stable,
potent MOR agonists and effective analgesics in animal pain models with an interesting pharmacology,
as well as based on their value as leads in the development of new peptide ligands [13,34-43].
However, binding behavior of DALDA, [Dmt'|DALDA, and KGOPO01 to their primary target, the
MOR, using computational approaches has not been investigated up to now. The findings of this
study provide structural insights into flexible peptide ligand-MOR interactions that are of significant
relevance for further understanding MOR function and pharmacology, and the future design of new
generation analgesics.

2. Results and Discussions

2.1. Comparison of In Vitro Binding and Activation Profiles of DALDA, [Dmt! IDALDA, and KGOPO1 to
the MOR

We have initially performed a direct comparison of in vitro activity profiles of targeted opioid
peptide analogues, DALDA, [Dmt' [DALDA, and KGOPO01 (Figure 1) at the human MOR, in terms of
receptor binding and activation. For comparison purposes, the opioid binding profile of DAMGO [44],
as the standard MOR agonist, is also presented. Whereas specific binding of DALDA and [Dmt' [DALDA
to the MOR in the rat brain has been reported previously [32], with both ligands showing high affinity
and selectivity for the MOR, in the present study the first data on binding affinity to the human MOR
is reported. Binding to the human MOR was evaluated using in vitro competitive radioligand binding
assays with membrane preparations from Chinese hamster ovary cells stably expressing the human
MOR (CHO-hMOR cells) and the specific MOR radioligand [PHJDAMGO, according to the published
procedures [43]. All three peptides displayed high capability to inhibit [FH]IDAMGO binding to the
human MOR in a concentration-dependent manner (Figure 2A), with binding affinities (as K; values)
in the low nanomolar to subnanomolar range (Table 1).
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Figure 2. In vitro activity profiles of DAMGO, DALDA, [Dmtl]DALDA, and KGOPO01 to the human
MOR (hMOR). (A) Binding of tested peptides to the MOR was determined in competitive radioligand
binding assays using CHO-hMOR cell membranes. (B) Stimulation of [**SJGTPyS binding by tested
peptides was determined in the [*°S]GTPyS binding assay using CHO-hMOR cell membranes. Values are
expressed as the mean + SEM (n = 3—4 independent experiments).
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The high binding affinities to the human recombinant MOR expressed in CHO cells showed by
DALDA and [Dmt!]DALDA confirms earlier data at the rat MOR in the brain tissue (K; values of
1.69 nM for DALDA, and 0.143 nM for [Dmt![DALDA) [32]. As shown in Table 1, replacement of the
Tyr! residue in DALDA with Dmt! in [Dmt!]DALDA led to a significant increase (27-fold) in binding
affinity to the human MOR, an observation that is in good agreement with findings at the rat MOR [32].
Additionally, exchanging Phe"’-Lys4 residues in [Dmt!]DALDA with an unnatural, uncommon amino
acid, respectively, in the Aba3-B Ala* sequence lead to in a new analogue, KGOPO01 [34], which exhibited
a further increase (ca. 2-fold) in the MOR affinity than [Dmt']DALDA, and a 13-fold better MOR
affinity than DAMGO (Table 1, Figure 2A).

Table 1. In vitro binding and agonist activity of opioid peptide analogues at the human MOR.

. . Binding Affinity ? Agonist Activity
Opioid Peptide
Ki (nM) EC50 (nM) % stim.
DAMGO 1.46 +0.37 18.1£2.0 100
DALDA 6.36 + 0.24 149 + 28 92+2
[Dmt![DALDA 0.23 + 0.02 0.51 + 0.06 90 + 4
KGOP01 0.11 +0.05 0.10 + 0.02 99 +6

2 Determined in competitive radioligand binding assays using membrane from CHO expressing the human MOR
(CHO-hMOR). P Determined in the [¥S]GTPyS binding assay using CHO-hMOR cell membranes. Percentage
stimulation (% stim.) relative to DAMGO (reference MOR full agonist). Values are means + SEM (n = 3-4 independent
experiments).

Next, we have compared in vitro functional activities of DALDA, [Dmt']DALDA and KGOPO01 at
the human MOR in the guanosine-5 -O-(3-[* Slthio)-triphosphate ([**SIGTPYS) binding assay using
membranes from CHO cells stably expressing the human MOR, performed as described [43]. All tested
peptides produced a concentration-dependent increase in the [S]JGTPyS binding with different levels
of potencies (Figure 2B). Whereas DALDA and [Dmt'[DALDA showed full efficacy at the MOR,
[Dmt']DALDA had a considerable increased (292-fold) in agonist potency than DALDA in inducing
MOR-mediated G protein activation (Table 1). Additionally, [Dmt'[DALDA had higher agonist potency
(35-fold) than that of DAMGO. Previous in vitro bioassays using guinea-pig ileum (GPI) preparations
established [Dmt!]DALDA as a more potent MOR agonist (180-fold) than DALDA [32]. Further,
an enhanced MOR agonist potency by 5-fold was measured in the present study for KGOPO01 as
compared to [Dmt! ]DALDA in the [¥°S]GTPyS binding assay (Table 1). The potent MOR agonist profile
of KGOP01 was established previously in the GPI bioassay (ICs = 0.8 nM) [34] and cAMP accumulation
assay with HEK293 cells expressing the human MOR (ECsy = 0.204 nM) [42]. The outcomes derived
from functional assays correlate well with the results obtained in binding studies at the MOR and
structural features of investigated peptide analogues, where [Dmt!]DALDA and KGOP01 show a
better in vitro profile than DALDA, with KGOP01 being the most potent MOR agonist of the series.

2.2. In Silico Investigation of DALDA, [Dmt IDALDA, and KGOPO1 Binding to the MOR

The observed differences in the in vitro activity profiles of DALDA, [Dmt![DALDA, and KGOP01
(Table 1) encouraged in silico investigations of their binding modes at the MOR. The recently published
crystal structure of the active conformation of the MOR (PDB ID: 5C1M; resolution: 2.1 A) [24]
provides the structural basis for understanding important aspects of MOR pharmacology and its
function [22,24,45]. In order to examine possible binding conformations of the targeted peptide
analogues to the MOR, docking experiments were performed using GOLD [46], and LigandScout [47]
was used to analyze differences in receptor-ligand interactions. We used the numbering scheme from
the PDB together with Ballosteros-Weinstein nomenclature.

Since the available crystal structure of the active MOR (PDB ID: 5C1M) [24] represents the murine
receptor, a structural model of the human MOR was built by in silico mutations of differing residues.
Interestingly, six out of seven differing amino acid residues are located in the extracellular region.
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The high similarity in the receptor core region and the intracellular side suggests a conserved receptor
activation mechanism, but potential differences for ligand recognition (Figure 3). However, only one
of these residues turned out to directly point to the ligand binding site. Instead of a histidine at
position 54 in the murine MOR, the human receptor has an aspartic acid at this position. Notable,
the recently reported cryo-EM structure of the MOR (PDB ID: 6DDF; resolution: 3.5 A) [25] bound to
the agonist peptide DAMGO misses the N-terminal region and unveils a binding mode for DAMGO,
which is not compatible with the previous crystal structure [24] (Figure 4), indicating that DAMGO
might bind differently in the truncated vs. untruncated receptor. Due to the fact that the cryo-EM
structure presents the MOR bound to DAMGO, this structure was subsequently used for binding mode
investigations of DALDA, [Dmt!]DALDA, and KGOP01, with the same in silico mutations as in the
abovementioned structural model of the human MOR. The discrepancies between the crystal structure
and the cryo-EM structure with regard to the N-terminus suggests an important, but different role in
binding of non-peptide ligands, such as morphinan-based agonists and peptide ligands. We would
like to note that binding mode predictions are always of hypothetic nature and in this specific case
the reliability of our proposed interaction pattern strongly depends on the receptor region. Whereas
the C-terminal parts of the studied peptides, located in the receptor core region are more reliable,
the missing structural information for the N-terminus of the receptor makes the binding orientations
of the N-terminal parts of the studied peptides and resulting interactions more speculative.

Figure 3. The murine (PDB ID: 5C1IM) and the human MOR model differ only in seven amino acid
residues as illustrated in red (A). Only one of these differing residues is directly pointing to the ligand
binding site (B, grey surface). Whereas a histidine residue is at position 54 in the murine MOR,
the human receptor has an aspartic acid at this position.

Docking of DAMGO, DALDA, [Dmt!']DALDA, and KGOPOL1 to the structural model of the human
MOR (PDB ID: 6DDF) resulted in comparable binding orientations for the four peptides (Figure 5).
Several receptor-ligand interactions were observed in all complexes (Figure 6), and an overview of
detected receptor-ligand interactions is presented in Figure 7. Due to missing information on the
role of the receptor’s N-terminus for ligand binding and the high flexibility of the peptide ligands,
the interactions with the extracellular loop regions are more speculative than the interactions within
the inner core region. As expected, D147%32 forms a charge interaction with the primary amine of
the tyrosine (in DAMGO and DALDA) or the Dmt (in [Dmt']DALDA and KGOP01). Additionally,
this primary amine of the tyrosine of DALDA and [Dmt'IDALDA forms a m—cation interaction with
Y1483, The central role of D1473-%2 and Y1483 for binding of DAMGO, morphine and morphinan
ligands, and other small molecules to the MOR is well-recognized [23-28,48]. The phenol moieties of
all ligands are pointing towards 1296%5! and form a hydrogen bond except for DAMGO. In theory,
the phenol moieties could also form hydrogen bonds to water molecules as observed in the MOR crystal
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structure (PDB ID: 5C1M), but the role of water-mediated interaction networks for peptide ligands is
still not clear. The phenyl rings of the phenylalanine (in DAMGO, DALDA, and [Dmt![DALDA) fill a
hydrophobic pocket that comprises the aliphatic chain of 11443?° residues. While the Aba moiety of
KGOPO1 only reaches 114432, it also makes KGOPO1 more rigid and thereby allows for a potentially
highly favorable hydrogen bond with K303%%8. Interestingly, the methyl group of the alanine of
DAMGO shows unique lipophilic contacts with W3187-3 and 13227 residues, which could not be
observed for the other peptides. In comparison, DAMGO and KGOP01 are more similar in terms of
their hydrogen bonding pattern including T21851? and K303%%8. Further, DALDA and [Dmt' [DALDA
only differ in the additional lipophilic contact of [Dmt!]DALDA with Y326742. Overall, the four
targeted opioid peptides show comparable binding modes to the MOR. The tyrosine/Dmt ring of
all four peptides shows lipophilic contacts with M1513-3¢, 1296951, and V300°5° residues. The two
methyl groups of the Dmt moiety in [Dmt!]DALDA and KGOP01 show additional lipophilic contacts
with Y148333 and Y326742 residues, which might lower the entropic penalty upon binding (Figure 8).
The latter rigidification effect might also strengthen the hydrogen bond with 1296°5! residue (Figure 6).

Figure 4. Superimposition of the crystal structure of the MOR (PDB ID: 5C1M) with co-crystallized
BU72 (grey), and the recently available cryo-EM structure (PDB ID: 6DDF) with bound DAMGO (blue)
in a transmembrane (A) and extracellular view (B). The close-up view on DAMGO (blue surface) in the
binding site (C) unveils a sterical clash (circle) of the peptide with the N-terminus resolved in the active
crystal structure.

DAMGO DALDA [Dmt']DALDA

Figure 5. Investigated opioid peptides DAMGO, DALDA, [Dmt']DALDA, and KGOP01 show a
comparable binding orientation in the inner core region of the human MOR model (based on PDB ID:
6DDF) (A). Aspartic acid D1473-32 plays a major role in ligand binding through a charge interaction
with the opioid peptides (B).
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Figure 6. Predicted binding modes at the human MOR model (based on PDB ID: 6DDF) and receptor—
ligand interaction patterns of opioid peptides (A) DAMGO, (B) DALDA, (C) [Dmt!]DALDA, and (D)
KGOPO01. Yellow spheres indicate lipophilic contacts, red arrows hydrogen bond acceptors, green arrows
hydrogen bond donors, and positively charged centers are shown as blue spheres.
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Figure 7. Ligand-MOR interaction pattern derived from molecular docking solutions of opioid peptides
DAMGO, DALDA, [Dmt'|DALDA, and KGOPO01. Yellow fields indicate lipophilic contacts, red fields
hydrogen bond acceptors, green fields hydrogen bond donors, and positively charged centers are
shown as blue fields. White fields indicate the absence of an interaction with that residue. Residues
which show the same type of interaction for all morphinan ligands are marked in bold.
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Figure 8. Hydrophobic environment of Dmt moieties of [Dmt'IDALDA (light grey) and KGOPO01
(dark grey). The two methyl groups show additional hydrophobic contacts with Y148%33 and Y3267-32,
respectively, which are not observable for DAMGO or DALDA. Yellow spheres indicate lipophilic
contacts and green arrows hydrogen bond donors. For clarity, only interactions of the Dmt moiety
are shown.

3. Materials and Methods

3.1. Chemicals and Materials

Cell culture media and supplements were obtained from Sigma-Aldrich Chemicals (St. Louis, MO,
USA). Radioligands [PBHIDAMGO (50 Ci/mmol) and [**S]GTPyS (1250 Ci/mmol) were purchased from
PerkinElmer (Boston, MA, USA). DAMGO, unlabeled GTPYS, and guanosine diphosphate (GDP) were
obtained from Sigma-Aldrich Chemicals (St. Louis, MO, USA). All other chemicals were of analytical
grade and obtained from standard commercial sources.

3.2. Peptide and Peptidomimetic Ligands

DALDA [32], [Dmt!]DALDA [33], and KGOP01 [34] were synthesized as described previously [34],
with purities >98%. DAMGO was obtained from Sigma-Aldrich Chemicals (St. Louis, MO, USA).
Test peptides were prepared as 1 mM stocks in water, and further diluted to working concentrations in
the appropriate medium.

3.3. Cell Culture

CHO cells stably expressing the human MOR were kindly provided by Dr. Lawrence Toll (SRI
International, Menlo Park, CA, USA). The CHO-hMOR cell line was grown in Dulbecco’s Minimal
Essential Medium (DMEM)/Ham’s F-12 medium supplemented with fetal bovine serum (FBS, 10%),
penicillin/streptomycin (0.1%), L-glutamine (2 mM), and geneticin (400 ug/mL). Cells were maintained
at 37 °C in 5% CO, humidified air.

3.4. Competitive Radioligand Binding Assays

Binding assays were conducted on human MOR stably transfected into CHO cells (CHO-hMOR)
according to the published procedure [43]. Cell membranes were prepared as described previously,
and stored at —80 °C until use [43]. Protein concentration of cell membrane preparations was determined
by the method of Bradford using bovine serum albumin as the standard [49]. Cell membranes (15-20 pg)
were incubated in 50 mM Tris-HCl buffer (pH 7.4) with [PHJDAMGO (1 nM) and various concentrations
of test peptides in a final volume of 1 mL, for 60 min at 25 °C. Non-specific binding was determined
using 10 uM of unlabeled DAMGO. After incubation, reactions were terminated by rapid filtration
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through Whatman glass GF/C 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 (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). The inhibitory constant (K;, in nM)
values were calculated from the competition binding curves by nonlinear regression analysis and
the Cheng—Prusoff equation [50]. All experiments were performed in duplicate and repeated at least
three times.

3.5. [**SIGTPyS Binding Assays

Binding of [*S]GTPYS to membranes from CHO cells stably expressing the human
MOR(CHO-hMOR) was conducted according to the published procedure [43]. Cell membranes
(5-10 png) in 20 mM HEPES, 10 mM MgCl,, and 100 mM NaCl, pH 7.4 were incubated with 0.05 nM
[?°SIGTPYS, 10 uM GDP and various concentrations of test peptides in a final volume of 1 mL,
for 60 min at 25°C. Non-specific binding was determined using 10 pM GTPyS, and the basal binding
was determined in the absence of test ligand. Samples are filtered over glass Whatman glass GF/B fiber
filters and counted as described for binding assays. In each individual experiment, the increase in
[*5S]GTPyS binding produced by the test peptides were normalized to the maximal stimulation of the
reference full MOR agonist, DAMGO and nonlinear regression performed on each individual curve
were averaged to yield potency (ECsy, in nM) and efficacy (as % stim.) values. All experiments were
performed in duplicate and repeated at least three times.

3.6. Data Analysis

Experimental data were analyzed and graphically processed using the GraphPad Prism 5.0
Software (GraphPad Prism Software Inc., San Diego, CA, USA), and are presented as means + SEM.

3.7. Molecular Modeling

The structure of the human MOR was remodeled based on the crystal structure of the murine MOR
(PDB ID: 5C1M) [24] by using the mutation tool of Molecular Operating Environment (MOE, 2019.0101;
Chemical Computing Group Inc., Montreal, QC, Canada) with subsequent sidechain optimization.
Complementary, the cryo-EM structure of the MOR with bound DAMGO (PDB ID: 6DDF) [25] was
used. All receptor-ligand docking experiments were performed with the CCDCs software GOLD
version 5.7.0 [46]. Water molecules and ligands were removed. Assignment of protonation states and
protein preparation were performed using Protonate3D [51] (implemented in MOE 2019.1, Chemical
Computing Group, Montreal, QC, Canada). All residues of the inner receptor core region and the
C-terminal domain were defined as potential binding site (12 A around the y-carbon atom of D147;
PDB ID: 6DDF) [25]. For receptor-ligand docking, default settings were applied and GoldScore served
as primary scoring function with DAMGO as reference ligand. All obtained docking poses and
receptor-ligand interactions were analyzed using LigandScout 4.4 [47] using a 3D-pharmacophore
approach [52].

4. Conclusions

Given the essential clinical role of the MOR in medjiating pain inhibition and other physiological
activities, with endogenous peptides as natural agonists of the MOR, a basic understanding of the
binding mechanism of opioid peptides to the MOR is required for their further development as
potential analgesics and drugs for pain treatment and other human disorders. The peptidic nature
of endogenous MOR agonists provides a variety of modification possibilities to design specific and
stable MOR agonists. In this study, we have reported on a set of peptide analogues, DAMGO, DALDA,
[Dmt!]DALDA, and KGOPO01, for which in silico binding modes and in vitro activities at the MOR were
correlated. The present results evidence the consequence of the modified Tyr!, Dmt, in [Dmt'[DALDA
and KGOPO1 on the pharmacological profile with molecular docking studies offering a structural
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basis for the observed MOR activities. In vitro receptor binding and functional assays revealed the
same rank order with KGOP01 > [Dmt! ]DALDA > DAMGO > DALDA for both binding and MOR
activation. In silico binding mode investigations indicated the important contribution of the Dmt
moiety for binding and MOR activation, specifically, with the two methyl groups of the Dmt moiety
in [Dmt!]DALDA and KGOP01 showing additional lipophilic contacts with Y1483 and Y326742
residues. Generally, the limited CNS penetration of peptides often impairs their development as
therapeutics. Furthermore, the feasibility of peptides for clinical application is much precluded by
their enzymatic degradation. DALDA, [Dmt!]DALDA, and KGOP01 have high stability against
enzymatic degradation, due to the presence of certain structural modifications, i.e., unnatural and
synthetic amino acids. While DALDA does not cross the BBB, the [Dmt!]IDALDA and KGOP01 can
enter the CNS [13,42]. The gained knowledge from this study on which molecular interactions with
the MOR these opioid peptides share and distinguish them, with Y148%3% and Y326742 sites being
of significance, may also help to understand the differences in the pharmacokinetics between these
peptides. Our findings offer structural insights into flexible peptide ligand-MOR interactions that are
important for further understanding of MOR function and pharmacology, and the future design of
peptide-based analgesics.
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Abstract: As tool compounds to study cardiac ischemia, the endogenous 6-opioid receptors
(50R) agonist Leu’-enkephalin and the more metabolically stable synthetic peptide (p-Ala?,
p-Leu®)-enkephalin are frequently employed. However, both peptides have similar pharmacological
profiles that restrict detailed investigation of the cellular mechanism of the 5OR’s protective role
during ischemic events. Thus, a need remains for SOR peptides with improved selectivity and
unique signaling properties for investigating the specific roles for 5OR signaling in cardiac ischemia.
To this end, we explored substitution at the Phe* position of Leu’-enkephalin for its ability to
modulate receptor function and selectivity. Peptides were assessed for their affinity to bind to §ORs
and p-opioid receptors (LORs) and potency to inhibit cAMP signaling and to recruit f-arrestin
2. Additionally, peptide stability was measured in rat plasma. Substitution of the meta-position
of Phe* of Leu®-enkephalin provided high-affinity ligands with varying levels of selectivity and
bias at both the 6OR and pOR and improved peptide stability, while substitution with picoline
derivatives produced lower-affinity ligands with G protein biases at both receptors. Overall, these
favorable substitutions at the meta-position of Phe* may be combined with other modifications
to Leu®-enkephalin to deliver improved agonists with finely tuned potency, selectivity, bias and
drug-like properties.

Keywords: Leu-enkephalin; beta-arrestin; mu opioid receptor; delta opioid receptor; biased signaling;
DADLE; ischemia; plasma stability

1. Introduction

Leu®-enkephalin (Tyr!-Gly2-Gly3-Phe*-Leu®, Figure 1) is an endogenous opioid peptide produced
in vertebrate species including rodents, primates and humans [1-4] that results from the metabolism of
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proenkephalin or dynorphin [5]. Pharmacologically, Leu®-enkephalin agonizes the § opioid receptor
(50OR) with moderate selectivity over the p opioid receptor (1tOR), but does not significantly interact
with the k opioid receptor [6]. As a neurotransmitter in pain circuits, Leu-enkephalin possesses
antinociceptive properties [7], whereas peripherally, the peptide demonstrates cardiovascular effects [8].
Over the last two decades, improved pharmacological characterization of opioid pathways has
revealed that activation of an opioid receptor can trigger two distinct pathways, 3-arrestin-dependent
or 3-arrestin-independent (i.e., G protein-mediated) and that these pathways differentially modulate
antinociception and side effect profiles [9]. Despite the increasing number of studies that implicate
5OR mediated p-arrestin recruitment with various (patho)physiological effects, such as tolerance [10],
alcohol intake [11,12] and SOR agonist-induced seizures [10], the role of 3-arrestin recruitment towards
SOR-induced cardioprotection remains unclear.

Leu’-Enkephalin (Leu-Enk)
’Pr
HaN \AN/YN\)L ‘ Q
Hal

HN

Oﬁ)\\ OH
'Pr

NH

Y

i %W”JNW o

Rubiscolin-6 HN o
DADLE oﬁ)\\ N Q
Pr o fo}

Tk o
i \)kN“[fN\)k \)J\ *ozc/"'LO
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Aza-B-homoleucine-enkephalin Rubiscolin-5 b P

N

Figure 1. Overview of unbiased (Leus-enkephalin and DADLE) and biased (Aza-B-Homoleucine-
Enkephalin, Rubiscolin-5 and -6) 5OR peptides.

From a translational perspective, peptide-based probes provide an ideal tool for studying the
cardioprotective effects of the SOR, given their low brain penetration. While numerous enkephalin-like
peptides have been synthesized that interact with excellent potency and selectivity for 5ORs and
uORs [13], a majority of studies [14] investigating SOR involvement in ischemia have utilized
the synthetic peptide p-Ala?, p-Leu®-enkephalin (DADLE, Figure 1) [15,16], because DADLE
possesses improved proteolytic stability and improved selectivity for SORs over uORs relative
to Leu5—enkephalin [6,17]. However, DADLE'’s discovery in 1977 [18], predated identification of
[3-arrestin as a modulator of opioid signaling [14,19-21], With the use of contemporary cellular assays
it is now apparent that DADLE pharmacologically signals similarly to Leu5—enkephalin, though it
recruits 3-arrestin 2 (arrestin 3) slightly more efficaciously. Given the similarities between DADLE
and Leu®-enkephalin, it is unclear to what degree B-arrestin recruitment contributes to or detracts
from these peptides’ in vivo cardioprotective efficacy, and new analogs with distinct pharmacoloogical
profiles are necessary to probe these contributions.

To better investigate the role of SOR-mediated -arrestin signaling in ischemic protection,
the development of SOR selective agonists that have either low, intermediate or high B-arrestin is
desired; however, reports of SOR selective peptide-based biased ligands remain limited. Recently,
the naturally occurring peptides rubiscolin-5 and -6 (Figure 1) were classified as G protein-biased
(B-arrestin 2 efficacy = 15% and 20%, respectively; SOR bias factor = 2.0) SOR selective peptides, albeit
with only micromolar potencies [22]. While a number of synthetic peptides display nanomolar potencies
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at 0ORs, such as aza-[3-homoleucine-enkephalin ([3-arrestin 2 efficacy = 64%; SOR bias factor = 5.2) [23]
and Dmt-Tic analogs [24], these peptides all recruit 3-arrestin 2 far more efficaciously than the rubiscolins
(UFP-512: cAMP potency 0.4 nM, B-arrestin 2 potency = 20 nM, efficacy = 60%) [23-25]. Additionally,
these latter biased compounds, including aza-f-homoleucine-enkephalin and Dmt-Tic-Gly-NH-Ph,
have at best 10-fold selectivity for §ORs over nORs and actually super-recruit -arrestin 2 at pOR [23,24],
which is likely to cause adverse, undesired in vivo effects [26,27]. As such, our goal was to identify
novel and potent SOR peptide agonists with varying degrees of (3-arrestin recruitment efficacy, and that
importantly have improved 0OR selectivity over pOR while limiting 3-arrestin recruitment at nOR.

A collection of previously published structure activity relationship studies on Leu®-enkephalin
directed us to Phe* as a position that can modulate SOR and HOR potency and selectivity (Figure 2A) [28].
Specifically, ortho and para substitutions on Phe* can modulate binding affinity and selectivity between
opioid receptors [28], and halogenation of the para-position of Leu®-enkephalin and endomorphin 1 in
particular appears to enhance SOR affinity while reducing pOR affinity [28]. Corroborating research has
further shown that halogenation of the para position of Phe* of [D-Pen?,D-Pen’®]enkephalin (DPDPE)
enhanced dOR selectivity, potency, peptide stability, central nervous system (CNS) distribution, and
antinociceptive potency compared to unsubstituted DPDPE [29-31]. Thus, halogenation at Phe* may
provide Leu®-enkephalin derivatives that can be used to study not only cardiac but also cerebral
ischemia [32,33]. We herein report structure-activity-relationship trends at the meta-position of Phe*
of LeuS-enkephalin (Figure 2B), demonstrating that substitution at this position variously regulates
S0OR and pOR affinity and G-protein activity, enables the fine-tuning of 3-arrestin 2 recruitment to
both 5OR and pOR, and further increases the plasma stability of the derived peptides. Combined,
these features provide a clear direction for designing the next-generation of Leu®-enkephalin analogs
with well-defined biases and improved stabilities.
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A) Previous Work: ortho- or para-Phe* Substituted Leu-Enk Analogs with Improved
Affinity and Functional Activity for 3OR, but Unknown Biases
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B) This Work: Evaluation of Structure-Activity Relationships at the C3-Phe* of Leu-Enk
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Figure 2. Substituents of Phe* of Leu’-enkephalin Affect Pharmacodynamic, Stability, and
Distribution Properties.

2. Results and Discussion

2.1. Design Considerations

To probe the meta position of Phe?, we initially considered known structure-activity-relationship
trends at the ortho and para positions of this residue. Considering that halogenated substituents at these
positions perturbed binding affinity, SOR selectivity, and stability properties of the Leu®-enkephalin [28],
we initially hypothesized that meta-halogenated analogs might similarly perturb the parent scaffold
(Figure 3A, 1a-1d). An additional set of analogs bearing electron-donating (1e-1f) and -withdrawing
groups (1g-1i) would further probe interactions at this site, including the electronic character of
the Phe? ring. Finally, pyridine analogs (1j-11) would present H-bond accepting contacts about the
ring, as well as provide analogs that present dipoles at similar vectors as to previously successful
halogenated substituents.
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A) Leu-Enk Analogs Prepared
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Figure 3. Peptide Synthesis of Phe*-Substituted Analogs of Leu®-enkephalin.
2.2. Solid Phase Synthesis of Peptides

All peptides were synthesized using a rapid solid phase peptide synthesis protocol on an automated
peptide synthesizer using an Fmoc protection strategy [34,35] and N,N’-diisopropylcarbodiimide and
oxyma as the coupling reagents (Figure 3B). Fmoc-Leu-Wang resin was utilized as a starting template
for this synthetic protocol. All coupling steps and Fmoc-deprotection steps were carried out at 70 °C
under an atmosphere of N. Cleavage from the resin was performed using TFA/triisopropylsilane/H,O.
Purification of the synthesized peptides was performed by reverse-phase high performance liquid
chromatography (RP-HPLC), and analysis of purity was performed using ultra-performance liquid
chromatography (UPLC). All desired peptides were obtained in >95% purity before submitting for
pharmacological evaluation.

2.3. Pharmacological Characterization

To characterize our substituted analogs, we assessed binding affinity by competition radioligand
binding, G protein potency and efficacy using a cAMP GloSensor assay and (-arrestin 2 recruitment
via PathHunter assays at both the 5OR and pOR. Using Leu5—er1kephalin as well as DAMGO (for pOR),
as reference compounds, substitution of the meta position of Phe* (1a-1i) generally increased binding
affinity for the 5OR (Table 1, K; = 0.023-0.93 nM; Leu® -enkephalin = 1.26 nM) and pOR (K; = 0.059-0.98
nM; Leu® -enkephalin = 1.7 nM). The improved binding affinity correlated with improved functional
activation of the G protein pathway at both the §OR and nOR, while providing near-full agonist activity
at the SOR (Table S1, 92-100% efficacy) relative to Leu®-enkephalin, and mostly near-full agonist
activities at the pOR (Table S1, 85-105% efficacy; Leu®-enkephalin = 100% efficacy vs. DAMGO).

At the 60R, meta-substituted analogs recruited (3-arrestin 2 with a range of potencies (Table 2, ECs:
0.56—49 nM; Leu5-enkephalin = 8.9 nM) with near-full efficacies (Table 2, 91-130%; Leu-enkephalin =
100%), and likewise at the pOR, analogs recruited 3-arrestin 2 with a broad range of potencies (Table 2,
ECsp: 36-589 nM; Leu-enkephalin = 977 nM) and efficacies (Table 2, 60-96% relative to DAMGO;
Leu-enkephalin = 60%; Figure 4). Interestingly, DADLE recruited (3-arrestin 2 more efficaciously than
Leu5-enkephalin at both dOR (126%) and pOR (99%). Picoline analogs 1j-11, generally showed reduced
affinity at both receptors (Table 1, SOR K; = 6.2-33 nM; pOR K; = 9-158 nM), which further correlated
with decreased G protein activation of the receptors (Table 2, SOR IC5y = 4.648 nM; uOR ICsy =
41-302 nM). At the SOR, the low affinity of pyridyl-substituted analogs correlated with low -arrestin
2 recruitment (Table 2, EC5p = 100-1122 nM; 84-98% efficacy), though these substitutions drastically
affected 3-arrestin 2 recruitment though the pOR (Table 2, EC5p = 1.3-41.6 uM; 36-70% efficacy).
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Table 1. Meta Substituted Phe* Analogs of Leu®-enkephalin Increase Affinity at SOR and pOR.

1a (F) 9.48 + 0.1 0.33 9.12 04 0.76 23
1b (Cl) 9.87 +0.1 0.13 10.14 £0.2 0.072 0.55
1c (Br) 1035+ 0.2 0.045 9.90+0.3 0.13 29
1d (1) 10.64 0.2 0.023 9.86 0.5 0.14 6.1
1e (Me) 9.86 + 0.1 0.14 9.86 + 0.1 0.14 1.0
1f (OMe) 9.31+0.1 0.49 9.07+0.1 0.85 17
1g (CFs) 9.93 +0.1 0.12 10.23 £ 0.3 0.059 0.49
1h (CN) 9.17 £0.3 0.68 9.52 0.1 0.30 0.44
1i (NO,) 9.03+0.2 0.93 9.01+0.1 0.98 1.05
1j (2-pyr) 8.21+0.1 6.17 8.04+02 9.12 15
1k (3-pyr) 7.48 +0.1 33.1 6.80 0.1 158 48
11 (4-pyr) 7.69 0.1 204 74101 38.9 1.9
DADLE 9.01+0.1 0.98 8.80 = 0.1 1.58 1.6
Leu®-enkephalin ~ 8.90 + 0.1 1.26 8.77 +0.1 1.70 13
DAMGO - - 9.01+0.1 0.98 -

All compounds were tested in three independent trials.

Table 2. Meta-substituted Phe* Analogs of Leu®-enkephalin Display Enhanced SOR and pOR Potency

for cAMP Inhibition and -arrestin 2 Recruitment, But Vary in (3-arrestin Recruitment Efficacy.

cAMP B-Arrestin 2

SOR HOR

SEM) SEM)
1a (F) 9.47 +0.2 0.39 8.10+0.2 7.94 8.01+0.2 9.77 107 £9 6.24 +0.1 575  75+13
1b (C1) 10.66 0.3 0.022 752+0.1 30.2 8.77+0.2 1.70 130 + 10 717 +0.2 67.6 96 £ 8
1c (Br) 10.52+0.3 0.030 8.00+0.4 10 9.25+0.2 0.56 116 +7 7.45+0.2 35.5 79+6
1d (I) 10.61 £0.2  0.025 8.37+0.3 4.27 8.95+0.2 1.12 111 +7 733+0.2 46.8 70£3
1e (Me) 1041+£03 0.039 843+03 3.72 8.46 +0.2 3.46 105+ 5 6.73+£0.2 186 71£3
1f (OMe) 9.84+0.3 0.14 8.09+0.3 8.12 793 +0.2 11.7 106 =5 6.23 +0.1 589 67 +3
1g (CF3) 9.97 + 0.4 0.11 8.61 +0.4 245 8.39+0.2 4.07 108 £9 7.25+0.2 56.2 71+3
1h (CN) 9.46 + 0.3 0.35 7.92+03 12.0 7.77 £0.2 17.0 91+5 6.8+0.2 158 68 +4
1i (NOy) 9.33+0.3 0.47 7.31+04 49.0 7.31+0.2 49.0 96 + 6 6.27 + 0.1 537 60 +6
1j (2-pyr) 834+0.2 4.57 7.39+04 40.7 7.00 0.2 100 92 +13 587 +0.1 13499 70+4
1k (3-pyr) 732+02 479 6.63 + 0.4 234 5.95+0.1 1122 85+ 6 438 +0.1 41687 36 +7
11 (4-pyr) 752+02 30.2 6.52+0.3 302 6.40 +0.2 398 98 +6 443 +0.1 37153 64+11
DADLE 9.09 +0.2 0.81 7.45+0.1 35.5 792+04 12.0 126 £10 6.33 +0.1 468 99 £ 3
Leu5-enkephalin 8.99 +0.1 1.02 7.34+02 457 8.05+0.1 8.91 100 6.01+0.1 977 61+3

DAMGO 591+02 1230 7.82+0.1 15.1 <5 - 6.80 + 0.1 158 100
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Figure 4. Modifications of Phe* of Leu® -enkephalin Produces Analogs with Divergent and Distinct
Signaling Profiles. Inhibition of cAMP production by 1c (m), 1f (4), 1i (v), 1k (®), Leus-enkephalin (O)
and DAMGO (0) in HEK cells expressing SOR (A) and nOR (B). Recruitment of B-arrestin 2 by 1c, 1f,
1i, 1k, Leu-Enk and DAMGO in CHO cells expressing SOR (C) and pOR (D).

Within these overall trends, specific analogs show unique profiles. Meta— chlorination,
—bromination, or —iodination (1b-1d) produced high-affinity analogs of Leu’-enkephalin that
super-recruited $-arrestin 2 and that drastically increased functional selectivity (Table 3). These increases
in affinity at 5OR linearly correlate (R2 =0.998) with the atomic van der Waals radii (H, 1.20 A; Cl,1.77 A,’
Br, 1.92 A; 1, 2.06 A) [36], and might suggest a halogen bonding interaction similar to those previously
explored at the ortho position of Phe* [28]. However, the distinct vectors at which a sigma-hole
would present from the ortho vs. meta positions suggest that the specific residues engaged through
meta-substitution are likely distinct from those previously identified through ortho-substitution [28],
and future computational collaborative work might enable a better understanding of the unique
binding interactions between the §OR and meta-halogenated analogs of Leu®-enkephalin. Notably,
the meta-chlorinated and —brominated analogs (1b, and 1c) are 500-900-fold more potent in cAMP
assays at SOR than at pOR, despite exhibiting little differences in binding affinity at SOR relative to tOR
(Table 1). Interestingly, the meta-Cl analog (1b) had stronger bias towards G protein-signaling at SOR
(Table 3, bias factor 1.6), but towards (-arrestin 2 recruitment at pOR relative to Leu5—enkephalin (Table 3,
bias factor 0.004) as well as DAMGO (Table 3, bias factor 0.3), which provides a unique pharmacological
profile for future uses. In contrast, meta-F and ~CN and —NO,-substitutions (1a,h,i) improved OR
functional selectivity (Table 3), but lost B-arrestin 2 potency at SOR relative to Leu5-enkephalin.
Additionally, meta-OMe and —NO; substitution (1f, 1i) provided both potent and biased analogs,
with G protein coupling activities comparable to Leu®-enkephalin (Table 2, ICsq = 0.14-0.47 nM vs.
1.02 nM), but with improved bias factors relative to Leu®-enkephalin at both §OR (Table 3, bias factor
6.9-7.5) and pOR (Table 3, bias factor 8.4-11.1). Of these two analogs, the -NO,-substituted analog 1i
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exhibited higher OR functional G protein selectivity (Table 3, 104-fold SOR selectivity) relative to the
—OMe analog 1f (Table 3, 58-fold 6OR selectivity). Though pyridyl-substituted analogs (1j—11) showed
poor potency and efficacy for the SOR and pOR relative to Leu’-enkephalin (Table 2), the 3- and
4-pyridyl analogs (1k-11) showed strong bias at fOR (Table 3, bias factor 17-331), when compared to
the full agonist DAMGO. However, if instead of DAMGO, Leu5—enkephalin was used as the reference
compound, most analogs, with the exception of 1k and 11 lost G protein bias (Table 3, bias factor < 1),
because the analogs generally were more potent and efficacious than Leu®-enkephalin in recruiting
[-arrestin 2 at tOR (Table 2), with the exception of 1k (Table 2, 36% recruitment efficacy). Given that
exogenous Leu’-enkephalin analogs in vivo would compete with endogenous Leu’-enkephalin and
not DAMGO, our results highlight the limitations of interpreting bias factors (particularly using an
unnatural compound, such as DAMGO, as a reference) and the associated risk of using bias factor as a
major driver of lead optimization.

Table 3. Meta-substituted Phe* Analogs of Leu®-enkephalin Display a Range of Selectivity and
Bias Profiles.

G Pro.te.in Bias Factor
Compound copoiy SOR  UOR(DG=Ref)  OR (LE = Ref)

1a (F) 20 1.8 222 0.36

1b (C]) 1372 3.2 0.3 0.004

1c (Br) 333 1.3 1.2 0.02

1d (I) 171 35 3.2 0.05

1e (Me) 95 43 11.5 0.19

1f (OMe) 58 75 8.4 0.14

1g (CF3) 2 2.0 43 0.07

1h (CN) 34 6.8 5.4 0.09

1i (NO,) 104 6.9 11.1 0.18

1j (2-pyr) 89 40 17.2 027

1k (3-pyr) 49 6.7 3311 5.89

11 (4-pyr) 10 22 63.7 1.08

DADLE 44 0.5 2.3 0.035
Leu®-enkephalin 45 1 49 1

DAMGO 0.012 - 1 0.003

Aza-B-homoleucine 1 9.9 [23] 521 - 1.2

Rubiscolin-5 - 2.0[22] - -

1 from reference 26 using BRET (B-arrestin 2) and EPAC (cAMP) assays. DG = DAMGO, LE = Leu®-enkephalin.

Compared to DADLE, the Leu5-enkephalin analogs 1b and 1c displayed a similar signaling bias
profile, but were more potent and selective for SOR, and thus may provide a better tool compound
to target SORs for the treatment of cardiac ischemia. However, compounds 1b and 1c are also more
potent than DADLE at recruiting [3-arrestin 2 to pOR, resulting in a lower bias factor (Figure 4).
In contrast, analog 1i has a favorable pharmacology relative to DADLE, with similar selectivity as 1c,
but improved G-protein bias at SOR and pOR relative to DADLE. Given the potential adverse effects
associated with strong uOR-mediated (-arrestin 2 recruitment, analog 1k is potentially useful, as it
exhibited weak B-arrestin 2 recruitment (36% efficacy) and concomitant strong bias factor for G-protein
signaling. However, cAMP potency for 1k at 5OR was more than one log unit weaker than DADLE,
and thus it may be necessary further optimize the ligand by increasing OR potency in the cAMP assay,
while retaining the low OR (-arrestin 2 recruitment efficacy (Figure 4).
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2.4. Stability

The stability of all compounds to Sprague Dawley rat plasma was assessed to study the influence
of the meta— and picoline/pyridine-substitutions at Phe* relative to Leu’-enkephalin (Table 4). For this
parent compound, the predominant known routes of metabolism and clearance occur through cleavage
of Tyr!-Gly? by aminopeptidase N [37,38], and of Gly>-Phe* by angiotensin converting enzyme [39],
and combined, the plasma metabolism occurs with a half-life (1) of < 10 min. In general, meta
substituted Phe* analogs exhibited improved plasma stability compared with Leu®-enkephalin with
half-lives typically >20 min. The 3-fluoro derivative (1a) was the most stable analog with a half-life of
82.3 min. From UPLC-mass spectrometry analysis of degradation fragments, meta-substitution did
not greatly impede the proteolysis at the Tyr!-Gly? site, but instead slowed digestion at the Gly>-Phe*
site (Table 4). Thus, the improved stability of our Phe*-substituted analogs presumably derived from
perturbation/deceleration of angiotensin-converting enzyme activity. Picoline peptides also displayed
improved stability though interestingly, UPLC-mass spectrometry analysis indicated that degradation
of all pyridyl-substituted analogs (1j-11) predominantly occurred through Tyr!-Gly? as opposed to
meta-substituted analogs 1a-1i that degraded through cleavage of Gly>-Phe?.

Table 4. Rat Plasma Stability of Leu®-enkephalin and Tts Analogs.

Degradation Products (First

Compound Half-Life (min) 95% CI Appearance)
LeuS-enkephalin 94 63-45 ?ﬁifﬁif&iﬁ;‘; (5 min)
1a (F) 823 68.0-102.6 ﬂit%éﬁfﬁﬁfﬁfﬁ (5 min)
1b (Cl) 37.8 26.5-56.6 (Griyetglg1§r1}:§aL§i)g}5ex§;l; om
a0 T
1e (Me) 395 30.0-535 Siﬁ%gﬁifx E)EE)QHL;S (5 min)
1f (OMe) 461 304-75.6 g’ésgl\%ﬁgx ?g}iﬁ;‘; (5 min)
e W wew ircomcicn
1h (CN) 33.0 24.0-47.0 gﬁg%’&;ﬁ:fﬁg&ﬁﬂ; (5 min)
1i (NO) 28.8 16.8-55.8 gﬁg%gjﬁ?&ﬁ%;ﬁf min)
1j (2-pyr) 26.8 15:4-53.7 glg}gis}zlz)i?rb%fl?ﬁu (30 min)
1k (3-pyr) 540 29.0-127.0 glﬁyéi%iﬁ}w&nﬁ?ﬁ (20 min)
1 (4-pyr) 781 47.5-165.4 (4-pyridyl)Ala-Leu (10 min)

Gly-Gly-(4-pyridyl)Ala-Leu (30 min)

119



Molecules 2019, 24, 4542

3. Methods

3.1. Synthetic Chemistry-General Considerations

Unless specified, all chemicals were purchased from commercial sources and used without
further purification. All solvents used for synthesis were of analytical grade and used without further
purification. Proton nuclear magnetic resonance ("H-NMR) spectra, and carbon nuclear magnetic
resonance (13C-NMR) spectra were recorded on a Bruker AVIII 500 AVANCE spectrometer with a
CPDUL cryoprobe (500 and 126 MHz, respectively) or a Bruker DRX 500 spectrometer (500 and 126
MHz, respectively). Fluorine nuclear magnetic resonance (YF-NMR) spectra were recorded on a
Bruker AVIII 500 AVANCE spectrometer with a CPDUL BBFO cryoprobe (376 MHz) or a Bruker DRX
500 spectrometer (376 MHz). Chemical shifts (8) for protons are reported in parts per million (ppm)
downfield from tetramethylsilane, and are referenced to proton resonance of solvent residual peak in
the NMR solvent (MeOD-dy: & = 4.87 ppm or DMSO-dg: & = 2.50 ppm). Chemical shifts (5) for carbon
are reported in ppm downfield from tetramethylsilane, and are referenced to the carbon resonances of
the solvent residual peak (MeOD-dy: § = 49.1 ppm or DMSO-dg: & = 39.52 ppm). '?F-NMR chemical
shifts (8) are reported in ppm with respect to added internal standard: PhCF; (5 = —63.72 ppm).
NMR data are represented as follows: chemical shift (ppm), multiplicity (s = singlet, d = doublet,
dd = doublet of doublets, t = triplet, q = quartet, sept = septet, m = multiplet), coupling constant in
Hertz (Hz), and integration. Exact mass determinations were obtained by using electrospray ionization
using a time of flight mass analyzer (Waters LCT Premiere).

Peptides were synthesized using an Aapptec Focus XC automated peptide synthesizer coupled
with a heating system using a solid phase peptide synthesis protocol using Fmoc chemistry. Preparative
RP-HPLC was performed using an appropriate column and solvent system (described below) and
final purity of peptides was determined by UV area % from UPLC analysis. Peptides were purified by
Teledyne ISCO EZ Prep system on RediSep® C18 Prep column (30 x 250 mm, 100 A). Purity analysis of
final peptides was carried out using a Waters UPLC Aquity system equipped with a PDA eA detector
(200 to 400 nm) and a HSS T3 C18 column, (1.8 uM, 2.1 X 50 mm column), using one of two methods.
Protocol A: gradient elution of 2% MeCN with 0.1% formic acid in H,O to 98% MeCN over 2.5 min,
then holding at 98% MeCN for 3 min at a flow rate of 0.6 mL/min. Protocol B: gradient elution of 2%
MeCN with 0.1% formic acid in HyO to 98% MeCN over 2.5 min, then holding at 98% MeCN for 1 min
at a flow rate of 0.7 mL/min at 40 °C. Plasma stability was also assessed using the above UPLC column
and solvent gradient program using a Waters H class Plus Acquity UPLC system coupled with a QDa
detector using protocol B.

3.2. Synthesis of Peptides

Peptides were synthesized using a solid phase peptide synthesis protocol using an Aapptec Focus
XC automated peptide synthesizer coupled with a heating system using the Fmoc chemistry and
Wang resin as solid support [34]. To prepare the resin for synthesis, a reaction vessel equipped with a
sintered glass bottom was charged with Fmoc-Leu-Wang resin (0.2 mM), and swelled in a mixture of
dichloromethane and DMF (1:1) for 15 min. The resin was then transferred to a peptide synthesizer
reaction vessel. The resin was deprotected twice using 20% piperidine in DMF for 5 min at 70 °C.
Subsequently, an Fmoc-protected amino acid was double coupled with the Leucine-wang resin by
treating with N,N’-diisopropylcarbodiimide (3.0 equiv., 0.2 M in DMF) and Oxyma (3.0 equiv., 0.2 M in
DMEF) at 70 °C for 8 min. Completion of coupling reactions was monitored by a Kaiser’s test for the
initial peptide [40]. Each coupling was followed by removal of the Fmoc group using 20% piperidine
in DMF at 70 °C for 5 min and repeated once. The cycle of the Fmoc removal and coupling was
repeated with subsequent Fmoc-protected amino acids to generate the desired resin-bound peptide.
Cleavage of the peptide from resin and concomitant deprotection of the side chain protecting groups
was carried out by shaking in TFA/triisopropylsilane/H0 (95/2.5/2.5; 5 mL), at ambient temperature for
3 h. Subsequent filtration afforded the peptide in the filtrate and the volume was reduced to 0.2 mL.
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Then, the crude peptides were precipitated by adding cold diethyl ether, and the crude peptides were
then purified by RP-HPLC. Synthesized peptides were characterized by NMR, and the high-resolution
mass spectroscopy.

3.3. Materials Used in the Cellular Signaling Assays

Leus—enkephalin and forskolin, were purchased from Sigma-Aldrich (St. Louis, MO USA). (p-Ala2,
N-MePhe?, Gly-ol) enkephalin (DAMGO) was purchased from Tocris Bioscience (Minneapolis, MN,
USA). Radiolabels were from Perkin Elmer (Waltham, MA, USA).

3.4. Cell Culture and Biased Signaling Assays

cAMP inhibition and 3-arrestin 2 recruitment assays were performed as previously described [12].
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 50OR, 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 uL, 2%
final concentration) for 90 min at room temperature. Cells were stimulated with 5 pL drug solution
for 20 min at room temperature prior to stimulation with 5 uL forskolin (final concentration 30 uM)
for an additional 15 min at room temperature. For (3-arrestin recruitment assays, CHO-human pOR
PathHunter B-arrestin 2 cells or CHO-human §OR PathHunter B-arrestin 2 cells (DiscoverX, Fremont,
CA, USA) were plated (2,500 cells/well, 10 uL) one day prior to stimulation with 2.5 uL 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).

3.5. Radioligand Binding Assay

For the binding assay 50 puL of a dilution series of peptide was added to 50 pL of 3.3 nM [3H]DPDPE
(Kq =3.87 nM) or 2.35 nM of [BH]DAMGO (K4 = 1.07 nM) 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 GF-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 pL 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
pH74.

3.6. Calculation of Bias Factor

Bias factors were calculated using the operational model equation in Prism 8 to calculate Log
R (1/KA) (Table S2) as previously described [12]. Subsequently, bias factors were calculated using
Leu®-enkephalin as reference compound for SOR and using either DAMGO or Leu®-enkephalin as
reference compound for HOR, respectively. Leu’-enkephalin and DAMGO were more potent in the
cAMP (G protein) assay than in the 3-Arrestin 2 recruitment assay, and thus were not unbiased,
but rather G protein-biased to begin with. A bias factor > 1 meant that the agonist was more G
protein-biased than the reference compound; A bias factor < 1 meant that the agonist was less G
protein-biased than the reference compound.
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3.7. 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). For in vitro assays, nonlinear regression
was conducted to determine pICsy (cAMP) or pECs (3-arrestin 2 recruitment). Technical replicates
were used to ensure the reliability of single values, specifically each data point for binding and (3-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. In each experimental run, a positive control/reference compound
was utilized to allow the data to be normalized and to calculate the log bias value. A minimum of
three independent values were obtained for each compound in each of the cellular assays.

3.8. Assessment of Plasma Stability

Sprague Dawley rat plasma containing K;-ethylenediaminetetraacetic acid (Innovative Research,
MI, USA) was transferred into 300 uL aliquots and stored at —20 °C until use. The plasma stabilities of
Leu®-enkephalin and its synthesized analogs were determined in plasma diluted to 50% with saline
(isotonic sodium chloride solution; 0.9% wj/v) [41]. An aliquot of the resulting solution (25 pL) was
incubated at 37 °C for 15 min before the addition of a solution of a Leu®-enkephalin analog (25 pL of a
100 uM isotonic NaCl solution; 0.9% w/v). After adding analog, an aliquot of the mixture was removed
at each indicated time point (0, 5, 10, 15, 20, 30, 60, 120, 240 min) and immediately quenched with
100 uL of a methanol solution containing 20 uM Fmoc-Leu-OH as an internal standard. The resulting
peptide solutions were centrifuged at 13,000 rpm for 15 min at 4 °C on tubes equipped with 2000 MW
filtrate tubes (Sartorius, USA). Then, the filtrate was transferred into vials and a 5 uL sample of the
resulting solution was analyzed on an UPLC system coupled with a QDa detector. For quantitative
determination, area-under-the-curve for the peaks corresponding to the UV chromatogram was
measured for both the Leu®-enkephalin analog and the internal standard. Determination of half-life
(t12) was carried out by using the GraphPad Prism one-phase decay method.

4. Conclusions

Meta-substitutions of Phe* of Leu®-enkephalin were generally well tolerated and certain
substitutions improved affinity, potency, SOR selectivity and stability of this endogenous opioid.
The generated pharmacological data herein may aid computational modeling efforts to reveal
ligand-receptor interactions at SOR and pOR that will guide the development of novel peptides
with tuned selectivity and signaling profiles. The novel Leu®-enkephalin analogs have superior SOR
selectivity over uOR relative to DADLE, the gold-standard peptide for studying the role of SOR
in cardiac ischemia. Additionally, the analogs generally have lower (3-arrestin recruitment efficacy
at uOR, which could further reduce potential adverse in vivo effects. Finally, relative to DADLE,
the meta-substituents tune the bias profile at SOR (either more or less biased towards G-protein
signaling), and the resulting tool compounds should be useful for investigating the importance of SOR
mediated -arrestin signaling in the peptides cardioprotective effects.

Supplementary Materials: The following are available online, Specifically, for compounds 1a-1: Additional
pharmacological characterization, stability data, NMR spectra and characterization data for peptides, UPLC traces
for determining purity. Table S1: Efficacy of cAMP inhibition of Meta-substituted Phe* Analogs of Leu’-enkephalin
at SOR and pOR. Table S2: LogR values for Meta-substituted Phe* Analogs of Leu-enkephalin at §OR and nOR in
the cAMP and p-arrestin 2 (3-arr2) assays. 95% confidence intervals are presented between parentheses.
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Abstract: The macrocyclic tetrapeptide cyclo[Phe-p-Pro-Phe-Trp] (CJ-15,208) and its stereoisomer
cyclo[Phe-p-Pro-Phe-p-Trp] exhibit different opioid activity profiles in vivo. The present study
evaluated the influence of the Phe residues’ stereochemistry on the peptides’ opioid activity.
Five stereoisomers were synthesized by a combination of solid-phase peptide synthesis and
cyclization in solution. The analogs were evaluated in vitro for opioid receptor affinity in radioligand
competition binding assays, and for opioid activity and selectivity in vivo in the mouse 55 °C
warm-water tail-withdrawal assay. Potential liabilities of locomotor impairment, respiratory
depression, acute tolerance development, and place conditioning were also assessed in vivo. All of the
stereoisomers exhibited antinociception following either intracerebroventricular or oral administration
differentially mediated by multiple opioid receptors, with kappa opioid receptor (KOR) activity
contributing for all of the peptides. However, unlike the parent peptides, KOR antagonism
was exhibited by only one stereoisomer, while another isomer produced DOR antagonism.
The stereoisomers of CJ-15,208 lacked significant respiratory effects, while the [p-Trp]CJ-15,208
stereoisomers did not elicit antinociceptive tolerance. Two isomers, cyclo[p-Phe-p-Pro-p-Phe-Trp]
(3) and cyclo[Phe-p-Pro-p-Phe-p-Trp] (5), did not elicit either preference or aversion in a conditioned
place preference assay. Collectively, these stereoisomers represent new lead compounds for further
investigation in the development of safer opioid analgesics.

Keywords: opioid peptide; macrocyclic tetrapeptide; multifunctional ligands; structure-activity
relationships; kappa opioid receptor; delta opioid receptor; analgesics; opioid liabilities

1. Introduction

The endogenous opioid system is a valuable therapeutic target for the treatment of pain as it
is extensively involved in pain perception and experience [1]. The majority of opioid ligands used
clinically for the treatment of pain are mu-opioid receptor (MOR) agonists, although agonists of kappa
(KOR) and delta (DOR) receptors also produce analgesia. However, opioid-selective agonists also

Molecules 2020, 25, 3999; doi:10.3390/molecules25173999 127 www.mdpi.com/journal/molecules
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produce a number of undesirable opioid-related side effects that complicate their therapeutic utility.
MOR-selective agonists are reinforcing, and produce analgesic tolerance and respiratory depression [2].
In contrast, KOR selective agonists produce dysphoria, sedation, and psychotomimetic effects [3],
while DOR-selective agonists can induce seizure activity [4].

Multifunctional opioids, ligands with mixed agonist and/or antagonist activity at one or more
opioid receptor, have demonstrated potent antinociception, possibly due to synergistic effects [5].
Co-administration of either KOR [6,7] or DOR [8] agonists enhanced the antinociceptive effects of
MOR-selective agonists. Some multifunctional opioids also produce reduced side effects [9], a profile
attributed to simultaneous modulation of more than one opioid receptor that may counter their
individual adverse effects [10]. For example, KOR agonism offsets MOR-mediated reinforcement [11]
and respiratory depression [12], while DOR antagonism may slow the development of MOR agonist
analgesic tolerance [13,14].

Multifunctional opioid activity has been observed for the structurally distinct macrocyclic
tetrapeptide natural product CJ-15,208 (cyclo[Phe-p-Pro-Phe-Trp], Figure 1). Originally isolated from
the fungus Ctenomyces serratus, initial testing found this peptide preferentially bound to KOR and
antagonized this receptor in the electrically stimulated rabbit vas deferens [15]. When originally isolated
the stereochemistry of the tryptophan residue was not determined, prompting us to synthesize both
the 1- and p-Trp stereoisomers [16,17]; the optical rotation of the L-Trp isomer was consistent with
that reported for the natural product. The two isomeric peptides exhibited similar affinity for opioid
receptors (see Table 1) and antagonized KOR in the GTPyS assay in vitro [16-19]. However, the peptides
exhibited distinctly different opioid activity profiles when evaluated in vivo [19]. The p-Trp isomer
primarily exhibited KOR antagonism with modest antinociception only at elevated doses, while the
L-Trp-containing peptide exhibited mixed, multifunctional activity, with robust antinociception
mediated by both KOR and MOR, followed by KOR-selective antagonism lasting several hours
after the dissipation of antinociception. Both of these macrocyclic tetrapeptides are active after oral
administration [20,21], increasing their potential as leads for drug discovery.

Therefore, we explored the influence of the stereochemistry of the two phenylalanine residues in
CJ-15,208 and [p-Trp]CJ-15,208 (cyclo[Phe-p-Pro-Phe-p-Trp]) on opioid activity. All of the stereoisomers
retained significant antinociception with reduced liabilities, while the different stereochemistries of
the aromatic residues in the five analogs resulted in significant variation in their multifunctional
opioid activity.

2. Results

2.1. Synthesis

The stereoisomers of CJ-15,208 and its p-Trp isomer (Figure 1) were synthesized by a combination
of solid phase synthesis of the linear precursors followed by cyclization in solution using modifications
to our original strategy [20,22] to improve the yields of the macrocyclic peptides.

The linear sequences chosen contained the turn inducing D-Pro residue in the middle of the
peptide to facilitate cyclization [17], and the use of the 2-chlorotrityl chloride resin minimized the
potential for diketopiperazine formation. The peptides were purified by silica gel flash chromatography,
which permitted the facile purification of larger quantities of the macrocyclic peptides for in vivo
pharmacological evaluation following oral administration. The purified peptides were analyzed by
electrospray ionization mass spectrometry, thin layer chromatography, and in two analytical HPLC
systems. All of the stereoisomers were obtained in high purity and reasonable yields (34-50% from the
linear precursors) after purification.
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Figure 1. Structures of stereoisomers of CJ-15,208 and [p-Trp]CJ-15,208.
2.2. Metabolic Stability

We evaluated the metabolic stability of the stereoisomers in mouse liver microsomes.
While macrocyclic peptides are stable to proteases, they can be metabolized by cytochrome P450
enzymes [23,24]. In all cases the peptides were stable in incubations lacking NADPH, but disappeared
from the incubations containing NADPH, consistent with cytochrome P450 enzyme metabolism.
The half-lives of the stereoisomers in the mouse liver microsomes were <30 min for all of the
stereoisomers except for 1, which displayed a half-life more than twice that of most of the other
stereoisomers (Figure 2). The short half-lives of most of the stereoisomers are consistent with that of
[p-Trp]CJ-15,208 (11 min), while the longer half-life of stereoisomer 1 is similar to that of CJ-15,208

(49 min) (Khaliq et al., manuscript in preparation).
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Figure 2. Metabolic stability in mouse liver microsomes of the stereoisomers: (A) 1, (B) 2, (C) 3, (D) 4

and (E) 5.
2.3. In Vitro Pharmacological Evaluation

In radioligand equilibrium competition binding assays the p-Phe stereoisomers of CJ-15,208 and
[p-Trp]CJ-15,208 generally exhibited greatly reduced affinity for KOR and MOR compared to the two
parent peptides (Table 1). Only the p-Phe® analogs (see Figure 1 for residue numbering) exhibited
sub-micromolar affinity for any of the opioid receptors (K; = ~350 nM for KOR). Similar to CJ-15,208
and [p-Trp]CJ-15,208 [19], the stereoisomers all exhibited negligible affinity for DOR. Also consistent
with the results for CJ-15,208 and [p-Trp]CJ-15,208, none of the analogs exhibited appreciable efficacy
at either KOR or MOR at 10 uM in [**S]GTPyS assays.

Table 1. Opioid receptor affinities of the stereoisomers of CJ-15,208 and [p-Trp]CJ-15,208 ab,

K; (nM + SEM) Selectivity
Stereoisomer
K; (MOR)
KOR MOR K. (KOR)
1 (p-Phe!) 5120 + 690 >10,000 <2
2 (p-Phe?) 362 + 51 3920 + 200 11
3 (p-Phel?) 2560 + 480 7780 + 410 3
CJ-15,208 274 + 4.6 451 + 114 16.5
4 (p-Phe', p-Trp*) >10,000 >10,000 -
5 (p-Phe, p-Trp*) 353 +19 5800 + 1450 16
[p-Trp*]CJ-15,208 21.8 +4.8 259 + 29 12

@ Data are the mean K values + SEM from at least three experiments. b None of the stereoisomers at 10 M exhibited
appreciable affinity for DOR (<30% inhibition of [*H]cyclo[p-Pen? p-Pen®Jenkephalin (DPDPE) binding).

2.4. In Vivo Pharmacological Evaluation

The stereoisomers were initially evaluated for their antinociceptive activity in the 55 °C warm-water
tail-withdrawal assay in C57BL/6] mice following i.c.v. administration (Figure 3A and Figure S1). All of
the p-Phe stereoisomers produced significant time- and dose-dependent antinociception (p < 0.05,
two-way RM ANOVA). Peak antinociception was produced 20 min after i.c.v administration for
stereoisomers 1, 3, and 4 and at 30 min for isomers 2 and 5 (Figure S1). The duration of significant
antinociception (p < 0.05; Dunnett’s post hoc test) varied from 45 min (isomers 3 and 4) to 90 min (isomers
2 and 5), with isomer 1 exhibiting an intermediate duration. All of the isomers exhibited full and
potent antinociception except for 2 (Figure 3A), which produced approximately 70% antinociception at
the highest dose tested (100 nmol); the potencies of stereoisomers 1 and 3-5 were comparable to that of
CJ-15,208 (Table 2). The maximal antinociception found for the stereoisomers 4 and 5 of [p-Trp]CJ-15,208
is in contrast to the parent peptide, which exhibits minimal antinociceptive activity [19].
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Figure 3. Antinociceptive activity in the 55 °C warm-water tail-withdrawal assay following (A) i.c.v.
administration and (B) oral administration in C57BL/6] mice. All points represent antinociception at peak
response, which occurred 20-30 min after administration. Points represent average % antinociception
+ SEM from 4-16 mice for each set presented.

The p-Phe stereoisomers of CJ-15,208 and of [p-Trp]CJ-15,208 also exhibited significant
antinociceptive effects following oral (p.o.) administration (p < 0.05, two-way RM ANOVA; Figure 3B
and Figure 52). Isomers 1, 3, and 5 produced full antinociception with comparable potency to CJ-15,208
(Table 2) that peaked between 20-30 min, while isomers 2 and 4 produced only 45-60% antinociception
at the highest oral dose tested (30 mg/kg, p.o.). The duration of significant antinociception (p < 0.05,
Dunnett’s post hoc test) was 50—-60 min for all stereoisomers except 4 (30-40 min). While isomer 2
exhibited low antinociceptive efficacy by both routes of administration, isomer 4 exhibited decreased
efficacy only following oral administration.

Table 2. Summary of in vivo opioid antinociceptive activity of the stereoisomers 2.

ED5p (and 95% Confidence Interval (C.I.)) Values

Stereoisomer
i.c.v. (nmol) p-o. (mg/kg) Receptors Involved
1 0.75(0.36-1.44)  7.62 (5.12-12.2) KOR, MOR, DOR
2 20.4 (10-58.7) ~ KOR, MOR
3 1.00 (0.64-1.60)  4.12 (3.30-5.31) KOR, DOR
CJ-15,208 be 1.74 (0.62-4.82)  3.49 (1.98-5.73) KOR, MOR
4 2.39 (1.40-4.56) ~ DOR, KOR
5 0.56 (0.38-0.91)  4.72 (3.70-6.39) KOR, MOR, DOR

[p-Trp*]CJ-15,208 b4 ~ ~ -

2 In addition, isomer 1 exhibited antagonist activity at KOR, and isomer 5 exhibited antagonist activity at DOR.
b Ref. [19]; € Ref. [20]; ¢ Ref. [21]. ~ Maximum antinociception not achieved, precluding calculation of an ED5 value.

2.4.1. Opioid Receptor Selectivity of Stereoisomer Antinociception

Pretreatment of mice with an opioid antagonist was used to assess receptor contribution to the
observed antinociception, Naloxone (30 mg/kg., s.c.) pretreatment (20 min) significantly reduced the
antinociceptive effects of all five analogs (F461) = 2.68, p < 0.05, two-way ANOVA with Sidak’s post
hoc test; Figure 4A), consistent with opioid receptors mediating the antinociception. The individual
receptor contributions to the observed antinociception were then determined by pretreating the
mice with the selective MOR, KOR and DOR antagonists 3-FNA (10 mg/kg, i.p., —24 h), nor-BNI
(10 mg/kg, i.p., —24 h), or naltrindole (20 mg/kg., i.p., =20 min), respectively, prior to administration
of the macrocyclic tetrapeptide (isomers 1, 3, 4 and 5 at 10 nmol, and isomer 2 at 100 nmol, i.c.v;
Figure 4B). Treatment with these antagonists significantly affected antinociception produced by the
stereoisomers (F(12,1509) = 11.2, p < 0.05, two-way ANOVA). B-FNA, nor-BNI, and naltrindole all
significantly antagonized the antinociception of stereoisomers 1 and 5 (p < 0.05, Tukey’s post hoc
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test), suggesting that all three opioid receptors contributed to the antinociception produced by these
stereoisomers. In contrast, isomer 2 demonstrated KOR- and MOR-mediated antinociception, whereas
the antinociception produced by 3 and 4 was KOR- and DOR-mediated (p < 0.05, Tukey’s post hoc test).

Compound (i.c.v.) with pretreatment:
[ sterecisomer alone (mg/kg, p.o.) P ( ) P

7 ) W1 [ H] (K] 04 [ H
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Figure 4. Evaluation of opioid receptor involvement in the antinociceptive activity of the stereoisomers
in the 55 °C warm-water tail-withdrawal assay 20 min after (A) p.o. administration in mice pretreated
with the non-selective opioid receptor antagonist naloxone (30 mg/kg., s.c., =20 min), or (B) 20 min
after i.c.v. administration in mice pretreated with the selective MOR antagonist 3-FNA (10 mg/kg, i.p.,
—24 h), the selective KOR antagonist nor-BNI (10 mg/kg, i.p., =24 h), or the selective DOR antagonist
naltrindole (20 mg/kg, i.p., =20 min). Points represent average % antinociception + SEM from 8-16 mice
for each bar. * significantly different from response of stereoisomer alone (p < 0.05. ** two significant
bars adjacent to each other.; two-way ANOVA with (A) Sidak’s or (B) Tukey’s multiple comparisons
post hoc test).

2.4.2. Determination of Stereoisomer Opioid-Receptor Mediated Selective Antagonist Activity

Following dissipation of the antinociception, the stereoisomers were evaluated for antagonist
activity against the KOR-selective agonist U50,488 (10 mg/kg., i.p.), the MOR-preferring agonist
morphine (10 mg/kg, i.p.), and the DOR-selective agonist SNC-80 (100 nmol, i.c.v.; Figure 5). Only isomer
1 (30 nmol, i.c.v.) exhibited significant antagonism of U50,488 (F 55 = 5.81, p < 0.05, one-way ANOVA
with Sidak’s post hoc test; Figure 5A). Interestingly, stereoisomer 5 (100 nmol, i.c.v) significantly
antagonized SNC-80 (F(555 = 7.71, p < 0.05, one-way ANOVA with Sidak’s post hoc test; Figure 5C),
while none of the peptides demonstrated antagonism against morphine (Figure 5B).
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Figure 5. Opioid antagonist activity of the stereoisomers in the 55 °C warm-water tail-withdrawal
assay. Mice were pretreated with a stereoisomer (30 or 100 nmol., i.c.v.) 3 h prior to the administration
of (A) the KOR selective agonist U50,488 (10 mg/kg., i.p.), (B) the MOR preferring agonist morphine
(10 mg/kg., i.p.), or (C) the DOR selective agonist SNC-30 (100 nmol, i.c.v.) to assess their ability to
significantly reduce the antinociceptive effect of the opioid agonist. Mean % antinociception + SEM
from 8 mice for each bar. * significantly different from response of agonist alone (p < 0.05); one-way
ANOVA with Sidak’s multiple comparison post hoc test.

2.5. In Vivo Assessment of Opioid Related Liabilities

The five stereoisomers were then assessed for several potential liabilities produced by opioid
agonists, specifically impairment of locomotor coordination, respiratory depression, hyperlocomotion
and analgesic tolerance.

2.5.1. Assessment of Effects on Coordinated Locomotor Activity

Treatment with the stereoisomers (10 mg/kg, p.o.) or the KOR-selective agonist U50,488
(10 mg/kg, i.p.) had a significant effect on coordinated locomotor performance in the mouse rotarod
assay (Fg49) = 7.91; p < 0.05, two-way RM ANOVA) over time (F(g294) = 13.7; p < 0.05, two-way RM
ANOVA; Figure 6).

Whereas U50,488 significantly impaired coordinated locomotor activity after the first 10 min
compared to vehicle (p < 0.05, Dunnett’s post hoc test), the stereoisomers 2, 3 and 5 lacked any
significant effect, and isomers 1 (at 20, 40 and 50 min) and 4 (at 40 min) displayed limited impairment
of performance (p < 0.05, Dunnett’s post hoc test).
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Figure 6. Effect of the stereoisomers on locomotor coordination after p.o. administration to C57BL/6]
mice in the rotarod assay. Mice received the macrocyclic tetrapeptide (10 mg/kg, p.o.), vehicle
(10% Solutol in saline, p.o.), or U50,488 (10 mg/kg, i.p.) and were tested on the rotarod apparatus with
repeated measurements over time. Latencies to fall are given as the mean % change from baseline
(100%) performance + SEM. n = 8 mice per treatment. * significantly different from response of vehicle
alone (p < 0.05); two-way RM ANOVA with Dunnett’s multiple comparison post hoc test.

2.5.2. Evaluation of Respiratory and Spontaneous Locomotor Effects

The five stereoisomers (10 mg/kg, p.o.) were then assessed for their effect on spontaneous
respiration rates and locomotor activity over a 1 h period using the Comprehensive Laboratory
Animal Monitoring System (CLAMS) (Figure 7). As expected, the positive control morphine produced
significant, time-dependent respiratory depression compared to vehicle (10-30 min; F(19,165) = 248,
p < 0.05, two-way RM ANOVA with Dunnett’s multiple comparison post hoc test; Figure S2),
while treatment with U50,488 resulted in significant, time-dependent increases in respiration rates
(20—40 and 50-60 min; p < 0.05, Dunnett’s post hoc test; Figure S2). Stereoisomers 1-3 of CJ-15,208
did not have any significant effect on respiration compared to vehicle (Figure 7A). Conversely,
[p-Trp]CJ-15,208’s isomers 4 and 5 produced significant decreases in respiration rates for the duration
of the 60 min testing period (F(550) = 12.9, p < 0.05, two-way RM ANOVA with Dunnett’s multiple
comparison post hoc test; Figure 7A). Among the p-Phe stereoisomers, only 3 had a significant effect on
ambulation compared to vehicle, demonstrating elevated ambulations at several time-points (2040
and 50-60 min; F(5 47) = 6.20, p < 0.05, two-way RM ANOVA with Dunnett’s multiple comparison post
hoc test; Figure 7B). The positive control morphine produced robust, significant increases in ambulation
over the last 40 min of testing (F(10,215) = 27.2, p < 0.05, two-way RM ANOVA with Dunnett’s multiple
comparison post hoc test; Figure S2).
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Figure 7. Effects of the stereoisomers on (A) respiration and (B) ambulation in C57BL/6] mice tested
in the CLAMS/Oxymax system. Respiration and ambulation were monitored after administration
of stereoisomer (10 mg/kg, p.o.) or vehicle using the CLAMS/Oxymax system. Data from 8-16 mice
presented as % vehicle response + SEM; breaths per minute, BPM (A) or ambulation, XAMB (B).
* significantly different from vehicle control response (p < 0.05); two-way RM ANOVA with Dunnett’s
multiple comparison post hoc test.

2.5.3. Assessment of Acute Antinociceptive Tolerance Development

The stereoisomers were also tested in a model of acute antinociceptive tolerance [25] with
repeated dosing (at 0 and 8 h, 0.1-300 nmol, i.c.v.) of morphine, CJ-15,208 or one of the five analogs.
The development of acute antinociceptive tolerance was assessed by pretreating with the EDs i.c.v.
dose of the test compound, followed 8 h later by treatment with one of a range of graded doses;
antinociceptive tolerance was indicated by a significant increase in the EDs5, value compared to the
value observed in naive animals. As expected, morphine demonstrated acute antinociceptive tolerance,
with a significant 7.63-fold rightward shift in the dose-response curve of the second dose administered
(F1,4 = 26.2, p < 0.05; non-linear regression analysis; Table 3; see also Figure S3). Neither stereoisomer
4 or 5 demonstrated any significant changes in the EDsy values collected at 8 h vs. 0 h (Table 3).
Both stereoisomers 1 and 3 demonstrated greater acute antinociceptive tolerance than CJ-15,208, with
significant rightward shifts in their second dose-response curves (31.2-fold (F(5) = 39.9 p < 0.05)
and 5.19-fold (F(y 5y = 27.3, p < 0.05), respectively; non-linear regression analysis). While isomer 2
demonstrated a 6.13-fold increase in its ED5( value after pretreatment, the increase was not statistically
significant (F(q,4) = 2.99, p = 0.16.)

Table 3. Comparison of EDs (and 95% C.1.) values in naive subjects and after again 8 h after a treatment
of an EDj5( dose of the respective compound .

Stereoisomer Naive ED50 ED50 (95% C.I.) FOld-Shift, Naive ED50
(95% C.I.) Pretreated Mice vs. Second EDs
1 0.65 (0.31-1.31) 20.3*(11.141.7) 31.2
2 20.4 (10-58.7) 125 (89.9-224) 6.13
3 1.00 (0.64-1.60) 5.19 * (2.57-11) 5.19
4 2.39 (1.40-4.56) 1.28 (0.96-1.66) 0.54
5 0.45 (0.28-0.70) 0.49 (0.09-1.36) 1.09
CJ-15,208 1.82 (1.22-2.74) 5.23 (4.23-6.48) 2.87
Morphine 291 (2.48-3.41) 22.2 *(14.0-55.3) 7.63

@ Data are EDs values (nmol) from C57BL/6] mice tested with one of several doses (i.c.v.) of compound in the 55 °C
warm-water tail-withdrawal assay in either naive animals or mice who were pretreated with the EDsy dose of the
respective compound, followed by administration of varying doses 8 h later. * significantly different from EDs,
value in naive mice (p < 0.05), non-linear regression analysis. n = 8-16 mice/dose tested.
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2.5.4. Evaluation of Potential Reinforcing or Aversive Properties

Analogs 3 and 5 were further evaluated in a conditioned place-preference assay (Figure 8).
Following a two-day place conditioning paradigm, mice conditioned with morphine (10 mg/kg,
i.p.) demonstrated a significant place-preference for the morphine-paired chamber, whereas mice
conditioned with U50,488 (10 mg/kg, i.p.) demonstrated a significant conditioned place avoidance
(F,53) = 5.38, p < 0.05; two-way ANOVA with Sidak’s multiple comparison post hoc test; Figure 8).
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Figure 8. Evaluation of potential rewarding or aversive properties of isomer 3 and 5. After determination
of initial preconditioning preferences, C57BL/6] mice were place conditioned daily for two days
with morphine (10 mg/kg, i.p.), U50,488 (10 mg/kg, i.p.), or stereoisomer (10 mg/kg, p.o.) using a
counterbalanced design. Data is presented as mean difference in time spent on the drug-paired side +
SEM, with positive and negative values indicating a preference for and avoidance of the drug-paired
chamber, respectively. * significantly different from matching preconditioning preference (p < 0.05),
two-way ANOVA. n = 14-28 mice/compound.

However, mice place conditioned with either analog 3 or 5 (10 mg/kg, p.o.) demonstrated no
significant preference or aversion for their respective drug-paired chamber.

3. Discussion

The macrocyclic tetrapeptide CJ-15,208 is structurally distinct from the endogenous opioid peptides,
representing a novel lead compound for the development of new ligands for KOR. Its structure is
particularly appealing for modification because its small macrocyclic structure imparts stability to
degradation by proteases and facilitates penetration of biological barriers, including both the intestinal
and blood-brain barriers [20,21] (Khaliq et al., manuscript in preparation), facilitating systemic, even
oral, administration.

Changes in stereochemistry had differential effects on the contributions of the three opioid
receptors to antinociception in vivo. While all three aromatic residues of CJ,15-208 were previously
found to be important for KOR agonist activity [26], all of the stereoisomers, including the isomers
of [p-Trp]CJ-15,208, exhibited KOR agonist activity in vivo regardless of residue stereochemistry.
In contrast, only stereoisomer 1 retained KOR antagonist activity. Unlike the parent compounds, all of
the stereoisomers except 2 demonstrated antinociception also mediated in part by DOR. This is in
contrast to the in vitro results, where the stereoisomers all lacked affinity for DOR in radioligand
binding assays; such discrepancies between in vitro and in vivo activity have been found for other
CJ-15,208 analogs [26-28]. p-Phenylalanine in position 1 appears to favor DOR agonist activity;
of the four isomers where DOR contributes to the observed antinociception only 5 does not contain
p-Phel, and DOR appears to contribute less to the antinociception of this isomer than for the other
isomers (Figure 4B). MOR contributes to the antinociception of three of the stereoisomers, but not to
antinociception produced by isomers 3 and 4. The lack of MOR contribution in these peptides cannot
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be attributed to the change in stereochemistry of any specific residue; it may instead be related to
differences in peptide backbone conformation and the resulting effect on the orientation of one or more
of the aromatic residues. Thus only isomer 2 retained the mixed MOR/KOR agonism of CJ-15,208,
but this isomer did not exhibit maximum antinociception nor KOR antagonist activity.

All of the stereoisomers retained antinociceptive activity following oral administration, despite
the rapid metabolism of most of these peptides by liver microsomes. Such hydrophobic peptides,
including the parent peptides (Khaliq et al., manuscript in preparation), generally have high plasma
protein binding which can protect compounds from metabolism and clearance, and thereby extend the
duration of their activity in vivo. Only in the case of isomer 4 was there a difference in the maximum
antinociception following oral vs. central administration. The decreased maximum response and
shorter duration following oral administration for this isomer are likely due to its pharmacokinetic
properties (metabolism, clearance and/or intestinal absorption).

The stereoisomers exhibited different potential liabilities of use. While KOR agonism contributed to
the antinociception of all of the stereoisomers, in the rotarod assay only isomer 5 exhibited significantly
decreased locomotor coordination at multiple time points, suggesting that activity at multiple opioid
receptors mitigated this known side effect of KOR agonists. The lack of significant decreases in
respiratory rates for all three CJ-15,208 isomers was very promising. We have previously shown
that the multifunctional macrocyclic tetrapeptide cyclo[Pro-Sar-Phe-p-Phe] exhibits reduced liabilities,
particularly respiratory effects, and that the peptide’s KOR agonist activity appears to offset respiratory
depression mediated by MOR [9]. In contrast, treatment with [p-Trp]CJ-15,208 isomers 4 and 5
decreased respiratory rates; this effect of 4 was surprising, given the lack of MOR agonist activity by
this isomer. While not significant, there was a trend towards decreased ambulation following treatment
with 4 and 5, so it is possible that the decreased respiration rates could be due in part to decreased
movement by these mice. In contrast to their effects on respiration rates, neither of the [p-Trp]CJ-15,208
stereoisomers exhibited evidence of acute tolerance, while, unlike the parent peptide, the CJ-15,208
isomers exhibited rightward shifts of the dose-response curves to varying degrees. Thus there was a
dichotomy between the liabilities observed for the CJ-15,208 stereoisomers, which lacked respiratory
depression but exhibited variable acute tolerance, and the [p-Trp]CJ-15,208 isomers, that exhibited the
opposite pattern of decreased respiratory rates, but without significant acute tolerance.

Two isomers, 3 and 5, were selected for testing in the conditioned place-preference assay for
reinforcing (conditioned place preference, CPP) or aversive (conditioned place aversion, CPA) effects.
Among the CJ-15,208 isomers, 3 demonstrated the most promising activity, producing full antinociception
without locomotor impairment or respiratory effects, while the [p-Trp]CJ-15,208 isomer 5 produced
full antinociception without acute antinociceptive tolerance. Mice place conditioned with either
isomer demonstrated no significant preference or aversion for their respective drug-paired chamber.
These results are consistent with earlier tests of multifunctional macrocyclic tetrapeptides [9,19] and could
reflect the counteracting effects of agonism at multiple opioid receptors such as MOR and KOR [9,10].
In contrast to 5, isomer 3 did not demonstrate significant MOR-mediated agonism, but rather KOR- and
DOR-mediated antinociception. Mixed action DOR/MOR agonists such as MMP-2200 reportedly do
not produce CPP and exhibit limited reinforcing effects [29]. Isomer 5 also displayed DOR antagonism
which has been shown to prevent the conditioned place preference of MOR agonists in studies of
bivalent ligands [30] and peptidomimetics [31]. To the best of our knowledge, no one has examined
the effect of combined KOR agonists/DOR agonists or antagonists. Additional testing of higher doses
of 3 and 5 are required to confirm the absence of the place conditioning demonstrated here.

The liabilities of the different stereoisomers did not correlate with the receptor involvement
determined in the antinociceptive assay. The antinociception of both the CJ-15,208 stereoisomer 3 and
the [p-Trp]CJ-15,208 isomer 4 were mediated by DOR and KOR, without significant contribution from
MOR, but these peptides had opposite liability profiles. The same was true for stereoisomers 1 and 5,
where agonist activity mediated by all three opioid receptors contribute to the observed antinociception.
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Additional studies will be necessary to explore potential mechanisms for the observed agonist
(and in two cases antagonist) activity of these stereoisomers and to better understand receptor
contributions to the observed side effects. Such studies are currently ongoing in our laboratories.

The stereoisomer [p-Phe!?]CJ-15,208 (3) is a very promising new lead compound for further
exploration. Its potent antinociception after oral administration and lack of respiratory depression or
locomotor impairment holds significant promise for the identification of safer analgesics.

4. Materials and Methods

4.1. Chemicals

The sources of the reagents, amino acids, solid phase resin and solvents for peptide synthesis are
the same as reported previously [17,26,27]. Amino acids are the L-isomer unless otherwise specified,
and abbreviations for amino acids follow the [UPAC-IUB joint commission of biochemical nomenclature
(Eur. ]. Biochem. 1984, 138, 9-37). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Thin layer chromatography was performed on glass backed precoated silica gel plates (Sorbent
Technologies, Atlanta, GA, USA, or Whatman, aluminum backed, 250 um layer, Fisher Scientific,
Pittsburg, PA, USA), and flash chromatography was performed on standard grade (32-63 um) silica gel
(Sorbent Technologies). HPLC analysis was performed on a Vydac 218TP C18 reversed phase column
(Grace Davison, Columbia, MD, USA, 4.6 X 50 mm, 5 um).

4.2. Instruments

Electrospray ionization mass spectra were acquired on a LCT Premier time of flight mass
spectrometer (Waters Corp., Milford MA, USA) at the University of Kansas. HPLC analysis was
performed using an Agilent 1200 HPLC system (Agilent, Santa Clara, CA, USA).

4.3. Peptide Synthesis and Purification

The linear peptide precursors (based on the parent sequences L-/p-Trp-Phe-p-Pro-Phe-OH) were
synthesized on a 2-chlorotrityl chloride resin by Fmoc (fluorenylmethoxycarbonyl) peptide synthesis,
and the peptides cleaved from the resin with 1% trifluoroacetic acid (TFA) in dichloromethane as
described previously [17,26,27]. The crude linear peptides were cyclized using the following general
procedure [20,22,27]: The crude linear peptide (0.5 equiv, 21 mM in N,N-dimethylformamide, DMF)
was added dropwise at a rate of 1.0 mL/h (using a KD Scientific single infusion syringe pump) to a dilute
solution of HATU (2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate,
0.75 equiv, 1.2 mM) and N,N-diisopropylethylamine (DIEA, 4 equiv, 5 mM) in DMFE. After 15 h
additional HATU (0.75 equiv) was then added to the reaction in one portion, and additional linear
peptide (0.5 equiv, 21 mM in DMF) was added dropwise at a rate of 1.0 mL/h as described above to
give a final concentration of the linear tetrapeptide of 2.5 mM. The reaction was then stirred for 6 h at
room temperature, followed by an additional 24 h at 37 °C. The solvent was evaporated under reduced
pressure, and the crude macrocyclic tetrapeptides isolated as previously described [17,20,26].

The crude peptides were purified by silica gel chromatography using a step gradient of 60-90%
EtOAc in hexane (with EtOAc increased in 10% increments), followed by 0-10% MeOH in EtOAc (with
MeOH increased in 1% increments). The purified peptides were dissolved in aqueous acetonitrile
(water:MeCN, 4:1) and then lyophilized to give the pure peptides as white solids. The purified
peptides were analyzed by electrospray ionization mass spectrometry, thin layer chromatography,
and in two analytical HPLC systems (see Table 4). The peptides were all >98% pure in both HPLC
systems except for 4 which exhibited slightly lower purity. HPLC chromatograms are included in the
Supplementary Materials.
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Table 4. Analytical data for stereoisomers of CJ-15,208 and [p-Trp]CJ-15,208.

Observed TLC HPLC, t (min)
Isomer ES-MS, m/z 2 R¢P System A € System B 4
1 600.2568 0.70 18.4 23.0
2 600.2565 0.10 18.9 -
3 600.2578 0.67 224 22,6
4 600.2584 0.49 18.6 ¢ 21.9¢
5 600.2605 0.53 21.1 23.8

aM + Na*, calculated m/z 600.2587; ® EtOAc: MeOH, 9:1; € 15-55% MeCN over 40 min with 0.1% TFA, detection at
214 nm; 4 30-70% MeOH over 45 min with 0.1% TFA, detection at 230 nm. ¢ 94% and 96% pure in systems A and
B, respectively.

4.3.1. [p-Phel]CJ-15,208 (1)

Cyclization of the linear peptide (600 mg) according to the general procedure yielded stereoisomer
1 as a white solid (193 mg, 34% yield).

4.3.2. [p-Phe?]CJ-15,208 (2)

The linear peptide (400 mg) was cyclized according to the general procedure, except that the
second addition of peptide was added at a rate of 0.8 mL/h and the final concentration of the linear
peptide in the reaction mixture was 4.5 mM. The peptide was purified starting at 60% EtOAc in hexane
as described above, followed by 0-30% MeOH in EtOAc (with MeOH increased in 3% increments) to
yield stereoisomer 2 as a white solid (167 mg, 43% yield).

4.3.3. [p-Phel?]CJ-15,208 (3)

Cyclization of the linear peptide (600 mg) was performed according to the general procedure
above. The purification was performed starting at 50% EtOAc in hexane (with EtOAc increased in 10%
increments), followed by 0-5% MeOH in EtOAc (with MeOH increased in 1% increments) to yield 3 as
a white solid (294 mg, 50% yield).

4.34. [D-Phel,D-Trp4]C]-15,208 )

The linear peptide (400 mg) was cyclized according to the general procedure above, except that
the first addition of peptide was added at a rate of 1.2 mL/h and the final concentration of the linear
peptide in the reaction mixture was 1.5 mM. The purification was performed starting at 30% EtOAc in
hexane (with EtOAc increased in 10% increments), followed by 0-3% MeOH in EtOAc (with MeOH
increased in 1% increments) to yield 4 as a white solid (174 mg, 45% yield).

4.3.5. [p-Phe? p-Trp*]CJ-15,208 (5)

The linear peptide (430 mg) was cyclized according to the general procedure, except that the
second addition of peptide was added at a rate of 0.8 mL/h and the final concentration of the linear
peptide in the reaction mixture was 3.6 mM. The peptide was purified starting at 60% EtOAc in hexane
as described above, followed by 0-5% MeOH in EtOAc (with MeOH increased in 5% increments) to
yield stereoisomer 5 as a white solid (200 mg, 48% yield).

4.4. Metabolism by Mouse Liver Microsomes

The macrocyclic tetrapeptide (5 uM) in 1% acetonitrile was incubated with mouse liver microsomes
(0.25 mg/mL protein, Xenotech, Lenexa, KS, USA) at 37 °C in the presence or absence of co-factor NADPH
RapidStart System (1 mM, Xenotech) or NADPH solution (Sigma, St. Louis, MO, USA) in potassium
phosphate buffer (50 mM, pH 7.4). Aliquots (100 pL) taken at 0, 5, 15, 30, 60 and 120 min were quenched
with ice-cold acetonitrile (1 vol) containing internal standard ([p-NMeAla2]CJ-15,208 [26], 5 uM) to
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precipitate the proteins. The lack of endogenous interference with the analysis of the stereoisomer or
internal standard was confirmed by analyzing samples lacking the macrocyclic tetrapeptide.

Following centrifugation at 10,000x ¢ rpm for 10 min, the supernatant (50 uL) was diluted with
water (75 uL), stored overnight at =20 °C and analyzed by LC-MS/MS using methodology similar to
that described for [p-Trp]CJ-15,208 [32]. Liquid chromatography was performed on a Hypersil BDS
Cg column (50 mm x 2.1 mm, 3 pm) with a flow rate of 0.2 mL/min and an injection volume of 20 uL
using an Acquity UPLC system (Waters, Milford, MA, USA). The peptides were separated using a
gradient of aqueous acetonitrile containing 0.08% formic acid of 20% B (0-2 min), 20-50% B (2-3 min),
50-80% B (3-6 min), 80% B (6-7 min), 80-20% B (7-8 min) and 20% B (8-10 min).

ESI-MS/MS was performed on a Waters Quatro triple quadrupole instrument operating in the
positive ion multiple reaction monitoring mode. Data acquisition was carried out with Mass Lynx 4.1
software with the following settings: capillary voltage, 2500 V; cone voltage, 30 V; source temperature,
100 °C; desolvation temperature, 250 °C; cone gas flow, 279 L/h; desolvation gas flow, 1157 L/h; LM 1
resolution, 14; HM 1 resolution, 14; ion energy 1, 1.0; MS/MS mode entrance, -1; MS/MS collision
energy, 35 eV; MS/MS mode exit, 2; LM 2 resolution, 13.0; HM 2 resolution, 13.0; ion energy 2, 1.5;
multiplier, 650; collision cell pressure, 1.63 X 10~3 mbar; collision gas, argon. The transition m/z 578.2
(IM + H]*) — 217.2 was monitored to determine the peak area counts of the stereoisomers, and m/z
566.2 (IM + H]*) — 232.9 was monitored to determine the peak area counts of the internal standard
(collision energy 22 eV) with the following settings: dwell time, 0.3 s; delay, 0.05 s.

4.5. In Vitro Pharmacological Evaluation

Opioid receptor affinities were determined by equilibrium radioligand binding assays
as previously described [19,26,33] with membranes from Chinese hamster ovary (CHO) cells
stably expressing rat KOR, rat MOR or mouse DOR using the radioligands [?’H]diprenorphine,
[3H][D—Alaz,N—MePhe4,glyol]enkephalin (DAMGO) and [*H]DPDPE, respectively. Following
determination of ICsy values by nonlinear regression using Prism software (GraphPad Software
Co., LaJolla, CA, USA) K; values were calculated using the Chen and Prusoff equation [34]. The results
are presented as the mean + SEM from at least three separate experiments each performed in triplicate.

Agonist stimulation of [®*S]GTPyS binding to membranes from CHO cells stably expressing KOR
or MOR was assayed as described previously [19,26,35]. The macrocyclic tetrapeptides were screened
at 10 uM for efficacy compared to the reference full agonists dynorphin A-(1-13) amide for KOR and
DAMGO for MOR. The stereoisomers all exhibited negligible stimulation of GTPyS binding at both
KOR and MOR.

4.6. In Vivo Testing

4.6.1. Animals and Drug Administration

Adult male wild-type C57BL/6] mice weighing 20-25 g were obtained from Jackson Labs
(Bar Harbor, ME, USA). Food pellets and distilled water were available ad libitum. All mice were kept
on a 12 h light-dark cycle and were housed and cared for in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals. All results of animal testing are reported in
accordance with ARRIVE guidelines [36].

For intracerebroventricular (i.c.v.) administration the macrocyclic tetrapeptides were dissolved
in dimethyl sulfoxide (DMSO), followed by addition of sterile saline (0.9%) so that the final vehicle
was 50% DMSO and 50% saline, and the i.c.v. injections performed as described previously [26].
This concentration of DMSO was not observed to have antinociceptive or behavioral effects in previous
use [9,19,21]. For per os (p.o.) administration the macrocyclic tetrapeptides were administered in 10%
Solutol in 0.9% saline. All solutions for animal administration were prepared fresh daily.
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4.6.2. Antinociceptive Testing

The 55 °C warm-water tail-withdrawal assay was performed in mice as previously described [37],
with the latency of the mouse to withdraw its tail from the water taken as the endpoint (a cut-off time
of 15 sec was used in this assay). Antinociception was calculated according to the following formula:
% antinociception = 100 X (test latency — control latency)/(15 — control latency). Tail-withdrawal data
points are the means of 8-16 mice, unless otherwise indicated, with SEM shown by error bars.

The opioid receptor involvement in the agonist activity of the macrocyclic peptides was determined
by pretreating mice with a single dose of -funaltrexamine (3-FNA, 10 mg/kg, i.p.) or nor-BNI
(10 mg/kg, i.p.) 24 h in advance of administration of a dose of a macrocyclic tetrapeptide. Additional
mice were pretreated with a single dose of naloxone (30 mg/kg, s.c.) or naltrindole (20 mg/kg, i.p.)
20 min in advance of administration of the macrocyclic tetrapeptide.

To determine antagonist activity, mice were pretreated with the macrocyclic tetrapeptide 140 min
prior to the administration of the MOR-preferring agonist morphine (10 mg/kg, i.p.), KOR-selective
agonist U50,488 (10 mg/kg, i.p.) or DOR-selective agonist SNC-80 (100 nmol, i.c.v.); at this time
the antinociceptive activity of the stereoisomers had dissipated. Antinociception produced by these
established agonists was then measured 40 min after their administration.

4.6.3. Acute Antinociceptive Tolerance Determination

A standardized state of tolerance was induced by administration of morphine or test compound at
times 0 and 8 h [25,38,39] to quantitatively evaluate development of acute opioid tolerance. This assay
was used to efficiently measure the potential of compounds to cause tolerance using a minimum amount
of compound while yielding reliable results. Mice were administered an EDs5j dose (i.c.v.) of test
compound in the morning (time = 0) and a second dose (varying between 0.1-300 nmol, i.c.v.) 8 h later.
The degree of tolerance was calculated from the shift in ED5( value from the singly- to repeatedly-treated
condition [40]. All compounds were administered i.c.v., with antinociception assessed 30 min after
injection of morphine or at the time of peak antinociceptive effect of the macrocyclic tetrapeptides,
as determined in their initial antinociceptive characterization.

4.6.4. Coordinated Locomotor Activity

The stereoisomers were tested for their possible impairment of locomotor coordination in the
rotarod assay as described previously [9,21]. Locomotor activity was recorded using an automated,
computer-controlled rotarod apparatus (San Diego Instruments, San Diego, CA, USA). Mice were first
habituated to the rotarod over seven trials, with the last trial serving as the baseline response. Mice so
habituated were then administered a 10 mg/kg dose of a stereoisomer (p.o.), U50,488 (i.p.), or vehicle
15 min prior to assessment in accelerated speed trials (180 s max latency at 0-20 rpm) performed every
10 min over a 60 min period. Mice were thus tested a total of 14 trials (seven habituation trials prior to
treatment + seven drug trials). Decreased latencies to fall in the rotarod test indicate impaired motor
coordination/sedation.

4.6.5. Respiration and Ambulation

Respiration rates (in breaths per minute) and animal locomotive activity (as ambulations) were
assessed using the Oxymax/CLAMS system (Columbus Instruments, Columbus, OH, USA) as described
previously [9,25]. Mice were habituated to their individual sealed housing chambers for 60 min before
testing. Mice were administered stereoisomer (10 mg/kg, p.o.), morphine (10 mg/kg, i.p.), U50,488
(10 mg/kg, i.p.), or vehicle, as indicated, and five min later confined to the CLAMS testing chambers.
Pressure monitoring within the sealed chambers measured frequency of respiration. Infrared beams
located in the floor measured locomotion as number of beam breaks. Respiration and locomotive
data were averaged over 10 min periods for 60 min post-injection of the test compound. Data is
presentenced as % vehicle response + SEM, ambulation or breaths per minute.
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4.6.6. Evaluation of Potential Conditioned Place Preference and Conditioned Place Aversion

An automated, balanced three-compartment place conditioning apparatus (San Diego Instruments,
San Diego, CA, USA) and a 2-day counterbalanced place conditioning design was used similar to
methods previously described [21]. The amount of time subjects spent in each of the three compartments
was measured over a 30 min testing period. Prior to place conditioning an initial preference test
was performed in which the animals could freely explore all open compartments; the animals did
not demonstrate significant differences in their time spent exploring the outer left versus right
compartments (p > 0.05, Student’s t-test). For place conditioning mice were administered 0.9% saline
(i.p.) and consistently confined in a randomly assigned outer compartment: half of each group in the
right chamber, and half in the left chamber. Four hours later, mice were administered test compound
and confined to the opposite compartment for 40 min. To determine if 3 or 5 (10 mg/kg, p.o.) produced
CPP or CPA, mice were place conditioned in this way for two days, with a final preference test taken
on the fourth day, as this has been shown to produce dependable morphine CPP and U50,488-induced
CPA [41]. Additional groups of mice were placed conditions with morphine or U50,488 (10 mg/kg, i.p.)
as positive controls.

4.7. Statistical Analysis

All dose-response lines were analyzed by regression, and EDs (effective dose producing
50% antinociception) values and 95% confidence intervals (C.I.) determined using individual data
points from graded dose-response curves with Prism 8.0 software (GraphPad, La Jolla, CA, USA).
Percent antinociception was used to determine within group effects and to allow comparison to baseline
latency in tail-withdrawal experiments. The statistical significance of differences between EDs5 values
was determined by evaluation of the EDs( value shift via nonlinear regression modeling with Prism
software. Significant differences in behavioral data were analyzed by ANOVA (one-way or two-way
with repeated measures (RM), as appropriate). Significant results were further analyzed with Sidak’s,
Tukey’s, or Dunnett’s multiple comparison post hoc tests, as appropriate. Data for conditioned place
preference experiments were analyzed by two-way RM ANOVA, with analyses examining the main
effect of conditioned place preference phase (e.g., pre- or post-conditioning) and the interaction of drug
pretreatment. Significant effects were further analyzed using Sidak’s HSD post hoc testing. All data are
presented as mean + SEM, with significance set at p < 0.05.

5. Patents

J.V. Aldrich and S. Senadheera, Cyclic Tetrapeptide Stereoisomers, U.S. Patent 10,259,843 B2, 2019,
and European patent EP3,166,625, 23019.

Supplementary Materials: The following are available online, Figure S1: Time-course of antinociceptive activity
in the 55 °C warm-water tail-withdrawal assay following (A) i.c.v. administration and (B) oral administration in
C57Bl/6] mice of a maximally efficacious dose. Points represent average % antinociception + SEM from 4-16 mice
for each set presented, Figure S2. Effects of the U50,488 or morphine on (A) respiration and (B) ambulation
in C57BL76] mice. Respiration and ambulation were monitored after administration of U50,488 or morphine
(10 mg/kg, i.p.) using the CLAMS/Oxymax system. Data from 9-18 mice presented as % vehicle response + SEM;
breaths per minute, BPM (A) or ambulation, XAMB (B). * significantly different from response of saline alone
(p < 0.05); two-way RM ANOVA with Dunnett’s multiple comparison post hoc test., Figure S3. Evaluation of
acute antinociceptive tolerance in the 55 °C warm-water tail-withdrawal assay following i.c.v. administration of
morphine, (A) CJ-15,208, (B) 1, (C) 2, (D) 3, (E) 4 or (F) 5. All points represent antinociception at peak response in
naive mice (Time 0 h) and mice that were previously administered an EDs( dose of test compound (as listed) prior
to additional administration of a graded dose of test compound eight hours later (Time 8 h). Points represent
average % antinociception + SEM from 8-16 mice for each set presented, Figure S4. HPLC chromatograms of the
peptides in 15-55% MeCN over 40 min with 0.1% TFA, detection at 214 nm, (A) 1, (B) 2, (C) 3, (D) 4 and (E) 5,
Figure S5. HPLC chromatograms of the peptides in 30-70% MeOH over 40 min with 0.1% TFA, detection at
230 nm, (A) 1, (B) 3, (C) 4 and (D) 5.
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Abstract: Zerumbone, a monocyclic sesquiterpene from the wild ginger plant Zingiber zerumbet (L.)
Smith, attenuates allodynia and hyperalgesia. Currently, its mechanisms of action in neuropathic
pain conditions remain unclear. This study examines the involvement of potassium channels
and opioid receptors in zerumbone-induced analgesia in a chronic constriction injury (CCI)
neuropathic pain mice model. Male Institute of Cancer Research (ICR) mice were subjected to
CCI and behavioral responses were tested on day 14. Responses toward mechanical allodynia
and thermal hyperalgesia were tested with von Frey’s filament and Hargreaves’ tests, respectively.
Symptoms of neuropathic pain were significantly alleviated following treatment with zerumbone
(10 mg/kg; intraperitoneal, i.p.). However, when the voltage-dependent K* channel blocker
tetraethylammonium (TEA, 4 mg/kg; i.p.), ATP-sensitive K* channel blocker, glibenclamide (GLIB,
10 mg/kg; i.p.); small-conductance Ca?*-activated K* channel inhibitor apamin (APA, 0.04 mg/kg; i.p.),
or large-conductance Ca**-activated K* channel inhibitor charybdotoxin (CHAR, 0.02 mg/kg; i.p.)
was administered prior to zerumbone (10 mg/kg; i.p.), the antiallodynic and antihyperalgesic effects
of zerumbone were significantly reversed. Additionally, non-specific opioid receptors antagonist,
naloxone (NAL, 10 mg/kg; i.p.), selective -, 5- and k-opioid receptor antagonists; 3-funaltrexamine
(B-FN, 40 mg/kg; i.p.), naltrindole (20 mg/kg; s.c.), nor-binaltorphamine (10 mg/kg; s.c.) respectively
attenuated the antiallodynic and antihyperalgesic effects of zerumbone. This outcome clearly
demonstrates the participation of potassium channels and opioid receptors in the antineuropathic
properties of zerumbone. As various clinically used neuropathic pain drugs also share this similar
mechanism, this compound is, therefore, a highly potential substitute to these therapeutic options.

Keywords: zerumbone; chronic constriction injury (CCI); allodynia; hyperalgesia; potassium channels;
opioid receptors

Molecules 2020, 25, 3880; doi:10.3390/molecules25173880 147 www.mdpi.com/journal/molecules



Molecules 2020, 25, 3880

1. Introduction

Neuropathic pain occurs following a disease or injury to the peripheral and central nervous system.
This chronic pain condition remains a therapeutic challenge in clinical settings, as modern therapies
are only partially effective. Various biochemical and pathophysiological changes occur following
neural damage, which leads to a morphological and functional adaptation of the nervous system to
external stimuli. This adaptation plays an essential role in the commencement and maintenance of pain
symptoms. Even though this chronic pain state is mediated by both peripheral and central mechanisms,
the pathological overexcitability of nociceptive afferents is often the trigger. Factors that lead to
peripheral sensitization include sprouting of sympathetic nerves [1], inflammatory mechanisms [2],
and altered activity or expression of various proteins that are related to neuronal excitability [3].

One common and consistent feature of neuropathic remodeling that occurs within the degenerating
peripheral nociceptors and occasionally in the non-nociceptive afferents is the downregulation of
the pool of K* channels. Suppression in K* channel pools is present not only in neuropathic pain
conditions, but also in inflammatory and cancer pain [4]. Injured axons undergo Wallerian degeneration
and demyelination of myelinated axons, whereby their functions are immediately disrupted. The distal
axonal segments gradually degenerate and slowly become unexcitable. Following demyelination,
Schwann cells produce new myelin sheaths as a repairing process in the peripheral nervous system.
However, the architecture of these re-myelinated nerve fibers is different than normal nerve fibers [5].
Ion channels are differentially expressed due to an upsurge in the nodes number per unit length,
as the number of myelin lamella is decreased. The regions that were initially internodal, having a
lower density of ion channels, then have new nodes of Ranvier with denser ion channels; this density
is essential for saltatory conduction [6]. Furthermore, the irregular re-myelination process may mask,
block, or hide paranodal K* channels, leading to the suppression of the channel function and at
the same time making them resistant to drugs.

The downregulation of K* channel pools has also been successfully modelled across various
animal models of neuropathic pain [7,8]. Therapeutic strategies aim to activate K* currents in
neurons, as they are able to provide an antiexcitatory effect with no regard for the source that causes
overexcitation. Considering that K* channels are essential in normal nerve conductivity, a potent
drug should be able to “reset” afferent excitability to a higher threshold and restore normal sensitivity.
Pharmacologically, enhancement of K* channels by the use of openers or enhancers has been recently
identified and optimized to validate the potential of this approach as a pain treatment [9].

First-line treatments for neuropathic pain comprise tricyclic antidepressants and antiepileptics.
Controlled-release opioid analgesics are often regarded as the second- or third-line treatments for
moderate to severe pain and will only be prescribed if the first-line analgesic options have been
exhausted [10]. Nevertheless, opioids are also prescribed as first-line treatments in certain circumstances.
This is due to the effectiveness reported in some randomized clinical trials involving patients with
different types of neuropathic pain [11]. Recommendations for the treatments are individualized based
on the drugs’ efficacy, accessibility, side-effect profile, as well as cost-effectiveness. Opioids such as
tramadol, morphine [12], methadone, and oxycodone [12,13] are the usual treatments for neuropathic
pain in clinical settings.

There are a few drawbacks to the use of opioids—mainly that they often involve health
complications such as sedation, dependence, dizziness, vomiting, nausea, constipation, and respiratory
depression [14]. In addition, repeated or prolonged opioid administration leads to tolerance to a
particular dose, resulting in a higher dosage being required to achieve the same pain relief effect [15].
Long-term opioid usage could also cause addiction, triggering compulsive drug-seeking behavior.
Moreover, the discontinuation of opioid therapy results in severe withdrawal effects, which usually
occur in patients who have developed tolerance [16]. Therefore, drugs derived from natural products
that are able to provide substantial pain relief with fewer side effects might be preferred.
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Zerumbone is an active compound isolated from the wild ginger plant, Zingiber zerumbet (L.)
Smith. This plant is native to Southeast Asia and mainly grows in tropical and subtropical regions [17].
Ginger plants have been reported for their vast medicinal properties and have been used since earlier
times as folkloric medicine [18] to treat minor diseases and ailments, such as indigestion, stomach upset,
colic, cramp, morning sickness, fever, congestion, sore throat, nausea, asthma, toothache, fracture,
swelling, diabetes, rheumatism, and arthritis [19-21]. Therefore, active compounds of this plant have
been isolated and studied for their properties in recent years. Scientific testing of the possible pain relief
effects of zerumbone have proved that it effectively inhibited pain in models of nociception [22,23]
and inflammation [24]. Interestingly, zerumbone also attenuated allodynia and hyperalgesia in a mice
model of neuropathic pain [25-28].

Zerumbone (2,6,9,9-tetramethyl-[2E,6E,10E]-cycloundeca-2,6,10-trien-1-one) is a monocyclic
sesquiterpene with three double bonds (two conjugated and one isolated) and a conjugated carbonyl
group in an 11-membered ring structure [29]. A wide array of molecular targets have been reported in
existing literature on this the «,3-unsaturated, carbonyl-based compound, which has great potential for
cancer and nociceptive treatments [30,31]. Recently, Hwang et al. [32] reported on the pharmacokinetic
properties of zerumbone, which possesses good water solubility with blood—brain barrier and central
nervous system (CNS) permeability values using absorption, distribution, metabolism, excretion,
toxicity (ADMET) simulation. Using in silico methods, zerumbone has shown binding capacity to
several proteins and receptor sites [33,34]. Despite the vast amount of literature on zerumbone’s
characteristics, interactions of this compound with potassium channels and opioid receptors remain
unknown. Based on docking analysis, the o,(-unsaturated carbonyl scaffold is the main force
responsible for zerumbone’s therapeutic effects [32,35,36].

To further understand the exact underlying mechanism of this compound, we aimed to investigate
if zerumbone’s actions involve potassium channels and opioid receptors in a chronic constriction injury
(CCI)-induced mice model of neuropathic pain.

2. Results

2.1. Involvement of Voltage-Dependent K* Channels in Zerumbone’s Antiallodynic
and Antihyperalgesic Effects

The involvement of voltage-dependent K* channels in the antineuropathic properties of
zerumbone was investigated by blocking the channels with a voltage-dependent K* channel blocker,
tetraethylammonium (TEA). Pre-treatment the animals (n = 8) with TEA (4 mg/kg; i.p.) prior to
zerumbone significantly reversed the antiallodynic effect of zerumbone (10 mg/kg; i.p.) (p < 0.05)
(Figure 1A). Similarly, pre-treatment with TEA (n = 8, 4 mg/kg; i.p.) also reversed the antihyperalgesic
effect of zerumbone (10 mg/kg; i.p.) (p < 0.05) (Figure 1B). Treatment with TEA alone (n = 8) did not
elicit any effect on the withdrawal threshold or latency in either test.

2.2. Involvement of ATP-Sensitive K* Channels in Zerumbone’s Antiallodynic and Antihyperalgesic Effects

The involvement of ATP-sensitive K* channels in the ability of zerumbone to induce analgesia was
investigated by pre-treating the animals with an ATP-sensitive K* channel antagonist, glibenclamide
(GLIB). GLIB (10 mg/kg; i.p.) significantly reversed the antiallodynic effect (n = 8) (Figure 2A)
and antihyperalgesic (n = 8) (Figure 2B) effects of zerumbone (10 mg/kg; i.p.) (p < 0.05). Administration
of the antagonist alone did not elicit any effect on this mice model.

2.3. Involvement of Small- and Large-Conductance Ca®*-Activated K* Channels in Zerumbone-Induced
Antiallodynia and Antihyperalgesia

The involvement of small-conductance Ca®*-activated K* channels in the antineuropathic
properties of zerumbone was investigated using a selective small-conductance Ca®*-activated K*
channel inhibitor, apamin (APA). APA (0.04 mg/kg; i.p.) was administered prior to zerumbone
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treatment, while the antiallodynic (n = 8) (Figure 3A) and antihyperalgesic (n = 8) (Figure 3B) effects of
zerumbone (10 mg/kg; i.p.) (p < 0.05) were absent. Treatment with APA (0.04 mg/kg; i.p.) alone did not
elicit any effect on the animal’s behavioral responses.
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Figure 1. Effect of zerumbone (10 mg/kg; i.p.) and pre-treatment with a voltage-dependent K* channel
blocker (tetraethylammonium, TEA; 4 mg/kg; i.p.) on the responses toward (A) mechanical allodynia
and (B) thermal hyperalgesia on chronic constriction injury (CCI)-induced neuropathic pain in mice.
Each column represents the mean + SEM; n = 8 mice per group. Note: # significantly different (p < 0.05)
than sham group; * significantly different (p < 0.05) than vehicle group (one-way ANOVA followed by
Tukey’s post hoc test).
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Figure 2. Effect of zerumbone (10 mg/kg; i.p.) and pre-treatment with an ATP-sensitive K* channel
blocker (glibenclamide, GLIB; 10 mg/kg; i.p.) on the responses toward (A) mechanical allodynia
and (B) thermal hyperalgesia on CCI-induced neuropathic pain in mice. Each column represents
the mean + SEM; n = 8 mice per group. Note: * significantly different (p < 0.05) than sham group;
* significantly different (p < 0.05) than vehicle group (one-way ANOVA followed by Tukey’s post
hoc test).
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Figure 3. Effect of zerumbone (10 mg/kg; i.p.) and pre-treatment with a small-conductance
Ca’*-activated K* channel inhibitor (apamine, APA; 0.04 mg/kg; i.p.) on the responses toward
(A) mechanical allodynia and (B) thermal hyperalgesia on CCl-induced neuropathic pain in mice.
Each column represents the mean + SEM; n = 8 mice per group. Note: # significantly different (p < 0.05)
than sham group; * significantly different (p < 0.05) than vehicle group (one-way ANOVA followed by
Tukey’s post hoc test).

The large-conductance Ca?*-activated K* channel inhibitor charybdotoxin (CHAR; 0.02 mg/kg; i.p.)
was administered prior to zerumbone (10 mg/kg; i.p.) to investigate whether the action of zerumbone
is carried out via large-conductance Ca?*-activated K* channels. The results show significant (p < 0.05)
reversal of the antiallodynic (n = 8) (Figure 4A) and antihyperalgesic (n = 8) (Figure 4B) effect elicited
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by zerumbone alone, demonstrating the role of large-conductance Ca?*-activated K* channels in
zerumbone’s properties of attenuating neuropathic pain symptoms.
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Figure 4. Effect of zerumbone (10 mg/kg; i.p.) and pre-treatment with a large-conductance
CaZ*-activated K* channel inhibitor (charybdotoxin, CHAR; 0.02 mg/kg; i.p.) on the responses
toward (A) mechanical allodynia and (B) thermal hyperalgesia on CCI-induced neuropathic pain in
mice. Each column represents the mean + SEM; n = 8 mice per group. Note: # significantly different
(p £ 0.05) than sham group; * significantly different (p < 0.05) than vehicle group (one-way ANOVA
followed by Tukey’s post hoc test).

2.4. Involvement of Non-Selective Opioid Receptors

The antiallodynic effects observed in the zerumbone (10 mg/kg; i.p.)-treated group was absent
when the animals were pre-treated with naloxone (NAL; 10 mg/kg; i.p.) before administering
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zerumbone (10 mg/kg; i.p.) (p < 0.05) (Figure 5A). Similarly, the outcome of the Hargreaves’ test shows
that the administration of NAL (10 mg/kg; i.p.) before zerumbone (10 mg/kg; i.p.) treatment caused
a complete reversal (p < 0.05) of zerumbone’s antihyperalgesic effect (Figure 5B). It is important to
note that NAL (10 mg/kg; i.p.) alone does not exhibit any significant (p > 0.05) effect on CCI mice.
In both tests, the antiallodynic and antihyperalgesic effects of morphine in CCl-induced mice were also
reversed by pre-treatment of the non-selective opioid receptor blocker.
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Figure 5. Effects of zerumbone (10 mg/kg; i.p.) and morphine (10 mg/kg; i.p.) and pre-treatment with
a non-selective opioid receptor antagonist (naloxone, NAL; 10 mg/kg; i.p.) on the responses toward
(A) mechanical allodynia and (B) thermal hyperalgesia on CCl-induced neuropathic pain in mice.
Each column represents the mean + SEM; n = 8 mice per group. Note: * significantly different (p < 0.05)
than sham group; * significantly different (p < 0.05) than vehicle group (one-way ANOVA followed by
Tukey’s post hoc test).
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2.5. Involvement of Selective u-Opioid Receptors

The participation of p-opioid receptor subtypes was investigated by blocking the receptors
with a selective p-opioid antagonist, 3-funaltrexamine (3-FN). Pre-treatment with 3-FN (40 mg/kg;
subcutaneous, s.c.) prior to zerumbone significantly reversed the antiallodynic effect of zerumbone
(10 mg/kg; i.p.) (p < 0.05) (Figure 6A). Similarly, pre-treatment with 3-FN (40 mg/kg; s.c.) also reversed
the antihyperalgesic effect of zerumbone (10 mg/kg; i.p.) (p < 0.05) (Figure 6B).
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Figure 6. Effect of zerumbone (10 mg/kg; i.p.) and pre-treatment with a selective p-opioid receptor
antagonist (3-funaltrexamine, 3-FN; 40 mg/kg; s.c.) on the responses toward (A) mechanical allodynia
and (B) thermal hyperalgesia on CCI-induced neuropathic pain in mice. Each column represents
the mean + SEM; n = 8 mice per group. Note: * significantly different (p < 0.05) than sham group;
* significantly different (p < 0.05) than vehicle group (one-way ANOVA followed by Tukey’s post

hoc test).
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2.6. Involvement of Selective 0-Opioid Receptors

The involvement of 5-opioid receptors in the action of zerumbone was investigated by pre-treating
the animals with a selective $-opioid subtype antagonist, naltrindole (NTI). Pre-treatment with
NTI (20 mg/kg; s.c.) prior to zerumbone significantly reversed the antiallodynic (Figure 7A)
and antihyperalgesic (Figure 7B) effects of zerumbone (10 mg/kg; i.p.) (p < 0.05).
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Figure 7. Effect of zerumbone (10 mg/kg; i.p.) and pre-treatment with a selective 5-opioid receptor
antagonist (naltrindole, NTI; 20 mg/kg; s.c.) on the responses toward (A) mechanical allodynia
and (B) thermal hyperalgesia on CCl-induced neuropathic pain in mice. Each column represents
the mean + SEM; n = 8 mice per group. Note: # significantly different (p < 0.05) than sham group;
* significantly different (p < 0.05) than vehicle group (one-way ANOVA followed by Tukey’s post
hoc test).
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2.7. Involvement of Selective x-Opioid Receptors

The involvement of k-opioid receptors in the antineuropathic properties of zerumbone were
investigated using a selective k-opioid subtype antagonist, nor-binaltorphimine (nor-BNI; 10 mg/kg;
s.c.). The nor-BNI was administered prior to zerumbone treatment and the antiallodynic (Figure 8A)
and antihyperalgesic (Figure 8B) effects of zerumbone (10 mg/kg; i.p.) (p < 0.05) were absent. Treatment
with nor-BNI (10 mg/kg; s.c.) alone did not elicit any effect on the animal’s behavioral responses.
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Figure 8. Effect of zerumbone (10 mg/kg; i.p.) and pre-treatment with a selective k-opioid receptor
antagonist (nor-binaltorphamine, nor-BNI; 10 mg/kg; s.c.) on the responses toward (A) mechanical
allodynia and (B) thermal hyperalgesia on CCI-induced neuropathic pain in mice. Each column
represents the mean + SEM; n = 8 mice per group. Note: # significantly different (p < 0.05) than sham

group; * significantly different (p < 0.05) than vehicle group (one-way ANOVA followed by Tukey’s
post hoc test).

2.8. Rota Rod Assay

All the mice in the sham, zerumbone (10 mg/kg; i.p.), TEA (4 mg/kg; i.p.), GLIB (10 mg/kg;
i.p.), APA (0.04 mg/kg; i.p.), CHAR (0.02 mg/kg; i.p.), NAL (10 mg/kg; i.p.), B-FN (40 mg/kg; i.p.),
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NAL (20 mg/kg; s.c.), nor-BNI (10 mg/kg; s.c.), and morphine (10 mg/kg; i.p.) groups were able to
survive on the rota rods throughout the period of three minutes (n = 8) (Figure 9).
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Figure 9. Effects of the treatments on the rota rod performance in mice following treatment
with zerumbone, (A) potassium channel antagonists, and (B) opioid receptor antagonists. (TEA:
Tetraethylammonium; GLIB: Glibeclamide; APA: Apamine; CHAR: Charybdotoxin; NAL: Naloxone;
B-ENIL: B-funaltrexamine; NTIL Naltrindole; nor-BNI: nor-binaltorphamine). Values represent
the means + SEM; n = 8 mice per group (one-way ANOVA followed by Tukey’s post hoc test).

3. Discussion

The involvement of K* channels, specifically the Ky, Karp, SKca, and BK¢, channels, were
demonstrated in zerumbone’s action of inducing analgesia in the CCI model of neuropathic pain.
This is due to the reversal of the antiallodynic and antihyperalgesic effects exhibited by zerumbone
(10 mg/kg; i.p.) following pre-treatment with channel blockers or inhibitors. The respective inhibitors
specifically deterred zerumbone’s action on those channels, meaning zerumbone failed to lower
the pain threshold or latency values. The rota rod assay ensured that the outcome was entirely a
behavioral response and not a consequence of impaired motor function, a possible sedative effect of
the treatments, or a suppression of general behavior [37,38], as all mice were able to survive on the rota
rod for the entire three minutes without falling or rolling over.

Voltage-gated potassium channels (Ky) channels in myelinated axons are present in the paranodal,
internodal, and even the juxtaparanodal regions. However, they are generally absent in the nodal
regions in mammalian nerves [39]. Ky channels are also present in unmyelinated axons, as well as
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in distinct populations of dorsal root ganglion (DRG) neurons, which influence neuronal excitability
following pharmacological blockade [40]. In the case of nerve injury, myelin sheaths will be disrupted or
removed, leading to conduction blockage. The blockage is due to an increase in membrane capacitance
and decline in membrane resistance. K* channels at juxtaparanodes are usually electrically isolated
but are exposed or appear uncovered during demyelination, reducing neuronal excitability. Therefore,
pharmacological compounds that block Ky channels improve conduction in those demyelinated
axons [39].

The opening of Ky channels could be blocked by TEA, a small ion that binds to the inner and outer
sites of the channels. Blockade at the internal mouth of the channel pores is voltage-dependent
but blockade at the outer mouth is almost voltage independent [41]. In this study, intraperitoneal
administration of TEA alone at 4 mg/kg had no effect on the behavioral response. However, zerumbone’s
antiallodynic and antihyperalgesic effects were absent following pre-treatment of TEA, clearly indicating
the involvement of Ky channels in zerumbone-induced analgesia.

There are various mechanisms for drugs to carry out their functions. Drug molecules can reside in
the pockets in the inner mouth of channel pores, where typical blockers reside when they interact with
other molecules. These drugs displace the blockers, preventing them from acting on the channels [42].
Another interesting mechanism is when drug molecules attach themselves to the “gating hinges”,
disrupting the normal function of the channel gates. Retigabine, a Ky7 activator, uses this mechanism
in its action [43]. Furthermore, drugs can also act as disinactivators and interrupt the association
between «- and f3-subunits, thus altering the channel behavior [44].

Many drugs and analgesics share similar mechanisms by acting as Ky channel openers or activators.
Triaminopyridines such as flupiritne and retigabine are analgesics, which act by enhancing maximum
steady-state K* conductance at saturating voltages. Thermal hyperalgesia in neuropathic rats was
alleviated when flupitine was injected at neuroma sites [45]. Retigabine on the other hand reduces
bradykinin-induced pain [46] and carrageenan-induced hyperalgesia [47]. Fampridine, a non-selective
Ky channel modulator, has already been established as being able to treat multiple sclerosis [48].

Karp channels can be selectively blocked by glibenclamide [49]. In this study, the involvement of
Katp channels in zerumbone’s antiallodynic and antihyperalgesic effects was clearly demonstrated.
Likewise, Perimal et al. [23] reported that zerumbone exhibited marked inhibition of pain against
chemical models of nociception in mice, with the possible opening of Karp channels.

Clinically available drugs such as clonidine [50], 5-HT; agonists [51], and morphine [52] are
analgesics that are specifically mediated by Karp channels. Other blockers of potassium channels do not
alter the analgesic effects of these drugs but are only reversed following pre-treatment with a selective
Karp antagonist. Other drugs such as cromakalim, pinacidil [53], minoxidil [54], and nicorandil [55]
have also been reported to mediate their analgesic effects via Kap channels.

A high expression of BK¢, channels in the trigeminal ganglion [56], superficial dorsal horn [57],
and dorsal root ganglion, DRG [58] induces antihyperalgesic effects in neuropathic pain models.
However, the expression of BKc, channels was suppressed in DRG neurons following L4-L5 nerve
ligation injury [58] and in the superficial dorsal horn in a partial sciatic nerve ligation model [57].

The involvement of BK¢, channels in the antiallodynic and antihyperalgesic effects of zerumbone
was also observed in this study, as the effects were reversed when mice were pre-treated with CHAR
(0.02 mg/kg; i.p.), a selective BKc, channel inhibitor. The opening of BKc, channels in DRG neurons
reduces the depolarization-evoked firing of action potentials [59]. BKc, channels are ideal cell
excitability feedback regulators. This is due to BK¢, channels having high conductance, whereby
the duration of action potentials is shortened by BK¢, channel activation. This consequently increases
the rate of repolarization and reduces depolarization, leading to rapid post-polarization effects [59].

The stimulation of BKc, is subject to dual control, where it is either activated by a rise in
the cytosolic Ca?* concentration or by membrane depolarization. The induction of BK¢, openings can
be caused by intracellular free calcium alone while the domains of voltage sensors remain activated [60].
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Furthermore, the induction of these channels can also be due to voltage alone, indicating that the dual
control of these channels could function either synergistically or via independent mechanisms [61].

The large-conductance BK, channels are rather weakly sensitive to voltage [62]. When cytoplasmic
Ca®* concentrations are at resting levels, the BKc, channels can only be opened by the presence of very
positive voltages. However, the voltage-dependent activation takes a leftward shift along the voltage
axis towards a more negative membrane potential. An increase in the free Ca®* concentration shifts
the activity of these channels in the physiologic membrane potential range [61]. Membranes remain
hyperpolarized when BK¢, channels are in an open state during neuronal firing. This further causes
an inhibitory feedback, limiting the influx of Ca* and excitability. Therefore, these channels are
powerful regulators of synaptic transmission at nerve terminals [63]. Due to maladaptive pain signaling
and abnormal excitability of the somatosensory system in chronic pain conditions, the role of these
channels is vital, and drug targeting of these channels and their actions might be more effective.

Small-conductance SK¢, channels were also involved in the antiallodynic and antihyperalgesic
effects of zerumbone in this study, as the compound’s effects were reversed when mice were pre-treated
with apamin (APA; 0.04 mg/kg; i.p.), a selective SKc, channel inhibitor. This outcome suggests
that zerumbone enhances SK¢, channel activity, leading to a substantial reduction in the sensory
input. Compound (E)-2-(4,6-difluoro-1-indanylidene) acetamide and drugs such as chloroxazone [64]
and riluzole [65] are enhancers of SK¢, channel activity and are potent analgesics. The effects of
resveratrol, a drug that exhibits peripheral antinociceptive activity, were reversed in the presence of
APA [66].

Zerumbone also used the opioidergic pathway to elicit its analgesic effects on the neuropathic pain
models. This is because the antiallodynic and antihyperalgesic effects exerted by zerumbone (10 mg/kg;
i.p.) were reversed when mice were pre-treated with a non-selective opioid receptor antagonist, NAL.
NAL showed no effect when administered alone. Similarly, morphine (positive control), an opiate
known for its analgesic action, specifically via the p-opioid receptor, also showed a complete reversal
of its action when treated with NAL.

The opioidergic pathway plays a role in pain modulation, whereby activation of opioid
receptors is implicated with pain regulation, neuroendocrine modulation, reinforcement and reward
behavior, and changes in neurotransmitter release. Numerous endogenous opioid peptides such as
dynorphin-A, met-enkeplin, and 3-endorphin are produced by the body’s innate response to pain [67].
Opioid-mediated analgesia includes both the ascending and descending pain pathways and exerts
both centrally and peripherally mediated effects [67]. Opioids act as agonists of either one or more of
the three classic opioid receptors subtypes (, k, and 9) to activate the pathway [68].

Activation of opioid receptors induces the pain inhibitory modulation via three main events,
which are activation of the inwardly rectifying K* channels, inhibition of the voltage sensitive
Ca?* channels, and reduction of the cyclic adenosine monophosphate (c(AMP) production following
the inhibition of adenylyl cyclase [69]. Conversely, opioid receptors utilize other intermediate
messenger systems to activate the cascade of mitogen-activated protein kinase, phospholipase C,
and large-conductance Ca?*-activated K* channels [70]. This series of events, especially the modulation
of K* and Ca?* channels, lowers neuronal excitability, decreases the rate of neuronal firing, and inhibits
neurotransmitter release [67,71].

Opioid receptors are widely distributed in the brain [72-74]. Two important brain centers involved
in opioid-produced antinociception are the rostral ventromedial medulla (RVM) and periaqueductal
gray (PAG) of the midbrain. These centers are critical targets for both endogenous opioids and opioid
pharmaceuticals. Spinally projecting neurons in the RVM are activated by cells in the PAG, which then
inhibit nociceptive cells in the spinal cord [75,76]. Furthermore, high densities of opioid receptors
can also be found in the hypothalamus, hippocampus [77], habenula, nucleus raphe magnus, caudate
nucleus, and the spinal cord [74]. It is important to note that opioid receptors are also found in
peripheral neurons, which also play a role in antinociception [67]. However, from this experimental
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design we could not speculate on the exact site of zerumbone’s action, as the compound was employed
via the intraperitoneal route and was present systemically.

Zerumbone’s ability to attenuate thermal hyperalgesia was reversed when the mice were
pre-treated with 3-FN, the p-opioid receptor antagonist. This indicates that zerumbone possibly acts
as the p-opioid receptors’ agonist and modulates pain by activating these receptors. It was reported
earlier that the functional involvement of different opioid receptor subtypes and neuronal pathways
differentially is influenced by the modalities of the noxious stimuli [78]. A thermal noxious stimulus
responds more effectively to u-type agonists [79], further supporting the effectiveness of zerumbone
in attenuating thermal hyperalgesia. Morphine, whose analgesic effect is modulated by p-opioid
receptors, is a drug that is prescribed for the management of moderate to severe pain [80]. The clear
benefits of p-agonists in pain treatments have been reported for over 1000 years [80].

The antiallodynic and antihyperalgesic effects of zerumbone were reversed when $-opioid
receptors were blocked with a specific 5-opioid receptor antagonist, naltrindole. This clearly indicates
the involvement of these receptors in zerumbone-induced analgesia. The function of 5-opioid
receptors in the pain pathway was evident when §-receptor knockout mice amplified inflammatory [81]
and neuropathic [82] pain conditions. This demonstrates the presence of endogenous $-opioid
receptors’ activity in effectively reducing chronic and persistent pain. Therefore, systemically active
d-opioid receptor agonists are useful targets for chronic pain [83]. Various novel 5-agonists have been
developed as preclinical model analgesics. They include NIH 11,082 [84], DL5859 [85], KNT-127 [86],
and compound 8e [87].

Zerumbone when administered alone reduced the pain response towards mechanical allodynia
and thermal hyperalgesia. However, when mice were pre-treated with nor-binaltorphamine, a k-opioid
receptor antagonist, the effects of zerumbone were reversed. This indicates that zerumbone also acts
as a k-opioid receptor agonist to carry out pain modulation. Nociception caused by pressure has
also been reported to preferentially respond to k-opioid receptor agonists [79], providing evidence of
the properties of zerumbone, which shows a lowered response towards mechanical hyperalgesia.

Although k-opioid agonists’ maximum effect has been reported to be weaker than p-opioids
such as morphine, researchers were still very interested in developing k-opioid agonists. This is
because k-opioid agonists can be used for pain-relief without activating the reward pathways, which
are stimulated by p-opioids. However, k-opioid agonists can cause problems, such as constipation,
dysphoria, and diuresis [88]. Therefore, if zerumbone was able to act in the same way as k-opioid
agonists in providing analgesia without the presence of adverse effects, perhaps it would be a better
option to be considered as a treatment for pain relief.

Furthermore, the activation of k-opioid receptors directly closes Na* channels [89]. This is
an important feature of any drug for the treatment of neuropathic pain, as the pathophysiology of
neuropathic pain shows the increased density and expression of abnormal of Na* channels along
the primary afferent neurons. The increased spontaneous membrane potential oscillation and alterations
to the conductance of those channels reduce the firing threshold, resulting in the spontaneous activity
of sensory neurons [90]. Drugs such as lidocaine, which act as sodium channel blockers, are currently
used as treatments for neuropathic pain [90].

Opverall, we found that zerumbone utilizes the opioidergic pathway. Natural products are known
to utilize multiple receptors of varying mechanisms to exhibit their actions. Similarly, we hypothesize
that zerumbone acts through multiple receptors to attenuate allodynia and hyperalgesia in neuropathic
pain models. Previously, zerumbone was shown to utilize the serotonergic pathway in CCI-induced
allodynia and hyperalgesia [27]. Activation of serotonergic receptors stimulates the release of opioids
and gamma-aminobutyric acid, GABA, thus inhibiting transmission of nociceptive signals [91].
Therefore, we postulate that serotonin and its receptors may correlate with the opioidergic pathway
for zerumbone to exhibit its antineuropathic effects.

In the study by Zulazmi et al. [26], the antiallodynic and antihyperalgesic effects of zerumbone in
a neuropathic pain mouse model was postulated to act through L-arginine-nitric oxide-cGMP-K* ATP
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channels. The NO-cGMP pathway activation and K* channels have been shown to correlate [92,93].
In a recent report by the research team, the antiallodynic and antihyperalgesic effects of zerumbone were
shown to interact with the noradrenergic system, TRPV1, and NMDA receptors [94]. The noradrenergic
system has been shown to act synergistically with the opioidergic pathway atboth spinal and supraspinal
sites [95-97]. TRPV and NMDA receptors are primarily involved in excitatory nociceptive processing.
The nociceptive action of these receptors is modulated by calcium ions [98,99]. As mentioned earlier,
the opioidergic pathway reduces neuronal activity by modulating calcium and potassium channels.
Therefore, current literature on the mechanisms of action of zerumbone support our current observations
regarding opioid receptors.

The antagonists of potassium channels TEA, GLIB, APA, and CHAR; and opioid receptors NAL
and NTI were administered 15 min prior to zerumbone treatment, but 3-FN and nor-BNI were
administered 24 h prior to zerumbone treatment. This is because different drugs and blockers have
different targets, binding affinities, and efficacies, which take different durations to exhibit their
effects [100]. The mode of drug administration also differs between groups. Drug administration via
the intraperitoneal mode causes faster absorption into the blood stream compared to subcutaneous
administration. Drugs are administered subcutaneously if a slower release of the drug into
the vasculature is required, whereby fast administration might produce adverse effect such as
respiratory depression [100]. The antagonist’s modes of administration, dose, and duration of
effect were pre-tested to ensure they did not increase pain or sensitivity in the animals prior to
testing on the actual experimental animals. This protocol was reported by Ming-Tatt et al. [92]
and Zakaria et al. [101].

The pathophysiological changes that occur after nerve injury include altered expression and efficacy
of potassium channels and opioid receptors at various sites of the pain pathway. The changes can
occur in the peripheral nerves, dorsal root ganglion, spinal cord, along the ascending and descending
pathways, as well as in the brain [9,102,103]. In this study, we administered zerumbone systemically
to test the involvement of potassium channels and opioid receptors. However, the exact target site
of zerumbone could not be determined in this study design, which is a limitation of this study.
In this study, evidence was provided of the involvement of potassium and opioid receptors in
zerumbone’s action solely on the behavioral outcome. However, we did not screen for the effect of
zerumbone on the receptor and receptor subtype’s molecular expression along the pain pathway,
which is another limitation of this study. Therefore, future studies should evaluate the underlying
molecular mechanisms and narrow down the specific sites of zerumbone’s action to allow translational
research into targeted forms of therapy.

The expression of opioid receptors and potassium channels was altered in CCI animals. The effects
of each antagonist were confirmed by having groups treated by zerumbone alone and antagonists alone
to confirm the partial contribution of each as a standard protocol for these experiments. A study by
Le Guen et al. [104] reported that when opioid receptor antagonists were administered into naive rats,
behavioral changes occurred, indicating tonic activity in the endogenous opioid peptides acting on
mu opioid receptors. NAL or 3-EN triggered Fos-like immunoreactivity in the nucleus of the solitary
tract, area postrema, rostral ventrolateral medulla, supramammillary nucleus, central nucleus of
the amygdala, and the Kolliker—Fuse nucleus of the central nervous system [104,105]. NTI and nor-BNI
showed no effect on naive rats [104].

On the other hand, potassium channel blockers (TEA, APA, CHAR) reduce the mouse immobility
time of intensity in forced swimming tests, an animal model for depression. These blockers produce an
antidepressant-like effect by preventing hyperpolarization, leading to a higher excitatory response [106].
Hyperalgesia and antinociception also do not occur in mice when GLIB is administered alone [106,107].

When a particular drug that uses a single receptor or channel type provides a good level of analgesia,
it is presumed that the summation effect of zerumbone (i.e., using all -, k-, and 8-opioid receptors,
as well as Ky, KATP, BKCa, and SKCa channels) should provide better pain relief. However, this was not
reflected in our outcome, as the pain threshold and latency were lower than the levels in the sham control
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group and in the animals that received morphine. Achieving 100% analgesia is almost unachievable,
unless it is accompanied by severe sedative and nervous suppression. The pharmacodynamics of
zerumbone is not fully understood, but it is known to interact with multiple pathways without causing
any adverse effects. We are unable to provide a summation analysis of the individual effects of
zerumbone through these experiments, as the antagonists were administered on different groups of
animals. Therefore, we suggest that future studies could aim to characterize the binding properties of
zerumbone in opioid receptors and potassium channels.

4. Materials and Methods

4.1. Preparation of Zerumbone

Zerumbone was extracted from the rhizomes of Zingiber zerumbet as outlined by Perimal et al. [23].
Rhizomes of Z. zerumbet were obtained from the Chow Kit wet market in Kuala Lumpur. Mr. Shamsul
Khamis, a resident botanist at Institute of Bioscience, Universiti Putra Malaysia, identified and confirmed
the plant species, then a sample specimen was inserted at the herbarium of the Laboratory of Natural
Products, Institute of Bioscience, Universiti Putra Malaysia, with the voucher number of SK622/07.

Freshly purchased rhizomes were washed, sliced into small pieces, and allowed to air-dry
overnight. The rhizome pieces were then ground in a commercial food processor (Cgoldenwall,
Hangzou, China) into powder. Then, the powder was dissolved with hexane and water before
the solution was repetitively subjected to hydrodistillation. Soluble o0il was collected and water
was removed. Crude essential oil was collected after the solvent had evaporated by using a rotary
evaporator (Heidolph, Schwabach, Germany).

The crude essential oil was refrigerated at 4 °C for 48 h. Pure crystals that were formed
were subjected to column chromatography (LiChro CART, Darmstadt, Germany). The purity of
the eluate was determined by thin-layer chromatography (Merck, New York, NY, USA). Following
repetitive recrystallization, zerumbone was stored at —80 °C until further use. High-performance
liquid chromatography (HPLC) (Waters 2695, Pliening, Germany) analysis carried out on a sample of
this batch of zerumbone showed 96.2% purity. Dimethyl sulfoxide (DMSO), Tween 20, and 0.9% NaCl
at a ratio of 5:5:90 were used to dissolve zerumbone prior to treatment administration.

4.2. Drugs and Chemicals

Tetraethylammonium, glibenclamide, apamin, and charybdotoxin were purchased from Tocris
(Bristol, UK). DMSO and Tween 20 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Naloxone hydrochloride, 3-funaltrexamine, naltrindole, nor-binaltorphimine, DMSO, and Tween 20
were bought from Sigma-Aldrich (St. Louis, MO, USA). Morphine sulphate was purchased from
Lipomed (Cambridge, MA, USA). All drugs were dissolved in 0.9% NaCl. The vehicle consisted
of DMSO, Tween 20, and 0.9% NaCl at a ratio of 5:5:90. All treatments were administered either
intraperitoneally or subcutaneously at a volume of 10 mL/kg of body weight. Intraperitoneal injection
was administered in the intraperitoneal cavity and subcutaneous administrations were made into
the loose skin over the interscapular area.

4.3. Animals

Male ICR mice aged seven to eight weeks old (>25 g) were used in this study. Animals were
randomly housed eight mice (n = 8) per cage for each treatment group at room temperature (24 + 2 °C)
and under standard environmental conditions of 12 h light and 12 h dark cycles. An acclimatization
period of one week was allowed before the animals were subjected to tests. Standard laboratory feed
and tap water was available ad libitum. All experimental procedures were evaluated and approved by
the Institutional Animal Care and Use Committee (IACUC) of Universiti Putra Malaysia (reference
number UPM/IACUC/AUP-R060/2013). All efforts to minimize the use of animals and pain caused to
the animals were taken.
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4.4. Induction of Neuropathic Pain

Neuropathic pain was induced by making constrictions to the sciatic nerve as previously described
by Bennett and Xie [108], with slight modifications [109]. The entire surgical procedure was carried
out under sterile conditions. First, the mice were anaesthetized with an intraperitoneal (i.p.) injection
of tribromoethanol (250 mg/kg). The mid-thigh region of the hind limb was shaved before a small
incision of approximately 5 mm was made to the skin. The biceps femoris muscle was separated
by blunt dissection to expose the sciatic nerve. Three loose ligatures spaced 1 mm apart were made
around the nerve proximal to the trifurcation using 4/0 silk sutures. Then, the incision to the skin was
closed using a non-absorbable suture. Animals allocated in the sham group underwent the entire
surgical procedure, however the sciatic nerves were not ligated. Povidone iodine was applied to
the wound and animals were allowed to recover on flat paper bedding before they were returned to
their home cages.

4.5. Experimental Design

On day 14 post-surgery, CCI-induced mice were pre-administered with either tetraethylammonium
(a voltage-dependent K* channel blocker, 4 mg/kg; i.p.), glibenclamide (an ATP-sensitive K* channel
blocker, 10 mg/kg; i.p.), apamin (a small-conductance Ca®*-activated K* channel inhibitor, 0.04 mg/kg;
i.p.), or charybdotoxin (a large-conductance Ca’*-activated K* channel inhibitor 0.02 mg/kg; i.p.)
15 min prior to zerumbone (10 mg/kg; i.p.) treatment to determine the involvement of potassium
channels in zerumbone-induced analgesia.

To determine the involvement of opioid receptors in zerumbone’s action, CCI-induced mice were
pre-treated with NAL (a non-specific opioid receptor antagonist 10 mg/kg; i.p.) or NTI (a selective
d-opioid receptor antagonist, 20 mg/kg; s.c.), then 15 min before zerumbone (10 mg/kg; i.p.) treatment
-FN (a selective p-opioid receptor antagonist; 40 mg/kg; s.c.) or nor-BNI (a selective k-opioid receptor
antagonist; 10 mg/kg; s.c.), was administered 24 h prior to zerumbone (10 mg/kg; i.p.) treatment.
Morphine (10 mg/kg; i.p.) was used as the positive control in the NAL and 3-FN groups [92].

Sham, vehicle, and zerumbone-only groups were administered treatments accordingly. The mice
were subjected to nociceptive assays 30 min later.

4.6. Nociceptive Assays

Nociceptive assays were carried out via von Frey’s filament test followed by the Hargreaves test
to evaluate the responses towards mechanical allodynia and thermal hyperalgesia. An interval of
5 min was allowed between assays

4.6.1. VON Frey’s Filament Test

The treatment effects on the response towards mechanical allodynia were evaluated by von Frey’s
filament test as described by Martinov et al. [110]. Briefly, the mice were allowed to acclimatize
after they were placed in a Plexiglass chamber on an elevated wire mesh grid. Electronic von Frey’s
anesthesiometer filaments (IITC Life Science Inc., Los Angeles, CA, USA) were applied to the middle
dorsum of the ipsilateral paw of the mice when the animals were on all four limbs. The pressure
at which the animals withdrew their paws from the filament was read from the automated reader.
The mean of three readings was recorded as the withdrawal threshold. The cut-off point was setat5 g
within 20 s.

4.6.2. Hargreaves Test

The treatment effects on the response towards thermal hyperalgesia were evaluated by
the Hargreaves test as described by Hargreaves et al. [111]. Mice were allowed to acclimatize
in a Plexiglass chamber placed on top of an elevated clear platform. Then, a radiant heat source
from a Hargreaves apparatus (37370, UgoBasile, CA, USA) was directed to the mid-plantar surface of
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the ipsilateral paw when the animals were on all four limbs. The time taken for the mice to remove its
paw from the heat source was recorded as the withdrawal latency. A cut off latency was set at 20 s,
after which the heat was removed to prevent injury to the paws.

4.7. Rota Rod Test

In order to ensure that the behavioral responses exhibited by the animals were not due to
the possible sedative effects of the treatments, the rota rod test was carried out. On day 14 post-CCI,
the rota rod test was performed after 30 min in the zerumbone group and at the respective time points
where nociceptive assays were carried out in the other groups. Each mouse was placed on a rota rod
bar (UgoBasile, Gemonio, Italy) rotating at 20 rpm. The time each mouse spent on the rotating bar
throughout a period of 3 min was recorded [26,28].

4.8. Statistical Analysis

Data are expressed as mean + SEM. Statistical analysis was carried out using Statistical Analysis
for Social Science (SPSS) version 16.0. Comparisons between groups were made with one-way ANOVA
followed by Tukey’s post hoc test, where p-values of less than 0.05 were considered as significant.

5. Conclusions

We conclude that zerumbone’s antiallodynic and antihyperalgesic effects exhibited in
the CCI-induced mice model of neuropathic pain involve K* channels, specifically the Ky, Katp,
BKc,, and SK¢, channels. Furthermore, zerumbone also involves the p-, 6-, and k-opioid receptor
subtypes in its neuropathic pain modulation. Future research studies aiming to further investigate
the other possible mechanisms of action are warranted in order to fully characterize the antineuropathic
properties of zerumbone.
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Abstract: The present work represents the invitro (potency, affinity, efficacy) and in vivo
(antinociception, constipation) opioid pharmacology of the novel compound 14-methoxycodeine-6-
O-sulfate (14-OMeC6SU), compared to the reference compounds codeine-6-O-sulfate (C6SU),
codeine and morphine. Based on in vitro tests (mouse and rat vas deferens, receptor binding
and [35S]GTPYS activation assays), 14-OMeC6SU has p-opioid receptor-mediated activity, displaying
higher affinity, potency and efficacy than the parent compounds. Inrats, 14-OMeC6SU showed stronger
antinociceptive effect in the tail-flick assay than codeine and was equipotent to morphine, whereas
C6SU was less efficacious after subcutaneous (s.c.) administration. Following intracerebroventricular
injection, 14-OMeC6SU was more potent than morphine. In the Complete Freund’s Adjuvant-induced
inflammatory hyperalgesia, 14-OMeC6SU and C6SU in s.c. doses up to 6.1 and 13.2 pmol/kg,
respectively, showed peripheral antihyperalgesic effect, because co-administered naloxone methiodide,
a peripherally acting opioid receptor antagonist antagonized the measured antihyperalgesia.
In addition, s.c. C6SU showed less pronounced inhibitory effect on the gastrointestinal transit
than 14-OMeC6SU, codeine and morphine. This study provides first evidence that 14-OMeC6SU
is more effective than codeine or C65SU in vitro and in vivo. Furthermore, despite C6SU peripheral
antihyperalgesic effects with less gastrointestinal side effects the superiority of 14-OMeC6SU was
obvious throughout the present study.

Keywords: peripheral antinociception; 14-methoxycodeine-6-O-sulfate; codeine-6-O-sulfate

1. Introduction

Natural, semisynthetic and synthetic u type opioid receptor (MOR) agonists are essential and
the most efficient medicines to relieve moderate to severe pain in the clinical practice. MORs,
together with 6 and « type opioid receptors (abbreviated as DOR and KOR, respectively), are Gj/,-type
G-protein coupled receptors, which reduce cAMP levels, inhibit calcium channels (N/P) and open
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potassium channels, overall resulting in the inhibition of neurotransmitter release from the presynaptic
membrane [1,2] and hyperpolarizing the post synaptic membrane [3]. From a general point of view,
opioids produce analgesia by full or partial activation of opioid receptors, in particular MOR types
at the spinal and supraspinal levels. In addition, pharmacological evidence has shown that opioids
are also capable to produce antinociception by the activation of opioid receptors reside outside the
central nervous system [4-10]. Indeed, opioid agonists that have been reported to induce peripheral
antinociception display a prerequisite physiochemical property, a limited central nervous system (CNS)
penetration [4,5,7]. Thus, over the last four decades many opioid research groups have undertaken
the task of synthesis and pharmacological characterization of opioid compounds with limited CNS
penetration and thereby inducing antinociception by activating opioid receptors at the periphery.
It is worth noting that quaternization of nitrogen on morphine-based structure derivatives has been
reported to have negative impact on both the affinity and agonist activity of generated analogs [11].
To overcome this issue, medicinal chemists have been seeking for other ways to develop opioid agonists
with limited CNS penetration, meanwhile retaining or even increasing the pharmacological profile,
when compared to the parent molecules [12].

One of the most successful chemical approaches to improve the safety (limited CNS penetration)
profile and the efficacy of morphine and other morphinans, is the synthesis of zwitterionic structures.
This chemical structure modification was carried out by the introduction of ionizable groups into the
C-6 position such as sulfate, amino acids or guanido groups as described previously [6,13-21]. Such
compounds have been demonstrated to have reduced central side effects as well [5,21]. Extreme increase
in the affinity, efficacy and analgesic activity was measured for 14-methoxy analogs of morphine or
oxymorphone compared to the parent compounds [4,6,20,22,23].

A study by Zuckerman and co-workers has shown that codeine-6-O-sulfate (C6SU) displayed
exclusive affinity for MOR, yet it was found that intracerebroventricularly administered C6SU produced
weak analgesia at lower doses and increasing the dose of C65U evoked convulsion and death that
hampered the assessment of its analgesia [17]. Indeed, convulsion following intracerebroventricular
(i.c.v.) injection of codeine has also been reported, though systemic codeine is used as an analgesic for
mild to moderate pain and the World Health Organization approves its usage as the second step of the
analgesic ladder for cancer pain [24]. To the best of our knowledge, no data have been reported on the
systemic analgesic effect of C6SU.

Compared to morphine, codeine has a weaker affinity for opioid receptors and preferably binds to
the MOR [25-28]. As with all opioids, codeine also produces central adverse effects such as addiction
and respiratory depression [26,29-31], as well as peripheral ones such as constipation [30,31]. These
are mainly mediated through the MOR [32,33]. It is therefore imperative to increase the analgesic
efficacy of C6SU by the above mentioned strategy and underline again the analgesic properties of
C6SU and codeine after both central and peripheral administrations.

The aims of the present work were to synthesize and characterize 14-methoxycodeine-6-O-sulfate
(14-OMeC6SU) and to compare the structure-activity relationship of the novel compound to the already
characterized C6SU [14,17], to the parent compound codeine (for structures see Figure 1) and to
morphine, a prototypical opioid analgesic. During pharmacological characterization we analyzed
its receptor preference (selectivity and affinity) by biochemical (equilibrium radioligand competition
binding) and by biological assays (MVD, mouse vas deferens; RVD, rat vas deferens). A further
objective was to measure the analgesic effect of the novel compound and compare to C6SU, codeine and
morphine in rat tail-flick test. We have also characterized the antinociceptive effects of 14-OMeC6SU
and C65SU on hyperalgesia induced by Complete Freund’s Adjuvant (CFA) in order to draw a conclusion
on the possible peripheral antinociception. Additionally, constipation, one of the most common side
effects of codeine was also investigated, by analyzing the changes in gastrointestinal transit with the
charcoal meal assay in the presence of the test compound.
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codeine codeine-6-O-sulfate 14-methoxycodeine-6-O-sulfate
Figure 1. The structure of codeine, codeine-6-O-sulfate and 14-methoxycodeine-6-O-sulfate.

2. Results
2.1. Receptor Binding Assays

2.1.1. 14-OMeC6SU Displayed High Affinity and MOR Selectivity in Radioligand Competition
Binding Assay

The novel codeine analog 14-OMeC6SU, CS6U and the parent compound codeine were tested
for opioid receptor binding affinity and selectivity in in vitro radioligand competition binding assays
using prototypic selective radioligands for MOR and DOR in rat brain membrane homogenates, or
for KOR in guinea pig brain membrane homogenates. The prototypic opioid ligands displayed high
affinity as expected and are in accordance with previous data [20,23].

14-OMeC65U showed higher affinity for MOR 28 and 217 times when compared to C6SU and
codeine, respectively (Figure 2A, Table 1). In addition, it displayed affinity for DOR and KOR but the
affinity was 101 and 72 fold, respectively, lower than that for MOR. (Figure 2B, Table 1). Although
14-OMeC6SU displayed relevant KOR affinity, the displacement was only 51.34% (+11.53) compared
to total specific binding (Figure 2C, Table 1). Compared to codeine, C6SU showed significantly higher
MOR affinity and endowed a micromolar affinity to the DOR, however, C6SU did not displace the DOR
radioligand completely to the non-specific binding level at the highest concentration (26.45 + 6.02%,
Figure 2B). Furthermore, in contrast to 14-OMeC6SU, C65U did not show significant KOR affinity
(Figure 2C, Table 1). The parent compound codeine showed poor affinity for MOR and none for DOR
and KOR (Figure 2 and Table 1).
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Figure 2. Dose-response curves featuring binding affinity of 14-methoxycodeine-6-O-sulfate
(14-OMeC6SU) and codeine-6-O-sulfate (C6SU) to p-opioid receptor (A), d-opioid receptor (B) and
k-opioid receptor (C) compared to codeine and morphine in competition binding experiments performed
in rat (A and B) and guinea pig (C) brain membrane homogenate. For control the unlabeled form of the
applied radioligands are also indicated. All figures represent the specific binding of the corresponding
radioligand (A: [PHJDAMGO, B: [°H]Ile>® deltorphin II [TleDelt T1], C: [PH]U-69593) in percentage
(means + S.E.M.) normalized to total specific binding (100%) in the presence of increasing concentrations
(0.1 nM-10 uM) of the indicated unlabeled ligands. Total specific binding was determined in the
absence of the indicated unlabeled ligands and indicated with a dotted line. The K; + S.E.M. values are
presented in Table 1.
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Table 1. Inhibitory constant values (Kj + S.E.M.) and selectivity ratios of codeine-6-O-sulfate (C6SU) and
14-methoxycodeine-6-O-sulfate (14-OMeC6SU) compared to codeine in competition binding assays
with [PHIDAMGO, [*H]lleDelt IT and [*H]U-69593, which are i1 type opioid receptor (MOR), § type
opioid receptor (DOR) and « type opioid receptor (KOR) specific radioligands, respectively performed
in rat or guinea pig brain membrane homogenates. The unlabeled form of the radioligands are also

indicated for control and for further comparison.

K; + S.EM. (nM) Selectivity Ratio
Compounds PHIDAMGO (1) ' [PHllleDelt I1 (8) 1 [PH]U-69593 (x) 2 &/u  «k/n  §/k
14-OMeC6SU 3.37 + 0.48 ** 345.52 + 132.52 2557 £21501 0o ong 14
(n=6) (n=5) (n=5)
96.91 +20.3 * 968.28 + 471.38 N.D.2
C6SU =5 =6 (n=5) 99 - .
Codeine 736.74 + 319.63 ND.* N.D.* : : :
(n=4) (n=4) (n=4)
. 0.76 + 0.08 114.21 + 44.83 N.D.*
5 - -
Morphine n=7) (n=6) (n=4) 150.3
Homol livand® 0.59 +0.12 3.81 +0.88 5.51 +0.97 ) ) )
omologous ligan (n=5) (n=6) (n=5)

! performed in rat brain membrane homogenates; 2 performed in guinea pig brain membrane homogenates; > the
compound did not inhibit total specific radioligand binding (100%) to 50%, thus the K; value cannot be interpreted
(N.D. not determined); # the compound did not alter significantly (One-sample t test) the total specific radioligand
binding (100%), thus the K; value cannot be interpreted (N.D. not determined); > adopted from [23]; © indicates
the unlabeled form of the radioligands and represent a control for the assay (u1: DAMGO 6&: TleDelt I, k: U-69593);
* compared to codeine (One-way ANOVA, with Sidak’s multiple comparison test; ** P < 0.01, *** P < 0.001).

2.1.2. 14-OMeC6SU Shows Strong Agonist Activity in [?°S]JGTPyS Binding Assay

The agonist activity of 14-OMeC6SU was analyzed in [®S]JGTPyS G-protein activity assay and
compared to C6SU, codeine and the prototypical opioid receptor selective agonists for u, 5 and «
opioid receptors (DAMGO, deltorphin IT and U-69593, respectively) (Figure 3 and Table 2). Similar to
competition binding experiments, rat and guinea pig brain tissues were used to measure the agonist
potency and efficacy of the test compounds. In addition, 14-OMeC6SU was also measured in rat
spinal cord and compared to MOR and DOR selective agonists. The agonist properties (ECsy, Emax,)
of the reference compounds were as expected and as reported previously [20,23]. Additionally, in
rat brain tissues we aimed to demonstrate whether U-69593 can produce measurable KOR activity.
In accordance with previous work [34] the KOR agonist did not show significant agonist activity
(Figure 3A, Table 2) in contrast to guinea pig brain (Figure 3B, Table 2).
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Figure 3. 14-methoxycodeine-6-O-sulfate (14-OMeC6SU) compared to codeine-6-O-sulfate (C6SU) and
codeine in [**SJGTPyS binding assays performed in rat (A) and guinea pig (B) brain and rat spinal cord
(C) membrane homogenates. For comparison standard p-, 8- and k-opioid receptor selective agonists,
DAMGO, deltorphin II (Delt II) and U-69593, respectively are also presented. Figures represent
the specific binding of [*>S]JGTPYS in percentage (means + S.E.M.) in the presence of increasing
concentrations (0.1 nM-100 uM) of the indicated ligands. “Total” on the x-axis indicates the basal
activity of the monitored G-protein (defined as 100%, its level is presented as a dotted line), which is
measured in the absence of the compounds and also represents the total specific binding of [°S]GTPyS.
Emax and ECs + S.E.M. values are presented in Table 2.

176



Molecules 2020, 25, 1370

Table 2. Maximum G-protein efficacy (Emax) and potency (ECsg) of 14-methoxycodeine-6-O-sulfate
(14-OMeC6SU) compared to codeine-6-O-sulfate (C6SU) and codeine in [**S]GTPyS binding assays in
rat or guinea pig brain and rat spinal cord membrane homogenates. The table also indicates the -, 5-
and k-opioid receptor specific agonists DAMGO, deltorphin II (Delt IT) and U-69593, respectively.

Compounds Tissue Samples (1) Emax £ S.E.M. (%) ECs5p + S.E.M. (nM)
14-OMeC6SU Rat brain (7) 128.6 + 3.69 301.1 + 196.6
Guinea pig brain (6) 130.2 £2.72 >1000
Rat spinal cord (5) 128.8 +1.51 674.2 +157.9
C6SU Rat brain (5) 121 +£7.27 >10000
Guinea pig brain (5) 101.7 £ 1.97 N.D.!
Rat spinal cord (5) 119.3 + 1.81 >1000
Codeine Rat brain (5) 109.7 + 11.48 N.D.!
Guinea pig brain (5) 103.6 + 2.04 N.D.!
Rat spinal cord (4) 102.1 + 0.49 N.D.!
Morphine Rat brain (7) 2 128.8 +2.66 250 + 131.7
Guinea pig brain (5) 3 119 +1.99 461.6 +250.1
Rat spinal cord (7) 2 124.4 £ 2.09 126 + 72.37
DAMGO (w) Rat brain (7) 155.3 + 4.98 427 +201.9
Rat spinal cord (5) 137.8 +2.65 90.14 + 40.61
Delt II (5) Rat brain (7) 1229 +1.77 44.39 + 2351
Rat spinal cord (3) 113 +£3.32 >1000
U-69593 (k) Rat brain (4) 103 + 0.84 N.D.!
Guinea pig brain (7) 126.8 + 3.05 298.3 +£176.2

1 not determined, the compound did not alter significantly the basal activity (100%) of the G-protein, thus the ECs
value cannot be interpreted (One sample t test, hypothetical value 100%; > adopted from [35]; > adopted from [23]; *
compared to data obtained from guinea pig brain membranes (One-way ANOVA, with Sidak’s multiple comparison
test, P < 0.05).

14-OMeC6SU and DAMGO showed comparable agonist potencies, but 14-OMeC6SU displayed
lower Enax value than DAMGO (Figure 3, Table 2). On the other hand, 14-OMeC6SU displayed similar
agonist efficacy (Emax) in rat and guinea pig brain or rat spinal cord tissues, but the potency of the
compound was significantly weaker in guinea pig brain membranes (Figure 3, Table 2). C6SU showed
partial agonist activity in rat brain or spinal cord and failed to produce agonist effect in guinea pig
brain (Figure 3, Table 2). Codeine did not alter G-protein basal activity, thus it did not show agonist

activity in any of the investigated samples (Figure 3, Table 2).

14-OMeC6SU showed naloxone reversible effect in rat brain or guinea pig brain, indicating that

the test compound produces its effect through the opioid receptors (Table 3).

Table 3. Examining the opioid receptor mediation in G-protein activity ([*>S]GTPyS specific binding
normalized to basal activity) of 14-OMeC6SU in the presence or absence of 10 uM naloxone in [35S]GTPYS
binding assays performed in rat and guinea pig brain membrane homogenates. 14-OMeC6SU was
added in 10 and 100 uM in rat and guinea pig brain membranes, respectively.

[5SIGTPYS
Specific Binding + S.E.M. (%)
Compounds Rat Brain Guinea Pig Brain
130.1 £7.99 128.7 £2.08
14-OMeC6SU (n=7) (n=5)
96.24 + 4.51 ** 95.84 + 1.34 ***

+10 uM naloxone (n=5) (n=5)

* compared to C6SU (unpaired t test, two-tailed P-value, **: P < 0.01; ***P < 0.001).
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2.2. 14-OMeC6SU Is a Full Agonist in MVD and RVD

14-OMeC6SU in a concentration dependent manner, inhibited the mouse vas deferens smooth
muscle contractions (Figure 4A). The measured Emax (efficacy) was similar to that of DAMGO, however
DAMGO was 2 times more potent than 14-OMeC6SU (Table 4, Figure 4A). 14-OMeC6SU showed
significant efficacy compared to C6SU, codeine or morphine in inhibition of the contraction of MVD
(Table 4, Figure 4A). C6SU, similar to morphine, showed concentration-response curves reaching a
ceiling effect in a submaximal range (Table 4, Figure 4A). The ECsj of test compounds are presented in
Table 4.

A B
100 100
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R 80 2 80 2
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E 40 E 40 -= C6SU
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Figure 4. The inhibitory effect of 14-OMeC6SU on electrically evoked contractions of MVD (panel A) or
RVD (panel B) compared to C6SU, codeine, morphine or DAMGO. Data are presented as mean + S.E.M.
The Enax and EC5 values are presented in Table 4.

Table 4. The agonist activity of 14-OMeC6SU described by maximum efficacy (Emax) and ligand
potency (ECsp) to inhibit electrically evoked mouse vas deferens contractions and rat vas deferens
contractions (MVD and RVD, respectively). Results were compared to C65U, codeine or to prototypic
opioid agonists, morphine and DAMGO.

Emax = S.E.M. (%) ECsg + S.E.M. (nM)
Compounds (n) MVD RVD MVD RVD
14-OMeC6SU (13; 6)  98.31 = 0.52 **+/##fif+++ 74 8] 4 2 74 wex/XXx/$5 239.2 + 6.15 ***/### >1000
C6SU (10; 5) 77.81 + 3.11 ###/+++ 16.15 + 3.25 > >1000 #/H++/xxx >10000
Codeine (5; 4) 40.33 £ 4.69 No effect >1000 N.D.2
Morphine (8; 6) ! 46,91 +3.23 No effect 154.5 + 93.36 N.D.2
DAMGO (8; 5) 91.91 +2.97 97.57 + 4.52 122.4 + 19.55 79.81 + 19.61

* compared to C6SU (One-way ANOVA, with Sidak’s multiple comparison test, *** P < 0.001); # compared to codeine
(One-way ANOVA, with Sidak’s multiple comparison test, ## P < 0.001; # P < 0.01); * compared to morphine
(One-way ANOVA, with Sidak’s multiple comparison test, *** P < 0.001); * compared to DAMGO (One-way
ANOVA, with Sidak’s multiple comparison test, *** P < 0.001; ** P < 0.01); $ compared to 14-OMeC6SU in MVD
(unpaired t-test, two tailed P value; 55 p < 0.001); adopted from [23]; 2 not determined, since the compounds did
not show inhibitory effect.

The opioid receptor type preference of 14-OMeC6SU was assessed in the MVD assay in the presence
of naloxone as non-selective opioid antagonist. Furthermore, 14-OMeC6SU receptor preference was also
examined in the presence of naltrindole or nor-BNI, selective antagonist for DOR or KOR, respectively.
For comparison, the prototype agonists, DAMGO, DPDPE and U-69593 for MOR, DOR and KOR,
respectively were also used. The K values of the antagonists are presented in Table 5. The obtained Ke
values of naloxone against 14-OMeC6SU, C6SU or DAMGO were not significantly different from one
another, indicating that the test compounds act on MOR.

In RVD, 14-OMeC6SU produced 74.81 + 2.74% maximum effect (efficacy), which is significantly
less than in MVD bioassay (98.31 + 0.52%). Statistical analysis revealed that the efficacy of the novel
compound significantly decreased compared to DAMGO (Epax: 97.57 + 4.52%), though the fall in the
values did not exceed 25% indicating that the novel compound produced substantial efficacy in this
organ. On the other hand, the Emax of C65SU did not exceed 20%, showing that there was a pronounced
drop in the efficacy compared to the novel compound or DAMGO (Table 4, Figure 3B). Morphine and
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codeine failed to produce any inhibitory effect in RVD. The K, values of naloxone against 14-OMeC6SU
and DAMGO did not differ significantly from each other (Table 5), indicating a MOR-mediated effect.

Table 5. The opioid receptor selectivity of 14-OMeC6SU in electrically evoked contractions of MVD and
RVD bioassays compared to C6SU, indicated by the K, value of selective opioid antagonists. Reference
opioid agonists were also measured for control.

Ke + S.E.M. (nM)

Naloxone () Naltrindole (8) nor-BNI (k)

Compounds MVD RVD MVD MVD
2.08 £ 0.16 2.59 + 0.53 4.01 £ 1.06 5.31 £1.09

14-OMeC6SU = 11) ) 1) 1)
3.25+0.77 1 2.69 +0.93 3.05 +0.89

C6su (n=10) N.D. (n=4) (n=6)

1.8+0.32 187 + 0.4 X N

DAMGO () n=5) =5 N.D. N.D.

DPDPE (5) N.D.! N.D. 0'((’3’1 * gf’?’ N.D.!

U-69593 (K) N.D.! N.D.! N.D.! O'i’f\ * g_)14

! not determined.

2.3. 14-OMeC6SU Produces Antinociceptive Effect in Rat Tail-flick Assay

Following the in vitro characterization, rat tail-flick test as an in vivo thermal pain model was
applied to examine the acute antinociceptive effect of 14-OMeC6SU, and to compare it that of C6SU,
codeine or morphine. After s.c. administration 14-OMeC6SU showed antinociceptive effect equipotent
to morphine and stronger than codeine (Table 6, Figure 5A). The test compounds achieved peak
effect at 30 min. C65U showed weak antinociception displaying a ceiling effect, which did not reach
20% (19.91 + 2.67 at 26.35 umol/kg; Figure 5A). ED5( values (umol/kg) of 14-OMeC6SU, codeine and
morphine were 5.33, 54.01 and 6.87, respectively (Table 6). Additionally, the antinociceptive effect
of 12.21 umol/kg 14-OMeC6SU (76.42% + 9.08; n = 10) was completely blocked by co-administered
3.06 umol/kg naloxone (0.01% + 5.91; n = 5).

After i.c.v. administration the peak effects of 14-OMeC6SU and morphine were achieved at 10
and 30 min, respectively (Table 7, Figure 5B). Of note, in accordance with previous studies [17], i.c.v.
C6SU caused convulsions which hampered the assessment of its antinociception. The EDsj values
(umol/animal) of 14-OMeC6SU and morphine were 0.017 and 0.039, respectively (Table 7).

Table 6. Antinociceptive potencies (EDsp) of 14-OMeC6SU and codeine against radiant heat induced
nociception in rat tail-flick test after 30 and 60 min of s.c. administration. As a reference compound
morphine was also indicated.

EDsp (95% Confidence Limit) (umol/kg)

Time After s.c. Administration (min)

Compounds 30 60

5344 9.88
14-OMeC6SU (3.14-9.06) (7.47-13.06)

Codeine o i
(33.97-85.88) (61.54-131.2)

6.872 14.17

P

Morphine (4.59-10.27) (10.24-19.62)

1 [23]; @ Peak of effect.
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Figure 5. The antinociceptive effect (see Tables 3 and 4) of 14-OMeC6SU, compared to C6SU codeine and
morphine in rat tail-flick test after s.c. (A) and i.c.v. (B) administration. Data represent means + S.E.M.

Table 7. Antinociceptive potencies (EDs() of 14-OMeC6SU against radiant heat induced nociception in
rat tail-flick test after 10, 20 and 30 min of i.c.v. administration. As a reference compound morphine
was also indicated. The calculated s.c./i.c.v. ratio of EDs5( values from Table 6 are also indicated.

EDs5) (95% Confidence Limit) (umol/animal)

EDso

Time after i.c.v. Administration (min) . .
s.c./i.c.v. Ratio

Compounds 10 20 30
00172 0.018
14-OMeC6SU (0.011-0.026) (0.012-0.028) - 31412
. 0.055% 0.039 22
Morphine - (0.032-0.095) (0.022-0.068) 176.15

2 [22]; @ Peak of effect.

2.4. 14-OMeC6SU (in Certain Doses) and C6SU Possess Peripheral Antinociceptive Effects after Systemic
Administration in Rats with CFA-Induced Inflammatory Pain

The antinociceptive effect of 14-OMeC6SU was further investigated in CFA-induced inflammatory
pain, using Randall-Selitto paw pressure test. The paw pressure threshold (PPT) was reduced in the
inflamed right paw by 54.38 + 1.75 (n = 21) after the 4th day and by 61.59 + 2.11 (n = 21) after 7th day
following CFA treatment. The antinociceptive effect of 14-OMeC6SU was measured in doses of 0.76,
1.52,3.05, 6.1 and 12.2 umol/kg, 30 and 60 min after s.c. treatment both in inflamed and noninflamed
paws (Figure 6A). 14-OMeC6SU in dose of 6.1 umol/kg abolished hyperalgesia in the inflamed paws
and having no effect on the noninflamed paws, indicating that the effect was localized to the inflamed
one (Figure 6A). Furthermore, the antihyperalgesic effect of this dose was abolished by co-administered
naloxone methiodide (NAL-M; 10.65 pmol/kg), the peripheral restricted opioid antagonist (Figure 7A).
In the applied dose NAL-M failed to affect the pain thresholds of either the inflamed or noninflamed
paws (Figure 7A). Higher dose of 14-OMeC6SU (12.2 umol/kg) produced significant increase in the pain
threshold of both inflamed and noninflamed paws after 30 min (Figure 6A), and this effect was partially
affected by NAL-M in the inflamed paw (Figure 7A). Since C65U produced weak antinociception but
free of CNS effects such as convulsion in rat tail-flick test after s.c. administration, it was also further
investigated in a similar setup. The test doses of s.c. C6SU were 3.3, 6.6 and 13.2 umol/kg. Similar to
14-OMeC6SU, C6SU reached antinociceptive peak effect after 30 minutes. C6SU in doses of 6.6 and
13.2 umol/kg produced significant antihyperalgesic action in the inflamed paw and failed to affect
the noninflamed paws (Figure 6B). In contrast to 14-OMeC6SU, C6SU at higher doses produced an
effect only in the inflamed paw. In addition, the impact of the highest dose of C6SU was reversed by
10.65 pmol/kg NAL-M (Figure 7B). Vehicle failed to affect either the inflamed or noninflamed paws.
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Figure 6. The peak antinociceptive effects of subcutaneously administered 14-OMeC6SU (A) and
C65SU (B) in Complete Freund’s Adjuvant (CFA)-induced inflammatory pain. Figures indicate the
paw pressure threshold in g-s in the presence of 14-OMeC6SU or C6SU in the indicated dosages
30 min after the injection of the tests compounds. Data represent means + S.E.M. (n = 5-11 per group).
* significant difference between inflamed and noninflamed paw within the corresponding treated group
(two-way ANOVA, Sidak’s multiple comparisons test). * significant difference compared to inflamed
paw of vehicle treated group or compared to vehicle and 14-OMeC6SU 6.1 pmol/kg in the noninflamed
(two-way ANOVA, Tukey’s multiple comparisons test). **/*** P < 0.001; * P < 0.05.
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Figure 7. Antagonist action of co-administered naloxone methiodide (NAL-M) on the antinociceptive
effect of 14-OMeC6SU (A) and C6SU (B) in CFA-induced inflammatory pain 30 min after the injection
of the compounds. Figures indicate the paw pressure threshold in g-s in the presence of 14-OMeC6SU,
C6SU and NAL-M, and in the presence of NAL-M co-administered with 14-OMeC6SU or C6SU in the
indicated dosages. Data represent means + S.E.M. (n = 5-11 per group). * significant difference within
the inflamed paw compared to vehicle, NAL-M and to 6.1 umol/kg 14-OMeC6SU + NAL-M in panel A
(two-way ANOVA, Tukey’s multiple comparisons test). * significant difference within the inflamed
paw compared to the correspondent test compound alone in the appropriate dose (two-way ANOVA,
Tukey’s multiple comparisons test). *>*## P < 0.01; >/## P < 0.001.

181



Molecules 2020, 25, 1370

2.5. Inhibitory Effect of Systemic 14-OMeC6SU on Gastrointestinal Transit in Rats

After s.c. administration, 14-OMeC6SU up to 12.2 umol/kg induced mild, but statistically
significant inhibition of the gastrointestinal transit, whereas at higher dose (24.4 pmol/kg) it evoked
a marked (~68%) inhibition compared to vehicle (Figure 8A). C6SU displayed significant inhibitory
effect only in higher, 52.7 umol/kg, which effect was comparable to that of 14-OMeC6SU and morphine
in 12.2 and 15.54 pmol/kg dose, respectively (Figure 8B). C6SU at a higher, 105.4 umol/kg dose further
inhibited gastrointestinal transit, although the effect was not as strong as seen with 14-OMeC65U
with the highest applied dose (Figure 8A and B). Codeine, similar to C6SU was examined in higher
doses, however it showed a more pronounced effect, than C6SU (Figure 8C and B). On the other hand,
148.88 umol/kg codeine showed a similar level of inhibitory effect with 24.4 umol/kg 14-OMeC6SU,
which is more than a 6-fold difference in the doses (Figure 8C and A). As expected, 31.08 pmol/kg
morphine induced pronounced inhibition of the gastrointestinal transit (Figure 8D).
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Figure 8. The effect of 14-OMeC6SU (A) on rat gastrointestinal transit compared to C6SU (B), codeine
(C) and morphine (D). The figure represents the inhibition of gastrointestinal transit in percentage
(means + S.E.M.) of total length compared to vehicle treated group in the presence of 14-OMeC6SU,
C6SU and morphine in the indicated dosages. * indicates the significant difference compared to control
(One-way ANOVA, Tukey’s multiple comparisons post hoc test, P < 0.001). * P < 0.05; ** P < 0.01;
% P < 0.001.

3. Discussion

In this study for the first time we present the in vitro and the in vivo pharmacological properties
of 14-OMeC6SU applying biochemical, biological (isolated organs), acute and sub chronic pain model
assays. We also studied the acute effect of 14-OMeC6SU compared to C6SU or the clinically established
analgesic compound, morphine on rat intestinal transit. The in vitro results (affinity, potency and
efficacy) are alongside with the superiority of the novel compound, 14-OMeC6SU over C6SU or
codeine. Interestingly, results of in vivo studies for C6SU, particularly which obtained in inflammatory
pain model or in gastrointestinal transit assay, are of potential benefit in clinical practice: peripheral
analgesia and lower gastrointestinal adverse effect compared to 14-OMeC6SU. However, in terms of
analgesic potency 14-OMeC6SU was more potent than the C6SU in the applied pain models (thermal
and inflammatory pain) under the present experimental circumstances.
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In vitro assays were applied to assess the affinity, agonist potency, efficacy and receptor preference
(selectivity) of 14-OMeC6SU compared to that of parent or reference compounds. The consequence
of the chemical modification, the introduction of methoxy group into the C-14 of C6SU resulted in
a significant increase in the efficacy. Taking a backward step, the chemical modification carried on
codeine by Zuckerman [17], namely the introduction of -OSOj3 into C-6 of codeine has improved
both the affinity and the potency, yet limited the CNS access following systemic administration.
Nonetheless, both compounds, C6SU and codeine showed very low affinity for DOR (C6SU) and had
no measurable affinity for KOR. On the other hand, 14-OMeC6SU beside its affinity for MOR displayed
also measurable affinity for DOR and KOR. These results are reflected by the dose ratios produced
by naloxone, naltrindole and nor-BNI against 14-OMeC6SU, which were 9, 4 and 5, respectively.
Accordingly, 14-OMeC6SU showed the highest affinity for MOR compared to C6SU or codeine and
displayed similar binding properties as described in earlier studies, together with codeine [14,17,27].
Our results correspond well with previous data and confirm that the 14-O-methylation of the morphinan
structure significantly enhances not only the affinity for MOR, but also for DOR and KOR [4,6,20,22,23].
Other research groups have reported that 14-O-methyl analogs of oxymorphone have improved affinity,
agonist activity and antinociceptive potency compared to their parent compound, oxymorphone [36].
Indeed, a positive tremendous impact on the affinity and efficacy of morphine has been achieved
following introduction of -OSO3 and O-methyl into C-6 and C-14, respectively [22].

The analgesic efficacy of opioid agonists against acute and subchronic inflammatory pain has
been established in broad panel of human studies and rodent pain models. However, the achieved
analgesia following systemic administration of currently available opioids in clinical practice is a
CNS-mediated action, though a large number of studies carried out on humans and rodents has
demonstrated the presence of functionally active peripheral opioid receptors [6,16,37,38]. As a
result, substantial research has been undertaken to synthesize a new generation of peripheral opioid
receptor agonists free of central adverse effects (respiratory depression, addiction, tolerance, etc.),
since the opioid overdose related deaths are stemmed from such mechanisms, particularly respiratory
depression. Therefore, it is an unmet medical need that require new inventive tools to solve the
current opioid overdose crisis. It can be speculated that opioid ligands with limited CNS penetration
may produce analgesia through the activation of opioid receptors reside outside the CNS, namely
on sensory neurons at the periphery. Previously, Schmidhammer and Spetea and their coworkers
have developed several 14-alkyloxymorphinan and 14-O-methyloxymorphone analogs to improve the
pharmacology and safety profile of such compounds [36,39]. A similar strategy was carried out for the
synthesis of 14-O-methylmorphin-6-O-sulfate by our group [22] and here for the novel codeine analog,
14-OMeC6SU. Herein, we found that 14-OMeC6SU, codeine and morphine produced dose-dependent
antinociception in acute thermal pain model. On the other hand, C65U showed antinociceptive
dose-response curve of ceiling effect (maximum effect was 20%). We can hypothesize that this is due
to both the pharmacodynamic and pharmacokinetic properties of C6SU. The former feature reflects
the efficacy of C6SU, meaning that it activates the peripheral opioid receptors which can produce
only submaximal analgesia. The observed weak antinociceptive response for C65U is supported by
data obtained from experiments carried out in [**SJGTPyS binding assays as well as in the MVD or
RVD. For example, in RVD C6SU showed Emax (efficacy) that could not exceed 20 percent of response
achieved by DAMGO, a highly selective MOR agonist with high efficacy demonstrated in in vitro and
in vivo animal experiments [37,40,41].

The latter feature (pharmacokinetic) indicates that the possible access of C6SU into the brain
is limited, because the injection of C6SU directly into the brain evoked convulsion observed in our
present experiments and also reported by Zuckerman et al. [17]. At the present, we speculate that
in the rat tail-flick test, which is an acute thermal pain model and MORs are not undertaken to
substantial changes related to their number, the peripheral MOR reserve is not large enough for C6SU
to produce stronger analgesic effect. Therefore, based on the above, we further extended our studies
to examine the effect of 14-OMeC6SU compared to C6SU in animal pain model whereas the MORs
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reserve is significantly up-regulated [7,42,43]. Thus, CFA-induced inflammatory pain model suits the
prerequisite condition for partial agonists—like C6SU in the present work—because ours and other
research groups have reported on increased peripheral MOR expression in the inflamed paw in this
model [37]. It is well known, that partial agonists show lower agonist activity than the higher efficacy
opioid agonists when the MOR reserve is decreased [40]. Additionally, this pain model is widely used
in opioid research to assess the contribution of the peripheral opioid receptors to antinociception [5,44].
Here we found that systemic administration of both 14-OMeC6SU and C6SU abolished the reduced
pain threshold of the inflamed paws, indicating the antihyperalgesic effects of the test compounds.
Of note, the antihyperalgesic effect of 14-OMeC6SU which is limited to inflamed paw was achieved
by two times smaller dose than that achieved by C6SU. This result indicates that the introduction of
14-methoxy in C6SU enhanced the antinociceptive effect in accordance with our and results obtained
by Schmidhammer and co-workers [36]. To examine whether this effect is peripherally related, we
applied systemic naloxone methiodide, a peripherally acting opioid antagonist [45-47]. Accordingly,
14-OMeC6SU only in 6.1 umol/kg dose produced naloxone methiodide reversible antihyperalgesic effect.
However, co-administered NAL-M failed to antagonize the antihyperalgesic effect of 12.2 umol/kg
14-OMeC6SU, indicating the involvement of MORs within the CNS. We have paid attention to the
chosen dose of NAL-M when we designed the experiments. The 10.65 umol/kg NAL-M dose was
chosen based on results published by Fiirst and Schmidhammer groups as well as by Lacké et al. [5,6].
In the work by Fiirst et al., the applied NAL-M dose was five times less than we used here and ten times
less than used by Lacké et al. [5]. Keeping in mind that the HS-731, a MOR agonist of high efficacy
with limited CNS penetration, was proved to be 209 times more potent analgesic agent than morphine
after s.c. administration. In the present study applying a similar animal pain model, 14-OMeC65U
produced equivalent analgesia with morphine following s.c. administration. NAL-M at five times
lower dose than in the present study as mentioned above, was able to antagonized the effect of the
highly potent opioid agonist, HS-731. It therefore is unlikely that the applied NAL-M dose in our
study was unable to fully antagonize the higher dose (12.2 umol/kg) of 14-OMeC6SU, rather than the
penetration of 14-OMeC6SU to the CNS [6]. Herein, C6SU in doses of 6.6 umol/kg and 13.2 umol/kg
reversed the developed hyperalgesia in the inflamed paws and showed no significant impact on the
noninflamed paws. Moreover, this effect was sensitive to the co-administered naloxone methiodide,
indicating the peripheral mediated effect. In addition, no convulsive effect was observed in agreement
with data obtained in the tail-flick test and in contrast to the convulsive effect reported by Zuckerman
following i.c.v injection [17]. Of note, C6SU in s.c. dose of 13.2 umol/kg abolished the CFA-induced
hyperalgesia, whereas 105.4 pmol/kg produced weak antinociception (see tail-flick assay). It means
that the dose of C6SU that peripherally abolishes hyperalgesia is 8 fold less than the highest dose
applied in thermal pain model.

Furthermore, the possible impact of 14-OMeC6SU and C6SU on gastrointestinal transit was
also investigated, since the activation of gut opioid receptors is the crucial mechanism involved in
the development of constipation [48]. Opioid-induced constipation is a main issue in discontinuing
treatment with opioids, though antagonists for reversal of opioid-induced constipation such as
methylnaltrexone have been approved [49]. Indeed, peripherally acting opioids of lower inhibitory
effect on gastrointestinal transit are a new generation of pain treatment [50]. According to our results,
14-OMeC6SU inhibited gastrointestinal transit more pronounced than C6SU or codeine and it was
similar to that of morphine. In fact, among the investigated compounds, C6SU was the least effective
in this test, displaying similar gastrointestinal transit inhibition at 9- and 3-fold higher dose compared
to that of 14-OMeC6SU and codeine, respectively. In other words, C6SU showed less gastrointestinal
side-effect than 14-OMeC6SU, codeine and morphine in terms of opioid-induced constipation following
systemic administration and no CNS symptoms—such as convulsion—which have been reported
earlier for C6SU following a direct administration to CNS [17]. Nevertheless, opioid agonists of high
efficacy such as 14-OMeC6SU and others with limited CNS penetration might offer stronger peripheral
analgesia when we are considering different pain types, including those where the peripheral opioid
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receptor reserve is not altered. Actually, future studies are needed to elucidate whether or not the
peripheral analgesic tolerance is developed following chronic administration of high and low efficacy
compounds such as 14-OMeC6SU and C6SU, respectively in inflammatory pain. Though according
to the researcher’s standpoints, high efficacy opioids are favored in terms of tolerance. In general
14-OMeC6SU produced higher agonist efficacy and stronger antinociceptive effect than C6SU. However,
C6SU showed less gastrointestinal side-effect.

4. Materials and Methods

4.1. Animals

For mouse vas deferens (MVD) experiments male NMRI mice (3545 g, 6-10 weeks of age) were
used. Further studies were carried out on male Wistar rats weighing 140-240 g (4-7 weeks of age;
tail-flick test) and 160-260 g (5-8 weeks of age; rat vas deferens (RVD), CFA and gastrointestinal
charcoal meal tests). Mice and rats were obtained from Toxi-Coop Zrt. (Budapest, Hungary) and the
Animal House of Semmelweis University (Budapest, Hungary), respectively. Animals were housed
in the local animal house of the Department of Pharmacology and Pharmacotherapy, Semmelweis
University (Budapest, Hungary).

For in vitro receptor binding assays, male Wistar rats (250-300 g body weight; 6-10 weeks of age)
and male guinea pigs (~400-700 g body weight, 4-8 weeks of age; LAL/HA/BR strain) were used. Rats
were purchased from and housed in the local animal house of the Biological Research Centre (Szeged,
Hungary), guinea pigs were obtained from and housed in LAB-ALL Bt. (Budapest, Hungary).

The animals were kept in a temperature controlled room (21-24 °C) under a 12:12 light and dark
cycle and were provided with water and food ad libitum. All housing and experiments were handled in
accordance with the European Communities Council Directives (2010/63/EU), the Hungarian Act for the
Protection of Animals in Research (XXVIILtv. 32.§) and local animal care committee (PEI/001/276-4/2013).
All efforts were made to minimize the number of animals and their suffering.

4.2. Chemicals

Codeine-6-O-sulfate (C6SU) and 14-methoxycodeine-6-O-sulfate (14-OMeC6SU) were synthesized
as described under Section 4.3. Tris-HCl, EGTA, NaCl, MgCl, x 6H,0, Na- HCO3, KCl, KH,PO4,
glucose, 11.0; CaCly, GDP, the GTP analog GTPyS, naloxone methiodide and the KOR agonist U-69593
were purchased from Sigma-Aldrich (Budapest, Hungary). The MOR selective agonist enkephalin
analog Tyr-D-Ala-Gly-(NMe)Phe-Gly-ol (DAMGO) and the DOR selective agonist deltorphin II (Delt II)
were obtained from Bachem Holding AG (Bubendorf, Switzerland). The selective DOR agonist
Tle>®-deltorphin II (IleDelt IT) was synthesized in the Laboratory of Chemical Biology group of the
Biological Research Centre of the Hungarian Academy of Sciences (Szeged, Hungary). The non-selective
opioid receptor antagonist naloxone was kindly provided by the company Endo Laboratories DuPont
de Nemours (Wilmington, DE, USA). Morphine and codeine hydrochloride were obtained from
Alkaloida-ICN (Tiszavasvari, Hungary). Complete Freund’s Adjuvant (CFA), a water-in-oil emulsion
of killed mycobacterium, was purchased from Calbiochem (San Diego, CA). For in vitro tests, all
ligands were dissolved in water and were stored in 1 mM stock solution at 20 °C. Ligands used for
in vivo assays were dissolved in saline prior to the experiments.

The radiolabeled GTP analog, [?°SIGTPYS (specific activity: 1250 Ci/mmol) was purchased from
PerkinElmer (through Per-form kft., Budapest, Hungary). [PHIDAMGO (specific activity: 38.8 Ci/mmol),
[PH]IleDelt 1T (specific activity: 19,6 Ci/mmol) were radiolabeled by the Laboratory of Chemical Biology
group in BRC (Szeged, Hungary). [*H]U-69593 (specific activity: 43,6 Ci/mmol) were purchased
from PerkinElmer (through Per-Form Hungaria Kft., Budapest, Hungary). The UltimaGold™ MV
aqueous scintillation cocktail was purchased from PerkinElmer (through Per-Form Hungéria Kft.,
Budapest, Hungary).

185



Molecules 2020, 25, 1370

4.3. Chemistry

4.3.1. Synthesis of the Studied Compounds

The preparation of 14-methoxycodeinone was accomplished by the procedure of
Kobylecki et al. [51]. 14-hydroxycodeinone was O-alkylated with dimethyl sulfate or methyl iodide in
the presence of sodium hydride. The reduction of 14-methoxycodeinone with sodium borohydride in
methanol yielded 14-methoxycodeine. It was documented that the sodium borohydride reduction of
codeinone or 14-hydroxy-codeinone always proceeds streospecifically resulting in only the 6x-hydroxy
derivative of codeine or 14-hydroxy-codeine but never the 63-isomers. The hydride ion cannot attack
from the x-side of the codeinone molecule because of the steric hindrance of ring E (dihydrofuran)
oxygen. With the ring E is open, the reduction of 4-hydroxy-7,8-didehydro-morphinan-6-one affords
the C-6 epimer secondary alcohols in equal amounts [52,53].

The preparation of 14-methoxycodeine-6-O-sulfate ester was accomplished by our reported
method, the sulfation was performed with sulfur trioxide-pyridine complex in pyridine solvent.
The structures of codeine-6-O-sulfate and 14-methoxycodeine-6-O-sulfate were elucidated by NMR
spectroscopy. It is noteworthy that the influence of C-6 sulfate ester group is significant in the NMR
spectrum. For example, the chemical shifts of H-1 and H-2 aromatic protons separate remarkably
comparing with the chemical shifts of the parent compounds. In the case of H-5, H-6 and H-7, the
resonances of the sulfate esters were deshielded, resulting in a 0.5-1.0 ppm shift compared with the
corresponding values of codeine and 14-methoxycodeine. The lower field chemical shifts of the H-5,
H-6 and H-7 protons are explained by the electron withdrawing effect of sulfate group [54].

4.3.2. Codeine-6-O-sulfate

Codeine-6-O-sulfate was synthesized using our previously reported method [54]. Codeine (0.90 g,
3.00 mmol) was dissolved in 10 mL anhydrous pyridine. To this solution, pyridine-503 complex (1.43 g,
3 equiv.) was added in small portions and the slurry was stirred for 3.5 hours at 60 °C (Figure 9).
The crude product precipitated during the reaction as a white powder. Cold water (10 mL) and
chloroform (10 mL) were added to the suspension and was kept in the freezer overnight. The precipitate
was collected by filtration, washed twice with cold water and crystallized from boiling water to give
pure codeine-6-O-sulfate (colorless crystals, 37% crystallized yield). Mass spectra were recorded
on Agilent 6410 Triple Quad instrument using electrospray ionization (ESI) and negative polarity.
The purity of the samples was determined on HPLC system acetonitril-acetate buffer (0.02 mol,
pH =4.75, 30/70 v/v). The purity of codein-6-O-sulfate was > 97%. M.p.: 239-241 °C decomp. (water)
C]gHZlNO()S ESI MS: 379.

'H-NMR (600 MHz, dmso) § 9.68 (s, 1H, N-H), 6.74 (d, | = 8.2 Hz, 1H, H-2), 6.58 (d, ] = 8.2 Hz,
1H, H-1), 5.76 (d, ] = 9.8 Hz, 1H, H-7), 5.32-5.27 (m, 1H, H-8), 4.99 (d, ] = 6.0 Hz, 1H, H-5), 4.62 (br
d, ] =2.0Hz, 1H, H-6), 4.17 (s, 1H, H-9), 3.72 (s, 3H, O-CHj3), 3.31 (m, 2H, H-10b, H-16b), 2.92 (s, 3H,
N-CHj,), 2.86 (s, 1H, H-14), 2.86 (m, 1H, H-16a), 2.78 (m, 1H, H-10a), 2.24 (s, 1H, H-15b), 1.96 (s, 1H,
H-15a). ®*C-NMR (150 MHz, DMSO-dg): & = 147.3, 141.9, 132.6, 128.9, 125.5, 123.9, 119.3, 114.0, 89.5,
70.4,59.5,56.0, 46.4, 41.6, 40.6, 38.2, 32.6, 20.9.

4.3.3. 14-Methoxycodeine-6-O-sulfate

14-OH-codeinone (3.00 g, 9.10 mmol) was dissolved in anhydrous DMF (15 mL), NaH (0.75 g,
3.5 equiv.) was added in small batches and the resulting slurry was stirred for 1h at rt (Figure 9). Then
it was placed on an ice bath and dimethyl sulfate (1.2 mL, ~1.4 equiv.) was added dropwise after which
the mixture was stirred for 4h at rt. Water (10 mL) and 25% NH,OH (5 mL) was added, then solvent
was evaporated under vacuum. The residue was dissolved in chloroform (100 mL), rinsed with brine,
dried over anhydrous NaySOy (Figure 9), which was followed by the evaporation of the solvent to
yield 14-O-methylcodeinone as a dark red oil. A portion of this crude product (2.15 g, 6.50 mmol) was
dissolved in methanol (50 mL) and was placed on an ice bath while NaBH, (1.5 g, ~6 equiv.) was
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added in small portions (Figure 9). Then, the resulting mixture was stirred for 2 h at rt. The mixture
was made alkaline (pH = 9) by adding K,CO3, then the solvent was evaporated and the residue was
taken up in water (50 mL) and extracted with chloroform (3 x 30 mL), rinsed with brine and dried over
anhydrous Na,SO4. Removal of the solvent yielded 14-methoxycodeine as a pale yellow oil. This was
dissolved in dry pyridine and esterified as described for the synthesis of codeine-6-O-sulfate (Figure 9).
The purity of 14-methoxycodein-6-sulfate ester was > 97%. Crude 14-methoxycodeine-6-O-sulfate was
crystallized from boiling water to yield 1.5 g pure product (colourless crystals, 59% crystallized yield).
M.p. > 285 °C decomp. (water) C19H»3sNO;S ESI MS: 409

'H-NMR (600 MHz, DMSO-d6) § 9.06 (s, 1H, N-H), 6.76 (d, ] = 8.3 Hz, 1H, H-2), 6.60 (d, ] = 8.2 Hz,
1H, H-1), 6.07 (dt, ] = 10.0, 1.7 Hz, 1H, H-7), 5.57 (dd, ] = 10.0, 3.3 Hz, 1H, H-8), 4.92 (dd, ] = 6.2, 1.3 Hz,
1H, H-5),4.86 (ddd, | = 5.9, 3.2, 2.1 Hz, 1H, H-6), 4.34 (d, | = 6.5 Hz, 1H, H-9), 3.74 (s, 3H, O-CH3), 3.50
(d, ] =19.9 Hz, 1H, H-10b), 3.20 (s, 3H, O-CHs), 3.19 (d, ] = 4.6 Hz, 1H, H-16b), 2.93 (d, ] = 4.4 Hz, 3H,
N-CH3), 2.91-2.81 (m, 2H, H-10a, H-16a), 2.47 (td, ] = 13.6, 4.9 Hz, 1H, H-15b), 1.86 (dd, ] = 13.4, 3.7 Hz,
1H, H-15a). 13C-NMR (150 MHz, DMSO-dg): 5 = 143.4, 137.4, 136.6, 131.6, 127.7, 125.1, 118.3, 115.9,
89.0,73.7,64.8,56.1,55.9,46.4,44.7, 42.0,29.3, 28.6, 21.3 ppm.

MeO MeO

pyridine-SO5
—_—

pyridine

pyridine-SO5
_— =

pyridine

14-methoxycodeine-6-O-sulfate

Figure 9. The synthesis of codeine-6-O-sulfate and 14-methoxycodeine-6-O-sulfate. For further details,
see Section 4.3.

4.4. Receptor Binding Assays

4.4.1. Membrane Preparations

Animals were decapitated and their brains and spinal cords (from rats only) were quickly removed.
The tissue samples were prepared for membrane preparation according to Benyhe and co-workers [55].
Membrane fractions were prepared for competition and [*S]GTPyS binding assays according to Zador
and co-workers [56]. Spinal cord membranes were only used for [¥°S]GTPYS binding assays. In brief,
samples were homogenized and then centrifuged in ice-cold 50 mM Tris-HCl (pH 7.4) buffer and
incubated at 37 °C for 30 min in a shaking water-bath. After incubation, the centrifugation was repeated
and the final pellet was suspended in 50 mM Tris-HCI pH 7.4 buffer, containing 0.32 M sucrose and
stored at -80 °C for further use. For the [®°S]GTPyS binding experiments the final pellet of rat/guinea
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pig brain or spinal cord membrane fractions were suspended in ice-cold TEM (Tris-HCl, EGTA, MgCl,)
buffer and stored at-80 °C for further use.

4.4.2. Radioligand Competition Binding Assays

In competition binding assays the affinity of an unlabeled compound is analyzed by measuring
radioligand specific binding in the presence of increasing concentrations of the unlabeled test
compound [57].

Aliquots of frozen rat and guinea pig brain membrane homogenates were centrifuged (40,000 g,
20 min, 4°C) to remove sucrose and the pellets were suspended in 50 mM Tris-HCl buffer (pH 7.4).
Brain membranes homogenates containing 0.3-0.5 mg/mL of protein were incubated in the presence
of increasing concentrations (0.1 nM-10 uM) of C65U, 14-OMeC6SU, codeine or with the equivalent
homologues of the radioligands (DAMGO, Ile>® deltorphin IT and U-69593 for control) with ~ 1-3 nM
concentrations of the given radioligand. The incubation temperature and time were based on the
correspondent radioligand and were the following: [PHJDAMGO and [*H]lle>® deltorphin II in 35 °C
for 45 min, [PH]U-69593 in 30°C for 30 min. Experiments with [PH]U-69593 were performed in guinea
pig brain membrane homogenates, since the guinea pig brain has significantly more KORs than the rat
brain, while the rest of the radioligands (PHIDAMGO and [3H]Ile5f6'deltorphin II) were incubated
together with rat brain membrane homogenates. Non-specific and total binding was determined in
the presence of 10 uM unlabeled naloxone and in the absence of unlabeled compounds, respectively.
The reaction was terminated by rapid filtration under vacuum (Brandel M24R Cell Harvester), and
washed three times with 5 mL ice-cold 50 mM Tris-HCI through Whatman GF/C (FHIDAMGO,
[3H]11e5'6'deltorphin 11 or GF/B ([°H]U-69593) glass fibers (GE Healthcare Life Sciences through Izinta
Kft., Budapest, Hungary). The radioactivity of the filters was detected in UltimaGold™ MV aqueous
scintillation cocktail with Packard Tricarb 2300TR liquid scintillation counter. The competition binding
assays were performed in duplicate and repeated at least three times.

4.4.3. Functional [®S]GTPyS Binding Assays

In [3S]GTPYS binding experiments we measure the GDP—GTP exchange of the G/, protein
in the presence of the test compound in increasing concentrations to measure ligand potency and
the maximal effect (efficacy) of receptors G-protein [58]. The nucleotide exchange is monitored by a
radioactive, non-hydrolysable GTP analog, [**S]GTPyS.

The functional [®S]GTPyS binding experiments were performed as previously described [59,60],
with modifications. Briefly, the rat or guinea pig brain or rat spinal cord membrane homogenates
containing ~10 pg/mL protein were incubated at 30 °C for 60 min in Tris-EGTA buffer (pH 7.4)
composed of 50 mM Tris-HCl, 1 mM EGTA, 3 mM MgCl,, 100 mM NaCl. The incubation mixture also
contained 0.05 nM [¥S]GTPyS and increasing concentrations (0.1 nM-10 uM) of C6SU, 14-OMeC6SU,
codeine, morphine, DAMGO, deltorphin II or U-69593 and excess GDP (30 uM) in a final volume of
1 mL. Experiments examining KOR activity were performed only with guinea pig brain membrane
homogenates. To demonstrate the low reserve of KORs in rat brain, U-69593 was measured in these
samples in the same experimental set up as described above. Finally, specific binding of [**SJGTPyS
was also measured in the combination of 10 or 100 uM of 14-OMeC6SU in rat, or guinea pig brains,
respectively with 10 uM naloxone.

Total binding was measured in the absence of test compounds, while non-specific binding was
determined in the presence of 10 uM unlabeled GTPyS. The bound and unbound [°SIGTPyS were
separated as described in previous section through Whatmann GF/B glass fibers (GE Healthcare Life
Sciences through Izinta Kft., Budapest, Hungary). The radioactivity of the filters was also detected as
described in the previous section. [S]JGTPyS binding experiments were performed in triplicates and
repeated at least three times.

188



Molecules 2020, 25, 1370

4.5. Isolated Organs

4.5.1. Mouse vas Deferens (MVD)

Vasa deferentia were taken out from male mice. The preparation and the experimental procedures
were done as described previously [61]. Briefly, vasa deferentia were cleaned out from tissues and
suspended between two electrodes in organ baths of 5mL volume with 0.1g initial tension. The upper
and the lower electrodes have ring and straight form, respectively. The organ baths were filled with
Mg2+ free Krebs solution, of the following composition (mM/L): NaCl, 118.0; Na-HCO3, 25.0; KCl, 4.7;
KH;,POy, 1.2; glucose, 11.0; CaCly, 2.5 aerated with carbogen (95% O, + 5% CO,) and kept at 31°C. The
stimulation parameters were as follows: field stimulation, pairs (100 ms pulse distance) of rectangular
impulses (1 ms pulse width, 9V/cm i.e., supramaximal intensity) were repeated by 10 s. The muscle
contractions were monitored by LabChart 6.0 software.

4.5.2. Rat vas Deferens (RVD)

Vasa deferentia were removed from Wistar male rats and the experimental procedure was as
described for MVD, with the following modifications: use of Krebs solution with Mg2+, 0.5 g initial
tension and the electrical field stimulation (pulse width,1 ms; intensity, 9 V/cm) was delivered at
0.1 Hz frequency.

4.5.3. Experimental Paradigms of MVD and RVD

The experimental paradigm was similar as described previously [22]. Briefly, after the equilibration
time (30-40 min and 90-120 min for MVD and RVD, respectively) the first dose of agonist was added and
the concentration-effect curves were constructed in a cumulative manner. After that the preparations
were washed and allowed to regain their pre-drug twitch height. Then vasa deferentia were equilibrated
with antagonist for 20 min, and without washing a single concentration of agonist was added. In some
experiments antagonists were added cumulatively followed by 20 min equilibration time. To determine
dissociation constants of the antagonist, dose ratio (DR) values were obtained by the single-dose
method described by Kosterlitz and Watt [62].

4.6. Thermal Acute Pain Model (Tail-flick Test)

The rat tail-flick test was performed in order to analyze the acute antinociceptive effect of
14-OMeC6SU and C6SU. The test compounds were dissolved in saline and administered subcutaneously
(s.c.) or intracerebroventricularly (i.c.v.) as previously described [6]. Drugs or saline delivered in a
volume of 2.5 mL/kg for s.c. administration (under skin over the neck), 10 pL/rat for i.c.v. injections.
The experiments were carried out as described earlier [63]. Briefly, a beam of light was focused onto
the dorsum of the lower third of the rat tail. Then, the time latencies until the rats flick their tails were
determined before (baseline) and after injection of the test compounds. Eight seconds was used as a
cut off time in order to avoid tissue damage. The antinociceptive activity was assessed 30 and 60 min
after s.c. drug administration and 10, 20 and 30 min after i.c.v. administration.

4.7. Inflammatory Pain Model (CFA-Evoked Hyperalgesia)

For inducing inflammation, rats were injected intraplantarly (i.pl.) on the right hind paw under
brief isoflurane (Sigma-Aldrich, Budapest, Hungary) anaesthesia with 150 puL CFA as described
previously [5]. This treatment consistently produces localized inflammation of the inoculated paw,
characterized by an increase in paw volume, paw temperature and infiltration with various types of
immune cells [64]. Following the 4th and 7th day after the i.pl. CFA injection, baseline (to pretest
compound) paw pressure thresholds (PPTs) of the inflamed and noninflamed paws were determined
by paw pressure algesiometry (modified Randall-Selitto test; Ugo Basile, Comerio, Italy) as described
in detail previously [37,65]. PPTs were then re-evaluated at 30 and 60 min after s.c. drug administration
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in the indicated dosages, using an arbitrary cut-off weight of twice the control and expressed in
grams. Additionally, the peak effect dosage of the given test compound was blocked by the peripheral
restricted naloxone methiodide to assert the peripheral opioid receptor mediation.

4.8. Determination the Effect of Test Compounds on Gastrointestinal Transit

In order to determine the effect of 14-OMeC6SU and C6SU on the gastrointestinal transit and to
compare to that of codeine and morphine, the charcoal meal test was applied in rats, as described
before [23]. Briefly, male Wistar rats were fasted 18 h prior to the experiments, with free access to
water. After the fasting period, a charcoal suspension (10% charcoal in 5% gum arabic) was given in a
volume of 2 mL/animal by an oral gavage. A total of 30 min later the rats were euthanized, their entire
small intestines were removed and the distance travelled by the charcoal suspension was measured
and compared to the total length of small intestine. 14-OMeC6SU, C65SU, codeine and morphine were
given s.c. at various doses, in a volume of 0.25 mL/100 g, 30 min before the application of the charcoal
suspension and 60 min before the assessment of distance of the charcoal travel. The applied doses
were based on those used in the rat tail-flick test and considering the time-lag.

4.9. Data Analysis

4.9.1. Receptor Binding Assays

The specific binding of the radiolabeled compound ([3H]ligand, [3°S]GTPYS) was calculated by
the subtraction the level of non-specific binding from the level of total binding and was given in
percentage. Data were normalized to total specific binding, settled 100%, which in case of [?*S]JGTPyS
also represents the level of basal activity of the G-protein. The means + S.E.M. of data sets were plotted
in the function of the applied ligand concentration range in logarithm form and were fitted with the
professional curve fitting program, GraphPad Prism 5.0 (GraphPad Prism Software Inc., San Diego,
CA), using non-linear regression. In the radioligand competition binding assays the ‘Dose-response -
Inhibition” equation was applied to determine IC5, (unlabeled ligand affinity) and to further calculate
the inhibitory constant (K;) value according to the Cheng-Prusoff equation [66]. Selectivity ratios
were calculated based on the K; values. In case of [?°S]|GTPyS binding assays the ‘Dose-response -
Stimulation” equation was applied to obtain the maximum G-protein efficacy (Emax) and ligand potency
(ECsp), respectively.

For two data sets unpaired Student’s t test with two-tailed P value for more than two data sets
One-way ANOVA, with Holm-Sidak’s multiple comparison test was used. One sample t-test with a
hypothetical value of 100% was applied when given specific binding values were compared to total
specific binding (100%) in receptor binding assays. Statistical analysis was performed with GraphPad
Prism 5.0 program; significance was accepted at P < 0.05 level.

4.9.2. MVD and RVD Bioassays

The means + S.E.M. of data sets were plotted in the function of the applied ligand concentration
range in logarithm form and were fitted with non-linear regression in GraphPad Prism 5.0 (GraphPad
Prism Software Inc., San Diego, CA), using ‘Dose-response-Stimulation” equation. From the
concentration-response curves the 50% effective concentration (ECsp) and maximal effect (Emax)
were determined. In MVD, the equilibrium dissociation constant of naloxone (K.) of opioid receptor
selective antagonist, naloxone (MOR), naltrindole (DOR) and nor-BNI (KOR) were also calculated
in the presence of the test compounds with the single-dose method as described previously [62].
Antagonist affinities (Ke) were calculated as follows: Ke = [antagonist concentration]/[dose ratio]-1.

4.9.3. Rat Tail-flick Test, Gastrointestinal Transit and CFA-Evoked Hyperalgesia Tests

In RTF test, after the dose-response curves were constructed the dose necessary to produce a
50% effect (EDs5p) and 95% confidence limits were calculated by the Litchfield-Wilcoxon method [67].
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In case of gastrointestinal transit test the distance travelled by the charcoal suspension was expressed
as a percentage of total small intestine length. Significance was determined by One-way ANOVA
with Tukey’s multiple comparisons test. In CFA-evoked hyperalgesia test results between and within
noninflamed-inflamed group were compared with two-way ANOVA using Sidak’s or Tukey’s multiple
comparisons test, respectively. Statistical analysis for the described experiments here were performed
with GraphPad Prism 5.0 program, while the significance level was accepted at P < 0.05.

5. Conclusions

14-OMeC6SU proved to be a MOR agonist of higher antinociceptive potency and efficacy, than
the parent compound C6SU or codeine. Systemic C6SU has an antinociceptive effect of ceiling pattern
in thermal pain model. 14-OMeC6SU in certain doses showed peripheral antihyperalgesic effect in
the inflammatory pain model. Despite the analgesic ceiling effect of systemic C65U compared to
14-OMeC6SU, codeine or morphine in thermal pain model under present experimental conditions,
C6SU showed peripheral antihyperalgesic effect with fewer gastrointestinal side effects.
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Abstract: There is growing evidence on the role of peripheral p-opioid receptors (MORs) in analgesia
and analgesic tolerance. Opioid analgesics are the mainstay in the management of moderate to severe
pain, and their efficacy in the alleviation of pain is well recognized. Unfortunately, chronic treatment
with opioid analgesics induces central analgesic tolerance, thus limiting their clinical usefulness.
Numerous molecular mechanisms, including receptor desensitization, G-protein decoupling,
[3-arrestin recruitment, and alterations in the expression of peripheral MORs and microbiota have been
postulated to contribute to the development of opioid analgesic tolerance. However, these studies
are largely focused on central opioid analgesia and tolerance. Accumulated literature supports that
peripheral MORs mediate analgesia, but controversial results on the development of peripheral
opioid receptors-mediated analgesic tolerance are reported. In this review, we offer evidence on the
consequence of the activation of peripheral MORs in analgesia and analgesic tolerance, as well as
approaches that enhance analgesic efficacy and decrease the development of tolerance to opioids
at the peripheral sites. We have also addressed the advantages and drawbacks of the activation of
peripheral MORs on the sensory neurons and gut (leading to dysbiosis) on the development of central
and peripheral analgesic tolerance.

Keywords: peripheral p-opioid receptors; analgesia; peripheral analgesic tolerance; dysbiosis

1. Introduction

The present consensus is that all opioid agonists used in clinical practice produce analgesia
primarily mediated by p-opioid receptors (MORs) located within the brain and spinal cord along
the pain transmission pathways. On the other hand, the adverse effects of opioids are also mediated
through the activation of opioid receptors (ORs), both in the central nervous system (CNS) and in the
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periphery [1-3]. There are four opioid receptor types named as MORs, 6-opioid receptors (DORs),
k-opioid receptors (KORs), and the nociceptin opioid receptor that have been cloned and extensively
pharmacologically characterized [4-13]. ORs belong to the large family of G protein-coupled receptors
(GPCRs) [14,15]. The binding of opioid agonists to central and peripheral ORs initiate signaling
downstream events that lead to the activation of Gj/, proteins, 3-arrestin recruitment, opening of G
protein-coupled inwardly rectifying potassium (GIRK) channels and the inhibition of voltage-gated Ca?*
channels [10,14,16,17]. Concurrently, besides receptor-type selectivity, the central versus peripheral
distribution of opioid receptors and their functional relevance have gained increased attention in the
opioid research. ORs are distributed on key points involved in the modulation of nociception along the
ascending and descending pain pathways [3,18]. Unfortunately, the activation of ORs in the CNS and
in the periphery results in the occurrence of undesirable side effects. Centrally mediated adverse effects
of opioid analgesics include respiratory depression, sedation, nausea, and dizziness, while constipation
predominantly results from the activation of intestinal opioid receptors. The development of analgesic
tolerance, together with abuse potential, often limit the clinical utility of MOR analgesics leading to
early discontinuation, under-dosing, and inadequate analgesia in pain patients.

At present, in the clinical setting, the only option available to overcome the development of
analgesic tolerance is to increase the dose (escalation to higher dose) or to use other opioid analgesics to
maintain analgesia (opioid rotation). The consequence of increasing opioid dose is exposing the patient
to the risk of adverse events, including overdose as well as the misuse of and addiction potential to
opioids [19]. It is well-known that opioid analgesic tolerance develops to all clinically used opioids;
however, the degree and the rate of tolerance to the opioid side effects depends on the target that
hosts the opioid receptors. For example, opioid tolerance develops more rapidly to the analgesic
effects, whereas little tolerance manifests to constipation [20]. This phenomenon is described as
differential tolerance development [21]. In a clinical setting, it means that analgesic tolerance is rapidly
developed compared to the development of tolerance to gastrointestinal (GI) side effects (constipation,
if it occurs at all). In addition, along the GI tract, there are regional differences in opioid tolerance
development, namely in the upper GI tract tolerance can develop to the motility, whereas in the colon
such is not the case, which is reflected by a persistent constipation following chronic treatment with
opioids [22]. From these observations, it could be concluded that opioid tolerance development is the
fastest and most profound for the analgesic actions, less for the respiratory depressant effects and least
for GI motility [21-23].

Physicians’ view on opioid euphoric tolerance is that drug abusers are seeking a higher opioid
dose in order to maintain the euphoric effect. This dose escalation might lead to overdose deaths, which is
the major cause contributing to the current opioid epidemic [24-27]. In humans addicted to morphine,
tolerance reaches an extreme degree, with doses of 300-600 mg (30-60 times the normal dose) often
being taken several times a day [20,28,29].

The magnitude of analgesic tolerance also depends on the pharmacological profiles of opioids;
an important one is the agonist efficacy, but also the pharmacokinetic profiles such as the route of
administration. Though in the latter case, it has been reported that in tolerant subjects, the pharmacokinetic
parameters of morphine such as absorption, metabolism, and excretion were unaffected [30].
Nevertheless, the dosing, the intervals, and routes of administration, the applied methodologies,
as well as the animal species have been reported to substantially affect the development of analgesic
tolerance [28,29,31].

The putative target for opioid analgesics currently available in clinical practice is the CNS,
which hosts many targets that mediate analgesia and other effects including analgesic tolerance,
respiratory depression, and addiction liability. The growing evidence on the existence of functional
peripheral ORs, particularly MORs has initiated research efforts to develop opioid analgesics with
limited CNS penetration in order to gain analgesia free of the central unwanted side effects [2,26,32-39].
On the other hand, recent studies have also suggested that MORs that are distributed in the periphery
on dorsal root ganglia (DRG) or GI tract are implicated in the development of analgesic tolerance [40,41].
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In this review, we focus on the MORs-mediated peripheral analgesia in different animal pain
models. Next, the contribution of MORs and drawbacks upon their activation to opioid-induced
analgesic tolerance is discussed. The review also briefly discusses the following questions: (i) Besides
peripheral analgesia, does the activation of MORs located on the sensory afferent neurons influence
the central analgesic effect of opioids? (ii) What is the role of MORs’ activation in the alteration of gut
microbiota and whether or not these changes can contribute to the development of central analgesic
tolerance? (iii) What is the current view on the role of microbiota alteration in the development of
peripheral analgesic tolerance?

2. Contribution of Peripheral MORs to Opioid-Induced Analgesia and Analgesic Tolerance

There is substantial evidence demonstrating the involvement of peripheral ORs in MOR
agonists-induced analgesia following systemic administration in acute thermal pain models in rat
or mouse [34,42]. Research from our laboratory (Schmidhammer and Spetea’s, Al-Khrasani and
Fiirst’s and Benyhe’s research teams) and others have reported on effective, peripheral analgesic
effects of opioids following local or systemic administration applying various pharmacological
approaches in rodent models of inflammatory and visceral pain [2,35-39,43-53]. On the other hand,
in animal models of neuropathic pain, the peripheral analgesic effect of opioids is a question
of debate [54-59]. Animal studies that examine peripheral analgesic effects following systemic
administration of peripherally restricted MOR agonists and consideration of time-dependent changes
of MORSs reserve and analgesia peri-induction of neuropathic pain will reopen old avenues in this field
of pain research.

In opioid research as well as other drug discovery areas, the limited access of substances to
the CNS can be achieved by either quaternization of the molecule or the introduction of functional
groups endowing the molecule to have a zwitterionic structure at body pH (Table 1) [34-37,47,60-65].
The number of MOR agonists with limited CNS penetration and displaying peripheral analgesia have
been increasing over the years, but they have not been proven so far to be of clinical value [43,52,66,67].
In addition, these results may initiate further studies to examine the development of peripheral analgesic
tolerance, since most research has been focused on the evaluation of the central opioid analgesic
tolerance. For examination of peripheral analgesia, studies have shed light on the peripheral analgesic
tolerance [68,69]. Research on the development of the centrally mediated opioid analgesic tolerance
and related mechanisms has been reviewed extensively elsewhere [20,23,70-72]. Available evidence
related to peripheral analgesia and analgesic tolerance is summarized below. This section reviews the
evidence related to peripheral analgesia and analgesic tolerance according to the animal pain models
studied, namely (1) acute thermal, (2) acute and subchronic inflammatory, and (3) neuropathic.

Table 1. Examples of MOR agonists from the class of morphinans with limited CNS penetration and
peripheral analgesic effect.

Structure Ry Ry R3 Compound Ref.
H 0OSO3~ H Morphine-6-O-sulfate [73]
OCH3; 0SO;3~ H 14-O-methylmorphine-6-O-sulfate [62]
H 0SO;~ CHj; Codeine-6-O-sulfate [60]
OCHj3; 0OSO3~ CHj3 14-O-methylcodeine-6-O-sulfate [65]
O e . [34,35]
OCH,3 HNCH,COOH H 14-O-methyloxymorphone-6(3-glycine

(HS-731)
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2.1. Peripheral Opioid Analgesia and Tolerance in Animal Models of Acute Thermal Pain

The group of G.W. Pasternak has reported on the analgesic effects of morphine, [D-Ala?,
N—Me—Phe4,—Gly—ol5]enkephalin (DAMGO), and morphine-6f3-glucuronide (M6G) following local
administration to the mouse tail in the tail-flick assay, which is an acute thermal pain model [74].
In this study, the intrathecal administration of antisense targeting exons 1 and 4 of MOR-1 blocked
the local analgesic effect of morphine, indicating the involvement of the terminals of sensory neurons.
Moreover, the repeated systemic administration of morphine or repeated daily exposure of the
tail to morphine caused profound analgesic tolerance to the local analgesic effect of morphine [75].
Systemic or local but not intrathecal MK801, an N-methyl-D-aspartate (NMDA) receptor antagonist,
abrogated morphine-induced peripheral analgesic tolerance when morphine was applied superficially
in DMSO solution. One of the key observations of this study regarding the peripheral analgesic
tolerance is that peripheral NMDA receptors are implicated in the development of analgesic tolerance
to topically applied morphine. Notably, the same group also showed mixed results in terms of
cross-tolerance, which occurred only between morphine and DAMGO, but not between morphine
and M6G. Furthermore, M6G but not morphine or DAMGO produced 3-methoxynaltrexone sensitive
local analgesic effect, indicating a unique mechanism of action of M6G. It has also been reported that
beside MK-801, ketamine was able to suppress tolerance development. These data are in agreement
with other studies where NMDA receptor antagonists inhibited the development of opioid analgesic
tolerance, despite the fact that the sites of actions are different. In addition, the involvement of NMDA
receptors in neural plasticity explains the effectiveness of NMDA receptor antagonists in the inhibition
of central opioid analgesic tolerance, as described by many research groups [74-79]. Nevertheless,
the existence of NMDA receptors on peripheral sensory neurons is well-documented [80-82], but the
role of these receptors on peripheral opioid analgesic tolerance remains unclear.

DRG is the MORs’ synthesis machinery of primary sensory neurons, and any changes in
DRG-related MORs are able to alter the magnitude of analgesia evoked by peripherally administered
opioid agonists. Meuser and coworkers [83] showed that systemic morphine treatment (4 days
2 x 10 mg/kg) caused naloxone reversible downregulation of MOR mRNA in the DRG of rats that
developed morphine analgesic tolerance in the hot-plate test. The repeated treatments resulted in the
decrease in the expression of MORs in the DRG, which might contribute to a reduction in peripheral
analgesia. Ad and C primary sensory afferent fibers convey the pain from the site of injury into the
spinal cord, and the decrease in functional MORs can affect the pain intensity. In this work, the authors
used an acute thermal pain model, where the MORs’ reserve upon the induction of pain remains
unchanged [83]. Sun and co-workers developed conditional knock-out (KO) mice, in which the
expression of the MOR gene (Oprm1) was entirely abolished in DRGs and substantially decreased in
the spinal cord [84]. In the Oprm1 conditional KO animals, systemic or intrathecal morphine treatment
showed limited effect in acute thermal and mechanical pain. In addition, opioid-induced hyperalgesia
(OIH) following chronic morphine treatment was completely absent in these animals. In addition,
systemic morphine treatment showed weak analgesic effect in these conditional KO animals that
hampered assessing analgesic tolerance as well.

Work carried out by the groups of Fiirst, Spetea, and Schmidhammer has reported on the
involvement of peripheral ORs in mediating the antinociceptive effect of systemically (subcutaneous,
s.c.) administered 63-glycine substituted 14-O-methyloxymorphone, HS-731 (Table 1), which is an
MOR selective agonist with limited CNS penetration in a rat model of acute thermal (tail-flick test)
pain [34]. The antinociceptive efficacy of HS-731 resulting from the activation of peripheral ORs
was also demonstrated in rat models of inflammatory pain (formalin test and carrageenan-induced
hyperalgesia) [34,35], in a mouse model of visceral pain (acetic acid-induced writhing assay) [37,51],
and in the mouse eye-wiping trigeminal nociceptive test [36]. Other 6-amino acid- and 6-dipeptide-
substituted derivatives of 14-O-methyloxymorphone derivatives were also reported to produce
peripherally-mediated antinociception after systemic (s.c.) administration in rats and mice [37].
The effect of repeated systemic (s.c.) treatment of rats with HS-731 on the development of analgesic
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tolerance was measured in the tail-flick test. Daily treatment of rats for 14 days resulted in no analgesic
tolerance for HS-731 (Figure 1) (Fiirst and Spetea, unpublished data). This finding provides clear
evidence that the selective activation of peripheral ORs leads to effective antinociceptive effects without
resulting in analgesic tolerance following systemic opioid administration.

100

~
[3,]
1

Antinociceptive effect (%)
N (4
@2

o] B HS-731 (150 pglkg)

A 1 b
o oM "

Figure 1. Effect of chronic treatment on the development of peripheral analgesic tolerance of HS-731
in the rat tail-flick test after systemic (s.c.) administration. Rats were s.c. administered daily for two
weeks HS-731 (150 ug/kg). Antinociceptive effects were measured at days 1, 7, and 14, at 60 min
after administration of HS-731. There was no significant effect day 7 vs. day 1 and day 14 vs.
day 1. Statistical differences were determined with one-way ANOVA and Newman-Keuls multiple
comparisons post-hoc test. Data represent means + S.EM (n = 7 per group). Experiments were
performed and analyzed as described previously [62]. Tolerance protocol was developed by Fiirst
and Spetea.

In another study, 14-O-methylmorphine-6-O-sulfate (Table 1), a novel selective MOR agonist [62],
proved to produce peripheral antinociceptive effects in rats in the tail-flick test following s.c.
administration (Al-Khrasani et al., unpublished data, Figure 2). However, the peripheral effect
of 14-O-methylmorphine-6-O-sulfate was measured only after administration of low doses, since at
higher doses, a central analgesic effect was observed. In addition, it was proven that this molecule
produced less analgesic tolerance than morphine in mice, although the applied doses in these
experiments were high enough to produce a central effect [85]. No study on the peripheral analgesic
tolerance of 14-O-methylmorphine-6-O-sulfate has been reported so far.

2.2. Peripheral Opioid Analgesia and Tolerance in Animal Acute and Subchronic Inflammatory Pain Models

Aley and coworkers [86] found that intradermal co-injection of the highly selective MOR agonist
peptide DAMGO and the adenosine Al-receptor agonist, N6-cyclopenthyladenosin, into the rat hind
paw can dose-dependently inhibit PGE2 induced hyperalgesia. Repeated administration of both
compounds (3x hourly) caused a rapid and cross-tolerance development. In addition, either naloxone
or the Al receptor antagonist PACPX caused (cross) withdrawal hyperalgesia in pretreated animals.
Co-treatment with the receptor antagonists mentioned above blocked the development of tolerance
and agonist-induced hyperalgesia. The same group [76] reported that NO generation and protein
kinase C (PKC) activation are contributing to the development of analgesic tolerance and withdrawal
hyperalgesia, respectively.

Honoré and coworkers [87] investigated spinal c-Fos expression and pressure hyperalgesia
following systemic (i.v.) or intraplantar (i.pl.) morphine treatment in a carrageenan-induced pain
model. Morphine given systemically (i.v.) or locally (i.pl.) blocked carrageenan-induced increase in
spinal c-Fos expression and the development of hyperalgesia, which was indicated by a decrease in
paw pressure threshold. These behavioral effects were abolished when animals were subjected to three
days pretreatment with s.c. morphine (80 mg/kg).
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Figure 2. The analgesic effect of morphine (A) and 14-O-methylmorphine-6-O-sulfate (14-O-MeM6SU;
B) in the rat tail-flick test at 30 and 60 min, respectively after s.c. administration. Their effects
were assessed in the presence of naloxone methiodide (NAL-M), which is a peripherally acting OR
antagonist. The analgesic effect of the highest dose 14-O-MeM6SU was abolished by the OR antagonist
naloxone (NX). (*p < 0.05 and ***p < 0.001, compared to saline group; ##p < 0.05 and ###p < 0.001,
compared to 14-O-MeM6SU alone). Statistical differences were determined with one-way ANOVA
and Newman-Keuls multiple comparisons post-hoc test. Data represent means + S.E.M (n = 3-9 per
group). Experiments were performed and analyzed as described previously [62].

Among the most established chemical nociceptive stimuli, bradykinin has been reported to be
an important mediator of pain [88]. The MOR agonist morphine showed a naloxone-reversible
analgesic effect on bradykinin-induced pain in mice in a study carried out by Tokuyama and
co-workers [89]. In addition, the effect of morphine was localized in the affected limb, since systemic
or local administration to the contralateral limb failed to produce analgesia. In this work, the authors
have proved that DAMGO and U-69,593, but not [D—Ser2,—Leu5,—Thr6]—enkephalin (DSLET), which are
selective agonists for MOR, KOR, and DOR, respectively, were effective in inducing peripheral
analgesia [89]. Systemic pretreatment with morphine (5 days, 10 mg/kg) caused tolerance to analgesic
effect of s.c. morphine measured by the tail-pinch test, but the effect of local morphine on the
bradykinin-induced nociceptive flexion was unaffected. These findings were later confirmed by the
same group [90]. On the other hand, they also reported that the repeated local treatment with morphine
caused tolerance to its local effect [91]. This tolerance development was effectively blocked by PKC «
and vy inhibitors, but less by PKC 6 inhibitors.

In inflammatory conditions such as arthritis, peripheral ORs are upregulated [33,92-94].
This upregulation was demonstrated to contribute to peripheral opioid analgesia in animals as
well as in humans [94-96]. The presence of inflammation leads to the release of endogenous mediators
that can enhance levels of peripheral ORs’ proteins and mRNA expression and also increased axonal
transport and G protein coupling [92,93,97]. Additional changes related to peripheral ORs include
increased ORs trafficking and opioid-related actions, such as cyclic adenosine monophosphate (cAMP)
accumulation, the modulation of voltage-dependent cation channels etc., and the accessibility to the
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ORs in the transperineurium of ORs is also enhanced [93,97]. Several studies have also demonstrated
that opioid agonists produced pronounced peripheral analgesia in animal models of inflammatory
pain [33,98]. Thus, the question is whether the inflammation evoked MORs expression has the
ability to affect the development of peripheral analgesic tolerance following repeated peripheral
opioid treatment.

Fernandez-Duenas and coworkers [99] investigated the analgesic effect of s.c. morphine in the
plantar (Hargreaves test), Randall-Selitto and von Frey tests with or without complete Freund’s
adjuvant (CFA)-induced paw inflammation in naive and morphine pellet-exposed mice. They found
that acute s.c. morphine treatment resulted in decreased antinociception in mice with CFA-induced
paw inflammation compared to mice that were not subjected to CFA treatment. In the plantar test,
the antinociceptive effect of morphine was mostly centrally mediated in control animals, but in the
case of mice with inflammation, the peripheral analgesic component was increased. On the other
hand, the antiallodynic effect of morphine was mainly centrally mediated independent of the presence
or absence of inflammation. The potency of morphine was enhanced in mechanical and thermal
inflammatory states. Pretreatment with a morphine pellet (3 days from 4 to 7 day after CFA) caused a
rightward shift of dose-response curves and a decrease in maximum effect in all test methods [99].
Following chronic morphine treatment, the antinociceptive effect of morphine was the same in mice
with or without inflammation, so the relative tolerance was higher in inflammatory conditions. In the
paw pressure test, the same research group [100] has also reported the effects of different i.pl.-injected
opioids (morphine, fentanyl, buprenorphine, [D-Pen?,-D-Pen®Jenkephalin (DPDPE) and U50488H)
and corticotrophin releasing factor (CRF), which is known to induce endogenous opioid release.
They demonstrated that all compounds were ineffective in the absence of inflammation, yet in inflamed
paws, they were able to increase the pain threshold, achieving a maximal effect of 88% for fentanyl
and 48-64% for the rest of the compounds. In morphine-tolerant mice, locally administered morphine
failed to produce analgesia, yet a significant decrease in analgesic effects of DPDPE, U50488H, and CRF
were indicated by the rightward shift of dose-response curves. In addition, they showed a small
decrease in the antinociceptive and maximal effects for fentanyl and no significant change in case
of buprenorphine. They concluded that inflammation is required for the local action of opioids
and chronic systemic exposure causes (cross) tolerance toward this effect. They investigated further
-arrestinl and (-arrestin2 expressions in the absence and in the presence of inflammation upon
morphine treatment. They found that CFA increases the level of both 3-arrestins, which can decrease
after acute and chronic morphine exposure, but morphine alone without inflammation caused no
change in the expression levels of 3-arrestins.

Other investigators [68] showed that the local analgesic effect of i.pl. fentanyl was not affected
by 4 days pretreatment with s.c. morphine 10 mg/kg twice daily in CFA-induced inflammatory
pain. Such studies raised the question of whether rats subjected to repeated morphine treatment
and developed analgesic tolerance in an acute thermal pain model would also develop morphine
analgesic tolerance in a subchronic inflammatory pain model. Our (Al-Khrasani’s) research group
performed behavioral studies assessing the development of analgesic tolerance in rats with CFA-induced
hyperalgesia. The analgesic effect of s.c. morphine was determined using the thermal tail-flick assay
and the Randall-Selitto paw pressure test. In these experiments, analgesic tolerance was developed
in both non-inflamed and inflamed paws. In addition, there was no difference in non-inflamed and
inflamed paw in the effect of morphine in tolerant rats in contrast to non-tolerant animals at higher
dose (Figure 3) (Al-Khrasani et al., unpublished data).
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Figure 3. Analgesic effect of morphine in tolerant and non-tolerant rats in the rat tail-flick (A) and
Randall-Selitto test (B). A: The analgesic effect in acute treatments was determined 30 min after
morphine s.c. injection in the indicated doses. In chronic treatments, animals received 31.08 pmol/kg
s.c. twice a day for 8 days. On the 8th day, the antinociceptive effect was determined 30 min after
s.c. injection of morphine in the indicated doses (***p < 0.001, saline- vs. morphine-treated group).
Statistical difference was determined with one-way ANOVA and Holm-Sidak’s multiple comparison
post-hoc test. B: Inflammatory pain was induced by complete Freund’s adjuvant (CFA) injection in the
hind paw. Animals were subjected to either saline or 31.08 umol/kg s.c. twice a day for 12 days. On the
8th day, CFA was injected intraplantar (i.pl.) and on 12th day, paw pressure thresholds were determined
prior to and 30 min after s.c. injection of morphine in the indicated doses. (***p < 0.001, non-inflamed
vs. inflamed paw; #p < 0.05 and ###p < 0.001, saline vs. morphine treated group within non-inflamed
or inflamed paw; +++p < 0.001, 0.97 umol/kg vs. 15.54 pmol/kg morphine group; xp < 0.05 and
xxXp < 0.001, 12 days saline vs. 12 days morphine within the corresponding groups). Statistical
difference was determined with two-way ANOVA, with Holm-Sidak’s multiple comparison post-hoc
test. All data represent means + S.E.M (n = 5-20 per group). Rat tail-flick and Randall-Selitto tests

were performed and analyzed as previously described [65], tolerance protocol was developed based on
Kiraly et al. [85].

In another study carried out by Eidson and Murphy, morphine tolerance was investigated in a
rat model of peripheral inflammation (CFA-induced) [101]. They reported that morphine tolerance is
accompanied by increased glial cell activation within the ventrolateral periaqueductal gray (vIPAG).
Interestingly, persistent peripheral inflammation inhibited the development of morphine tolerance,
presumably via the inhibition vIPAG glial activation. This indicates that complex peripheral mechanisms
influence the development of analgesic tolerance [33,65].

In a recent study, the combination of loperamide (a peripheral restricted MOR preferring opioid
agonist) with the DOR agonist oxymorphindole caused peripheral synergistic analgesia in CFA-induced
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hyperalgesia in mice [102]. This approach sought to utilize the upregulation of MORs and DORs
and their heterodimer formation during inflammation in sensory axons. According to these results,
the loperamide—oxymorphindole combination was 150 times more potent systemically and 84 times
more effective locally compared to single drug administration. They also concluded that the repeated
topical administration of loperamide—oxymorphindole (twice daily for 3 days) did not induce analgesic
tolerance in animals with inflammatory pain [102]. Data were assessed by the Hargreaves plantar assay
and inflammation was induced by CFA. The majority of the discussed studies suggest the decrease in
the peripheral analgesic effects of opioids, although the time lag of chronic treatments, the route of
administration, and the efficacy of test compounds are different among these works.

2.3. Peripheral Opioid Analgesia and Tolerance in Animal Neuropathic Pain Models

Neuropathic pain management is a clinical challenge of great interest, because not all patients
with neuropathic pain respond to the current available medications [103-105]. The background mechanisms
related to the poor effectiveness of opioids in the treatment of neuropathic pain is still not clarified.
One possible explanation is the loss of MORs following nerve injury, which implicates the appliance of
higher dosage of opioids, therefore resulting in severe central side effects [56,106-109]. The functional
role of peripheral MORSs in peripheral opioid analgesia and analgesic tolerance following the peripheral
administration of opioids has not been elucidated yet in neuropathic pain conditions. Early studies
used rat peripheral mononeuropathic pain models to assess the analgesic effect of morphine following
systemic administration (i.v.). Kayser and coworkers [110] found that low systemic morphine doses
produced antiallodynic effect with a mechanism involving the participation of peripheral ORs.
In another study, the same group showed that treatment with a higher dose of morphine 10 mg/kg s.c.
(twice daily for 4 days) induced complete tolerance to the analgesic effect of low acute morphine doses
(0.1-1.0 mg/kg i.v.). The development of analgesic tolerance to morphine was abolished by L-365,260,
a selective cholecystokinin-B (CCKB) receptor antagonist [111].

He and coworkers [40] investigated the effect of systemic and local (i.pl.) loperamide on spinal
nerve injury-induced allodynia in mice. They found that local and systemic loperamide inhibited
allodynia assessed in the von Frey test. In this study, repeated treatments with different i.pl. doses of
loperamide developed tolerance only to the local drug effect. On the other hand, systemic pretreatment
caused local and systemic tolerance to loperamide; however, systemic morphine remained effective.
Furthermore, they also measured the effect of local administration of DAMGO, which also induced
analgesic tolerance. The development of tolerance to systemic loperamide was attenuated by naltrexone
pretreatment but not by co-treatment with naloxone or naloxone-methiodide. The NMDA receptor
antagonist MK-801 attenuated tolerance development to systemic loperamide, but it was not influenced
by the glycine -site antagonist MDL 105,519 [75]. Analgesic tolerance to local loperamide was
not influenced by naloxone methiodide or MK-801. Additionally, they found a decrease in total
MOR protein in L5 segment of the spinal cord after Seltzer nerve ligation (SNL), which was more
pronounced in saline-treated animals than in morphine- or loperamide-treated groups. The Ser375
phosphorylation, which is important in desensitization and tolerance development, was also increased
in the morphine-treated group but not in loperamide-treated group. In an in vitro model of loperamide
tolerance—KCl-induced Ca”* current in DRG neurons—they found that tolerance was developed after
exposure to loperamide, which was attenuated by the DOR antagonist, naltrindole.

An interesting and promising approach to overcome the reduced levels of peripheral MOR
expression during neuropathic pain is the viral vector delivery of the MOR via herpes simplex virus type
1 (HSV-1) [109]. Upon infection of mice with nerve injury, the immune reactivity of MORs significantly
increased in epidermal nerve fibers in the plantar hind paw skin, in large and medium-diameter
DRG cells and in lamina I-III of the dorsal lumbar spinal cord. Additionally, the properties of cutaneous
afferents also changed upon infection. HSV-1 MOR inoculation in Ad-fibers hindered the SNL-induced
enhancement to suprathreshold stimulation, while the occurrence of C-fibers with spontaneous activity
was reduced. Most importantly, HSV-1 MOR inoculation reversed mechanical allodynia and thermal
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hyperalgesia, and it also showed a leftward shift in loperamide- and morphine-induced analgesia in
nerve-injured animals.

These findings raise important questions, such as: How does viral vector delivery of MOR in the
periphery affect opioid-induced tolerance in the periphery or even in the CNS? Additionally, if the low
MORs reserve in the periphery can be restored or further improved following nerve injury, the previously
described peripherally acting opioid compounds with limited CNS penetration [34,47,60,62,65] might
be able to achieve significant antinociception in neuropathic pain. Exploring these questions would be
of interest to effectively treat neuropathic pain with opioids and to overcome opioid-induced analgesic
tolerance (Table 2).

Table 2. Summary of evaluated compounds for peripheral opioid analgesic tolerance in different

pain models.

. Assay Route of Tolerance P
Pain Model and Species Test Compound Administration Induction Main Findings Ref.
Acute thermal MTF M(f\;‘[];lgne Tail injection s.c. morphine High grade tolerance [74]
Morphine . .
Acute thermal MTF M6G DI;/ImSgeS:l‘; t;lon mt(()’fllf\él{le High grade tolerance [75]
DAMGO o P
. . RS . o i.pl. injection Tolerance, withdrawal
PGE2-induced pain in rat DAMGO i.pl. injection DAMGO hyperalgesia [76,86]
DAMGO
Bradykinin-induced U69,593 . . . .
flexion reflex mouse DESLET i.pl. infusion s.c. morphine  No tolerance to local effect ~ [89,90]
morphine
Bradykinin-induced . S . . .
flexion reflex mouse Morphine i.pl. infusion i.pl. morphine Tolerance to local effect [91]
Car.rageenanf{nduced RS in rat, Morphine 1.p.l. A(ar\.d iv.) s.c. morphine Tolerance to i.pl. o i.v. 187]
inflammation spinal c-Fos injection 3 days 2x
CFA-induced Plantar, RS, ) morphine Higher grade tolerance on
. X von Frey Morphine s.C. CFA treated paw than [99]
inflammation . pellet 3 days .
in mouse noninflamed
Morphine Emax] in all case
Fentanyl (exc. buprenorphine)
CFA-induced RS Bup. . morphine :oup poir
. ) . ipl. and rightward shift [100]
inflammation in mouse DPDPE pellet 3 days .
U50488H (exc. buprenorphine and
CRF fentanyl)
CFA-induced RS . s.c. morphine Tolerance developed only
inflammation in rat Fentanyl ipl (4 days 2x) in absence of inflammation e8]
i.pl. loperamide caused
von Fre ipl/sc tolerance only on i.pl.,
SNL R Y Loperamide ipl/s.c. pLs-C caused both for i.pl. and [40]
in mouse loperamide . . .
s.c.; s.c. morphine remained
effective
CFA-induced Hargreaves Loperamide— topical twice a daily
inflammation assay inrat  oxymorphindole  (left hind paw) for 3 days No tolerance to local effect [102]

MTEF: mouse tail-flick; Bup: buprenorphine; RS: Randal-Selitto; SNL: spinal nerve ligation; i.pl.: intraplantar; s.c.:
subcutaneous; i.v.: intravenous; CFA: complete Freund’s adjuvant; CRF: corticotrophin releasing factor; DMSO:
dimethyl sulfoxide.

3. Drawbacks of Peripheral MORs Activation Related to Opioid Analgesic Tolerance

3.1. The Consequence of MORs Activation on Primary Sensory Neurons

All desirable and unwanted opioid side effects largely stem from the activation of MORs that are
distributed either in the CNS or in the periphery [97]. A general assumption was that central analgesic
tolerance is the consequence of a decrease in the central MORs response to opioid analgesics; however,
the involvement of peripheral MORs in the development of central analgesic tolerance has also gained
attention recently [112,113].

Recent data from Corder and co-workers showed that the activation of peripheral MORs (expressed
by primary afferent nociceptors) is involved in the development of central analgesic tolerance to MOR
agonists [114]. In addition, these receptors also have a crucial role in OIH. Namely, the deletion of these
peripheral receptors eliminated both morphine tolerance and OIH. This finding was further supported
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by the pharmacological inhibition of MORs at peripheral sites. Methylnaltrexone, a peripherally
acting opioid antagonist, abrogated the analgesic tolerance when co-administered with morphine,
without diminishing the analgesic effect of morphine, in different pain models (perioperative and
chronic pain models). These results indicate that the systemic co-administration of peripherally acting
opioid antagonists with opioid analgesics that readily penetrate into the CNS might be a new clinical
approach for the prevention of central analgesic tolerance development [114]. Earlier studies by Danysz
and co-workers found that the co-administration of naloxone methiodide inhibited the development
of morphine tolerance [77]. They investigated the effects of morphine in morphine-tolerant mice in
the tail-flick test in different subspecies of mice [77]. Another strategy for central analgesic tolerance
prevention might be the activation of other peripheral ORs (DORs or KORs). In the late 1990s,
Walker and co-workers found that peripherally acting KOR agonists successfully alleviated pain
symptoms in morphine-tolerant rats in a sciatic nerve injury model [115]. Although this way seems
promising, only few peripherally acting compounds reached clinical studies up to this date [116].

Upon the chronic use of centrally acting opioids, anti-opioid systems also actively contribute to the
development of opioid analgesia. On the other hand, drugs that inhibit anti-opioid systems (NMDA,
CCK) have been long reported to abrogate analgesic tolerance [117-120]. These systems appear to
have a crucial role in the development of peripheral opioid analgesic tolerance, although few data are
available. In 2005, Danysz and co-workers proved the role of peripheral NMDA receptors in analgesic
tolerance development in the tail-flick test in different subspecies of mice [77]. They used peripherally
acting NMDA receptor/glycine B site antagonists (MRZ 2/596 and MDL), after proving their lack of
CNS effects. Their results indicated that the peripheral blockade of NMDA receptor/glycine B sites can
attenuate morphine analgesic tolerance.

In this regard, under neuropathic pain conditions, the peripheral MORs have been reported
to be also decreased [121-123], but it seems that this change does not alter the development of
central opioid analgesic tolerance, although it has not been thoroughly investigated so far. According
to the above studies, the correlation between the change in the MORs reserve in primary sensory
neurons and the development of central and peripheral opioid analgesia may be worth investigating.
In contrast, a recent study by Klein and co-workers [109] demonstrated that the herpes simplex
virus (HSV) MOR inoculation increased the analgesic activity of loperamide or morphine following
systemic administration.

The development of tolerance is a highly complex mechanism that is still not fully understood.
This complicated mechanism involves several different pathways, not just centrally, but also peripherally.
Among the strategies that might hinder the development of central opioid analgesic tolerance are those
affecting the downstream targets of opioid receptors, such as ATP-sensitive potassium (Karp) channels.
The activity of these channels can influence the efficacy of opioids and represent an important factor in
tolerance development. Cole Fisher and co-workers demonstrated that the downregulation of SUR1
subtype Karp channels in the spinal cord and DRG potentiated the development of morphine tolerance
and withdrawal syndrome in mice [124]. SUR1 agonists (diazoxide and NN-414) attenuated tolerance
development. These results suggested that increasing neuronal Katp channel activity in the peripheral
nervous system might be a viable option to alleviate central opioid analgesic tolerance and withdrawal
syndrome. Several recent studies have outlined how peripheral MORs affect the central analgesic
tolerance. Of importance is the consequence of the activation of peripheral MORs on the gut.

The above-mentioned strategies might potentially solve the development of central analgesic
tolerance, but the addiction liability of centrally acting opioid analgesics remains unsolved.

3.2. The Role of MORs in the Gut Microbiota: Dysbiosis, Opioid Tolerance

In the past decades, a huge amount of data has been accumulated on the role of gut microbiota in the
pathogenesis of various GI (irritable bowel syndrome, inflammatory bowel diseases, colorectal cancer),
endocrine (obesity, diabetes), cardiovascular, and even neuropsychiatric diseases [125-127]. Based on
recent findings [41,128-131], the development of opioid analgesic tolerance can also be added to the
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continuously increasing list of adverse events related to microbial alterations (dysbiosis) in the GI
tract. This section provides a brief overview of opioid-induced dysbiosis and the data supporting
the concept that microbial alterations contribute to analgesic tolerance. Notably, a detailed review by
Mischel and co-workers [132] has been recently published, to which the reader is referred for further
information and more extensive bibliography.

Regarding opioid-induced dysbiosis, to date, most of the data originate from preclinical
studies, in which mice were exposed to morphine for different time periods [128,129,131,133-135].
However, in some experiments, other opioid agents were used, such as loperamide [136,137] or
hydromorphone [138], and there are some common patterns in the microbial composition of animals
irrespective of the type of opioid used, allowing to draw some general conclusions on the effect of
opioids on microbiota. Moreover, some of these changes have also been observed in non-human
primates [139], as well as in opioid user cirrhotic patients compared to those not on opioids [140], or in
heroin addicts [141], further supporting the complexity and translational relevance of the results.

Although there are some variabilities between the findings of the different studies, which may
also result from the various treatment protocols [135], the administration of opioids is in general
accompanied by the expansion of Staphylococcus and Enterococcus genera within the Firmicutes phylum
and by reduced abundance of the Lactobacillus genus. The decreased representation of the Clostridia
class and in particular the contraction of the Lachnospiraceae and Ruminococcaceae families are also
relatively consistent results. Another common finding in opioid-treated rodents is the expansion
of the Proteobacteria phylum with increased abundances of Enterobacteriales and the genus Sutterella.
In addition, various (and sometimes contradictory) changes within the Bacteroidetes phylum have been
reported, from which the expansion of the Porphyromonadaceae and Prevotellaceae families appears in
several reports. These effects depend on the activation of MORs, as morphine failed to induce dysbiosis
in naltrexone-treated and MOR-KO animals [129,133,134].

It is noteworthy that several bacteria with increased abundance are considered to be potentially
pathogenic, including Enterococcus, Sutteralla, and Enterobacteriaceae [142-144], whereas bacteria with
decreased amount (Lactobacillus, Lachnospiraceae, Ruminococcaceae) have anti-inflammatory properties,
and some Lactobacillus species are widely used probiotics [145,146]. Hence, opioid-induced microbial
alterations can generate a pro-inflammatory milieu, which can compromise the gut epithelial barrier
and allow luminal aggressive factors (bacteria, bile acids) to penetrate into the gut wall and trigger an
immune response, further amplifying the initial inflammation. Gut inflammation in response to opioid
administration is typically characterized by enhanced intestinal permeability, the activation of Toll-like
receptor-2 (TLR-2), TLR-4, and elevated levels of various pro-inflammatory cytokines, including tumor
necrosis factor-oc (TNF-), interleukin-1 (IL-1f3), IL-6, IL-17) in the intestine, mesenteric lymph nodes,
and remote organs [128,133,134,138].

Several lines of evidence suggest that opioid-induced dysbiosis contributes to the development of
analgesic tolerance. Elimination of the gut microbiota, either by using germ-free mice or by treating
conventionally raised animals with a broad-spectrum antibiotic cocktail, significantly attenuated
tolerance development to chronic morphine in different in vivo assays [128,131]. By contrast, prolonged
exposure to morphine induced tolerance in germ-free mice that had undergone fecal microbiota
transplantation with samples obtained from conventionally raised mice [128]. Among tested antibiotics,
vancomycin, a non-absorbable glycopeptide antibiotic that selectively eliminates Gram-positive
bacteria, appeared to have the most prominent effect, as it was able to reduce morphine tolerance
even alone, although not as effectively as in combination with other antibiotics [130,131]. Therefore,
the expansion of distinct Gram-positive strains in response to opioid treatment may have a pivotal
role in the development of analgesic tolerance. This concurs with the findings that the exposure
of morphine promoted Gram-positive sepsis and the production of IL-17 in a TLR-2-dependent
manner (which receptor recognizes components of the Gram-positive cell wall) [133,134]. Moreover,
the genetic deletion of TLR-2 had a more pronounced inhibitory effect on the development of
opioid tolerance than deletion of TLR-4 (which is primarily activated by the Gram-negative cell
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wall component lipopolysaccharide) [128]. Among the Gram-positive bacteria Enterococcus may be
of particular relevance, as it blooms in the gut of opioid-treated animals [129,133,134,138] and can
also be detected in the peritoneal organs of these animals due to impaired epithelial barrier and
bacterial translocation [133]. Further evidence for the importance of this pathogen is that infection
with Enterococcus faecalis augmented the development of morphine tolerance in mice [129].

The above-mentioned data provide clear evidence for the contribution of opioid-induced dysbiosis
to the development of analgesic tolerance; however, research is still going on to identify the underlying
mechanisms. In addition, dysbiosis following opioid treatment is typically characterized by the
expansion of potentially pathogenic bacteria, which may trigger epithelial damage and intestinal
inflammation. This inflammatory reaction is likely to be a key factor in tolerance development,
and based on some evidence, it is effectively reduced by antibiotic treatment. For example, whereas the
colonic mucosa of morphine-treated animals was characterized by histological damage and elevated
levels of the pro-inflammatory cytokine IL-1p, these changes were largely prevented by an antibiotic
cocktail [128]. Similar results were found by Zhang et al. [125,128], who reported reduced damage and
lower tissue levels of TNF-«, IL-1f3, and IL-6 in the ileum of mice treated with both morphine and
antibiotics, compared to only morphine-treated animals.

However, it is still unclear exactly which sites of the pain pathway are affected primarily by the
intestinal inflammation. Some studies point to the importance of inflammation-induced alteration in the
excitability of DRG neurons. As mentioned before, the activation of MORs expressed by these neurons
have been reported to contribute significantly to opioid tolerance via initiating multiple downstream
events in pain conducting pathways [114]. In addition, it is well-established that inflammation of the GI
tract induces hyperexcitability in nociceptive DRG neurons [147], and it was recently demonstrated that
experimental colitis induced by 2,4,6-trinitro-benzene sulfonic acid (TNBS) enhanced the development of
morphine tolerance in mice [148]. Therefore, it is plausible that opioid-induced dysbiosis, accompanied
by epithelial injury and tissue inflammation, results in analgesic tolerance at least due in part to
the altered activity of primary afferents. This assumption is supported by the findings that the
inhibitory effect of antibiotic treatment on the development of opioid analgesic tolerance can also
be demonstrated in DRG neurons [130,131]. Namely, in animals treated with both morphine and
an antibiotic cocktail (or vancomyecin), the inhibitory effect of an acute morphine challenge on the
excitability of DRG neurons remained unaltered, in contrast to animals treated chronically only
with morphine, where due to cellular tolerance development, acute morphine administration failed
to affect the neuronal activity. Besides altering the functions of primary afferents, opioid-induced
dysbiosis and systemic inflammation may induce tolerance in nociceptive circuits of the central nervous
system as well. A growing body of evidence links enhanced central immune signaling and increased
neuronal excitability to the development of opioid tolerance [149], and bacterial components and
systemic inflammatory mediators originating in the gut may evoke central neuronal responses as well,
especially if the blood-brain barrier is compromised due to chronic opioid exposure [150].

The question arises: Which MOR-mediated opioid effects are mainly responsible for the observed
microbial alterations? Different opioids, including morphine, can suppress the activity of basically
all cell types involved in innate and adaptive immunity [151]. Since the immune system is one
of the major determinants of the microbiota composition [152], opioid-induced alterations in the
intestinal immune functions may have a significant role in the pathogenesis of dysbiosis. Indeed,
in the study of Banerjee and co-workers [134], morphine failed to induce dysbiosis in severely
immunocompromised mice, indicating that the effects of morphine on the microbiome depend on
immune modulation. The opioid-induced inhibition of GI motility is also likely to be involved in
dysbiosis [41]. The bidirectional interaction between motility and microbiota is well-known [136,153],
and as mentioned above, loperamide-induced dysbiosis resembles in some aspects that caused by
morphine [136,137]. In addition, changes in bile acid metabolism due to opioids may also contribute to
the consequence of dysbiosis [134,139].

207



Molecules 2020, 25, 2473

The fact that opioid-induced dysbiosis has a significant role in the tolerance development to the
analgesic effect of opioids has several important clinical implications. First of all, the modulation of
the microbiota composition either directly (with probiotics or Gl-restricted antibiotics) or indirectly
(with dietary manipulation or promoting the GI peristalsis) may provide a novel approach to prevent or
reduce opioid tolerance. Some of these manipulations have already been proven to be effective in animal
experiments—for example, treatment with vancomycin (as mentioned before), administration of the
probiotic VSL#3 [128], or oral treatment with butyrate (which has both anti-inflammatory and motility
promoting effects) [41]. Certainly, clinical studies are warranted to confirm the tolerance-reducing
property of these treatments in humans and to find the best strategies with the lowest risk-benefit
ratio. On the other hand, the phenomenon of dysbiosis-related analgesic tolerance suggests that even
peripherally restricted opioids may lose their analgesic properties in the case of chronic administration
due to their GI effects. Whether and to which extent the peripherally restricted opioids that have
been recently proved to produce peripheral analgesia can alter the gut microbiota, and whether this
dysbiosis correlates with peripheral analgesic tolerance, are issues that warrant further investigation.

4. Summary and Conclusions

Many attempts have been made to minimize the development of opioid analgesic tolerance in
order to avoid the consequence of opioid dose escalation. These studies focused largely on the central
mechanisms underlying opioid analgesic tolerance. It is worth mentioning that the worldwide opioid
crisis is the result of the use of centrally acting opioid analgesics for controlling pain. Targeting the
functional peripheral ORs is an alternative strategy to provide adequate pain relief with less health
risks that are related to the current opioid epidemic due to centrally acting opioids. A huge body of
evidence indicates the development of central analgesic tolerance to all opioid analgesics. On the other
hand, few studies have been published in relation to peripheral analgesic tolerance of opioids. Herein,
the reviewed data suggest that the development of peripheral analgesic tolerance is largely dependent
on the pain entity, animal pain models and the route of administration, locally versus systemically.
Apparently, there is no consensus on the occurrence, magnitude, and the time course regarding the
development of analgesic tolerance at peripheral sites in animal models of acute thermal, inflammatory,
and neuropathic pains. There are promising approaches to avoid analgesic tolerance, such as designing
opioid agonists with limited CNS penetration. However, evaluations of these compounds in relation
to peripheral analgesic tolerance have not been fully carried out yet. In addition, the question can be
raised as to whether these compounds produce significant peripheral analgesic effects upon long-term
treatment. Opioid analgesic tolerance is developed as a consequence of the reduction in the number of
available ORs for agonists on the cell surface in key points of pain pathways including the periphery.
Consequently, novel opioids of high efficacy and limited CNS penetration might be of clinical value,
because the risk of CNS-mediated side effects such as respiratory depression, addictive liability,
and overdose incidence can be decreased. Despite the published data on the drawbacks of targeting
peripheral MORs in the development of central analgesic tolerance, convincing pharmacological and
genetic (the inclusion of peripheral MORs) approaches related to peripheral analgesia and tolerance
support such claims. Additionally, restoring the opioid-induced dysbiosis might have an important
potential in clinical practice. Finally, the success in developing opioid agonists devoid of central opioid
side effects while inducing effective, peripherally mediated analgesia would be a great advance in
clinical pain management, together with decreasing addictive liability and overdose deaths.
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Abstract: Among the opioid receptors, the kappa opioid receptor (KOR) has been gaining
substantial attention as a promising molecular target for the treatment of numerous human
disorders, including pain, pruritus, affective disorders (i.e., depression and anxiety), drug addiction,
and neurological diseases (i.e., epilepsy). Particularly, the knowledge that activation of the KOR,
opposite to the mu opioid receptor (MOR), does not produce euphoria or leads to respiratory
depression or overdose, has stimulated the interest in discovering ligands targeting the KOR as novel
pharmacotherapeutics. However, the KOR mediates the negative side effects of dysphoria/aversion,
sedation, and psychotomimesis, with the therapeutic promise of biased agonism (i.e., selective
activation of beneficial over deleterious signaling pathways) for designing safer KOR therapeutics
without the liabilities of conventional KOR agonists. In this review, the development of new KOR
ligands from the class of diphenethylamines is presented. Specifically, we describe the design
strategies, synthesis, and pharmacological activities of differently substituted diphenethylamines,
where structure-activity relationships have been extensively studied. Ligands with distinct profiles as
potent and selective agonists, G protein-biased agonists, and selective antagonists, and their potential
use as therapeutic agents (i.e., pain treatment) and research tools are described.

Keywords: kappa opioid receptor; diphenethylamines; design and synthesis; structure-activity
relationships; agonist; partial agonist; biased agonist; antagonist; binding affinity; selectivity

1. Introduction

Throughout human history, opioids have been used for medicinal and recreational practices to
relieve pain, cough, and diarrhea, and to induce euphoria. The mood changes produced by opioids
have been the basis for their abuse [1,2]. However, it was in the 20th century when major advances
were made in understanding how opioids act to produce their beneficial and harmful effects. At the
same time, the efficacy of opioids to treat human diseases was significantly improved by major
developments in medicinal chemistry, bioinformatics, and neurosciences. Specifically, the existence
of specific receptors for opioid drugs was first demonstrated on the basis of binding assays in brain
preparations [3-5]. The multiplicity of opioid receptors was reported with different classes of opioid
drugs having distinct pharmacological activities [6]. Since their first characterization, four opioid
receptor types, referred to as mu (i, MOR), delta (5, DOR), kappa (k, KOR), and nociceptin (NOP)
receptor have been defined, and their crystal structures were obtained [7-9]. Opioid receptors belong
to the family of seven transmembrane G protein-coupled receptors (GPCRs) and share about 60%
homology in the amino acid composition [7-9]. Parallel to the multiple opioid receptors, endogenous
opioid peptides (i.e., f-endorphins, enkephalins, dynorphins, and nociceptin/orphanin FQ) were
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identified in mammals [7,8]. When multiple types of opioid receptors were first proposed [6], it was
clear that most of the therapeutic and side effects of opioids, clinically used as analgesics, were mediated
by the MOR. These drugs included morphine and other analgesics, such as oxycodone, oxymorphone,
and fentanyl [10-13]. Particularly, the misuse and overdosing with MOR agonists are an ongoing public
health crisis worldwide, owing to the dramatic growth, especially in the United States of America (USA),
of overdose deaths and diagnoses of opioid-use disorder associated with prescription opioids [14,15].
The challenge of researchers has always been to find innovative drugs that retain analgesic efficacy
without the debilitating side effects of conventional MOR agonists, especially respiratory depression,
as the primary cause of opioid-related overdose mortality.

During the past decades, the KOR has emerged as an alternative pharmacotherapeutic target;
opposite to the MOR activation, the KOR does not mediate the rewarding effects or the respiratory
depression, and it induces fewer gastrointestinal-related complications [7,16,17]. The endogenous
kappa opioid system comprises the KOR and endogenous peptide ligands, the dynorphins, named
after the Greek word dynamis (power) [18]. The KOR protein contains 380 amino acids, with seven
transmembrane x-helices characteristic of the GPCRs. In comparison to other species, the human
protein sequence of the KOR is 91% identical to the guinea pig and 94% identical to the mouse and
rat [9,16]. The KOR/dynorphin system has a widespread distribution in the central and peripheral
nervous systems (CNS and PNS) and various non-neuronal tissues of different species, including
humans [19-26], consistent with its functional diversity. The endogenous kappa opioid system has key
functions in numerous physiological and behavioral responses, including pain inhibition, diuresis,
response to stress, reward processing, regulation of mood states, cognitive function, epileptic seizures,
and sensation of itch [2,16,27-31].

Differential modulation of the KOR using selective ligands targeting the receptor is regarded
a viable strategy for developing therapies for human disorders where the endogenous kappa
opioid system plays a central role. Activation of central and peripheral KORs by agonist ligands
was demonstrated to produce therapeutic effects of analgesia [32-34], antipruritic effects [25,35],
and anticonvulsant/antiseizure effects [31,36]. Recent evidence has uncovered potential therapeutic
areas for KOR antagonists, such as affective disorders and addiction-related behaviors [37-44].

Although targeting the KOR for the development of new drugs is promising, the KOR is not
devoid of undesirable side effects, with receptor activation causing dysphoria, sedation, diuresis,
and psychotomimetic effects in humans [33,45-47], and aversion, anhedonia-like, and anxiety-like
effects in animals [48,49]. The contemporary concept of “functional selectivity” or “biased agonism” at
the GPCR was introduced to describe the condition wherein ligands stabilize different conformations of
the GPCR and can signal through parallel or independent signaling pathways mediated by G proteins
and other effectors, principle among them being 3-arrestin2 [50-53]. Activation of G protein-mediated
pathways upon KOR activation is recognized to be responsible for the beneficial effects of analgesia and
anti-itching, while (-arrestin2 recruitment and subsequent p38 phosphorylation KOR are considered
to be involved in the negative side effects of dysphoria/aversion and sedation [54,55]. These findings
that independent signaling mechanisms can be linked to distinct physiological effects of the KOR and
can be pharmacologically separated by biased KOR ligands offer nowadays new perspectives in the
discovery of KOR-targeted therapeutics with less liability for undesirable side effects. Accumulated
literature on the development of KOR biased agonists was presented in recent reviews [56-60].

The first selective KOR ligand was ketocyclazocine (after which the kappa receptor type is
named [6]), which produces analgesia in animals, as well as sedation and ataxia [33]. Over the years,
a diversity of KOR ligands, as natural, naturally derived, and synthetic compounds with different
scaffolds, as small molecules or peptides, with short- or long-acting pharmacokinetics, and central or
peripheral site of action, were made available through chemical synthesis and evaluated as potential
therapeutic agents or research tools. Several KOR agonists were evaluated in human clinical trials for
the treatment of pain and pruritus, whereas KOR antagonists are under clinical development for the
treatment of major depressive disorders and substance use disorders. Currently, nalfurafine is the only
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KOR agonist approved for clinical use as an antipruritic drug in Japan [35]. A synopsis of the literature
on such developments is beyond the scope of this review; however, we recommend extended and
recent reviews in the field [25,33,34,43,44,56,61-66]. Furthermore, the available crystal structures of
the KOR in inactive (Protein Data Bank, PDB code 4DJH) [67] and in active conformations (PDB code
6B73) [68] and the accessibility of modern computational methods (e.g., molecular dynamics (MD)
simulation) offer a unique prospect for computational drug discovery [69-71].

In this review, we present recent chemical developments and structure-activity relationships
(SAR) for a new class of KOR ligands with a diphenethylamine scaffold. We also outline the in vitro
and in vivo pharmacological activities of diphenethylamines with diverse profiles ranging from potent
and selective agonists to G protein-biased agonists and selective antagonists; their potential use as
therapeutics is also discussed.

2. Design and Synthesis of Diphenethylamines

The synthesis of diphenethylamines, 1 (RU 24213) and 2 (RU 24294) (Figure 1), was described
about 40 years ago [72]. These compounds were originally developed as potential anti-Parkinson’s
drugs [72]. Both 1 and 2 were selective dopamine D, receptor agonists at doses close to apomorphine,
while exhibiting a longer duration of action [73]. Compounds 1 and 2 were also reported to display
moderate affinity at the KOR acting as antagonists in in vitro binding assays [74]. The N-n-CsHy;
analogue 3 (Figure 1) was tested in vivo and showed an antagonistic action against the KOR agonist
U50,488 on diuresis and analgesic activity in rats [75].

N\R

1 (RU 24213) R = n-C,H,, R, = H
2 (RU 24926) R = n-;H,, R, = OH
3R=nCgH,;, R, =H

R'

Figure 1. Structures of diphenethylamines 1-3.

On the basis of these earlier findings, new diphenethylamine analogues with different substituents at
the nitrogen and on the phenolic moieties were designed, synthesized, and biologically evaluated [76-81].
SAR studies were reported on these new structures with several diphenethylamines emerging as highly
potent and selective ligands with full/partial agonist, biased agonist, and antagonist activities at the
KOR (Figure 2).

n-butyl, n-pentyl, n-hexyl,
allyl, isoamyl, phenylethyl,
Bn, CB, CPM, CBM,

CPeM, CHM

Figure 2. Design strategy of new KOR ligands with a diphenethylamine scaffold. Bn: benzyl,
CB: cyclobutyl, CPM: cycloproplymethyl, CBM: cyclobutylmethyl, CPeM: cyclopentylmethyl,
CHM: cyclohexylmethyl.
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2.1. Synthesis of 3-Monohydroxy-Substituted Diphenethylamines

The initial design strategy of new diphenethylamines as KOR ligands targeted modifications
at the nitrogen with the extension of the n-alkyl (n-C4Hy and #n-C¢Hj3) and introduction of
cycloalkylmethyl (CPM and CBM) substituents in 3-monohydroxy-substituted diphenethylamines [76].
2-(3-Methoxyphenyl)-N-phenethylethaneamine (5) was readily available from 2-(3-methoxyphenyl)
ethaneamine (4) by alkylation with phenethyl bromide [74]. N-Alkylation of 5 using the respective alkyl
bromides occurred, leading to compounds 6-9, which were in turn transformed by ether cleavage with
sodium ethanethiolate in N,N-dimethylformalide (DMF) at elevated temperature into the respective
phenols 10-13 (Scheme 1).

HaCO a HCO b HsCO c Mo
W et B T )
2 N‘R R
4 5

6 R =n-C,H, 10 R = n-C,H,
7R =n-CgHys 11 R =n-CgHys

8R=CPM 12 R = CPM (HS666)
9R=CBM 13 R = CBM (HS665)

Scheme 1. Synthetic route to diphenethylamines 10-13. (a) Compound 4 was alkylated with
phenethylamine in DMF using K,COj3 as base to give 5; (b) further alkylation of 5 with the respective
alkyl bromides in DMF afforded 6-9; (c) compounds 6-9 were in turn transformed by ether cleavage
with sodium ethanethiolate in DMF at elevated temperature into the respective phenols 10-13.

The synthesis of HS665 (13) was optimized employing an alternative route (Scheme 2).
3-Hydroxyphenylacetic acid (14) was reacted with 2-phenethylamine (15) to afford amide 16.
Boron hydrate (BH3) reduction yielded amine 17, which was N-alkylated with cyclobutylmethyl
bromide to give 13 (HS665) with a higher yield (21%) than in the original procedure (17%) [76].

HO H,O NH, HO
+ —a>
H,0 o)

14 15 16
l b

H
N

Scheme 2. Alternative synthesis of HS665 (13) via acetamide 16. (a) EDCl, HOAt, CH,Cl,,
room temperature (r.t.); (b) 1 M BHj-tetrahydrofurane (THF), THE, reflux; (c) cyclobutylmethyl
bromide, NaHCOj3, CH;CN, reflux to afford HS665 (13).

The design of further 3-monohydroxy-substituted diphenethylamines as KOR ligands was based
on HS666 (12) and HS665 (13) as lead molecules. The N-CPM and N-CBM groups in HS666 (12)
and HS665 (13), respectively, were substituted by aliphatic and arylakyl groups of different sizes
and lengths [77,78]. The synthesis of 3-monohydroxy-substituted diphenethylamines 18-22 started
from the amine 17, which was N-alkylated with cyclopentylmethyl bromide, cyclohexylmethyl
bromide, benzyl bromide, isoamyl bromide, and cyclobutyl tosylate to yield the respective compounds
(Scheme 3). Using this synthetical route, ether cleavage with sodium ethanethiolate was avoided.
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The N-phenylethyl-substituted diphenethylamine, 24, was also prepared, where 5 was N-alkylated
with phenethyl bromide to afford compound 23, which was demethylated by ether cleavage with
sodium ethanethiolate in DMF to yield phenol 24 (Scheme 4).

18 R = CPeM
19 R =CHM
20R=Bn
21R=CB

22 R = isoamyl

Scheme 3. Synthetic route to diphenethylamines 18-22. (a) Compounds 18-22 were prepared from 17
by N-alkylation with the respective alkyl bromide or cyclobutyl tosylate in the presence of NaHCO; in
CH;3CN.

HsCO H5CO HO
T w0 s U
(CH2)2 @ (CH2)2 @
5 23

24

Scheme 4. Synthetic route to diphenethylamine 24. (a) Phenethyl bromide, K,COj3, DMF; (b) sodium
ethanethiolate, DMF at elevated temperature.

2.2. Synthesis of 4-Monohydroxy-Substituted Diphenethylamines

The next design strategy evaluated the consequence of switching the hydroxyl group from position
3 to 4 in HS666 (12) and HS665 (13) on the KOR activity [77]. The 4-monohydroxy diphenethylamines
28 and 32 were synthesized (Schemes 5 and 6). Amide 26 was prepared from 4-hydroxyphenylacetic
acid (25), which was treated with phenethylamine (15) in CH,Cl, in the presence of EDCl and HOAL.
BHj3 reduction yielded amine 27 that was N-alkylated with cyclobutylmethyl bromide to give 28
(Scheme 5). Alkylation of 2-(4-methoxyphenyl)ethaneamine (29) with phenethyl bromide afforded
2-(4-methoxyphenyl)-N-phenethylethaneamine (30), which was N-alkylated with cyclopropylmethyl
bromide leading to 31. Compound 31 was treated at elevated temperature with ethanethiolate in DMF
to yield 32 (Scheme 6).

H
o) NH, N
HO HO
25 15 %
lb
. ]
Hom\/@‘_ HO Now

Scheme 5. Synthetic route to diphenethylamine 28. (a) EDCl, HOAt, CH,Cly, r.t.; (b) 1 M BH3-THF,
THE, reflux; (c) cyclobutylmethyl bromide, NaHCO3, CH3CN, reflux to afford compound 28.
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Scheme 6. Synthetic route to diphenethylamine 32. (a) Compound 29 was alkylated with
phenethylamine in DMF to give 30; (b) alkylation of 30 with cyclopropylmethyl bromide in DMF
afforded 31; (¢) compound 31 was in turn transformed by ether cleavage with sodium ethanethiolate in
DMF into 32.

2.3. Synthesis of 3,3'-Dihydroxy-Substituted Diphenethylamines

RU 24294 (2) is the analogue of RU 24213 (1) having two hydroxyl groups at positions 3and 3’ of the two
phenyl rings (Figure 1). This compound was also found to be a selective KOR antagonist in in vitro binding
assays [74]. The subsequent design strategy targeted the effect of an introduction of an additional hydroxyl
group in position 3" on the KOR activity [78]. Several 3,3’-dihydroxy diphenethylamines substituted at
the nitrogen with CPM (37), CBM (38), allyl (39), cyclopentylmethyl (CPeM) (46), cyclohexylmethyl
(CHM) (47), and isoamyl (48) were synthesized (Schemes 7 and 8). The synthesis of the 3,3’-dihydroxy
derivatives 37-39 started from N-(3-methoxyphenethyl)-2-(3-methoxyphenyl)ethaneamine (33) [72],
which was alkylated with the respective alkyl bromides or allyl bromide to afford 34-36. Ether cleavage
with sodium ethanethiolate in DMF resulted in 3,3’-dihydroxy-substituted diphenethylamines 37-39
(Scheme 7). 3-Hydroxyphenylacetic acid (14) was reacted with 3-methoxyphenylethylamine (40) to
provide amide 41. BH3 reduction in THF gave amine 42, which was N-alkylated with the respective
cyclopentylmethyl, cyclohexylmethyl, and isoamyl bromide to give 43-45. Ether cleavage afforded

4648 (Scheme 8).
OH

HO

HaCO HaCO
T, 2O,
OCHs OCHs

33

34R = CPM 37R = CPM
35R = CBM 38 R=CBM
36 R =allyl 39 R = allyl

Scheme 7. Synthetic route to diphenethylamines 37-39. (a) Compound 33 [72] was alkylated with the
respective alkyl or allyl bromide, K,COj3, DME, Ny, 80 °C; (b) sodium ethanethiolate, DMF, N, 130 °C.

HO. O  HyN OCH3 HO. fo) HO.
a b
m . \/\©/ m m
“H
14 40 41

LQ/OCHa 42 RQ/OCHS
l c

46 R = CPeM (e) 43 R = CPeM
47 R =CHM (d) 44R =CHM
48 R = isoamyl (d) 45 R = isoamyl

Scheme 8. Synthetic route to diphenethylamines 46-48. (a) EDCl and HOAt in CH,Cl,, Ny, r.t;
(b) BH3-THF 1 M in THEF, N, reflux; (c) respective alkyl bromide, NaHCO3, CH3CN, N, reflux;
(d) sodium ethanethiolate, DMF, N, 130 °C; (e) BBrs 1 M CH,Cl, solution in CH,Cl,, —15 °C [82].
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2.4. Synthesis of 3,4'-Dihydroxy-Substituted Diphenethylamines

Diphenethylamines with 3,4’-dihydroxy groups were designed to explore the influence
of the orientation of the additional hydroxyl group on the KOR activity [78]. 3,4’-Dihydroxy
diphenethylamines substituted with N-allyl (55), N-CPM (56), N-CBM (57), and N-CHM (58) were
synthesized (Scheme 9). Treatment of 4-hydroxyphenylacetic acid (25) with 3-methoxyphenylethylamine
(40) in the presence of EDCl and HOAt provided 49. BHj reduction of 49 in THF gave amine 50,
which was alkylated with the respective allyl or alkyl bromides 51-54. Ether cleavage afforded
diphenetylamines 55-58 (Scheme 9).

O  HyN OCHj3 o
- - O e
HO HO HO “H
25 40 49 50

OCH;
l c

Hom‘R dore Hom‘R

OH OCH3

OCH;

55 R = allyl (d) 51 R = allyl
56 R = CPM (d) 52 R = CPM
57 R = CBM (e) 53 R = CBM
58 R = CHM (d) 54 R = CHM

Scheme 9. Synthetic route to diphenethylamines 55-58. (a) EDCI and HOAt in CH,Cl,, Ny, r.t.;
(b) BH3-THF 1 M in THE, Ny, reflux; (c) respective alkyl or allyl bromide, NaHCOj3, CH3CN, N, reflux;
(d) sodium ethanethiolate, DMF, N», 130 °C; (e) BBr3 1 M CH,Cl; solution in CH,Cl,, —15 °C.

2.5. Synthesis of 2-Fluoro-Substituted Diphenethylamines

The high strength and large dipole moment of the C-F bond, along with the strong electronegativity,
small size, and modest lipophilicity of fluorine, all subtend versatility in the drug design [83]. Different
2-fluoro-substituted derivatives were designed in order to assess the effect of the presence of fluorine in
position 2 in diphenethylamines on the KOR activity and physicochemical properties [78]. The inclusion
of a 2-fluoro substitution initially targeted the 3-monohydroxy N-CBM-substituted H5665 (13) resulting
in derivative 64 (Scheme 10). Other 2-fluoro-substituted diphenethylamines were prepared including
the 3-monohydroxy N-CHM-substituted 65 (Scheme 10), the 3,3’-dihydroxy N-CBM-substituted 69
(Scheme 11), and the 3,4’-dihydroxy N-CBM-substituted 74 (Scheme 12). It was also expected that
the blood-brain barrier (BBB) penetration may be slightly restricted due to the fluoro substituent in
the proximity to the 3-hydroxyl group, which results in a lower calculated pKa value of the 3-OH
group of 64 in comparison to the calculated pKa value of the 3-OH group of 13 (cpKa = 9.77 for 13 vs.
8.35 for 64, MarvinSketch 17.10, ChemAxon) [78]. According to the calculated partition coefficients
(clogP) and distribution coefficients at pH 7.4 (clogDy 4) (MarvinSketch 17.10, Chem Axon), fluorinated
compounds 64, 65, 69, and 74 had similar values to analogues HS665 (13), 19, 38, and 57, respectively,
and a good capability to pass the BBB [78]. 2-Fluoro-3-methoxyphenylacetic acid (59) was treated with
phenethylamine (15) in CH,Cl, in the presence EDCI and HOAL to afford amide 60. BH3 reduction
yielded amine 61, which was N-alkylated with the respective cyclobutylmethyl and cyclohexylmethyl
bromide to give 62 and 63. Ether cleavage with BBr3 afforded 64 and 65 (Scheme 10).
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64 R = CBM 62 R = CBM

65 R = CHM 63 R=CHM

Scheme 10. Synthetic route to diphenethylamines 64 and 65. (a) EDCl and HOAt in CH,Cl,, Ny,
r.t.; (b) BH3-THF 1 M in THF, Ny, reflux; (c) respective alkyl bromide, NaHCO3, CH3CN, Ny, reflux;
(d) BBr3 1 M CH,Cl, solution in CH,Cl,, —15 °C.

H;CO OCH3 H;CO H300
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Scheme 11. Synthetic route to diphenethylamine 69. (a) EDCland HOAt in CH,Cly, Ny, rt; (b) BH3-THF
1 M in THE, Ny, reflux; (c) cyclobutylmethyl bromide, NaHCO3, CH3CN, Ny, reflux; (d) BBr; 1 M
CH,Cl, solution in CH,Cl,, =15 °C.
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o T,

F
HO. 4 HsCO
N \/D N \/D
74 { : 73
OH
Scheme 12. Synthetic route to diphenethylamine 74. (a) EDCland HOAtin CH,Cl,, Ny, r.t.; (b) BH3- THF

1 M in THF, N, reflux; (c) cyclobutylmethyl bromide, NaHCO3, CH3CN, Np, reflux; (d) BBrs 1 M
CH,Cl, solution in CH,Cl,, —15 °C.

OCH;
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2-Fluoro-3-methoxyphenylacetic acid (59) was reacted with 3-methoxyphenethylamine (40) to
provide amide 66. BH; reduction in THF gave amine 67, which was N-alkylated with cyclobutylmethyl
bromide to provide 68. Ether cleavage with BBr3 afforded 69 (Scheme 11). Amide 71 was prepared
from 2-fluoro-3-methoxyphenylacetic acid (59), which was treated with 3-methoxyphenethylamine (70)
in CH,Cl, in the presence of EDCl and HOAt. BHj reduction yielded amine 72, which was N-alkylated
with cyclobutylmethyl bromide to give 73. Ether cleavage with BBr3 afforded 74 (Scheme 12).

2.6. Synthesis of an Aromatic Unsubstituted Diphenethylamine

To extend the understanding of the role of phenolic functions on the KOR activity, the aromatic
unsubstituted diphenethylamine 78 was synthesized [78]. Amide 76 was prepared from phenylacetic
acid (75), which was treated with 2-diphenethylamine (15) in CH,Cl, in the presence EDCI and HOAt.
BHj3 reduction yielded amine 77, which was N-alkylated with cyclobutylmethyl bromide to give 78
(Scheme 13).

H
o NH, N
a
. -

75 15 76
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. ()

©/HN\/D - N‘H
78 77

Scheme 13. Synthetic route to diphenethylamine 78. (a) EDCland HOAtin CH,Cl,, Ny, r.t.; (b) BH3- THF
1 M in THE, Ny, reflux; (c) cyclobutylmethyl bromide, NaHCO3, CH3CN, Ny, reflux.

2.7. Synthesis of [*’HJHS665

In addition to their potential as therapeutics for the treatment of human disorders where the
KOR has a key function, KOR ligands with a diphenethylamine scaffold may be of significant value
as research tools in investigating KOR pharmacology in vitro and in vivo. Radioligands are essential
tools in the GPCR research, and the field of opioid drug discovery has benefited significantly from
the structural and functional insights afforded by radiolabeled ligands [84,85]. Typically, tritium
labeling of small molecules and opioid peptides has a long tradition and is a well-established method
to obtain labeled compounds [84,85]. Precursors for tritiation can be prepared by a number of
chemical modifications, resulting in derivatives that can be reduced by tritium to obtain tritium-labeled
molecules. One of the most common chemical modifications is bromination. Tritium-labeled H5665
(13), [PH]HS665, was prepared using this strategy [86]. The 2,4-dibrominated compound (79) was
prepared from HS665 (13) using N-bromosuccinimide (NBS) and diisoproplyamine (DIPA) in CH,Cly,
and dehalotritiation of 79 was performed (Scheme 14) to yield [PH]HS665 with a specific activity of
30.65 Ci/mmol. [PH]JHS665 specifically labeled the recombinant and neuronal KOR [86], and was
employed as research probe for assessing in vitro KOR activity of new ligands [87-92].

225



Molecules 2020, 25, 5092

Br *H
HO HO HO
mv@ 2, LN N1
Br 3H
13 79 [3H] Hse65

Scheme 14. Synthetic route to [PHIHS665. (a) DIPA, NBS, CH,Cl,, r.t.; (b) Triethylamine (TEA),
PdO/BaSOy catalyst, tritium gas, r.t. HS665 (13) was first brominated using NBA and DIPA in CH,Cl,
to afford the dibrominated analogue 79. A mixture of 79, DMF, TEA, and PdO/BaSO; catalyst was
reacted with tritium gas at r.t. The crude product was obtained with 216 mCi in ethanol. This product
was purified by RP-HPLC to afford [*H]JHS665 with a radioactive purity of >95% and with a specific
activity of 30.65 Ci/mmol.

2.8. Synthesis of Structurally Related Diphenethylamines

Two structurally related diphenethylamines included the 2-pyridyl analogues 3G1 (80) and
3G2 (81) (Figure 3) [80], as derivatives of the reported 3-monohydroxy, N-CPeM-substituted 18 and
3-monohydroxy, N-CHM-substituted 19 (Scheme 3) [78]. The synthesis of 80 and 81 was performed
by a contract research organization (WuXi Apptech, Shanghai, China) using methods reported by the
Schmidhammer and Spetea group [78], and they were described as ligands with KOR agonist activity [80].

HO.
T s

‘\
N~

80 (3G1) R = CPeM
81 (3G2) R = CHM

Figure 3. Structures of 2-pyridyl analogues 80 and 81.

3. Pharmacological Activities of Diphenethylamines at the KOR

3.1. Agonists and Partial Agonists

The first strategy used for designing KOR ligands with a diphenethylamine scaffold targeted the
extension of the n-alkyl substituent at the nitrogen in the 3-monohydroxy-substituted RU 24213 (1) and
3 (Figure 1), specifically, substitution of the #-C3Hy group in 1 with an n-C4Hg group (10) and n-CsHy;
group in 3 with an n-C¢Hj3 group (11) (Table 1) [76]. In vitro binding studies demonstrated that
replacing the N-n-C3Hy group with an N-n-C4Hg substituent (1 vs. 10) resulted in comparable affinity
and potency at the KOR, albeit with a lower selectivity of 10 for the human KOR expressed in Chinese
hamster ovary (CHO-hKOR) cells ((Table 1). Lengthening of the N-substituent in the n-CsH;; analogue
3 by one methylene group resulting in the #n-C¢H13 analogue 11 produced an additional reduction in
both affinity and selectivity for the KOR. 3-Monohydroxy-substituted 1 and 3 were reported to display
moderate affinity and selectivity at the KOR in the rat brain [74,75], whereas a higher KOR affinity was
measured to the recombinant human receptor (Table 1) [76]. In vitro assays using rat brain membranes
established diphenethylamines 1 and 3 as KOR antagonists on the basis of the decreased ligand affinity
in the presence of NaCl/guanosine triphosphate [74,75]. In the guanosine-5-O(3-[>*S]thio)-triphosphate
(I3S]GTPYS) binding studies using CHO-hKOR cell membranes, 1 and 3 had moderate KOR potencies
and low efficacies, with a KOR partial agonist profile [76]. Extension of the N-n-alkyl substituent in
3-monohydroxy-substituted 1 and 3 conserved the KOR partial agonism character with a moderate
potency for 10 and 11, respectively (Table 1).
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Table 1. In vitro activities of differently substituted diphenethylamines as full and partial agonists at

the KOR.
R2
R3
N.gi
R4
RS
KOR Binding ? KOR Activity
Ligand R}, R% R3, R4, R®
K; (nM) K ratio KOR/MOR/DOR  ECsy (nM)  %Stim.

3-Monohydroxy-substituted
1 (RU 24213) n-C3Hy, H, OH, H, H 8.13 1/73/457 49.1 21.1
3 n-CsHip, H, OH, H, H 126 1/26/104 86.4 36.2
10 n-C4Hy, H, OH, H, H 10.9 1/38/223 46.2 455
1 n-C¢Hys, H, OH, H, H 141 1/5.6/25 647 24.0
12 (HS666) CPM, H, OH, H, H 5.90 1/140/>1700 35.0 53.4
13 (HS665) CBM, H,OH, H, H 0.49 1/1106/>20000 3.62 90.0
18 CPeM, H, OH, H, H 0.017 1/16118/133471 3.87 82.8
19 CHM, H, OH, H, H 0.061 1/8803/35066 0.23 61.9
20 Bn,H,OH, H, H 0.71 1/652/2623 4.65 79.5
21 CB,H,OH, H, H 10.3 1/65/344 46.1 50.7
22 isoamyl, H, OH, H, H 2.69 1/96/1020 22.1 74.7

4-Monohydroxy-substituted
28 CBM, H, OH, H, H 36.3 1/20/59 109 438

3,3’-Dihydroxy-substituted
37 CPM, H, OH, OH, H 4.62 1/137/617 20.6 51.3
38 CBM, H, OH, OH, H 0.38 1/605/8789 4.44 71.1
39 allyl, H, OH, OH, H 19.1 1/19/39 154 37.5
46 CPeM, H, OH, OH, H 0.31 1/1884/8952 13.7 80.4
47 CHM, H, OH, OH, H 0.14 1/1193/10229 17.6 91.1
48 isoamyl, H, OH, OH, H 2.10 1/100/699 16.6 65.6

3,4’-Dihydroxy-substituted
55 allyl, H, OH, H, OH 43.5 1/4/25 248 29.8
57 CBM, H, OH, H, OH 3.43 1/5/125 222 76.4
58 CHM, H, OH, H, OH 1.85 1/126/885 22.2 84.3

2-Fluoro-substituted
64 CBM, F OH, H, H 0.072 1/5529/>138000 6.90 66.1
65 CHM, F, OH, H, H 0.040 1/21275/>250000 2.77 88.9
69 CBM, F, OH, OH, H 0.12 1/4642/>83000 1.49 57.5
74 CBM, F, OH, H, OH 3.37 1/155/389 36.7 69.1
Unsubstituted

78 CBM,H H HH 79.1 1/13/28 359 91.9

@ Determined in competition binding assays using membranes from CHO cells stably expressing human opioid
receptors. b Determined in the [®S]GTPyS binding assay using CHO-hKOR cell membranes. Data from [76-78].
Kj, inhibition constant; ECs), 50% effective concentration; %Stim, percentage stimulation relative to U69,593
(reference KOR full agonist).

The subsequent design strategy evaluated the character of the N-substituent in 3-monohydroxy-
substituted diphenethylamines (alkyl vs. cycloalkylmethyl vs. arylakyl) on KOR activities
(Table 1) [76,78,81]. The N-CPM substituent in derivative 12 (HS666) and an N-CBM group in
analogue 13 (HS665) were found to be more favorable for ligand binding at the KOR than the N-n-alkyl
groups in 1, 3, 10, and 11, by increasing affinity and selectivity at the KOR, as well as showing better
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KOR agonist potency and efficacy (Table 1). HS665 (13) was the first 3-monohydroxy-substituted
diphenethylamine reported with a KOR full agonist activity [76].

The available structures of the human KOR [67,68], together with efficient computational methods
(i.e., molecular docking and molecular dynamics (MD) simulations), currently enable investigating
ligand-receptor interactions, revealing structural features that promote binding and selectivity,
and developing structure-affinity and structure—function relationships [69,70]. Molecular docking
studies using the crystal structure of the human KOR (PDB code 4DJH) [67] and an active-like structure
of the KOR attained by MD simulations explored binding modes of the 3-monohydroxy-substituted
diphenethylamines, 1, 3, and 10-13 at the KOR [77]. In silico studies established that the size of the
N-substituent hosted by the hydrophobic pocket formed by the residues Val108, Ile316, and Tyr320
influenced ligand binding and selectivity to the receptor, with the N-CPM group in 12 (HS666) and
N-CBM substituent in 13 (HS665) having the optimal size. The hydrogen bond formed by the phenolic
3-hydroxyl group of N-CBM-substituted HS665 (13) with His291 was crucial for binding affinity and
agonist activity at the KOR [77]. Using mutant KOR models, where Val108 was virtually mutated
into Ala, the corresponding residue in MOR and DOR, confirmed the experimentally demonstrated
KOR selectivity of HS5665 (13). Docking of HS5665 (13) to the mutant receptor showed the loss of the
crucial hydrogen bond of the phenolic group with His291 [77]. Molecular modeling studies also
established that the n-alkyl size limit of the N-substituent is five carbon atoms, as KOR affinities of the
N-substituted n-C3Hy, n-C4Hy, and n-CsH;; analogues were in the same range, whereas the presence
of an n-CgHj3 chain at the nitrogen caused a larger reduction in the binding affinity (Table 1) [77].

The design of new 3-monohydroxy-substituted diphenethylamines was based on HS666 (12) and
HS665 (13) as leads, where the N-CPM substituent in HS666 (12) and N-CBM substituent in HS665 (13)
were exchanged by aliphatic and arylakyl groups of different sizes and lengths [77,78]. Interesting SAR
observations were reported in this series (compounds 18-22) with regard to the KOR binding affinity,
selectivity, and functional activity (Table 1). The presence of bulkier N-substituents, such as N-CPeM
(18) and N-CHM (19) groups, resulted in the largest increase in the KOR affinity, in the picomolar range,
and excellent KOR selectivity (Table 1) [78]. Introduction of an N-benzyl group resulted in very high
affinity and selectivity at the KOR of analogue 20, albeit less prominent than derivatives with N-CBM
(13), N-CPeM (18), and N-CHM (19) substitutions. In the [?*]GTPyS binding assay using CHO-hKOR
cell membranes, the 3-monohydroxy-substituted diphenethylamines 18 and 20 were potent and full
agonist at the KOR, while derivative 19 had a profile of a potent KOR partial agonist (Table 1) [78].
Introduction of N-cyclobutyl (21) and N-isoamyl (22) substitutions was reported to produce a further
decrease in the KOR affinity and selectivity and to behave as KOR partial agonists. It was established
that N-CPeM and N-CHM substitutions are highly favorable in terms of interaction with the KOR [78].

Shifting the position of the phenolic hydroxyl group from position 3 to 4 in HS665 (13) significantly
decreased affinity and selectivity at the KOR of 28 (Table 1) [77]. Differential functional activity at
the KOR regarding the G protein activation was also observed after switching the hydroxyl group,
with 13 as a highly potent and full KOR agonist and the 4-hydroxy modification in 28 resulting in a
low potency and efficacy KOR partial agonist.

Within the 3,3’-dihydroxy diphenethylamine series (compounds 37-39 and 4648, Table 1), N-CBM
(38), N-CPeM (46), and N-CHM (47) groups resulted in derivatives with very high KOR affinity and
selectivity [78]. An additional hydroxyl group at position 3" in N-CPM-substituted HS666 (12) and
N-CBM-substituted HS665 (13) did not change the affinity and selectivity at the KOR of the resulting
analogues 37 and 38, respectively, but changed the full agonist profile of 13 into a potent KOR partial
agonist 38, with no change in the KOR partial agonism of 37 vs. 12. Similar observation of the lack
of alterations in the KOR activity was reported for the 3,3’-dihydroxy N-isoamyl-substituted 48 and
its counterpart 22 (Table 1). The 3,3’-dihydroxy, N-CHM-substituted 47 had decreased KOR affinity,
selectivity, and potency compared to its analogue 19, with a shift from a partial agonist of 19 to a full
agonist profile for 47. A more significant reduction in affinity, selectivity, and potency at the KOR was
found for the 3,3’-dihydroxy, N-CPeM derivative 46 compared to its analogue 18, with both compounds
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being full agonists at the KOR. It was reported that an N-allyl substitution (39) was least favorable for
the interaction with the KOR within the series of 3,3’-dihydroxy diphenethylamines (Table 1) [78].

Further SAR studies described the consequence of shifting the 3’-hydroxyl group to position 4’ with
a decrease in both KOR binding affinity and selectivity for N-allyl-substituted 55, N-CBM-substituted
57, and N-CHM-substituted 58 when compared to their 3,3’-dihydroxy analogues 39, 38, and 47,
respectively (Table 1) [78]. In vitro functional activity studies indicated that the 3’-OH to 4’-OH shift
did not change the KOR partial agonist (39 vs. 55 and 38 vs. 57) or full agonist activity (47 vs. 58).

Within the series of 2-fluorinated diphenethylamines, the N-CBM-substituted 64 and N-CHM-
substituted 65 with a single 3-hydroxyl group were reported having very high affinities at the KOR,
in the picomolar range, and an extraordinary KOR selectivity (Table 1) [78]. Compound 65 was the
most selective KOR ligand in the series and a very potent full agonist. An N-CBM substitution together
with a 2-fluoro substituent (64) significantly improved both KOR affinity and selectivity in comparison
to HS665 (13), while it converted a full agonist (13) into a potent KOR partial agonist (64). A substantial
increase in the KOR selectivity was reported for the 2-fluorinated N-CHM-substituted 65 compared to
analogue 19, with both compounds showing very good KOR affinity (K; values of 0.061 nM for 19
and 0.040 nM for 65), whereas 65 was also a potent full agonist. Furthermoreaddition of a 2-fluoro
substituent into the 3,3’-dihydroxy, N-CBM derivative 38 increased binding affinity and potency at
the KOR to 69, together with an increase in the KOR selectivity for 69, without changing the KOR
partial agonism (Table 1). Whereas the 3,4’-dihydroxy, N-CBM-substituted 74 had comparable affinity
to 14 at the KOR, the presence of a 2-fluoro substituent in 74 improved KOR selectivity and left the
KOR partial agonist profile unaffected. According to these SAR observations, a fluorine substitution at
position 2 in this class of diphenethylamines appears as highly advantageous with regard to the KOR
activity profile [78].

The role of phenolic functions in diphenethylamines related to the KOR activity was also
demonstrated, where the aromatic unsubstituted analogue 76 was synthesized and reported as having
the lowest binding affinity and selectivity at the KOR within the series, showing that the presence of a
3-hydroxyl group is required for the interaction with the KOR in vitro (Table 1) [78].

Two structurally related diphenethylamines to the series presented in Table 1, the N-CPeM-
substituted 80 and N-CHM-substituted 81 were reported (Figure 3, Table 2) [80]. Both compounds 80
and 81 were described as KOR full agonists in the [*°SIGTPyS binding assay using membranes for
U208 cell stably expressing the human KOR (U20S-hKOR) [80]. However, they had reduced agonist
potencies than N-CPeM and N-CHM analogues 18 and 19, respectively, indicating that a pyridine ring
in 80 and 81 is less favorable than a phenyl ring in 18 and 19 (Tables 1 and 2). Binding affinities and
selectivities at the KOR of 80 and 81 are yet to be reported.

3.2. Biased Agonists

As outlined in the introduction, in addition to the G protein-mediated signaling, another
important signaling event following agonist stimulation of the KOR activation is (B-arrestin2
recruitment, with increasing evidence that this signaling pathway mediates the negative side effects
(i.e., dysphoria/aversion, sedation, motor incoordination) associated with receptor activation. Therefore,
the concept of biased agonism at the KOR has gained significance to drug discovery, with diverse
chemical approaches being evaluated toward the design of G protein-biased KOR agonists as effective
and safer therapeutics (for reviews, see [56-60]).

In vitro functional studies described diphenethylamines 10, 12, 13, and 18, as well as structurally
related 80 and 81, as G protein-biased KOR agonists with different degrees of bias (Table 2) [79,80,93].
Studies compared ligand potency and efficacy through two functional assays measuring G protein
activation (the [¥*S]GTPYS binding assay) and p-arrestin2 recruitment (PathHunter 3-arrestin2 assay)
at the human KOR (Table 2). The N-n-C4Hg substituted 10 was found to be a KOR agonist in
the [¥°S]GTPyS binding assay, without inducing any stimulation of p-arrestin2 recruitment [79].
The N-CPM-substituted HS666 (12) was reported as a KOR partial agonist in the G protein coupling
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assay with minor (Emax of 24% of the reference KOR agonist U69,593) [93] to no measurable (3-arrestin2
recruitment [80]. The N-CBM- and the N-CPeM-substituted HS5665 (13) and 18, respectively, showed
weak partial agonism for the KOR-induced (-arrestin2 recruitment, while they were very potent and
fully efficacious in promoting KOR-dependent G protein activation [79,93]. A similar profile was
reported for the two structurally related diphenethylamines 80 and 81 (Table 2).

Table 2. Comparison of invitro potencies and efficacies of KOR agonists from the class of
diphenethylamines to induce G protein activation and (3-arrestin2 recruitment.

. G Protein Activation ? B-Arrestin2 Recruitment P
Ligand References
ECs¢ (nM) Emax (%) € ECs (nM) Emax (%) €
d
10 14 04 (PathHunter, ) d [79]
(GTPyS, U20S-hKOR) U20S-hKOR-B-arrestin2)
35.7 449 (PathHunter,
12 (HS666) G1pys, CHO-hKOR) 50 U208-hKOR-B-arrestin2) 2 193]
463 (PathHunter,
13 (HS665)  4.987 (GTPyS, CHO-hKOR) 88 U205 hKOR . B-arrestin2) 55 [93]
720 (PathHunter,
18 0.64 (GTPyS, U20S-hKOR) 100 U208-hKOR-p-arrestin2) 55 [79]
3956 (PathHunter,
80 8.2 (GTPyS, U20S-hKOR) 86.7 U20ShKOR-B-arrestin?) 61.2 [80]
81 11.8 (GTPyS, U20S-hKOR) 816 2082 (PathHunter, 577 180]

U20ShKOR-B-arrestin2)

2 Determined in the [3*S]GTPyS binding assay at the human KOR. b Determined in the PathHunter B-arrestin2
recruitment assay at the human KOR. ¢ Percentage relative to the maximal effect of U69,593. —¢ denotes no
stimulation. For structures of compounds 10, 12, 13, and 18, refer to Table 1; for structures of compounds 80 and 81,
refer to Figure 3.

3.3. Antinociceptive and Behavioral Effects of Agonists from the Class of Diphenethylamines

Pharmacological in vivo studies on KOR agonists from the class of diphenethylamines reported
on their antinociceptive activities in mouse models of acute thermal nociception (warm-water
tail-withdrawal assay) [93] and visceral pain ( acetic acid-induced writhing test) [76,78]. Evaluation of
the antinociceptive effects showed that the N-CPM-substituted HS5666 (12) and N-CBM-substituted
HS665 (13) produced dose-dependent effects in the warm-water tail-withdrawal assay mice after
central, intracerebroventricular (i.c.v.) administration (50% Effective dose, ED5y = 6.02 nmol for 12,
and 3.74 nmol for 13, vs. EDsy = 7.21 nmol for U50,488) [93]. In the same study [93], no antinociception
was detected in KOR-knockout (KO) mice, indicating that the effects of compounds 12 and 13
were KOR-specific. The first diphenethylamine reported as a potent antinociception agent following
subcutaneous (s.c.) administration was the KOR full agonist HS665 (13) [76]. In the writhing test,
HS665 (13) was equipotent to U50,488 (Table 3). In the mouse model of visceral pain, the KOR partial
agonist HS666 (13) was also described as having antinociceptive efficacy after s.c. administration,
with a potency twofold lower than that of U50,488 (Table 3) [78]. The antiwrithing effects of HS666
(12) and HS665 (13) were blocked by pretreatment with the KOR antagonist, nor-binaltorphimine
(nor-BNI), which confirmed the KOR-specific effect [76,78].

Additional diphenethylamines with a KOR agonism profile were reported as effective
antinociceptive agents with a KOR-mediated effect in the acetic acid-induced writhing test in mice after
s.c. administration (Table 3) [78]. Interesting SAR observations were drawn from these studies regarding
in vitro and in vivo agonist activities. In the series of 3-monohydoxy substituted diphenethylamines,
the N-CPeM-substituted 18, which was the most potent KOR agonist in vitro (Table 1), was described
as the most effective in producing an antinociceptive effect (Table 3). The N-CHM-substituted 19,
a KOR partial agonist in vitro, was highly effective and only twofold less potent than its analogue
18, while it was equipotent to the N-Bn-substituted 20 [78]. Introduction of an N-isoamyl group (22)
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caused a reduction in the antinociceptive potency, albeit comparable to the potencies of the leads HS5666
(12) and HS665 (13) (Table 3).

In the series of 3,3’-dihydroxy-substituted diphenethylamines, increasing the size of the
cycloalkylmethyl substituent at the nitrogen did not significantly alter the in vivo agonist potencies,
with the N-CBM- (38), N-CPeM- (46), and N-CHM-substituted (47) derivatives showing similar
potencies in inhibiting the writhing response in mice after s.c. administration (Table 3) [78]. However,
a reduction in the in vivo potency (twofold) was presented by the 3,3’-dihydroxy N-CPeM-substituted
46 compared to its 3-monohydroxy analogue 18, an SAR observation that likely relates to the decreased
in vitro KOR agonist potency of 46 (Table 1). This reduction in the antinociceptive potency was
not observed for the N-CBM (38), N-CHM (47), and N-isoamyl (48) derivatives when compared
to their 3-monohydroxy analogues HS665 (13), 19, and 22, respectively. It was also reported that
switching the 3’-hydroxyl group to position 4’ resulted in a lower antinociceptive potency for the
N-CHM-substituted 58 than its analogue 47 (EDsj = 0.95 mg/kg for 47 vs. EDsy = 1.90 mg/kg for 58),
whereas no difference was observed between the N-CBM derivatives 38 and 57 (EDsp = 1.71 mg/kg for
38 vs. ED5g = 1.73 mg/kg for 57) (Table 3) [78].

Table 3. Antinociceptive potencies of differently substituted diphenethylamines in mice.

R2
R@
Nogi
R*
RS
e
Ligand R!, R? R3, R, R® E?;;"(‘;cglfg:: )a

U50,488 - 1.54
12 (HS666) CPM, H,OH, H, H 3.23
13 (HS665) CBM, H,OH, H, H 191
18 CPeM, H, OH, H, H 0.49
19 CHM, H, OH, H, H 1.01

20 Bn, H, OH, H, H 121

22 isoamyl, H, OH, H, H 2.78

37 CPM, H, OH, OH, H 473

38 CBM, H, OH, OH, H 1.71
46 CPeM, H, OH, OH, H 1.19
47 CHM, H, OH, OH, H 0.95
48 isoamyl, H, OH, OH, H 2.63
57 CBM, H, OH, H, OH 173

58 CHM, H, OH, H, OH 1.90

64 CBM, E, OH, H,H 2.64

65 CHM, F, OH, H, H 1.33

69 CBM, F, OH, OH, H 2.25

74 CBM, E, OH, H, OH 2.14

@ Determined in the acetic acid-induced writhing assay in mice after s.c. administration. Data from [76,78].

Several diphenethylamines with a 2-fluoro substitution were reported to be highly efficacious
in the writhing test in mice after s.c. administration (Table 3) [78]. Replacement of the N-CBM
substituent in 2-fluorinated analogue 64 by the N-CHM group in 65 changed the in vitro agonist
activity by converting a KOR partial agonist 64 into a full agonist 65 (Table 1), but also improved the
antinociceptive activity of 65. In mice, the 2-fluorinated, N-CHM-substituted 65 was more potent
in the acetic acid-induced writhing test than its analogue 64 (Table 3). The 2-fluorinated analogues
with a CBM substituent at the nitrogen, 69 and 74, had comparable antinociceptive potencies to their
N-CBM derivatives 38 and 57, respectively, with all compounds reported as KOR partial agonists
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in vitro [78]. The 2-fluorinated, N-CBM-substituted 64 was slightly less potent than its analogue HS5665
(13), associated with the reduced in vitro KOR agonist potency and efficacy of 64 (Tables 1 and 3) [78].

In addition to antinociceptive activities of KOR agonists from the class of diphenethylamines,
other behavioral responses in mice were reported (Table 4) [78-80,93]. Particularly, diphenethylamine
derivatives with a G protein-biased agonists profile (Table 2) were evaluated for KOR-mediated side
effects of sedation/motor dysfunction and aversive-like behavior. It is well recognized that agonists
at the KOR cause sedation in humans, while, in animals, a decrease in locomotor activity can be
measured (for reviews, see [16,33]). First in vivo studies on the N-CPM-substituted HS666 (12) and
the N-CPM-substituted HS5665 (13), given i.c.v. to mice at antinociceptive EDgy doses effective in
the warm-water tail-withdrawal assay, reported on the absence of a significant effect on the motor
performance in the rotarod test [93]. It was also reported that HS666 (12), HS665 (13), and two other
3-monohydroxy-substituted analogues, the N-CPeM- (18) and N-CHM-substituted (19), did not cause
locomotor impairment at systemic s.c. doses up to fivefold of the antinociceptive EDs5j doses in the
writhing assay (Table 4) [78]. Intraperitoneal (i.p.) administration of H5665 (13) and 18 in a higher
dose of 30 mg/kg to mice produced a significant decrease in the rotarod performance, but less than
U50,488 [79,80]. These compounds have varying biased signaling toward G protein activation in vitro,
with HS666 (12) as a -G protein-biased KOR partial agonist with an efficacy in (3-arrestin2 recruitment
ranging from 0-24% [80,93], and HS665 (13) and 18 as G protein-biased KOR full agonists with a
partial agonist activity for B-arrestin2 signaling (efficacy between 30-55% for 13 and between 55-73%
for 18) [79,80,93].

Table 4. Behavioral effects in mice of KOR agonists from the class of diphenethylamines.

Antinociception Locomotor Activity (rotarod Aversion (CPA)

Ligand (Test, EDs), Route, Strain) test) (Dose, Route, Strain) (Dose, Route, Strain) References
10 nd. 30 mg/kg, i.p., C57/BL6 nd. [79,80]
12 (115666 tail w??ir]a&a;/,BéLOé nmol, 1 g Oa rfll;n;(l), ;Cg;’k'gc §7C/B]é ?3]1 CPA, 255077BT2}, ic.v., gz}
writhing, 3.23 mg/kg, s.c., CD1 S nd.
tail-withdrawal, 3.74 nmol, 10 nmol, i.c.v., C57/BL6] CPA, 30 nmol, i.c.v. [93]
13 (HS665) i.c.v., C57/BL6] 5 and 10 mg/kg, s.c., CD1 C57/BL6J [76,78]
writhing, 1.91 mg/kg, s.c., CD1 30 mg/kg, i.p., C57/BL6 n.d. [79,80]
18 writhing, 0.49 mg/kg, s.c., CD1 302n51;kggﬂ,((1gi)s,cC/5(;/E])31L6 n.d. [7[97;]0]
19 writhing, 1.01 mg/kg, s.c., CD1 5mg/kg, s.c., CD1 n.d. [78]
64 writhing, 2.64 mg/kg, s.c.,.CD1 15 mg/kg, s.c., CD1 n.d. [78]
65 writhing, 1.33 mg/kg, s.c., CD1 7.5 mg/kg, s.c., CD1 nd. [78]
80 n.d. 30 mg/kg, i.p., C57/BL6 n.d. [80]
81 n.d. 30 mg/kg, i.p., C57/BL6 n.d. [80]

For structures of compounds 10, 12, 13, 18, 19, 64, and 65, refer to Table 1; for structures of compounds 80
and 81, refer to Figure 3. CPA, conditioned place aversion; i.c.v., intracerebroventricular; s.c., subcutaneous;
i.p., intraperitoneal; n.d., not determined.

In the rotarod test, the N-n-C4Hg-substituted 10, which does not measurably recruit 3-arrestin2,
did not cause locomotor incoordination following i.p. administration to mice at a dose of 30 mg/kg [79,80].
Diphenethylamines with a 2-fluoro substitution and an N-CBM group (64) or an N-CHM group (65) also
produced no significant changes in the motor function of mice at doses equivalent to fivefold the effective
antinociceptive EDs5j dose in the writhing assay (Table 4) [78]. Structurally related diphenethylamines
80 and 81, as partial agonists for B-arrestin2 signaling, caused a modest motor impairment at doses
of 30 mg/kg, i.p., without reaching the level of deficiency produced by U50,488 in the rotarod
test [80]. Until now, there are no data available on the antinociceptive potencies of diphenethylamines
derivatives 10, 80, and 81; therefore, it is difficult to evaluate the safety profile of these compounds.
The in vivo findings related to the impact on the motor function of diphenethylamines 10, HS666 (12),
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HS665 (13), 18, 80, and 81 shows a possible correlation between the level of biased agonism and KOR
agonism-induced motor incoordination.

A major side effect related to the KOR activation is dysphoria, reported already in early human
studies [45,46]. Because dysphoria cannot be directly measured in animals, the aversive response of
a drug can be assessed using the conditioned place aversion (CPA) paradigm [48,49]. Conventional,
unbiased KOR agonists (i.e., U50,488, U69,593, and salvinorin A) produce marked aversive effects in
rodents in the CPA test [36,93-96]. The KOR-specific aversive effects were described to be linked with
the recruitment of 3-arrestin2 to the receptor, with G protein-biased KOR agonists expected to achieve
the beneficial effect of analgesia and to be devoid of dysphoric/aversive effects.

First studies on the potential to induce KOR-specific aversive behavior in the CPA test were
reported for the N-CPM-substituted HS666 (12) and the N-CPM-substituted HS665 (13) following
central i.c.v. administration in mice [93]. Neither preference nor aversion was measured in mice after
treatment with HS666 (13) up to 25-fold the antinociceptive ED5 doses effective in the warm-water
tail-withdrawal assay. In the same study, HS5665 (13) was found to induce aversive-like effects in
mice in a dose eightfold higher than the effective antinociceptive EDsj dose in the tail-withdrawal
assay [93]. The in vivo pharmacological profile of HS5665 (13) appeared to be alike to that of the G
protein biased-KOR agonist RB-64 [94], including antinociception effects with no motor incoordination,
but with aversive-like actions in mice [93,94]. Furthermore, this is a notable profile, as HS665 (13)
appears to activate favorably KOR-mediated G proteinactivation over 3-arrestin2 signaling, albeit with
higher efficacy for 3-arrestin2 recruitment than HS666 (12) (Table 2) [93].

A recent study using high-throughput phosphoproteomics compared the phosphoproteomes of
the mouse striatum after central, intracisternal (i.c.) injection of HS5666 (12) and HS665 (13) and other
KOR agonists, U50,488 [97], 6'-guanidinonaltrindole (6’-GNTTI) [98], and RB-64 [99], given at doses
effective in behavioral studies [95]. It was found that, compared to the aversive, 3-arrestin2recruiting
KOR agonists U50,488 [36,93,96], RB-64 [94,100], and HS665 (12) [93], the nonaversive, G protein-biased
HS666 (12) [93] and 6’-GNTI [36,101,102] had a differential dynamic phosphorylation pattern of
synaptic proteins and did not activate mTOR signaling [95]. This study proposed that the mammalian
target of rapamycin (mTOR) signaling pathway may be involved in mediating aversion caused by KOR
agonists. The KOR-specific mechanism was demonstrated by the lack of significant phosphorylation
changes in the KOR-KO mouse striatum [95].

3.4. Antagonists

Diphenethylamines displaying antagonist activity at the KOR were reported [77,78]. The first
diphenethylamine was the N-phenylethyl-substituted 24, which showed no substantial agonist activity
at the KOR in vitro, and antagonized U69,593-induced [*°SIGTPyS binding with relatively low
potency (Table 5) [77]. In vitro binding studies with CHO-hKOR cell membranes established that an
N-phenylethyl group (24) also resulted in a decreased binding affinity at the KOR compared to other
diphenethylamine derivatives and a complete loss of binding at the MOR and DOR (Table 5).

Switching the 3-hydroxyl group to position 4 in N-CPM-substituted 12 converted the KOR partial
agonist HS5666 (12) into a KOR antagonist (32) (Table 5) [77]. The 4-hydroxy, N-CBM-substituted 32
had higher KOR antagonist potency than the N-phenylethyl-substituted 24 in the [**SJGTPyS binding
assay. The in vitro profiles of diphenethylamines 24 and 32 were supported by molecular docking
studies [77] using the inactive structure of the human KOR (PDB code 4DJH) [67]. The N-phenylethyl
group in 24 is relatively bulky to be hosted by the hydrophobic pocket formed by the residues Val108,
I1e316, and Tyr320, which resulted in a different orientation of the phenolic moiety compared to the
full agonist H5665 (13), making this compound a weak KOR antagonist. Diphenethylamine 32 with
a phenolic 4-hydroxy group did not form the hydrogen bond with His291, an important residue for
affinity and agonist activity at the KOR [77].

It was also reported that introduction of an additional hydroxyl group at position 4" in HS666
(13) also changed the in vitro functional activity of 13, from a KOR partial agonist to an antagonist
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56 (Table 5) [78]. An interesting observation was that an additional hydroxyl group in position 3’
into N-CPM-substituted 32 retained the high antagonist potency at the KOR in vitro, while it also
increased affinity and selectivity of analogue 56 at the KOR (Table 5). The in vivo KOR antagonist
activity of 3,4’-dihydroxy, N-CPM derivative 56 was also demonstrated [78]. Pretreatment of mice
with 56 (10 mg/kg, s.c.), 15 min before the KOR agonist U50,488, produced a complete reversal
of U50,488-induced antinociception in the acetic acid-induced writhing assay. The absence of an
agonist activity was further demonstrated for 56, as it did not affect writhing pain behavior after s.c.
administration to mice [78].

Table 5. In vitro activities of differently substituted diphenethylamines as antagonists at the KOR.

R2
R@
N
RA
R5
KOR Binding ? KOR Activity P
Ligand R!, R?, R3, R?, R
K;i mM)  K; Ratio KOR/MOR/DOR Ke (nM)
24 (CH,),Ph, H,OH, H, H 211 1/>47/>47 1311
32 CPM, H, H, H, OH 218 1/8/10 32.1
56 CPM, H, OH, H, OH 3.56 1/129/>2800 243

@ Determined in competition binding assays using membranes of CHO cells stably expressing human opioid
receptors. ® Determined in the [**SJGTPyS binding assay using CHO-hKOR cell membranes. Data from [77,78].

4. Summary and Conclusions

Potent and selective KOR ligands have been targeted since the discovery of multiple opioid
receptor types, with increased attention in the 21st century paid to the discovery of novel ligands
targeting the receptor and their potential to treat human disorders involving the kappa opioid system.
This field has significantly advanced with an understanding of the function of the endogenous kappa
opioid system in physiological and neuropsychiatric behaviors. Furthermore, future drug development
in the KOR field is expected to significantly benefit from the available active and inactive KOR crystal
structures and access to powerful computational systems and technologies.

In this review, we focused on a new class of KOR ligands with a diphenethylamine scaffold.
We highlighted chemical advances in the functionalization and modification of the diphenethylamines
toward the development of KOR ligands with distinct profiles, ranging from potent and selective
agonists to G protein-biased agonists and selective antagonists. The first leads were HS5666 (12) and
HS665 (13), a selective KOR partial agonist and a full agonist, respectively [76]. The emerged SAR
studies showed that KOR selectivity can be affected by simple structural modifications. The 3-hydroxyl
function is required for the interaction with the KOR in vitro, and the character of the N-substituent
plays an important role on the binding and activation of the KOR. The SAR established that an
N-CPM substitution in HS666 (12) and an N-CBM substitution in HS665 (13) are more favorable for
the interaction with KOR than n-alkyl groups causing an increase in KOR affinity and selectivity,
as well as in KOR agonist potency and efficacy. Bulkier substituents at the nitrogen, such as CPeM and
CHM (compounds 18 and 19, respectively, Table 1), resulted in the largest increase (in the picomolar
range) in binding affinity and excellent selectivity for the KOR. Furthermore, modification with a
2-fluoro substitution in N-CBM- and N-CHM-substituted diphenethylamines (64 and 65, respectively,
Table 1) led to compounds with very high affinities (in the picomolar range) at the KOR and an
additional increase in the KOR selectivity. These properties make such compounds valuable research
tools in investigating KOR pharmacology. The 3-OH—4-OH switch resulted in reduced KOR binding.
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Additional hydroxyl groups at positions 3’ or 4’ had different consequences on the KOR activity,
with the 3,4’-dihydroxy, N-CBM-substituted 58 (Table 4) as a high affinity and selective KOR ligand
with in vitro and in vivo antagonism. Among the diphenethylamine derivatives, G protein-biased
KOR agonists with different degrees of bias were identified.

Pain represents a primary clinical indication for KOR agonists, with the evidence that agonists at
the KOR have analgesic properties with lower abuse potential than MOR agonists. Diphenethylamines
with a KOR agonist profile (full, partial, or G protein-biased) were demonstrated as highly efficacious
antinociceptive agents with a KOR-specific mechanism of action in mouse models of acute thermal
nociception and visceral pain. Furthermore, behavioral studies established these ligands as potential
antinociceptives with reduced liability for KOR-mediated adverse effects in mice (aversion, sedation/
locomotor impairment) [78,93].

Whereas KOR antagonists are important research tools for studying the in vitro and in vivo
KOR pharmacology, evidence on their antidepressant, anxiolytic, and antiaddictive effects support
the potential therapeutic applications of KOR antagonists in the treatment of human disease states
(i.e., depression, anxiety, and addiction). Selective KOR ligands from the class of diphenethylamines
were reported with in vitro and in vivo antagonism, with future studies remaining to establish their
therapeutic value.

In summary, a combination of target drug design, synthetical efforts, and pharmacological
assessments of diphenethylamines as a class of structurally distinct, selective KOR ligands, enabled the
identification of structural elements that determine the distinct activity profiles, with the prospective as
candidates for future drug development for the treatment of pain and other neuropsychiatric illnesses.
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Abstract: Increasing evidence indicates that native mu and delta opioid receptors can associate
to form heteromers in discrete brain neuronal circuits. However, little is known about their
signaling and trafficking. Using double-fluorescent knock-in mice, we investigated the impact
of neuronal co-expression on the internalization profile of mu and delta opioid receptors in
primary hippocampal cultures. We established ligand selective mu-delta co-internalization upon
activation by 1-[[4-(acetylamino)phenylmethyl]-4-(2-phenylethyl)-4-piperidinecarboxylic acid,
ethyl ester (CYM51010), [p-Ala2, NMe-Phe4, Gly-ol5]enkephalin (DAMGO), and deltorphin II, but not
(+)-4-[(xR)-x-((25,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide
(SNC80), morphine, or methadone. Co-internalization was driven by the delta opioid receptor,
required an active conformation of both receptors, and led to sorting to the lysosomal compartment.
Altogether, our data indicate that mu-delta co-expression, likely through heteromerization, alters the
intracellular fate of the mu opioid receptor, which provides a way to fine-tune mu opioid receptor
signaling. It also represents an interesting emerging concept for the development of novel therapeutic
drugs and strategies.

Keywords: mu opioid receptor; delta opioid receptor; heteromer; internalization; primary hippocampal
culture; lysosomes

1. Introduction

The opioid system modulates a large number of functions including nociception, emotional
responses, reward and motivation, and cognition, as well as neuroendocrine physiology and autonomic
functions [1,2]. It is composed of three G-protein-coupled receptors, mu, delta, and kappa, and three
families of opioid peptides, the enkephalins, dynorphins, and endorphins [3]. Several decades of
pharmacology have uncovered the complexity of the opioid pharmacology and evidenced functional
interactions between receptors that can take place at different levels, including within the cell [4,5].
This led to postulate the formation of functional association between different opioid receptor types
to generate a novel entity with specific pharmacological, signaling, and trafficking properties called
heteromers [6]. Heteromers within the opioid family were postulated for the first time about 20 years
ago involving the delta and the kappa opioid receptors [7]. Heteromerization of mu and delta opioid
receptors was then proposed shortly after [8] and extensively studied in co-transfected cells [9]. Mu and
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delta opioid receptors have different intracellular fate when internalized, with mu opioid receptors
being recycled quickly to the plasma membrane [10,11] and delta opioid receptors being degraded
in the lysosomal compartment [12-14]. In co-transfected HEK293 cells, co-internalization of mu and
delta opioid receptors was reported following activation by the mu agonists [p-Ala?, NMe-Phe?,
Gly—ol5 Jenkephalin (DAMGO) [15-18] or methadone [19] or following activation by the delta agonists
SNC80 [17,18], [H-Dmt-Tic-NH-CH(CH2-COOH)-Bid] (UFP512) [17], deltorphin I [18], deltorphin
11 [16-18], or p-Pen2, p-Pen5 -enkephalin (DPDPE) [17]. Co-targeting to the lysosomal compartment
was observed following activation by deltorphin I [18] or methadone [19]. However, differences in the
cellular content are known to exist between cell types that may impact receptor functioning [20,21]
and underline the need for studies on endogenous receptors. Although a previous report indicated
that the mu agonist DAMGO induced co-internalization and co-recycling of mu and delta opioid
receptors in Dorsal root ganglia (DRG) cultures pretreated with morphine, suggesting that mu—delta
heteromerization may affect the trafficking of the delta opioid receptor in these conditions [22], little is
known so far regarding the consequences the trafficking of mu-delta heteromers in neurons.

Using double-fluorescent knock-in mice co-expressing functional mu and delta opioid receptors
respectively fused to the red fluorescent protein mCherry or the green fluorescent protein eGFP, we previously
mapped neurons co-expressing mu and delta opioid receptors [11]. In the hippocampus, they corresponded
to y-aminobutyric acid (GABA) interneurons with 70% being parvalbumin-positive [23]. We also
established close physical proximity of the two receptors in the hippocampus, a prerequisite to mu—delta
heteromerization [11]. Here, we took advantage of the double-fluorescent knock-in mice to examine whether
mu-—delta physical proximity was also associated with functional changes by monitoring mu and delta
receptor internalization in primary hippocampal cultures. We showed ligand-specific mu—delta receptor
co-internalization induced by the mu—delta-biased agonist CYM51010 [24,25], the mu agonist DAMGO,
and the delta agonist deltorphin II, but not the mu agonists morphine and methadone or the delta agonist
SNCB80. We also established the sorting of mu—delta heteromers to the lysosomal compartment indicating that
mu-—delta heteromerization affects the intracellular fate of the mu opioid receptor in its native environment.
These data point to mu—delta heteromerization as a means to fine-tune mu opioid receptor signaling and
neuronal activity.

2. Results

2.1. Endogenous Mu—Delta Heteromers Are Present at the Neuronal Surface under Basal Conditions

In agreement with our previous reports using the fluorescent knock-in mice expressing delta-eGFP
and/or mu-mCherry [11,13,26,27], both mu and delta opioid receptors were detected at the plasma
membrane in primary hippocampal neurons under basal conditions (Figure 1A). Quantification of
the receptor density using the ICY bioimaging software [28] indicated that the fluorescence density
at the cell surface was 2.5-fold higher compared to the cytoplasm for either receptor (Figure 1B).
Merged images highlighted an overlay of the green and red fluorescence at the surface of the neuron,
and quantification of the density of receptor co-localization indicated higher co-localization at the
plasma membrane compared to the cytoplasm (Figure 1C), with only 10% of the receptors co-localized
in the cytoplasm (Figure 1D).

Our data, thus, indicate close physical proximity of endogenous mu and delta opioid receptors at
the plasma membrane of hippocampal neurons and suggest constitutive mu—delta heteromerization at
the surface of neurons.

2.2. CYM51010 Induces Mu—Delta Receptor Co-Internalization and Co-Localization in the Late Endosomal
Compartment in Primary Hippocampal Cultures

CYM51010 was reported as a mu—-delta-biased agonist because its antinociceptive effect was
blocked by an antibody selective for mu—delta heteromers and its activity was reduced in mice deficient
for the mu or delta opioid receptor [24,25]. We, therefore, tested whether activation by this ligand
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(concentration range 10 nM to 10 uM) triggered mu and delta receptor internalization in primary
hippocampal cultures from double-fluorescent knock-in mice. CYM51010 concentrations equivalent to,
or higher than, 400 nM induced mu-mCherry and delta-eGFP internalization as seen from the decrease
in fluorescence density associated with the plasma membrane and the appearance of fluorescent
intracellular vesicles (Figure 1A,B). Quantification of the extent of co-localization 15, 30, and 60 min
after agonist administration showed that the fraction of mu and delta opioid receptors that co-localized
at the plasma membrane significantly decreased (Figure 1C), whereas mu—delta receptor co-localization
increased in the cytoplasm at the three time points (Figure 1D), establishing co-internalization of
the receptors. Triple immunofluorescence labeling with Lysosomal-associated membrane protein 1
(LAMP1) as a marker of the late endosomal-lysosomal compartment showed increased co-localization
with mu-mCherry and delta-eGFP 60 min after activation by CYM51010 (Figure 2), suggesting that mu
and delta opioid receptors are targeted together to the degradation pathway.

A Basal ] [ CYM51010- 60 minutes

Delta-eGFP

| [ _€YM51010- 15 minutes

M
BE ¢ Mu-mCherry = Delta-eGFP c'g Q
3L 288 ]
58 w2 5=
SL26y" . £€ 6 =]
L) Ll LN * 52
§; A 5 v e S ow .'S;E 4 + o - ER
25 5 & $:0 TEo 3210
2 |Yvey “obe 8 |News §
LE™ 0 153060 0 15 30 60 E" 0 15 30 60 = 0 15 30 60
Minutes Minutes Minutes

Figure 1. Mu and delta opioid receptors co-internalize upon CYM51010 activation in primary hippocampal
cultures. (A) Representative confocal images showing mu-mCherry and delta-eGFP fluorescence localized
at the plasma membrane (arrowheads) under basal condition or internalized in vesicle-like structures 15
or 60 min after CYM51010 (400 nM) application (arrows). Scale bar = 10 pum. (B) Receptor internalization
induced by CYM51010 application (400 nM) expressed as a ratio of membrane-associated versus
intracellular fluorescence densities for each receptor. Two-way ANOVA Fireatment (3, 94) = 17.98; p < 0.0001.
Freceptor (1, 94) = 1.06; Finteraction (3, 94) = 0.54. Tukey’s post hoc test for mu-mCherry, ** p < 0.001,
** p = 0.01. Tukey’s post hoc test for delta-eGFP, * p = 0.02, ** p = 0.002, *** p < 0.001; 7 = 10 to 20 neurons
per group from at least three independent cultures. (C) Subcellular redistribution of mu—delta heteromers
expressed as a ratio of membrane-associated versus intracellular fluorescence densities for co-localized
mu-mCherry and delta-eGFP receptors. One-way ANOVA (F (3, 48) = 13.64; p < 0.0001) followed by
multiple-comparison Dunn'’s post hoc test. * p = 0.03, *** p < 0.001; #n = 10-20 neurons per group from
at least three independent cultures. (D) Fraction of cytoplasmic mu-delta heteromers expressed as the
percentage of mu-mCherry and delta-eGFP overlapping objects detected in vesicle-like structures at the
different times. Kruskal Wallis test (p < 0.0001) followed with multiple comparisons Dunn’s test. ** p <0.01,
30 min vs basal, *** p < 0.001 15 min and 60 min vs basal. N = 10 to 20 neurons per group from at least
3 independent cultures.
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Figure 2. Mu and delta opioid receptors co-localize in the lysosomal compartment upon
CYM51010 activation in primary hippocampal cultures. (A) Representative confocal images
showing mu-mCherry-delta-eGFP colocalization with LAMP1 immunoreactive compartment under
basal conditions or 60 min after CYM51010 application (400 nM). Scale bar = 10 um (inset scale
bar = 2.5 pm). (B) Drug treatment induces statistically significant increase in the amount of
colocalization of mu-mCherry/delta-eGFP colocalization with LAMP1 labeling. Two-way ANOVA
Frug treatment (1, 49) = 62.70; p < 0.0001. Freceptor (1, 49) = 2.12, p = 0.15; Finteraction (1, 49) = 3.65, p = 0.2.
Tukey’s post hoc test: *** p < 0.001 for both mu-mCherry and delta-eGFP; n = 10-20 neurons per group
from at least three independent cultures.
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We then sought to investigate whether internalization of the mu opioid receptor by CYM51010
was promoted by its association with the delta opioid receptor. In primary hippocampal cultures from
single fluorescent knock-in animals expressing mu-mCherry and deficient for the delta opioid receptor,
CYM51010 concentrations up to 1 uM failed to induce mu-mCherry internalization (Figure 3A,B) with
only limited mu opioid receptor clustering and subcellular redistribution at 10 uM (Figure 3B).
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Figure 3. CYM51010 internalization of mu or delta opioid receptors in primary hippocampal cultures
from mice deficient for one of the receptors. (A) Representative confocal images showing that
mu-mCherry is associated with the plasma membrane (arrows) in basal conditions and 30 min after
CYM51010 (400 nM) addition in delta-knockout (KO) mice. Scale bar = 10 um. (B) Mu-mCherry
internalization induced by CYM51010 application expressed as a ratio of membrane-associated versus
intracellular fluorescence densities. Mann-Whitney test, p = 0.20; n = 13 to 20 neurons per group
from at least three independent cultures. (C) Representative confocal images showing that delta-eGFP
is predominantly associated with the plasma membrane in basal conditions (arrows) in mu-KO
mice, whereas the association is mostly intracellular at 30 and 60 min after CYM51010 (400 nM)
addition (arrowheads). Scale bar = 10 um. (D) Delta-eGFP internalization induced by CYM51010
application expressed as a ratio of membrane-associated versus intracellular fluorescence densities.
Kruskal-Wallis test (p < 0.0001) followed by Dunn’s multiple comparison test. Significant differences
after multiple-comparison tests are expressed as p < 0.001 (***) compared to basal group; n = 9-20
neurons per group from at least three independent cultures.

We also examined whether internalization of the delta opioid receptor upon activation by
CYM51010 required mu opioid receptor co-expression. In primary hippocampal cultures from single
fluorescent knock-in animals expressing delta-eGFP and deficient for the mu opioid receptor, CYM51010
(400 nM) induced internalization of the delta opioid receptor (Figure 3C). In addition, predominant
intracellular localization was observed 30 and 60 min after agonist application (Figure 3D) in agreement
with kinetics described for the delta selective agonist SNC80 [12,13,26], indicating that CYM51010 was
able to promote delta opioid receptor internalization despite the lack of mu opioid receptor expression.

Together, these data establish that mu opioid receptor internalization by CYM51010 is dependent on
mu-—delta receptor co-expression and directs the mu opioid receptor to the late endocytic compartment.

245



Molecules 2020, 25, 4493

2.3. CYMb1010-Induced Mu—Delta Receptor Co-Internalization Is Blocked by Pretreatment with Mu- or
Delta-Selective Antagonists

In neurons expressing one receptor only, CYM51010 activation led to the internalization of delta
but not mu opioid receptors (Figure 3). We, therefore, sought to determine whether co-internalization
by CYM51010 required the two receptors to be in an active conformation. To this aim, we examined
the impact of pretreatment for 15 min with the mu-selective antagonists beta-funaltrexamine (3-FNA)
(20 nM) orCTAP (200 nM). Both antagonists prevented mu opioid receptor cellular redistribution but
did not block delta opioid receptor internalization (Figure 4A,C,D). These results suggest that an active
conformation of the mu opioid receptor is required for mu-delta co-internalization.
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Figure 4. Antagonist pretreatment abolishes mu-delta opioid receptor co-internalization by CYM51010 in
primary hippocampal cultures. (A) Representative confocal images showing mu-mCherry predominant
localization at the plasma membrane and delta-eGFP extensive internalization after pretreatment with the
mu antagonist 3-FNA (200 nM) for 15 min, followed by incubation for 60 min with CYM51010 (400 nM).
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Scale bar = 10 um. (B) Representative confocal images showing mu-mCherry and delta-eGFP
predominant localization at the plasma membrane after pretreatment with delta antagonist naltrindole
(200 nM) (NTI) for 15 min, followed by incubation for 60 min with CYM51010 (400 nM). Scale bar = 10 um.
(C) Pretreatment with the mu antagonists 3-FNA or CTAP (200 nM) blocks mu-mCherry but not
delta-eGFP internalization, whereas pretreatment with the delta antagonists naltrindole (NTI) and
tic-deltorphin (tic) (200 nM) prevent internalization of both mu-mCherry and delta-eGFP. Receptor
internalization is expressed as a ratio of membrane-associated versus intracellular fluorescence densities
for each receptor. Two-way ANOVA F reatment (5, 104) = 4.73, p = 0.0001. Freceptor (1,104)=0.1,p = 0.84;
Finteraction (5, 100) = 1.96; p = 0.0006. Multiple comparisons with Tukey’s post hoc test, * p = 0.04
basal vs. CYM51010 for mu-mCherry, * p = 0.04 basal vs. CYM51010, * p = 0.04 basal vs. 3-FNA,
* p = 0.04 basal vs. CTAP; n = 9-20 neurons per group from at least three independent cultures.
(D) Mu-mCherry/delta-eGFP co-internalization is prevented by treatment with either mu or delta
antagonists. Percentage of colocalized receptors in the cytoplasm after drug treatment. The fraction
of cytoplasmic mu-delta heteromers is expressed as the percentage of mu-mCherry and delta-eGFP
overlapping objects detected in vesicle-like structures 60 min after CYM51010 application. One-way
ANOVA (p < 0.0001) followed by multiple-comparison Dunnett’s test. Significant differences after
multiple comparisons tests are expressed as *** p < 0.001 when compared to basal group and ## p < 0.001
when compared to CYM51010 without antagonists; 7 = 9-20 neurons per group from at least three
independent cultures.

We evaluated the need for delta opioid receptor activation in the co-internalization process.
Whereas pretreatment with mu antagonists blocked mu but not delta opioid receptor internalization,
pretreatment with the selective delta antagonists naltrindole or tic-deltorphin 200 nM blocked the
internalization of both delta and mu opioid receptors (Figure 4B-D). This indicates that mu-delta
cellular redistribution is driven by delta opioid receptor expression and activation.

Together, this result indicates that mu-delta receptor co-internalization upon CYM51010 activation
is driven by delta opioid receptors and requires both mu and delta opioid receptors to be in an
active conformation.

2.4. Mu—Delta Receptor Co-Internalization Is Ligand-Specific

We examined whether other synthetic opioid agonists were able to promote mu—delta receptor
co-internalization in primary hippocampal cultures. Mu—delta receptor co-localization in the cytoplasm
was increased 30 min after stimulation with the mu agonist DAMGO (1 uM) or the delta agonist
deltorphin II (100 nM), but not upon stimulation with the delta agonist SNC 80 (100 nM) or the mu
agonists morphine (10 M) or methadone (1 uM) (Figure 5). These data establish ligand-specific
internalization of endogenous mu-delta heteromers by exogenous opioids.
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Figure 5. Mu—delta opioid receptor co-internalization is ligand-selective in primary hippocampal
cultures. Representative confocal images showing mu-mCherry and delta-eGFP fluorescence at the
plasma membrane (arrowheads) under basal conditions or co-internalized in vesicle-like structures
(arrows) 30 min after DAMGO (1 uM) or deltorphin II (100 nM), but not SNC80 (100 nM), morphine
(10 uM), or methadone (1 pM). Scale bar = 10 pm.

3. Discussion

In this study, we used primary hippocampal cultures of double-fluorescent knock-in mice to
investigate the impact of neuronal co-expression on the internalization of native mu and delta
opioid receptors.

3.1. Mu—Delta Co-Internalization Is Induced by Different Ligands in Native or Co-Transfected Cells

We showed here that co-internalization of endogenous mu and delta opioid receptors was
ligand-dependent and took place following activation by the mu—delta-biased agonist CYM51010,
the mu agonist DAMGO, or the delta agonist deltorphin II, but not following activation by the mu
agonist morphine. This is consistent with previous reports in co-transfected HEK293 cells in which
co-internalization of the receptors was promoted by DAMGO [15-18] or deltorphin II [16-18], but not
morphine [19]. No co-internalization of mu and delta opioid receptors was observed following
activation by the delta agonist SNC80, in agreement with the absence of receptor co-internalization
in the spinal cord of delta-eGFP knock-in mice following SNC80 (10 mg/kg intraperitoneal (i.p.))
administration [29]. These results obtained in native environment are, however, in marked contrast
to the reported mu-—delta co-internalization in co-transfected cells [17,18]. Furthermore, we did not
evidence mu-delta co-internalization by the mu agonist methadone although this ligand induced
mu—delta co-trafficking in in co-transfected cells [19]. Collectively, these observations highlight the
difficulty to draw definite conclusions from data collected in heterologous systems. Differences between
native and heterologous environments may reflect distinct cellular contents [20]. Internalization of
the delta opioid receptor was dependent on G protein coupled receptor kinase 2 (GRK2) in cortical
neurons but not in transfected HEK293 cells, although the latter expressed GRK2 and supported
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GRK2-mediated internalization of other GPCRs [30]. Similarly, the ability of ligands to differentially
activate signaling pathways in AtT20 neuroblastoma and CHO cell lines uncovered clear influence of
the cellular background on mu opioid receptor signaling [31]. Expression of high levels of receptors in
a non-native environment can also artificially elicit interactions that would not occur in vivo and could
subsequently affect functional responses. Accordingly, low levels of mu (10-15 fmol/mg protein) [32,33]
and delta opioid receptors (30-50 fmol/mg protein) [32-35] are present in the mouse hippocampus,
whereas heterologous receptors are most often expressed in the picomolar range.

A potential influence resulting from the C-terminal fusion to a fluorescent protein is also to be
considered. Addition of the fluorescent tag did not modify the expression level of the mu opioid
receptor [11] but induced a twofold increase in delta opioid receptor expression [12]. In particular,
strong surface expression of the delta-eGFP construct in the hippocampus could alter receptor trafficking
and signaling. However, no overt change in the neuroanatomical distribution, pharmacological,
and signaling properties or behavioral response has been evidenced so far in the knock-in mice
expressing the delta-eGFP and/or mu-mcherry fluorescent fusions (reviewed in [36]). Importantly,
delta-eGFP surface expression varies across the nervous system and is increased upon chronic morphine
administration [27] or in neuropathic pain conditions [37], as previously reported for wild-type receptors
(reviewed in [5,36]). Moreover, the use of the delta-eGFP fusion enabled detecting in vivo partial
receptor internalization in response to a physiological stimulation [26] or upregulation following
Pavlovian training [38]. The fluorescent knock-in mice, therefore, appear to be well-suited reporters
for native opioid receptor studies.

3.2. CYM51010 Activation Induces Co-Targeting of Mu and Delta Receptors to the Lysosomal Compartment

Native mu opioid receptors rapidly recycle back to the plasma membrane [10,11], whereas native
delta opioid receptors are slow-recycling receptors that are degraded in the lysosomal compartments [13].
Here, we observed that native mu—delta heteromers were targeted to the lysosomal compartment in
primary neurons triggering a change in the mu opioid receptor intracellular fate following activation
by CYM51010. Although CYM51010 was reported as a mu—delta heteromer biased agonist [24], it also
binds to mu or delta opioid receptors expressed alone. Previous reports suggested that CYM51010
would not activate delta opioid receptors because [**S]JGTPyS activation by CYM51010 was not
prevented by antibodies specific for the delta opioid receptor [24], and CYM51010 administration did
not modify mechanical or thermal allodynia in neuropathic mu knockout animals [25]. However,
our data revealed that CYM51010 promoted delta opioid receptor internalization in mu knockout mice
indicating that it could activate this receptor in the absence of the mu opioid receptor. CYM51010
could also activate mu opioid receptors because antibodies specific for the mu opioid receptor reduced
[33S]GTPyS activation by CYM51010, although to a lesser extent than mu—delta-specific antibodies [24].
Moreover, CYM51010 had analgesic properties in delta knockout mice [25]. As shown here, activation
of the mu opioid receptor by CYM51010 was not associated with internalization when the receptor
was expressed alone. On the other hand, CYM51010 induced internalization of the mu opioid receptor
when associated with the delta opioid receptor, suggesting that its binding triggered a different
conformation of the mu opioid receptor that allowed beta-arrestin recruitment. Mu-selective (CTAP,
cyprodime, 3-FNA) or delta-selective (naltrindole, tic-deltorphin) antagonists prevented endogenous
mu-delta co-internalization in agreement with previously reported inhibition of the mu or delta
receptor, respectively, by a delta or a mu selective antagonist in co-transfected HEK293 cells [17].
These observations strongly suggest that co-trafficking requires both receptors in an active conformation
and that mu—delta co-internalization did not result from random nonfunctional contacts elicited by
receptor close proximity in the membrane.

Interestingly, delta antagonists blocked mu—delta receptor co-internalization, whereas mu antagonists
only blocked mu opioid receptor internalization without affecting delta opioid receptor internalization
and degradation. These data indicate that co-internalization was driven by the delta opioid receptor,
possibly through constitutive 3-arrestin recruitment [39,40]. Delta antagonists could, therefore, inhibit

249



Molecules 2020, 25, 4493

co-sequestration of the receptors by disrupting contacts between delta opioid receptors and (3-arrestins,
which would in turn destabilize the interface between the mu and delta opioid receptors.

3.3. Mu and Delta Opioid Receptors Form Functional Heteromers in the Hippocampus

Physical proximity of the receptors was established by co-immunoprecipitation in the hippocampus,
where neuronal co-expression of mu and delta opioid receptors was mostly detected in parvalbumin-positive
neurons [11]. Here, we confirmed co-expression of the two receptors at the plasma membrane in basal
conditions. We also established that CYM51010, an agonist that preferentially binds mu—delta heteromers [24],
induced co-internalization of the two receptors. In addition, co-internalization changed the intracellular
fate of the mu opioid receptor compared to neurons where the receptor was expressed alone. Indeed,
the mu opioid receptor was targeted to the lysosomal compartment instead of being recycled to the plasma
membrane. Altogether, these observations satisfy the criteria for receptor heteromerization as defined by
the International Union of Basic and Clinical Pharmacology (IUPHAR) [41] and establish the presence of
functional mu—delta heteromers in hippocampal neurons.

4. Materials and Methods

4.1. Animals

Double knock-in mice co-expressing fluorescent mu and delta opioid receptors
(mu-mCherry/delta-eGFP) were obtained by crossing previously generated single fluorescent knock-in
mice expressing delta-eGFP or mu-mCherry, as described previously [11]. Single-fluorescent knock-in
mice deficient for the other receptor were generated by crossing delta-eGFP with mu-knockout
mice or mu-mCherry with delta knockout mice. The genetic background of all animals was 50:50
C57BL6/J:129svPas. Male and female adult mice (8-12 weeks old) were used for in vivo experiments.

Mice were housed in an animal facility under controlled temperature (21 + 2 °C) and humidity
(45% + 5%) under a 12 h/12 h dark-light cycle with food and water ad libitum. All experiments were
performed in agreement with the European legislation (directive 2010/63/EU acting on protection of
laboratory animals) and received agreement from the French ministry (APAFIS 20 1503041113547
(APAFIS#300).02).

4.2. Drugs
1
D-Phe-Cys-Tyr-D-Trp-Pen-Thr-NH:

(CTAP) (C-6352), beta-funaltrexamine (3-FINA) (O-003), fentanyl citrate (F3886), naltrindole (N-2893),
[p-AlaZ, NMe-Phe?, Gly—015 Jenkephalin (DAMGO) (E-7384), and deltorphin II (T-0658) were purchased from
Sigma. (+)-4-[(xR)-0-((2S,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide
(SNC80) (cat n° 0764) was obtained from Tocris bioscience, 1-[[4-(acetylamino)phenyllmethyl]-
4-(2-phenylethyl)-4-piperidinecarboxylic acid, ethyl ester (CYM51010) (ML-335) was obtained from Cayman
chemical, and tic-deltorphin was synthesized as reported in [42]. Morphine hydrochloride was from
Francopia, and methadone (M-0267) was from Sigma.

4.3. Primary Neuronal Culture

Primary neuronal cultures were performed as previously described [28]. Briefly, PO-P3 mice
pups were decapitated, and their hippocampi were dissected and digested with papain (20 U/mL,
Worthington cat. no. L1S003126). Cells were plated (8-10 x 10* cells/well) on polylysine (PLL,
Sigma)-coated coverslips in 24-well plates. Cultures were maintained for 15 days in vitro (DIV) with
half of the medium (Neurobasal A medium supplemented with 2% B27 (GIBCO, cat. no. 17504044),
2 mM glutamax (GIBCO, cat. no. 35050061), 0.5 mM glutamine and penicillin/streptomycin) changed
every 5-7 days. Fully matured primary neurons (DIV 10 to 14) were used for all studies.
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4.4. Drug Administration and Sample Preparation

DAMGO, naltrindole, CTAP, deltorphin II, morphine, methadone, and tic-deltorphin were
dissolved in sterile milliQ water, CYM51010 was dissolved in saline solution with Dimethyl sulfoxide
(DMSO) (0.2% final volume) and Tween-80 (1% final volume), and SNC 80 was dissolved in DMSO at
10 mg/mL. Drugs were added to the culture medium of mature neurons (as 1% of the total culture
volume) (12-15 days in vitro) and incubated at 37 °C as indicated. Antagonists were added to the
culture medium 15 min before agonist treatment.

For immunofluorescence studies, cultures were washed in cold 0.1 M phosphate-buffered saline
pH 7.4 (PBS) and fixed with 4% paraformaldehyde in PBS. Cells were washed three times with cold
PBS and kept at 4 °C until processing.

4.5. Fluorescent Detection with Antibodies

Primary neuronal cultures or brain sections were incubated in the blocking solution PBST (PBS with
0.2% Tween-20 (Sigma)) and 5% normal goat serum (Sigma)) for 1 h at room temperature (2022 °C) and
then overnight at 4 °C in the blocking solution with chicken anti-GFP (1/1000, Aves GFP-1020), rabbit anti
ds-red (1/1000, Clontech 632496), and rat anti-LAMP1 (1/500, BD Biosciences 553792) when applicable.
Cells were washed three times in PBST and incubated for 2 h in PBST with goat anti-chicken antibodies
coupled to AlexaFluor 488 (1/2000, Molecular Probes A11039), goat anti-rabbit coupled to AlexaFluor
594 (1/2000, Molecular Probes A11012), and goat anti-rat coupled to DyLight 650 (1/500, Invitrogen
SA5-100021). After three washes in PBST, nuclei were stained with 4,6’-diamidino-2-phenylindole
(DAPI) (1 ug/mL in PBS) for 5 min. Samples were mounted with ProLong™ Gold Antifade mounting
medium (Molecular Probes) and kept at —20°, protected from light, until confocal imaging.

4.6. Image Acquisition and Analysis

Confocal images were acquired (Leica SP5) using a 63x (Numerical aperture (NA) 1.4) oil
immersion objective and analyzed with ICY software (http://icy.bioimageanalysis.org/) as previously
described [28]. Briefly, quantification was performed on a single-plane image from a z-stack within
two sequential steps. First, the plasma membrane and cytoplasmic compartment were defined for
each neuron. Each neuron was carefully delineated using the “free-hand area” tool. This initial Region
of interest (ROI) was filled with the “fill holes in ROI” plugin to define the total cell area (ROI ota1)-
ROIs were then processed to generate two ROIs corresponding to the cell periphery and the cytoplasm.
On the basis of staining in basal conditions, we estimated that most of the plasma membrane staining
was found over an 8 pixel thickness. Therefore, we automatically eroded, with the “Erode ROI”
plugin, the ROI ) by 8 pixels and subtracted this new ROI (ROI ¢yto) from ROI oq) to obtain a ROI
corresponding to the cell periphery (ROI peri).

The spots were then detected in each channel and the amount of co-localization determined in
each region of interest. To detect the specific signal in each ROI, we used the “spot detector” plugin
which relies on the wavelet transform algorithm [43]. By carefully setting the sensitivity threshold and
the scale of objects to detect, it allows the detection of spots even in images with low signal-to-noise
ratio. In our conditions, the sensitivity threshold was fixed between 50 and 60, and the scale of objects
was set at 2 (pixel size 3) for mu and delta receptors. Once parameters were defined, images were
processed with the tool “protocol” in ICY, which is a graphical interface for automated image processing.
Data including the number of spots detected in each channel and ROI, the number of co-localized objects,
and the ROI area were automatically collected in excel files. Objects were considered co-localized if
the distance of their centroid was equal to or less than 3 pixels. The protocol used in these analyses
is available online (http://icy.bioimageanalysis.org/protocol/newcolocalizer-with-binary-and-excel-
output-vl_batch/). To obtain histograms, we calculated object densities for each receptor reported
to the surface of each ROI. Membrane-to-cytoplasm density ratios were calculated to illustrate the
subcellular distribution of each receptor. The extent of co-localization was calculated according to the
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. N localized d delta object:
following formula for each ROI: % colocalization = 100 x (gz;:tae le:d ::s ::d d:h; (())bjjee Cctss) ). The extent of

internalization is expressed as the ratio of membrane/cytoplasm immunoreactivity densities for each
receptor or co-localized mu-delta. Co-localization of the two receptors is expressed as the percentage
of co-localized mu-mCherry and delta-eGFP signals reported to the total immunoreactivity.

4.7. Statistical Analysis

Statistical analyses were performed with Graphpad Prism V7 software (GraphPad, San Diego,
CA, USA). Normality of the distributions and homogeneity of the variances were checked before
statistical comparison to determine appropriate tests. One-way nonparametric (Kruskal-Wallis
followed by Dunn’s multiple-comparison test) or parametric one-way ANOVA test (followed by
Dunnett’s multiple-comparison test) were used to compare different experimental groups. A two-way
ANOVA followed by post hoc Tukey’s test for multiple comparisons was used for multiple factor
comparisons. Results in graphs and histograms are illustrated as means + standard error of the
mean (SEM).

5. Conclusions

Our data demonstrate for the first time that co-expression of native mu and delta opioid receptors
in hippocampal neurons alters the intracellular fate of the mu opioid receptor in a ligand-selective
manner. This observation supports functional heteromerization of the two receptors that would
contribute to the fine-tuning of mu opioid receptor signaling. It, therefore, highlights an interesting
emerging concept for the development of novel therapeutic drugs and strategies. Importantly, our
study also emphasizes the need to perform pharmacological studies on native receptors due to the
limited translational value of data collected in co-transfected cells.
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Abstract: Morphine, which acts through opioid receptors, is one of the most efficient analgesics for the
alleviation of severe pain. However, its usefulness is limited by serious side effects, including analgesic
tolerance, constipation, and dependence liability. The growing awareness that multifunctional ligands
which simultaneously activate two or more targets may produce a more desirable drug profile
than selectively targeted compounds has created an opportunity for a new approach to developing
more effective medications. Here, in order to better understand the role of the neurokinin system
in opioid-induced antinociception, we report the synthesis, structure-activity relationship, and
pharmacological characterization of a series of hybrids combining opioid pharmacophores with
either substance P (SP) fragments or neurokinin receptor (NK1) antagonist fragments. On the
bases of the in vitro biological activities of the hybrids, two analogs, opioid agonist/NK1 antagonist
Tyr-[p-Lys-Phe-Phe-Asp]-Asn-p-Trp-Phe-p-Trp-Leu-Nle-NH, (2) and opioid agonist/NK1 agonist
Tyr-[p-Lys-Phe-Phe-Asp]-GIn-Phe-Phe-Gly-Leu-Met-NH), (4), were selected for in vivo tests. In the
writhing test, both hybrids showed significant an antinociceptive effect in mice, while neither of them
triggered the development of tolerance, nor did they produce constipation. No statistically significant
differences in in vivo activity profiles were observed between opioid/NK1 agonist and opioid/NK1
antagonist hybrids.

Keywords: opioid receptors; neurokinin-1 receptor; peptide synthesis; receptor binding studies;
functional assay; writhing test; tolerance

1. Introduction

Due to their role in pain perception and modulation, opioid receptors (i, 5, and k, or MOR, DOR,
and KOR, respectively) are very important targets in medicinal chemistry. The plant alkaloid morphine
and its derivatives, which elicit their analgesic effect mostly through the activation of MOR [1], are
often the only choice for the management of severe pain [2]. However, the long-term use of these
drugs in chronic pain states causes the development of tolerance, which in turn necessitates dose
escalation [3]. As a result, the development of side effects, including the inhibition of gastrointestinal
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transit, respiratory depression, and physical dependence, occurs [4]. Therefore, the dissociation of
analgesia from the adverse side effects elicited by MOR agonists is the main goal in the search for
better and safer analgesics.

In the past decade the efforts of chemists in synthesizing new opioid analogs have been concentrated
on obtaining multifunctional opioid ligands, interacting simultaneously with more than one opioid
receptor type [5-7]. For example, compounds with a MOR agonist/DOR antagonist profile showed
fewer side effects and enhanced efficacy [8].

Since opioid peptides are not the only modulators of pain signals in the central nervous system
(CNS), a new approach in the search for more efficient analgesics with limited side effects is to
combine opioids with other neurotransmitters involved in pain perception (e.g., cholecystokinin,
neurotensin, substance P, etc.) [9-12]. Such novel chimeras, also known as multitarget ligands,
may interact independently with their respective receptors and potentially produce more effective
antinociception [13].

The tachykinin undecapeptide substance P (SP: Arg-Pro-Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met-NH,)
is a neurotransmitter/neuromodulator which is known to transmit pain signaling from the periphery
to the CNS. SP acts through the activation of neurokinin 1 receptor (NK1), which is found in both
the central and peripheral nervous systems and is associated with pain responses related to noxious
stimuli [14]. Antagonism at the NK1 blocks the signals induced by SP and can inhibit the enhanced
secretion of SP and increased expression of NK1 in prolonged pain states. That makes NK1 antagonists
potential therapeutic agents for pain relief [15-17].

The pharmacological blockade of NK1 with an antagonist seems logical in the design of hybrid
peptides with improved activity. The rationale for the synthesis of opioid/NK1 antagonist hybrids is
also supported by the documented co-localization of opioids and NK1 in nervous structures in the
transmission of nociceptive impulses [12].

Several hybrid opioid/NK1 antagonists have been reported so far. As the opioid part, fragments
or analogs of [Met]enkephalin [18], biphalin [19], dermorphin [20], or other opioids [21,22] have been
used and connected with NK1 antagonists. One example of such a MOR agonist/NK1 antagonist is the
compound Dmt-p-Arg-Aba-Gly-N-methyl-N-3',5'-di(trifluoromethyl)benzyl, which produced potent
analgesic effects upon chronic administration but still manifested a tolerance profile similar to that of
morphine [23].

In contrast to the hyperalgesic effects of SP, it was demonstrated that in low doses, SP can intensify
opioid-mediated analgesia in a naloxone-reversible manner, probably by triggering endogenous opioid
peptide release [24]. Linking the C-terminal SP fragments with morphine or opioid peptides gave
hybrids which produced a strong analgesic effect, with low or no tendency to develop opioid tolerance
following central administration to rats [25-28].

Foran et al. [25] described the endomorphin-2 (EM-2)/SP-7-11 chimera (ESP7) with overlapping
Phe-Phe residues, which produced opioid-dependent antinociception without loss of potency over
a five-day period, suggesting that co-activation of MOR and NKI1 is essential for maintaining
opioid responsiveness.

Kream et al. [26] synthesized a hybrid of morphine covalently conjugated through a succinic acid
linker to SP3.11 (designated MSP9). This analog was shown to activate MOR and KOR, as well as NK1,
and its antinociceptive effect most likely depended on the potent functional coupling of NK1 with both
opioid receptors.

Small peptides are in general not suitable as drugs, since they are metabolically unstable
and often degrade in a few minutes. Among other strategies, cyclization has turned out to be
a useful tool for generating analogs with enhanced chemical and enzymatic stability, as well as
improved pharmacodynamic properties [29]. In the last several years, we focused our research on the
synthesis of cyclic analogs based on the sequence of endomorphin-2 (EM-2; Tyr-Pro-Phe-Phe-NH),
with incorporated bifunctional amino acids that make ring closure possible. The cyclic peptide
Tyr-c[p-Lys-Phe-Phe-Asp]NHj; (1) displayed a mixed MOR/KOR affinity profile, enzymatic stability,
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and strong and long-lasting antinociceptive activity after either intracerebroventricular (icv) or
peripheral administration, which indicated its ability to cross the blood-brain barrier (BBB) [30,31].

Here, we report the synthesis and pharmacological evaluation of hybrids combining this
cyclopeptide with either the SP pharmacophore or NK1 antagonist (spantide II) fragments in order to
compare the antinociceptive potential of these two types of hybrids and to enhance our knowledge on
the cross-talk between opioid and neurokinin systems in pain perception and regulation.

The largest obstacle in joining two molecules is possible interference between them, which may
lead to partial or even complete loss of affinity at the respective receptors. In this report, the binding
and activation profiles of the hybrid analogs at the opioid and NK1 receptors were investigated,
followed by in vivo studies of antinociceptive activity and tolerance development in mice.

2. Results

2.1. Chemistry

The structures of the new hybrids are presented in Figure 1. The peptides were synthesized by
the solid-phase procedure using Fmoc/tBu chemistry with the hyper-acid labile Mtt/O-2 PhiPr groups
for selective protection of amine/carboxyl side-chain groups engaged in the formation of the cyclic
fragment. TBTU (2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate) was used
for coupling reactions. All compounds were purified by semipreparative RP HPLC (reverse phase
high-performance liquid chromatography), and their identity was confirmed by high-resolution mass
spectrometry (ESI-HRMS). The purity of the compounds characterized by analytical RP HPLC was
determined to be >95%. The detailed analytical data of the synthesized peptides are provided in the
Supplementary Materials (Table S1, Figures S1-56).

Spantide 2, NK1 antagonist D-Lys-Pro-Pal-Pro-D-Cl,Phe-Asn-D-Trp-Phe-D-Trp-Leu-Nle-NH,

Substance P, NK1 agonist Arg-Pro-Lys-Pro-Gln-Gln-Phe Phe Gly-Leu-Met-NH,

cyclic MOR/KOR agonist Tyr-[D-Lys-Phe-Phe-Asp]-NH,

!

Opioid fragment «~
S (  -Asn-D-Trp-Phe-D-Trp-Leu-Nle-NH,
Tyr-[D-Lys-Phe-Phe-Asp]- ~ (- D-Trp-Phe-D-Trp-Leu-Nle-NH,
~

~
~

NK1 antagonist fragment

-GIn-Phe-Phe-Gly-Leu-Met-NH,

Opioid fragment ~ _ _Phe-Phe-Gly-Leu Met NH,

. . S -Phe-Gly-Leu-Met-NH,

Tyr-[D-Lys-Phe-Phe-Asp]- S o - _Gly Leu-Met NH,
~

~
~ SP fragment

Figure 1. Sequences of hybrid analogs.
2.2. Receptor Binding Affinity

A radioligand binding assay was performed to determine the opioid receptor (OR) binding
affinities of the novel analogs using commercially available membranes of Chinese hamster ovary cells
(CHO) transfected with human recombinant ORs. [PHIDAMGO, [3H]de1torphin-2, and [PH]U-69593
were used as the radioligands for MOR, DOR, and KOR, respectively. The results are summarized
in Table 1. Tyr-[p-Lys-Phe-Phe-Asp|NH, (1) was used as a reference opioid compound. The novel
hybrids, with the exception of 3, showed MOR affinity in the nanomolar range. None of them acquired
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significant DOR affinity. At the KOR, analog 7, containing the shortest SP fragment, exhibited the
strongest binding.

Table 1. Receptor affinities of hybrid opioid/NK1 antagonist/agonist analogs at MOR, DOR, KOR,

and NK1.
K; [nM

No. Sequence MOR DOR?® | [ ]KOR a NK1b

1 Tyr-[p-Lys-Phe-Phe-Asp]-NH, 035+0.02 170.8+3.50 1.12+0.20 Inactive

2 Tyr-[p-Lys-Phe-Phe-Asp]-Asn-D-Trp-Phe-D-Trp-Leu-Nle-NH, 599 +0.70  201.6 +2.50 7.46+0.60  10.48 + 0.60
3 Tyr-[p-Lys-Phe-Phe-Asp]-D-Trp-Phe-D-Trp-Leu-Nle-NH; 28.24+1.45 2126+631 285+044 12.82+0.92
4 Tyr-[p-Lys-Phe-Phe-Asp]-Gln-Phe-Phe-Gly-Leu-Met-NH, 798+097 2248+140 1076 +0.85 15.6+1.23
5 Tyr-[p-Lys-Phe-Phe-Asp]-Phe-Phe-Gly-Leu-Met-NH, 4.90 +0.34 96.6 +3.8 2834 +1.71 516 +4.2
6 Tyr-[p-Lys-Phe-Phe-Asp]-Phe-Gly-Leu-Met-NH, 2.98 +0.14 28.7 +1.01 2.7+0.12 2332 + 189
7 Tyr-[p-Lys-Phe-Phe-Asp]-Gly-Leu-Met-NH, 1.14 £ 0.21 1132+ 4.6 0.89 + 0.04 8128 + 724
8 SP ND ND ND 3.24 +0.43

@ Displacement of [PH]DAMGO, [3H]de1torphin-2, and [*H]U-69593 from membranes of CHO cells transfected with
the human opioid receptors MOR, DOR, and KOR. b. Displacement of [PH][Sar?, Met(O,)!|SP from membranes
of CHO cells transfected with the human NK1 receptor. All values are expressed as mean + SEM, n > 3.
ND-not determined.

The binding assay was also used to examine the affinity of the synthesized hybrids for NK1 in
commercial membranes of CHO cells stably expressing human NK1. [PH][Sar’, Met(O,)]SP was
used as a competing radioligand. SP was included as a parent agonist (Table 1).

2.3. Calcium Mobilization Functional Assay

The functional activity of the hybrids was evaluated at all three ORs in calcium mobilization assay
in which CHO cells co-expressing human recombinant opioid receptors and chimeric G proteins were
used to monitor changes in intracellular calcium levels [32,33]. These changes reflect activation of the
G-protein-coupled receptors (GPCR) and can be used for the pharmacological characterization of novel
agonist and antagonist ligands [34,35].

The concentration-response curves were obtained for all hybrids (Figure S7, Supplementary
Materials). The agonist potencies (pECsp) and efficacies () of the tested ligands are summarized in
Table 2.

Table 2. Agonist potencies (pECsp) and efficacies () of analogs 1-7 determined on MOR, DOR, and
KOR coupled with calcium signaling.

Peptide MOR DOR KOR
PECsp (CLo59,) o + SEM PECsp (CLg59,) o + SEM PECsp (CLog59,) « + SEM
EM-2 8.22 (7.87-8.56) 1.00 Inactive Inactive
DPDPE Inactive 7.29 (7.16-7.43) 1.00 Inactive
Dynorphin A 6.67 (6.17-7.17)  0.83+0.10  7.73(7.46-8.00)  0.99 +0.04  8.86 (8.59-9.12) 1.0
1 8.98 (8.50-9.45)  0.98 +0.01 Crc incomplete 8.66 (8.56-8.76)  0.96 + 0.02
2 7.50 (7.28-7.71)  0.66 + 0.04 Crc incomplete 8.01 (7.56-8.46)  0.99 + 0.05
3 6.76 (6.46-7.06)  0.72 + 0.04 Crc incomplete 8.45(7.56-9.34)  1.05+0.05
4 7.46 (7.26-8.00)  0.90 + 0.04 Crc incomplete 7.85(7.60-8.11)  0.92 £ 0.05
5 7.63(7.12-7.80)  0.86 +0.03  6.41(5.82-7.01) 0.50+0.01  7.17(7.02-7.31)  0.64 +0.04
6 8.04 (7.89-8.20)  0.81+0.05  6.82(5.97-7.66)  0.65+0.05  8.33(7.96-8.69)  0.92 +0.02
7 8.69 (8.23-9.16)  0.85+0.05  6.44(5.80-7.08) 0.38 +0.04  8.80(8.46-9.14)  1.06 + 0.06

“Crc incomplete” means that the maximal effect could not be determined due to the low potency of a compound;
endomorphin-2 (EM-2), DPDPE, and dynorphin A were used as reference agonists for calculating intrinsic activity
at MOR, DOR, and KOR, respectively. Data are expressed as mean + SEM, n = 5.

At the MOR, the parent analog 1 showed full efficacy and potency (pECsp = 8.98, o = 0.98), even
higher than EM-2 (pECsp = 8.22, a = 1.00). Analogs 2 and 3 containing NK1 antagonist fragments
showed lower efficacy (x = 0.66 and 0.72, respectively) and much lower potency (30- and 100-fold,
respectively) as compared with 1. For hybrids 4-7, containing hexa-, penta-, tetra-, and tri-peptide
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C-terminal fragments of SP, activation of MOR depended on the length of the SP fragment, with the
highest pECs) value observed for analog 7, containing the shortest SP sequence (Gly-Leu-Met-NH,).

Consistent with the binding results, analogs 1-4 were able to increase intracellular calcium
levels at DOR only at the highest concentration tested, and peptides 5-7 showed potency an order
of magnitude lower than that of [D—Penz’s]enkephalin (DPDPE), used as a reference DOR ligand. At
the KOR, the cyclic opioid 1, hybrids 2 and 3 containing NK1 antagonist fragments, and 6 and 7
with SP fragments all stimulated calcium release with high potency and efficacy. Especially, analog
7 mimicked the stimulatory effect of dynorphin A, showing maximal effect and a similar value of
potency (pECsp = 8.80).

The calcium mobilization assay results were well correlated with the results of the binding assays.

Calcium mobilization studies were also performed for all new hybrids using CHO cells expressing
the human NK1 (CHOnk1). In these cells, SP, used as a standard, stimulated intracellular calcium
mobilization in a concentration-dependent manner with high maximal effect and potency (pECsy =
9.08). Analog 4 mimicked the stimulatory effects of SP with a fourfold lower potency value (pECsg =
8.45), while all other hybrids were much less active, with potency decreasing in the same order as SP
fragment length. These data are summarized in Table 3.

Table 3. Agonist potencies (pECsg) and efficacies (x) of SP and analogs 2-7 determined on NK1 coupled
with calcium signaling.

NK1
No. PECso (CLos5,) o+ SEM
SP 9.08 (8.83-9.34) 1.00
2 Inactive
3 Inactive
4 8.45 (8.00-8.91) 0.96 + 0.05
5 7.80 (7.45-8.15) 1.11 £ 0.05
6 6.11 (5.73-6.49) 1.03 = 0.05
7 5.68 (5.35-6.01) 0.99 + 0.08

SP was used as a reference agonist for calculating intrinsic activity at NK1. N = 5.

Compounds 2 and 3, which were inactive as agonists, were then tested as antagonists in inhibition
response experiments against SP, and the effects were compared with an NK1 antagonist, aprepitant.
Aprepitant tested as an agonist up to 10 uM did not modify per se the intracellular calcium levels in
the CHONK1 cells. In inhibition response experiments, increasing concentrations of aprepitant and
analogs 2 and 3 (0.01 nM to 10 uM) were tested against 10 nM SP. All three compounds inhibited the
effect of SP in a concentration-dependent manner (Figure 2). The pKB values of these compounds are
summarized in Table 4.

Table 4. Antagonist potencies (pKp) of aprepitant and analogs 2 and 3.

No. pKg (CLgs0,)
aprepitant 10.11 (9.48-10.74)
2 7.33 (7.03-7.63)
3 7.63 (7.25-8.00)
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Figure 2. Calcium mobilization assay. Inhibition response curves to aprepitant and analogs 2 and 3
against SP (10 nM). Aprepitant alone was used as a control; 1 > 3.

2.4. Antinociceptive Activity

For the assessment of antinociceptive activity, two hybrid analogs were chosen, one with an
opioid agonist/NK1 antagonist profile (2) and one with an opioid agonist/NK1 agonist domain (4).
For comparison, cyclic opioid analog 1 was included in the study as a positive control. This analog
was shown in our previous paper [30] to exert a very strong antinociceptive effect in the hot-plate
test, much stronger than EM-2. The writhing test was used as an acute pain model. This test involves
intraperitoneal (i.p.) injection of acetic acid which results in abdominal constriction, causing the mice
to writhe. Peptides or saline (control) were administered i.p. over a concentration range of 0.3 to 5
mg/kg at 15 min before the injection of acetic acid (0.5%, 10 mL/kg). The baseline number of writhes
in the saline-treated animals was about 35. The i.p. administration of peptides to mice not treated
with acetic acid did not evoke any writhes (data not shown). All three tested analogs (1, 2, and 4)
significantly decreased the number of writhes (down to averages of 6.4, 12.4, and 4.5, respectively) at
the dose of 5 mg/kg, and the effect was dose-dependent (Figure 3).
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Figure 3. The effect of opioid analog 1 and hybrids 2 and 4 at the doses of 5, 3, 1, and 0.3 mg/kg,
administered intraperitoneally (i.p.), on the number of pain-induced behaviors in mice. Peptides or
vehicle were administered 15 min before the i.p. injection of acetic acid (0.5%, 10 mL/kg). The number
of writhes was determined 5 min after acetic acid injection over a period of 15 min. The data represent
mean + SEM, n = 10. Statistical significance was assessed using one-way ANOVA and a post hoc
multiple comparison by the Student-Newman-Keuls test. *** p < 0.001, as compared to control.

2.5. Tolerance

To examine whether mice developed tolerance to hybrids 2 and 4, these analogs and analog
1 for comparison were injected once daily (5 mg/kg) for seven consecutive days. After repeated
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administration, the antinociceptive effect was determined on Day 7, performing the writhing test as
above. The analgesic activity of opioid analog 1 was drastically reduced (number of writhes increased
from 6 to 17). In contrast, on the seventh day of administration, hybrids 2 and 4 still produced as
strong an antinociceptive effect as on Day 1, indicating that they did not cause tolerance development
(Figure 4).
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Figure 4. A comparison of the antinociceptive effect of single (Day 1) and repeated (Day 7) i.p. injections
of opioid analog 1 and hybrids 2 and 4 at the dose of 5 mg/kg in the writhing test in mice. The data
represent mean + SEM, n = 10. Statistical significance was assessed using one-way ANOVA and a post
hoc multiple comparison by the Student-Newman-Keuls test. *** p < 0.001, as compared to control.

2.6. Stool Mass and Consumption of Food and Water

In order to determine the influence of prolonged administration of the tested compounds on
gastrointestinal passage, stool was collected for six days from mice used in the tolerance development
test. Opioid analog 1, used as a positive control, was shown to cause serious constipation in mice
compared to the control group. For both hybrids 2 and 4, no statistically significant differences in stool
mass were observed.

Animals injected daily with saline or the tested compounds were also used to determine the
influence of analogs on food and water consumption. Stool water content and food and water
consumption were unchanged in all tested groups compared with the control (Figure 5).
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Figure 5. Effect of repeated i.p. injections of saline and the tested peptides on stool mass (A), stool
water content (B), food intake (C), and water consumption (D). The data represent mean + SEM, n = 10.
Statistical significance was assessed using one-way ANOVA and a post hoc multiple comparison by
the Student-Newman-Keuls test. *** p < 0.001, as compared to control.
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3. Discussion

Opioid and NK1 receptors are highly expressed in the CNS [36], and both play important roles in
the direct and indirect control of pain signal transmission and modulation [37].

Here, we report on the synthesis and the initial pharmacological testing of several hybrid peptides
with opioid agonist/NK1 antagonist and opioid agonist/NK1 agonist profiles. We performed structure
affinity/activity relationship studies, seeking hybrids that could simultaneously and potently bind
opioid and NK1 receptors. Both types of hybrids were designed with the same opioid fragment to make
the comparison of their activity easier. It was already documented in the literature that simultaneous
activation of both MOR and KOR intensifies the analgesic effect of pure MOR agonists [38]. Therefore,
for the construction of the hybrids, opioid peptide 1, displaying mixed MOR/KOR affinity, very good
enzymatic stability, and antinociceptive activity even stronger than that of MOR-selective EM-2, was
chosen [30]. This cyclic opioid was linked with either NK1 antagonist or agonist fragments of various
length. As NK1 antagonists, C-terminal hexa- or pentapeptide portions of spantide II were used.
NKT1 agonists were represented by hexa-, penta-, tetra-, or tripeptide C-terminal fragments of SP.
All new hybrids displayed reduced but still high binding affinity and agonist activity at the MOR
which could be attributed to the opioid portion and which was crucial in order to achieve in vivo
analgesia. The affinity for MOR of the hybrids linking opioid and SP fragments increased inversely
to the length of the SP fragment. All new hybrids also retained quite high affinity for KOR, only
slightly decreased in comparison to parent peptide 1. Significant affinity for NK1 was acquired for
only hybrids with penta- and hexapeptide fragments of spantide II and a hexapeptide fragment of
SP. Spantide-II-containing chimeras 2 and 3 were shown to bind with quite good affinity to NK1 but
were inactive in the functional test, suggesting that they could be NK1 antagonists. This assumption
was confirmed in the inhibition response experiments against SP. Taken together, the obtained results
showed that opioid/NK1 antagonist hybrids stimulated opioid receptors and simultaneously behaved
as antagonists at NK1.

On the basis of these data, we can conclude that the attachment of SP or spantide II fragments
to the opioid peptide did not prevent binding of the hybrids to MOR and KOR, and the K; values
were, with one exception (hybrid 3), only 3- to 23-fold higher when compared to the parent opioid.
Activation of the NK1 receptor required a hexapeptide fragment of SP.

Hybrids 2 and 4, which could interact with both opioid and NK1 receptors, were selected for the
in vivo assay, which was conducted in an acute pain model (writhing test) in mice. Despite the lower
affinity of the hybrids for opioid and NK1 receptors, the analgesic effect they evoked was comparable
with that of parent opioid 1. No statistically significant differences in the in vivo activity profile were
observed between opioid/NK1 agonist and opioid/NK1 antagonist hybrids bearing the same opioid
fragment. None of the hybrids caused tolerance or constipation development, unlike 1.

We can assume that hybrid 2 blocked the pronociceptive signals induced by the endogenous
SP, which in turn enhanced the effect produced by the opioid part. Hybrid 4 could intensify the
antinociception by triggering the release of endogenous opioids, as reported for the co-administration
of morphine with small doses of SP [24]. Signaling cross-talk between opioid receptors mediating
analgesia [39,40] and the NK1 receptor which is responsible for pain perception is well documented [41,
42]. The co-administration of NK1 antagonists together with opioids was considered an option in
chronic pain management, since NK1 blockade might be able to reduce the development of opioid
tolerance, physical dependence, and withdrawal [43,44]. In preclinical animal studies, NK1 antagonists
showed a promising profile, attenuating the nociceptive responses caused by inflammation or nerve
damage [15-17,45]. However, they failed to exhibit efficacy in clinical trials [46]. On the other hand,
NK1 agonists were reported to counteract the development of opioid tolerance which is linked to
desensitization of the opioid receptors. The desensitization is caused by the administration of opioids,
especially when it is prolonged, and results in the progressive reduction of signal transduction [47].
Interestingly, in some cases an NK1 agonist, SP, can increase the recycling and enhance the resensitization
of MOR [48,49]. Moreover, it was shown that either morphine or DAMGO promoted rapid endocytosis
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of MOR in striatal neurons, whereas the simultaneous activation of NK1 with SP inhibited this
regulatory process. Therefore, bivalent hybrids which bind simultaneously with opioid and NK1
receptors seem to be the reasonable choice for studying complicated interactions between these
two systems.

Further experiments including conformational analyses and molecular docking studies will be
performed to disclose the structural determinants responsible for the binding of both types of hybrids
to opioid receptors.

4. Materials and Methods

4.1. General Methods

Most of the chemicals and solvents were obtained from Sigma Aldrich (Poznan, Poland). Protected
amino acids were provided by Trimen Co (Lodz, Poland), and MBHA Rink-Amide peptide resin
(100-200 mesh, 0.8 mmol/g) was provided by NovaBiochem. Opioid radioligands, [PHIDAMGO,
[*H]deltorphin-2, and [*PH]U-69593, and human recombinant ORs and NK1 receptor came from
PerkinElmer (Krakow, Poland). GF/B glass fiber strips were purchased from Whatman (Brentford, UK).
Analytical and semi-preparative RP HPLC was performed using a Waters Breeze instrument (Milford,
MA, USA) with a dual absorbance detector (Waters 2487). The ESI-MS experiments were performed
on a Bruker FTICR (Fourier transform ion cyclotron resonance) Apex-Qe Ultra 7 T mass spectrometer
equipped with a standard ESI source. The instrument was operated in the positive ion mode and
calibrated with the Tunemix™ mixture (Agilent Technologies, CA, USA). The structures of peptides
were confirmed using a Shimadzu LCMS-IT-TOF (ion trap—time-of-flight) hybrid mass spectrometer
with auto-tuning in the positive ion mode.

4.2. Peptide Synthesis

All peptide hybrids were synthesized by the standard solid-phase procedure on MBHA
Rink-Amide peptide resin using the N*-Fmoc strategy and TBTU as a coupling reagent, according
to the method described elsewhere [50]. Final products were purified by RP-HPLC on a Vydac Cig
column (10 pm, 22 x 250 mm) at a flow rate of 2 mL/min, using as an eluent a linear gradient of 0.1%
TFA in water (A) and 80% acetonitrile in water containing 0.1% TFA (B) ranging from 0% to 100% B
over 25 min. The purity of the analogs was at least 95%, as determined on the basis of analytical RP
HPLC (Vydac Cig, 5 pm, 4.6 X 250 mm column, 1 mL/min over 50 min) and ESI-HRMS for exact mass
determination (see also Supplementary Materials).

4.3. Radioligand Binding Assays

To determine the affinity of peptide analogs to respective receptors, competition binding
experiments were performed, as described in detail elsewhere [51].

Commercial membranes of CHO cells stably expressing either human ORs or NK1 receptor were
used. [PHIDAMGO, [SH]deltorphin-Z, and [*H]U-69593 were employed as the competing radioligands
for MOR, DOR, and KOR, respectively, while [PH][Sar?, Met(O,)!|SP was utilized for the NK1 receptor.
Membranes were incubated in a 0.5 mL volume of 50 mM Tris/HCI (pH = 7.4), 0.5% bovine serum
albumin (BSA), with a number of peptidase inhibitors (bacitracin, bestatin, captopril) and various
concentrations of radioligands for 2 h at 25 °C. Nonspecific binding was assessed in the presence of 10
mM naloxone for ORs or SP for NK1 receptor.

4.4. Cell Culture

All transfected cell lines (obtained in the Department of Medical Sciences, University of Ferrara)
were maintained in culture medium consisting of Dulbecco’s MEM/HAM’S F-12 (50/50) supplemented
with 10% fetal bovine serum (FBS) and streptomycin (100 pg/mL), penicillin (100 IU/mL), L-glutamine
(2 mmol/L), geneticin (G418; 200 ug/mL), fungizone (1 ug/mL), and hygromycin B (100 pug/mL). Cell
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cultures were kept at 37 °C in 5% CO, humidified air. When confluence was reached (3—4 days), cells
were subcultured as required using trypsin/EDTA and used for testing.

4.5. Calcium Mobilization Functional Assay

Calcium mobilization assay was performed as reported in detail elsewhere [51]. For the
experiments, CHO cells stably co-expressing the human MOR or KOR and the C-terminally modified
Gogis, CHO cells co-expressing DOR and the Gotygespis protein, and CHO cells expressing NK1 receptor
were used. Cells co-expressing ORs and the chimeric G proteins were generated as described [34].
Cells expressing NKj receptor were a generous gift from the laboratory of Prof. T. Costa (ISS, Rome,
It). Briefly, cells incubated for 24 h in 96-well black, clear-bottom plates were loaded with medium
supplemented with probenecid (2.5 mmol/L), calcium-sensitive fluorescent dye Fluo-4 AM (3 yumol/L),
and pluronic acid (0.01%) and kept for 30 min at 37 °C. Following aspiration of the loading solution
and a washing step, serial dilutions of peptide stock solutions were added. Fluorescence changes were
measured using the FlexStation II (Molecular Device, Union City, CA, USA). The maximal change in
fluorescence, expressed as the percentage over the baseline fluorescence, was used to determine the
agonist response. In antagonism-type experiments, tested hybrids were injected into the wells 24 min
before adding an agonist (SP).

4.6. Animals

All animal care and experimental procedures were performed in accordance with the Medical
University of Lodz recommendations, described in the Guide for the Care and Use of Laboratory
Animals, and complied with the Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines [52]. Local Bioethical Committee approval number 61/£B708/2017.

Male Balb/c mice (Animal Facility of Nofer Institute of Occupational Medicine, Lodz, Poland)
weighing 22-25 g were used in the study. The animals were housed under standard conditions (22 + 1
°C, 12 h light/dark cycle) with food and water ad libitum for five days before the experiments.

4.7. Assessment of Antinociception by Writhing Test

Antinociceptive activity was assessed by the writhing test. Mice were divided into groups of
10 animals each. A single i.p. injection of saline or a tested compound (at doses 0.3, 1, 3, or 5
mg/kg) was followed (after 15 min) by the i.p. administration of acetic acid (0.65% in 0.9% NaCl, 10
ml/kg) [53]. After 5 min recovery, specific spontaneous behaviors characterized by elongation of the
body (“writhes”) were counted for 15 min.

4.8. Assessment of Tolerance Development

Peptides were administered at the highest dose (5 mg/kg) used before in the writhing test. In the
experiment, four new groups of animals (10 mice per group, housed in one cage) underwent repeated
injections (i.p.) of saline or the tested compounds (Days 1-7). On Day 7, following saline or peptide
administration, the writhing test was performed, as described above. The antinociceptive activity of
a compound was compared to the activity obtained after a single injection of this compound in the
corresponding dose (5 mg/kg).

Immediately after the sessions with acetic acid, mice were anesthetized via 3% isoflurane (AErrane)
inhalation and euthanized by cervical dislocation.

4.9. Stool Collection

After the i.p. injections of saline or peptides (Days 1-6), mice were placed in a separate clean cages
and stool was collected for a period of 90 min. Fecal pellets were collected immediately after expulsion
to avoid evaporation and placed in closed 1.5 mL tubes. Tubes were weighed to obtain the wet weight
of the stool. Then, the tubes were opened and stool was dried overnight at 65 °C and reweighed to
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obtain the dry weight. The stool water content was calculated from the difference between the wet and
dry stool weights.

4.10. Food and Water Consumption

Every day at the same hour (8:00 a.m.) from Day 1 to 6, the mass of consumed food (g) and water
(mL) was calculated from the difference in weights of the food and water supply at the beginning and
the end of the 24 h observation period.

4.11. Statistical Analysis and Terminology

The pharmacological terminology adopted in this paper is consistent with International Union of
Basic and Clinical Pharmacology (IUPHAR) recommendations [54]. All data are expressed as mean =+
SEM from n-many experiments, as shown in the table and figure legends. Concentration-response
curves were analyzed by nonlinear regression using Graph Pad Prism 6.0 (La Jolla, CA, USA).
In displacement binding assays, the values of the inhibitory constants (K;) were obtained from
displacement curves and calculated using the Cheng and Prusoff equation [55] {log[ECs0/(1 + [L]/Kq)}
where ECsj is the concentration of the ligand that displaces 50% of the radioligand, [L] is the radioligand
concentration, and Ky is the dissociation constant of the radioligand. In functional experiments, agonist
potency was expressed as pECsp, which is the negative logarithm to base 10 of the agonist molar
concentration that produces 50% of the maximal possible effect of that agonist. Concentration-response
curves were fitted with the four-parameter logistic nonlinear regression model

- . Eax — baseline
Effect = baseline + W

1)
where X is the agonist concentration and n is the Hill coefficient. Ligand efficacy was expressed
as intrinsic activity («) calculated as a ratio of the peptide Emax to the Enax of the standard agonist
(Supplementary Materials, Figure S7). The antagonist potency for ligands in inhibition response
experiments was expressed as pKp, which was calculated as the negative logarithm to base 10 of the
Kp from the following Equation:

K = 1Cso @

[+ ()]

where ICs is the concentration of antagonist that produces 50% inhibition of the agonist response,

[A] is the concentration of agonist, ECs is the concentration of agonist producing a 50% maximal
response, and # is the slope coefficient of the concentration-response curve to the agonist [56]. All
statistical analyses were performed using Graph Pad Prism 6.0 (La Jolla, CA, USA). Differences
between groups were analyzed with one-way ANOVA and a post hoc multiple comparison by the
Student-Newman-Keuls test. A probability level of 0.05 or smaller was used to indicate statistical
significance.

Supplementary Materials: The following are available online, Table S1: Physicochemical characterization of
analogs 2-7, Figure S1-S6: High resolution MS spectra, Figure S7: Concentration-response curves of hybrid
analogs 2-7 in the functional assay.
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Abstract: Achieving effective pain management is one of the major challenges associated with
modern day medicine. Opioids, such as morphine, have been the reference treatment for moderate to
severe acute pain not excluding chronic pain modalities. Opioids act through the opioid receptors,
the family of G-protein coupled receptors (GPCRs) that mediate pain relief through both the central
and peripheral nervous systems. Four types of opioid receptors have been described, including the
p-opioid receptor (MOR), k-opioid receptor (KOR), 8-opioid receptor (DOR), and the nociceptin opioid
peptide receptor (NOP receptor). Despite the proven success of opioids in treating pain, there are still
some inherent limitations. All clinically approved MOR analgesics are associated with adverse effects,
which include tolerance, dependence, addiction, constipation, and respiratory depression. On the
other hand, KOR selective analgesics have found limited clinical utility because they cause sedation,
anxiety, dysphoria, and hallucinations. DOR agonists have also been investigated but they have a
tendency to cause convulsions. Ligands targeting NOP receptor have been reported in the preclinical
literature to be useful as spinal analgesics and as entities against substance abuse disorders while
mixed MOR/NOP receptor agonists are useful as analgesics. Ultimately, the goal of opioid-related
drug development has always been to design and synthesize derivatives that are equally or more
potent than morphine but most importantly are devoid of the dangerous residual side effects and
abuse potential. One proposed strategy is to take advantage of biased agonism, in which distinct
downstream pathways can be activated by different molecules working through the exact same
receptor. It has been proposed that ligands not recruiting (3-arrestin 2 or showing a preference for
activating a specific G-protein mediated signal transduction pathway will function as safer analgesic
across all opioid subtypes. This review will focus on the design and the pharmacological outcomes of
biased ligands at the opioid receptors, aiming at achieving functional selectivity.

Keywords: G-protein bias; arrestin recruitment; opioid receptors; respiration; mitragynine; analgesia

1. Introduction

G-protein coupled receptors (GPCRs) are a 7 transmembrane-spanning evolutionary conserved
superfamily that has been well described in the literature and the subject of extensive studies for
the last couple of decades [1,2]. They can bind to a very large variety of signaling molecules and
consequently play an incredible array of function in the human body [2]. It has been estimated that
more than one-third of the drugs currently marketed interact with GPCRs [3].

Among this class of molecules, the opioid receptors represent one of the biggest targets in modern
medicine [4]. Indeed, the current “opioid crisis” is one the biggest challenges in therapeutics, especially
in the United States [5]. To this day, several questions about these receptors remain unanswered, which is
the main reason behind the inability to treat addiction efficiently and/or synthesize pain-relieving
agents devoid of side effects. This prompts further research to specifically understand the entire
physiology and mechanisms of action linked to the opioid receptors and GPCRs in general. This distinct
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class of molecules encompasses the MOR (p-opioid receptor), KOR (k-opioid receptor), DOR (8-opioid
receptor), the NOP (nociceptin opioid receptor) and can be activated by both endogenous or exogenous
opioids ligands, with morphine being the prototypic agent [2,6]. Upon activation, GPCRs are known
to experience conformational changes, subsequently leading to different corresponding signaling
pathways [2,6]. GPCRs transduction signaling is dependent on the receptor-mediated activation of
heterotrimeric G proteins, which are composed of three subunits, G, G, and Gy respectively [1].
When bound to GDP, Ga associates with the GBy dimer in order to form the inactive heterotrimer.
Receptor activation promotes the engagement of the GDP-bound heterotrimer that accelerates GDP
dissociation from Ga. Subsequently, the Gx subunit undergoes conformational changes resulting in
the dissociation of the G and Gfy subunits. Both subunits have been shown to modulate the activity
of different downstream effector proteins with G« targeting effectors including adenylyl cyclases or
c¢GMP phosphodiesterase while GBy recruits GRKs to the membrane and regulates G-protein-coupled
phosphoinosite 3 kinase (PI3K) or mitogen-activated protein kinases (MAPK). The final step of this
cycle consists of a GTP to GDP hydrolyzation process promoted by the G subunit GTPase intrinsic
activity, which then re-associates with Gy to complete the G-protein activation circle [1].

The ability to elicit a preferential signaling pathway depending on the spatial molecular rearrangement
towards an orthosteric ligand is called “biased agonism” or “functional selectivity” [7-10]. This concept
remains unclear and is very disputed within the scientific community in terms of reaching general consensus
about its exact definition. Nonetheless, the discovery of such phenomenon has been of tremendous interest
in the fields of drug discovery, academia, and the drug industry [11]. Most importantly, it offers a therapeutic
alternative to conventional opioid analgesics (in particular to the ones targeting the MOR such as morphine)
which are well known for inducing several adverse reactions such as tolerance, dependence, constipation in
addition to respiratory depression and addiction.

It is now well established that the activation of opioid receptors triggers two main transducing
pathways with more or less preference: the (-arrestin 2 or/and the G-protein pathway [12,13].
The p-arrestin 2 (ubiquitously expressed) regulates opioid receptors signaling through desensitization
and internalization, while the G-protein pathway is the “classical” signaling route and will promote
different effects depending on the opioid receptor subtype, including analgesia [7,14]. Additionally,
it has now been reported that biased opioid receptors ligands induce conformational changes of
the receptor, activating a specific signaling pathway. In fact, several structural studies showed
that G protein-biased ligands stabilize a certain opioid receptor conformation distinct from the
conformation stabilized by (3-arrestin biased ligands, which correlates with an equilibrium between
the active and inactive states of the receptor and dictates the selective engagement between G-protein
and (-arrestin [1,15,16]. These studies provide invaluable insights into the binding mode of these
proteins and shed light on which specific residues are involved in these processes. However,
further investigations are required in order to truly comprehend this phenomenon which is drawing
even more growing interest to this field [17]. The concept of functional selectivity in its simplest form
is represented in Figure 1.

The primary aim of this article will be to provide a non-exhaustive list of biased agonists of all the
opioid receptors with an understanding of the limitations and advantages both in vitro and in vivo
that they can provide. Also, we will focus on the significance and potential future avenues for the
development of biased ligands and their analogs targeting the opioid receptors.
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Figure 1. Functional selectivity correlation of opioid agonists. Ligands not recruiting 3-arrestin 2 at all
opioid subtypes are proposed to dissociate subtype selective adverse effects from its pain-relieving
properties. In the case of the p-opioid receptor (MOR), biased ligands will have less tolerance. For KOR,
ligands should have less sedation and anhedonia. Biased DOR agonists should separate convulsions
from analgesia while role of biased NOP receptor ligands is less well characterized, although it is
possible that memory impairment, sedation, and hypothermia may be dissociated.

2. MOR Biased Agonism

For more than 20 years now, the synthesis of biased agonists targeting the MOR has been considered
as a credible strategy in order to mitigate analgesia from the classical opioids side effects. It started in
1999, when Bohn et al. demonstrated an improved antinociceptive effect of morphine in -arrestin 2
(or arrestin-3) KO mice [18]. Determining the extent of 3-arrestin 2 involvement in the development
of side effects was the focus of follow-up studies, which demonstrated reduced gastrointestinal,
respiratory depressant effects, and tolerance of morphine in 3-arrestin 2 KO mice [19,20]. These results
were recapitulated in mice by knocking down f-arrestin 2 with antigene RNA and siRNA. While
antinociception was found to be prolonged, tolerance was diminished [21,22].

These results were significant in the opioid field and created a whole new approach in the
design of G protein-biased agonists, thought to be “better opioids” with an improved safety profile
targeting the MOR (Figure 2 shows a list of these ligands targeting MOR). In all cases, DAMGO
((D-Ala(2)-mephe(4)-gly-ol(5))enkephalin) is considered as the standard balanced agonist as the
comparator, unless otherwise stated. A non-exhaustive list of MOR biased ligands with potency and
efficacy at the G-protein and the 3-arrestin2 pathways is shown in Table 1.

Table 1. Ligands targeting the MOR.

Ligand Functional G-Protein Emax B-Arrestin2 Emax PubChem Ref
Selectivity ECsy (nM) ECsy (nM) D
TRV130 G-protein 8.1 (c(AMP) 84 7.3 (PathHunter) 15 66553195 [23]
Morphine Balanced 7.4 (CAMP) 100 6.3 (PathHunter) 100 5288826 [23]
agonist
TRV130 G-protein  7.97 (Glosensor) 75 8.02 (BRET) 26 66553195 [24]
DAMGO Balanced  8.58 (Glosensor) 100 8.3 (BRET) 100 5462471 [24]
agonist
TRV130 G-protein 7.9 (¢CAMP) 86 (P;;‘f;i‘;‘:er) NQ 66553195  [25]
DAMGO  Balanced 8.4 (CAMP) 100 6.7 (PathHunter) 100 5462471  [25]
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Table 1. Cont.

Ligand Functional G-Protein Emax B-Arrestin2 Emax PubChem Ref
agonist
TRV130 G-protein 8.66 (CAMP) 86 7.71 (BRET) 58 66553195 [26]
partial
agonist
DAMGO Balanced 8.48 (cAMP) 100 7.55 (BRET) 100 5462471 [26]
agonist
PZM21 G-protein  7.73 (Glosensor) 83 7.68 (BRET) 32 121596705  [24]
DAMGO Balanced  8.58 (Glosensor) 100 8.3 (BRET) 100 5462471 [24]
agonist
PzZM21 G-protein 110 (BRET) 39 450 (BRET) 18 121596705  [27]
DAMGO Balanced 390 (BRET) 100 1200 (BRET) 100 5462471 [27]
agonist
PZM21 G-protein 8.64 (cCAMP) 84 7.56 (BRET) 59 121596705  [26]
partial
agonist
DAMGO Balanced 8.48 (CAMP) 100 1200 (BRET) 100 5462471 [26]
agonist
7-OH G-protein 34.5 (BRET) 47 Inactive (BRET) NQ 44301524  [28]
DAMGO Balanced 1 (BRET) 100 NA (BRET) 100 5462471 [28]
agonist
7-OH G-protein 53 (GTPYS) 77 (P;;a}cliﬁer) NQ 44301524  [29]
DAMGO Balanced 19 (GTPYS) 100 106 (PathHunter) 100 5462471 [29]
agonist
7OH G-protein 7.8 (CAMP) 84 (P;&a‘;li‘;ier) NQ 44301524  [25]
DAMGO  Balanced 8.4 (CAMP) 100 6.7 (PathHunter) 100 5462471  [25]
agonist
Selectivity ECsp (nM) ECsy (nM) ID
Mitragynine  G-protein 1.7 (CHO) 82 Inactive NQ 44301701 [29]
pseudoindoxyl PathHunter
DAMGO ~ Balanced 19 (GTPYS) 100 106 (PathHunter) 100 5462471 [29]
agonist
Herkinorin  G-protein 500 (CHO) 130 No ‘“ter;‘fahzah"“ NQ 11431898  [30]
Barr2-GFP
Herkamide Balanced 360 (CHO) 134 Internalization of NQ NA [30]
agonist Barr2-GFP seen
DAMGO Balanced 40 (CHO) 100 Internalization of NQ 5462471 [30]
agonist parr2-GFP seen
Herkinorin Balanced  7.08 (Glosensor) 104 7.15 (BRET) 104 11431898  [24]
agonist
DAMGO Balanced  8.58 (Glosensor) 100 8.3 (BRET) 100 5462471 [24]
agonist
Kurkinorin G-protein 1.2 (c(AMP) 100 140 (PathHunter) 96 132079904  [31]
DAMGO Balanced 0.6 (cCAMP) 100 42 (PathHunter) 100 5462471 [31]
agonist
1 G-protein 0.03 (cAMP) 100 14 (PathHunter) 81 NA [32]
DAMGO Balanced 0.6 (cCAMP) 100 42 (PathHunter) 100 5462471 [32]
agonist
SR-11501 B-arrestin2  7.9(cAMP) 98 374 (PathHunter) 59 146025598  [33]
SR-17018 G-protein 76 (CAMP) 105 (Paiﬁl(zlrgtr)ger) 10 130431397  [33]
DAMGO  Balanced 5.2 (CAMP) 100 229 (PathHunter) 100 5462471  [33]
agonist
SR-11501 B-arrestin2  133(GTPYS) 98 374 (PathHunter) 59 146025598  [33]
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Table 1. Cont.

Ligand Functional G-Protein Emax B-Arrestin2 Emax PubChem Ref
SR-17018 G-protein 193 (GTPYS) 72 (P;ﬁg?ﬁger) 10 130431397  [33]
DAMGO Balanced 34 (GTPYS) 100 229 (PathHunter) 100 5462471 [33]
agonist

SR-17018 G-protein 7.67 (CAMP) 62 6.48(BRET) 49 130431397  [26]
partial
agonist

DAMGO Balanced 8.48 (cCAMP) 100 1200 (BRET) 100 5462471 [26]
agonist

2 G-protein  91(GTPyS) 74 (P;ﬁg?ﬁer) 66 NA [34]

3 G-protein 153 (GTPyS) 91 (Paiﬁl(illlolg(’)cer) 12 NA [34]

DAMGO Balanced 34 (GTPYS) 100 229 (PathHunter) 100 5462471 [34]
agonist

DAMGO Balanced 8.4 (cAMP) 100 6.7 (PathHunter) 100 5462471 [25]
agonist

MP102 G-protein 5.4 (CAMP) 88 5.2 (PathHunter) 16 NA [25]

MP103 Balanced 6.5 (CAMP) 90 6.3 (PathHunter) 63 146025824  [25]

agonist

MP105 Balanced 6.7 (CAMP) 87 6.6 (PathHunter) 54 146025825  [25]

agonist

Assestment of G-protein and Parrestin-2 recruitment of ligands targeting MOR. G-protein biased ligands shown in
bold along with control balanced agonist. G-protein biased ligands shown in bold along with control balanced

agonist. NQ-not quantified; NA-not available.
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Figure 2. Structures of MOR biased ligands reported having different levels of 3-arrestin 2 recruitment.
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Oliceridine/TRV130

[(3-methoxythiophen-2-yl)methyl]({2-[(9R)-9-(pyridin-2-yl)-6-oxaspiro[4.5]decan-9-yl]ethyl)amine),
also known as TRV130 or Oliceridine was the first G-protein biased ligand developed by the pharmaceutical
company Trevena in 2013 [23]. The discovery of this agent was the result of a high-throughput screening
(HTS) of their chemical library followed by further optimization for potency, ligand bias, and selectivity
toward the MOR. In their initial study, the authors found that TRV130 was a G-protein partial agonist of the
MOR which exhibited a 3-fold preference for the G-pathway over the (3-arrestin 2, relative to morphine
and fentanyl [23]. In HEK cells, Oliceridine was uncovered to be more potent for G-protein stimulation
(ECsp = 8 nM vs. 50 nM for morphine) but less active on (3-arrestin 2 recruitment compared to morphine
(14% of morphine efficacy). TRV130 signaling has been studied by other groups too (See Table 1 for details).
Perhaps due to its ability to act as a G-protein weak partial agonist, Oliceridine also displayed a very safe
side effects profile in vivo with reduced constipation and respiratory depression in these initial findings.
Additionally, the measurements of antinociception proved that this agent was a powerful analgesic in
rodents in the hot plate assay for mice (ED5j = 0.9 mg/kg vs. EDsy = 4.9 mg/kg for morphine) and in several
assays for rats such as the tail-flick or the rat hindpaw incisional pain model.

Consequently, Oliceridine advanced through several phases of clinical trials, was outvoted in
2018 initially, and was finally approved by the U.S. Food and Drug Administration (FDA) in 2020 [35].

In earlier clinical trials, it produced opioid-like subjective effects in humans, suggesting abuse
liability [36] consistent with recent reports in the literature on TRV130 in rodents shows mixed results
with the drug showing constipation, addictive properties, and tolerance similar to classical MOR
agonists in rodents while also showing less signs of somatic withdrawal, raising doubts about the
drug’s safety profile [37,38]. However, with the recent FDA approval, the potential of G-biased agonism
can now finally be tested in humans and findings may help the field to either call it a day on MOR
biased agonsim or push for the development of additional biased agonists.

PZM21

1-[(2S)-2-(dimethylamino)-3-(4-hydroxyphenyl)propyl]-3-[(2S)-1-(thiophen-3-yl)propan-2-yl]urea,
also known as PZM21 was the first in class structure-based discovered G-protein biased agonist of
the MOR by a group of scientists from the University of Stanford, UCSF, UNC-Chapel Hill and,
Friedrich-Alexander-Universitit Erlangen-Ntiirnberg in 2016 [24]. Over 3 million molecules were
computationally docked against the inactive structure of MOR which led to the identification of PZM21
as a non-prototypical potent G; activator at MOR with minimal 3-arrestin 2 recruitment (see Table 1
for PZM21 signaling studies by other groups). PZM21 also showed great selectivity for MOR over
other 330 other off-targets [24]. The investigations on PZM21 as a potential analgesic also showed
long-lasting potent antinociception in the hot plate and formalin injection assays, but, curiously,
no effect was detected in the tail-flick assay. It is well-described in the literature that the (mice or rat)
tail-flick test is a measure of spinal reflexes response which would mean that PZM21 only triggers a
supraspinal effect in vivo [39]. Moreover, PZM21 analgesia was completely abolished in MOR KO
mice which proved that the effect was MOR-mediated. Finally, the authors showed that PZM21 did
induce constipation but to a lower extent compared to morphine and, impressively, did not cause
respiratory depression, conditioned place preference (CPP), nor significantly increased locomotion.

In contrast, a follow-up study from another group in 2018 proved that although PZM21 was
indeed a potent analgesic, it caused significant, rapid, and persistent respiratory depression in C57/BL
and CD-1 mice when injected intraperitoneally or subcutaneously [27]. This effect was comparable to
that of a 10 mg/kg equianalgesic dose of morphine.

Another recent study confirmed that PZM21 caused long-lasting dose-dependent antinociception
and did not induce reward- and reinforcement-related behavior [40]. However, the authors showed
that PZM21 led to the development of antinociceptive tolerance and naloxone-precipitated withdrawal
symptoms after multiple administrations. They also showed that pretreatment with PZM21 could increase
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morphine-induced antinociception and attenuate the expression of morphine reward. In contrast to the
initial investigations of this agent, they expressed concerns about PZM?21 clinical applications.

Intrathecal opiate use with drugs like morphine is usually impacted by the risk of producing
space-occupying intrathecal masses through Mas-related G-protein coupled receptor (MRGPR)
signaling. A recent study by the Yaksh group shows that PZM21 does not produce mast cell
degranulation or activation of fibroblasts because it doesn’t activate MRGs, unlike morphine, suggesting
that MOR biased ligands could be useful for intrathecal therapies [41].

7-OH mitragynine/Mitragynine pseudoindoxyl

The psychoactive plant Mitragyna speciosa (also known as “kratom”) has been used in Southeast
Asian traditional medicine as a tea or directly chewed for centuries in order to treat a large range of
pathologies due to its opioid properties and stimulant-like effects [42]. Numerous alkaloids have been
isolated from this plant, including the primary constituent indole-scaffold based mitragynine and the
oxidized derivative 7-hydroxymitragynine (7-OH). This latter compound has been well documented in
the literature and a series of papers from a group of Chiba University researchers reported its activity as
a MOR selective agonist which produced a full antinociceptive effect in the mouse-tail flick at a 5 mg/kg
or 10 mg/kg concentration when administered subcutaneously or orally, respectively [43]; an effect
antagonized by naloxone injection. Classical opioid-like side effects were reported in the same study,
such as withdrawal, constipation (albeit less than morphine), and tolerance [44,45]. Another study from
2016 looked more closely at the pharmacology of mitragynine and 7-OH [28]. The authors proved that
both agents were G;j-biased partial agonist of the MOR which did not recruit 3-arrestin 2. Moreover,
the authors claimed that the very weak signal obtained in 3-arrestin 2 recruitment assays did not allow
for bias quantification. The G-protein bias of 7-OH has been replicated independently by two groups
(See Table 1) [25,29]. Another collaborative effort between the Memorial Sloan Kettering Cancer Center
and the University of Florida in the same year also proved that 7-OH was 5 times more potent than
morphine when administered subcutaneously [29]. Furthermore, this study drew attention to another
oxidized derivative from mitragynine, namely mitragynine pseudoindoxyl (MP) [29]. The authors
showed that MP is a high affinity agonist at MOR in [?*S]GTPyS assays while it shows no B-arrestin
2 recuitment. In vivo in mice, MP was at least 1.5 and 3-5 times more potent than morphine after
intracerebroventricular and subcutaneous administration, respectively, in different strains of mice (CD1,
C57BL/6, and 129Sv6). Side effect analyses additionally emphasized the development of analgesic
tolerance but showed that it was far slower compared to morphine (29 days vs. 5) and the same
observation could be made with constipation and dependence. Finally, this agent failed to show
either aversive or rewarding effect when tested in the conditioned place preference paradigm. Finally,
a follow-up study from 2019 proved that mitragynine is converted to 7-OH by cytochrome P450
through an hepatic metabolism-dependent mechanism and that high concentration of this agent could
be retrieved in the plasma/brains of mice, which explains its analgesic properties [46]. The study also
conclusively showed 7-OH analgesic actions being MOR-dependent and KOR- and DOR-independent
using opioid subtype KO mice. Recent studies showed that 7-OH is self-administered in rats like other
MOR modulators suggestive that bias at MOR may not dissociate addiction from analgesia [47].

Herkinorin/Kurkinorin

Methyl(2S 4aR,6aR,7R,9S,10aS,10bR)-9-(benzoyloxy)-2-(furan-3-yl)-6a,10b-dimethyl-4,10-dioxodode-
cahydro-2H-benzo|f [isochromene-7-carboxylate and methyl (25 ,4aR,6aR,9S,10aR,10bR)-9-(benzoyloxy)-2-
(furan-3-yl)-6a,10b-dimethyl-4,10-dioxo 1,4,4a,5,6,6a,9,10,10a,10b-decahydro-2H-benzo|f Jisochromene-7-
carboxylate, more commonly known as Herkinorin and Kurkinorin, respectively, are analogs of the natural
product Salvinorin A described as an agonist of the KOR [48]. The SAR of Sal A was vastly studied and
subsequent chemical modification allowed for the synthesis of other opioid receptors ligands, including
herkinorin and kurkinorin [49]. Interestingly, these agents were described as the first non-nitrogenous
MOR agonists, and displayed strong affinity toward the MOR (K; = 1.2 nM and 40 nM for Kurkinorin and
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Herkinorin, respectively) [50]; both compounds did not recruit 3-arrestin 2 while Herkenorin in addition
did not promote receptor internalization [30,48]. The arrestin recruitment of Herkenorin at MOR has been
recently been challenged (Table 1) [24]. Follow up studies from the Prisinzano group yielded several
analogs on the Sal A template which were then biologically tested in vitro and in vivo [32]. One particular
analog of interest was herkamide, where the phenyl ester was replaced by a phenyl amide substituent.
Herkamide in contrast to herkenorin robustly recruited (3-arrestin 2 and internalized MOR. Similar studies
on Kurkinorin proved that it was a G;-protein biased agonist of the MOR, which demonstrated potent
centrally-mediated antinociception in the hot water tail-flick test in male B6-SJL mice equal to morphine
while Herkinorin acted as a peripherally restricted analgesic (active in the rodent formalin test but no
activity detected in the tail flick-assays) [31]. Pre-treatment with naloxone blocked the antinociceptive effect
of Kurkinorin, proving that the effect was indeed MOR specific. Of note, the authors raised questions
about the CNS penetrating potential of Kurkinorin compared to Herkinorin given the strong similarities
in the chemical scaffolds, cLogP, and PSA of both entities. Side effects profiling showed that Kurkinorin
induced tolerance but significantly less compared to morphine. Similarly, using the rotarod behavioral assay,
it was shown that Kurkinorin impaired motor coordination but considerably less compared to morphine,
while Herkinorin had no effect, which was in accordance with the non-CNS penetrating ability of this agent.
Finally, the addition of a lesser rewarding effect of Kurkinorin compared to morphine (assessed through
condition place preference paradigm) highlights these agents as very promising alternatives to the classical
opioid therapies, but further studies need to be undertaken in order to shed light on the exact mechanism
of action and mitigate centrally-induced side effects. A recent report from the same group showed
an analog of Kurkinorin with a p-CH,OH substitutent (Methyl (25 4aR,6aR,7R,10aR,10bR)-2-(furan-3-y1)-9-((4-
(hydroxymethyl)benzoyl)oxy)-6a,10b-dimethyl-4,10-dioxo-1,4,4a,5,6,6a,7,10,10a,10bdecahydro-2H-benzo]f]
isochromene-7-carboxylate, 1, Figure 2 and Table 1) retaining the G-protein bias at MOR and low analgesic
tolerance potential of the parent template. This compound was 100-fold more potent over morphine both
in vitro and in vivo [32].

Piperidine benzimidazoles

In 2017, a collaboration from two groups of the Scripps Research Institute led to the development of
a series of substituted piperidine benzimidazole with high agonistic affinity for the MOR [33]. This very
thorough study explored the SARs of these agents which resulted in the identification of several
analogs with high G-protein bias and showed that halogen substituents (grafted on different parts of
the scaffold) favored MOR conformations that promote robust [?°S]GTPYS binding while disfavoring
[-arrestin 2 signaling. Most notably, SR-17018, SR-15098, and SR-15099 were completely inactive in the
[3-arrestin 2 recruitment assay, which was an issue in order to quantify bias factors as fairly stated by
the authors. As such, and in order to make sure none of the synthesized analogs were merely potent
partial agonist, the quantification model was modified accordingly and the authors looked at the ability
of these agents to block a stimulatory 10 uM dose of DAMGO. In addition, G-protein activation was
measured through two different assays: forskolin-stimulated cAMP accumulation in CHO-hMOR cells
and stimulation of [3*S]JGTPyS binding in membranes. As a result, G-protein bias was preserved for
all these derivatives with the exception of SR-11501 which appeared to be a balanced agonist of the
MOR. In vivo studies in mouse brainstem confirmed the activity of the piperidine benzimidazoles
as G-protein agonists of the MOR with SR-11501 being the least potent (which was in agreement
with previous in vitro assays) while no activity was detected in MOR KO mice, proving the high
selectivity of the whole series. Noteworthy, the authors emphasized that bias quantification can differ
significantly when the inhibition of cAMP stimulation is used as a measure of G-protein signaling.
The SR MOR agonists were also uncovered to be long-lasting, brain penetrant (after intraperitoneal
administration), and to promote potent antinociception in both the hot plate and warm water tail
withdrawal assays equal to morphine and fentanyl. Interestingly, when these agents were tested for
respiratory depression, the derivatives with the highest G-protein bias displayed the lowest respiratory
depression, below to that of morphine at a same equi-antinociceptive dose. Finally, this work showed
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that bias factors can correlate with therapeutic window, and a strong linear correlation was established
between these two features. A recent report, however, challenges the bias hypothesis as a mechanism
for the lower respiratory depression potential of SR-17018 compared to morphine (also see Table 1).
In 2018, a follow-up study from the same groups looked at iteratively optimizing and expanding the
SARs of this series (with modification of the substituents and the central ring size) while analyzing bias
factors, which the authors referred to as “bias-focused SAR study” [34]. This work also shed light on
other DMPK parameters such as cytochrome P450 inhibition, suitable half-life, and even microsomal
stability. As a result, they managed to identify structural features such as the presence of halogens
and a central piperidine which positively impacts bias and safety profiles. As in the initial Cell paper
study, a pair of interesting compounds were identified. Compound 2 with di-Cl groups ortho to
each other (5,6-Dichloro-1-(1-(4-bromo-2-fluorobenzyl)piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one)
showed high G-protein bias (3-arrestin 2 Emax = 12%) compared to compound 3 where di-Cl groups
(4,6-Dichloro-1-(1-(4-bromo-2-fluorobenzyl)piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one) were meta
(B-arrestin 2 Epax = 66%) to each other (Figure 2, Table 1b). Both compounds had similar G-protein
potency and efficacy. Taking together comparative bias studies with biased/balanced agonist pairs,
namely SR 17018 and SR11501 [51] and compounds 2 and 3 on this template, shows how small changes
of chemical structure can lead to the engagement and disengagement of 3-arrestin 2 while retaining
G-protein potency. Additional studies are still ongoing, which the authors hope will guide the design
of safer analgesics in the near future.

Carfentanyl amides

Compounds in the fentanyl class are believed to recruit 3-arrestin 2 and are arrestin biased [33].
The introduction of a cycloheptyl amide substituent (N-cycloheptyl-1-phenethyl-4-(N-phenylpropionamido)
piperidine-4-carboxamide, MP102) into the fentanyl moiety leads to MOR agonists which retain G-protein
signaling but lose arrestin signaling. Interestingly, two analogs in the same series with a t-butyl amide group
(N-(tert-butyl)-1-phenethyl-4-(N-phenylpropionamido)piperidine-4-carboxamide, MP105) and cyclopropyl
amide group (N-cyclopropyl-1-phenethyl-4-(N-phenylpropionamido)piperidine-4-carboxamide, MP103)
instead of cycloheptyl amide moiety showed higher efficacy in the (3-arrestin 2 assay compared to MP102,
again suggesting that small changes in structure of the analog lead to differential signaling (Table 1). A lead
compound in this series MP102 [25,52] exhibited moderately potent analgesia with significantly reduced
respiratory depression, constipation, and physical dependence while showing analgesic tolerance and
reward behavior. The role of DOR agonism in the actions of MP102 may play a key role in vivo and needs
to be investigated with future analog design.

Controversy on biased agonists of the MOR

The whole concept which states that G-protein biased agonists of the MOR that do not recruit
[-arrestin could significantly improve the therapeutic window and are less prone to the development
of classical opioids side effects still remains under very sensitive scrutiny. Indeed, several recent
studies ask for very careful consideration of the in vitro/in vivo data, given that 3-arrestin 2 signaling
might not be directly or indirectly involved in opioid-induced respiratory depression, constipation,
or withdrawal [27,53,54]. Among the most important findings, the respiration of morphine was
found to be B-arrestin 2-independent. In addition, mice with mutations in the C-tail with a series
of serine- and threonine-to-alanine mutations that is likely to lead to less recruitment of 3-arrestin 2
still retained respiratory depression, constipation, and withdrawal of opioids. The results contrast
with KO mice data from (3-arrestin 2 in the 5129/C57BL/6 mixed strain mice. Consistent with past
results, tolerance was attenuated, and the analgesic duration of action was prolonged in these mutant
mice. These controversial results mainly emphasize the critical need for novel pharmacological tools,
which could help in probing the opioid-signaling system.
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3. KOR Biased Agonism

The ubiquitous distribution of k-opioid receptors (KORs) across the peripheral and central nervous
system and their involvement in a wide array of functions such as motor control, nociception,
and consciousness have made KOR a promising target in the pain management field [55]. Interestingly,
KOR agonists do not produce the common side effects associated with classical opioids such as respiratory
depression and overdose, and do not activate the reward pathway [55]. However, the therapeutic utility of
full KOR agonists is decreased by other effects including dysphoria, sedation, anxiety, and depression which
have restricted the clinical development of such drugs. Nevertheless, recent studies proved that 3-arrestin 2
recruitment and subsequent p38 phosphorylation is required in order to trigger aversion [56,57], whereas
this is not the case for the analgesic effect. In addition, targeting KOR have been associated with reducing
itch/pruritis as potential therapeutic action [58]. These findings suggest that functionally selective KOR
agonists that are able to selectively activate G-protein signaling without activating p38a MAPK and thus
causing side effects may have therapeutic potential as non-dysphoric antipruritic analgesics or could be
used as adjuvants to potentiate MOR-targeting analgesics such as morphine. A list of ligands not recruiting
[-arrestin 2 at KOR is shown in Figure 3. In this case U50,488H and Sal A are considered balanced agonist
comparator drugs. A non-exhaustive list of KOR biased ligands with potency and efficacy at the G-protein
and the (-arrestin2 pathways is shown in Table 2.

Mesyl Salvinorin B

Hon o X@
" tﬂ/ £
NH . HN\/O

H
6 GNTI Collybolide
Isoquinolinone 2.1
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Diphenethylamine class
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Figure 3. Structures of KOR biased ligands reported having different levels of (3-arrestin 2 recruitment.
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RB64

22-thiocyanatosalvinorin A, or RB-64, was first synthesized in the laboratory of Dr. Jordan Zjawiony as
a semi synthetic structural derivative of the centrally active salvinorin A (extracted from the plant Salvia
divinorum) compound [59]. This agent was described as a G-protein biased full agonist of the KOR with
a bias towards G-protein signaling relative to salvinorin A by the Bryan Roth laboratory. In vitro studies
showed indeed that RB-64 recruits 3-arrestin 2 but acts primarily as a very potent agonist of the G-protein
pathway. In the same study, the antinociceptive effect of RB-64 was tested in the hot plate assay along with
U69593 and salvinorin A in wild-type, 3-arrestin 2 KO, and KOR KO mice. RB-64 showed a significant and
long-lasting analgesic effect in wild-type and (3-arrestin 2 KO mice while no antinociception was detected in
KOR KO mice, suggesting that this effect was essentially KOR-mediated.

Surprisingly, and in contrast to expectations, this agent (along with salvinorin A and U69593) produced
significant aversion when it was tested in the CPP/CPA paradigm in both wild-type and B-arrestin
2 KO mice. Thus, these findings would suggest that G-protein pathway mediates KOR-induced dysphoria.
Another feature of this study was that RB-64, even at a very high dose, did not impair motor coordination
and the rotarod performances in wild-type and (3-arrestin 2 KO mice contrarily to the two other unbiased
standards. Given that salvinorin A and U69593 do recruit 3-arrestin 2, this would mean an important role
for (-arrestin 2 in the locomotor circuitry.

Mesyl salvinorin B

Similar to RB-64, ((25,4aR 6aR,7R,9S,10aS,10bR)-9-(methanesulfonyloxy)-2-(3- furanyl)dodecahydro-6a-
10b-dimethyl-4,10-dioxy-2H-naptho-[2,1-c|pyran-7-carboxylic acid methyl ester), or Mesyl salvinorin B, is a
semi-synthetic structural derivative of Salvinorin A which was synthesized in the laboratory of Dr. Thomas
E. Prinsinzano in order to improve Salvinorin A’s poor pharmacological profile [60]. Mesyl salvinorin B
has a mesylate substitution at the C-2 position on its scaffold and has similar binding affinity for KOR
compared to Salvinorin A (Mesyl Sal BK; =2.3 + 0.1 nM and Sal AK; = 1.9 + 0.2 nM in CHO KOR) [60].
It has been shown to act as a G-biased full agonist of the KOR and induce both 3-arrestin 2 recruitment and
G-protein stimulation in vitro, the latter with a stronger potency. This agent has also been found to display a
wide array of therapeutic effects such as the antinociception or attenuation of drug seeking behavior in
rodents. Indeed, in the tail-withdrawal assay, Mesyl salvinorin B displayed antinociception but appeared
to be a weaker analgesic with reduced potency (ECsy = 3.0 mg/kg, Sal A ECsp = 2.1 mg/kg) and efficacy
(Emax = 38%, Sal A Epjax = 87%) compared to its parent derivative Sal A. The same study also revealed a
significant effect of this agent on cocaine-induced hyperactivity and seeking behavior. Mesyl salvinorin B
did not negatively affect sucrose self-administration, which is a preclinical measure of anhedonia in male
Sprague Dawley rats. Interestingly, this agent did also not induce aversion when tested for CPA and did
not impair locomotor activity on the rotarod. Additionally, another study showed that Mesyl salvinorin B
significantly reduced excessive alcohol drinking [67].

Triazole 1.1

[2-(4-(furan-2-ylmethyl)-5-((4-methyl-3-(trifluoromethyl)benzyl)thio)-4H-1,2 4-triazol-3-yl)pyridine],
or triazole 1.1, is a compound that was first discovered in 2013 as the result of a collaboration between
5 different research institutes [65,68]. It was selected after high-throughput screening (HTS) of a huge
library of KOR agonists because of its high degree of bias within the collection, its efficacy in the warm
water tail immersion assay, and its ability to cross the blood-brain barrier efficiently when administered
systemically. Triazole 1.1 is a full agonist of the KOR, which, compared to both U50,488H and U69,593,
displayed remarkable G-biased agonism. This agent exhibited a potent antinociceptive effect in the warm
water tail withdrawal assay that was comparable to that achieved with U50,488H in mice. In the same
study, Norbinaltorphimine (NorBNI) was found to fully reverse the analgesia produced by triazole 1.1 and
no effect was observed in KOR KO mice, which demonstrated that this effect was KOR mediated. KOR
agonists are known for their potential antipruritic activity, which is why this compound was also tested
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in the mouse non-histamine pruritis model [58,69]. Triazole 1.1 was uncovered to significantly suppress
chloroquine phosphate-induced scratching with an effect comparable to that of U50,488H. The antipruritic
effects of triazole 1.1 were also blocked by a 24h pretreatment with NorBNI, which confirmed that the
effect was KOR-specific. However, a very recent study on the effects of typical and atypical KOR agonists
underlined that triazole 1.1 had no effect on its own, albeit reducing overall levels of scratching during time
course determination [70]. In addition, an analysis of the locomotor activity showed that treatment with
Triazole 1.1 did not affect locomotion at any of the doses tested, which was in contrast to what was observed
with U50,488H. The same study also analyzed dopamine concentrations in the nucleus accumbens (NAcc)
which can be linked to both sedation and dysphoria in animals [61]. Contrary to the balanced agonist
U50,488H, triazole 1.1 did not alter dopamine release in the brain nor affected significantly ICCS in rats at
doses which induced in vivo analgesia.

Diphenethylamines HS665 and HS666

The first series of diphenethylamine derivatives was reported in 2012 by Drs. Helmut Schmidhammer
and Mariana Spetea research groups as novel selective KOR ligands on the basis of previous work on the
Dopamine D, receptor agonist RU 24213 [71,72]. This agent displayed moderate activity on KOR and acted
as an antagonist of the KOR. Further chemical derivatizations led to the identification of two leads, namely
HS665 and HS666 (with an N-cyclobutylmethyl (N-CBM) and a N-cyclopropylmethyl (N-CPM) moiety,
respectively), which exhibited great affinity and potency toward the KOR. More specifically, HS665 acted
as a highly selective and full KOR agonist, while HS666 was a selective KOR partial agonist. Both these
agents exhibited very weak partial agonism for 3-arrestin 2 recruitment in contrast to U69,593 which
robustly recruited (-arrestin 2 (using the DiscoveRx PathHunter (3-arrestin 2 assay). In the warm water
tail withdrawal assay, both compounds elicited dose-dependent potent analgesic effect characterized by a
short onset in wild-type and MOR-KO C57BL/6] mice (WT EDs = 3.74 (2.98-4.78) nmol and 6.02 (4.51-8.08)
nmoL for HS665 and HS666, respectively). The same experiments were conducted in KOR-KO mice with
no antinociception detected, which proved that the effects was KOR-specific. Noteworthy, these agents
and the standard U69,593 were all administered intracerebroventricularly. The same study investigated
the behavioral effects of HS665 and HS666 in vivo. Interestingly, neither of these agents significantly
impacted motor performance at any time point and HS666 did not induce CPP/CPA (Conditioned Place
Preference/Conditioned Place Aversion) while HS665 produced significant place aversion when administered
5 times their analgesic EDgy [62]. It is not clear if HS666 did not show CPA because it was a partial agonist or
if this was because of its G-protein bias. The pharmacological profile of HS665 matched RB64. Another study
from the same group focused on the development of novel derivatives based on the same structural
scaffold and expanded the structure-activity relationships (SARs) of the original series [73]. In this study,
HS665 and HS666 pharmacology was studied subcutaneously in CD1 mice. Both drugs showed analgesic
action in acetic acid writhing assay while demonstrating no sedation or motor impairment. In addition,
the introduction of bulkier N-substituents and additional hydroxyl groups resulted in the identification
of novel, very potent (picomolar activity), and selective KOR ligands which displayed analgesia with a
reduced liability profile, reflected by the lack of sedation and motor impairment. -Arrestin 2 was not
measured with any analogs in this series and CPA with lead compounds was also not evaluated. Similarly,
the Kreek group evaluated additional N-substituents (N-cyclopentyl and N-cyclohexyl) and substituted the
phenyl ring with a pyridine ring [74]. All analogs still retained the G-biased signaling seen with the parent
HS666 on which these analogs were based upon. Detailed evaluations on these compounds are awaited.

6’-GNTI

Originally synthesized by Dr. Philip S. Portoghese and his research group in 2001, 6’-guanidinyl-17-
(cyclopropylmethyl)-6,7-dehydro-4,5x-epoxy-3,14-dihydroxy-6,7-2",3’-indolomorphinan dihydrochloride,
more commonly known as 6'GNTI [75], is a derivative of the highly potent DOR-selective antagonist
Naltrindole (NTI). It was initially proposed to act as a potent DOR-KOR heteromer selective ligand and was
found to interact differently with the KOR and DOR owing to its guanidinium side chain in the 6" position.
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Interestingly, a close derivative known as 5'-GNTI was found to be a selective antagonist of the KOR. Recent
studies suggest 6'-GNTI is a KOR biased agonist with preferential activation of the G-protein over the
(-arrestin 2 pathway [76]. More specifically, 6'-GNTI acts as a G-protein partial agonist of the KOR at
low uM concentrations and does not stimulate (3-arrestin 2 recruitment in the sub-mM range, acting as
a B-arrestin 2 antagonist. These results were confirmed by another group that looked at drug-induced
receptor internalization levels as an indirect measure of 3-arrestin 2 recruitment [63]. While U50,488 and
EKC led to robust receptor internalization, 6’-GNTI did not have a significant impact and potently inhibited
EKC KOR-induced internalization. Additionally, 6’-GNTI was proven to be a potent analgesic in several
assays and strains of rodents. It was found to produce potent analgesia in the radiant heat tail-flick assay
in 12956 and CD-1 mice and was also effective in completely blocking PGE;-induced thermal allodynia
when administered to BK-pretreated hind paws in rats. Perhaps due to its lack of selectivity for the KOR,
the analgesic effects were completely reversed when prior pretreatments with either NorBNI or Naltrindole
(NTI) were administered in vivo.

Additional biological studies on the striatal neurons showed that the stimulation of the KOR
by 6’-GNTI triggers the activation of the Akt pathway but not the phosphorylation of the ERK1/2
proteins, which is unusual when compared to a non-biased agonist such as bremacozine or U69,593.
The same study also showed that in striatal neurons from (-arrestin 2 knockout mice, there was
residual ERK stimulation by 6’-GNTI and that this phenomenon was -arrestin 2-dependent [64].
In contrast, Akt phosphorylation was symptomatic of the G-protein pathway activation.

At last, a study from 2016 investigated the potential of 6'-GNTI as an anticonvulsant/antiseizure
agent, which is another area of interest for the development of KOR agonists. The authors showed that
(10-30 nmol) 6’-GNTI significantly reduced paroxysmal activity in the mouse model of intra-hippocampal
injection of kainic acid (acute seizures), with an effect almost comparable to that of U50,488H. The effects
were also completely reversed after administration of the selective KOR antagonist 5'-GNTI. They finally
also confirmed that 6’-GNTI does not induce CPA nor influence motor activity, in contrast to U50,488H
which displayed strong place avoidance [77].

Isoquinolinone 2.1

2-(2-Fluorobenzyl)-N-(4-methyl-3-(trifluoromethyl)phenyl)-1-oxo-octahydroisoquinoline-8- carboxamide,
or Isoquinolinone 2.1, is an agent that was first published in 2013 as the result of a study led by two teams from
the Scripps Research Institute and the University of Kansas [65]. Initially, the isoquinolinone scaffold emerged
from a 72-member library prepared by a tandem Ugi reaction and Diels-Alder addition reaction and screening
for binding at potential GPCR targets by the NIMH Psychoactive Drug Screening Program [78]. Further SARs
and chemical optimizations through domino acylation/Diels-Alder addition led to the identification of
Isoquinolinone 2.1 as a potential lead [79]. Like Salvinorin A, this agent lacks the basic nitrogen center common
in small molecule KOR ligands scaffolds. Isoquinolinone 2.1 was reported to act as a potent and highly
selective KOR agonist, biased toward the G-protein signaling pathway with minimal 3-arrestin 2 recruitment.
In their study, the authors assessed G-protein signaling and -arrestin 2 recruitment in different cell lines
(CHO-hKOR and U20S-hKOR-B-arrestin 2-EFC or U20S-hKOR- p3-arrestin 2-GFP) and found this agent
to be G-protein biased [65]. Downstream ERK1/2 phosphorylation was also investigated as an additional
measure of (3-arrestin 2 recruitment, with no visible recruitment detected. Of importance, ERK1/2 activation
can be misleading in quantifying (-arrestin 2 recruitment given its involvement in various signaling pathways,
which was judiciously pointed out by the authors.

Finally, the intraperitoneal administration of 30 mg/kg of this drug produced potent antinociceptive
effect in the warm water tail-flick assay similar to that seen with the selective KOR agonist U50,488H,
with the effects peaking at 20 min post drug treatment in C57BL/6] mice.

The study, however, did not include any side effects or behavior profiling, thus it is difficult to
evaluate the safety profile of this compound compared to other KOR modulators.
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Collybolide

Initially extracted from the mushroom Collybia maculata (Basidomycota) in 1974 by the group of
Dr. Pierre Potier, Collybolide (Colly) is a natural product pertaining to the class of sesquiterpenes [80].
It was only later in 2016 that a study demonstrated the potential of Colly and its diastereoisomers
(9-epi-Colly) in pain attenuation [66]. Due to its structural similarities with Salvinorin A (a common
furyl-8-lactone motif), this agent was tested on human hMOR, hDOR, and hKOR and was found
to be very selective of KOR. When the authors looked at functional selectivity, they showed that
Colly was a very potent agonist in [?*SJGTPyS assays (ECsp ~ 1 nM) and dose-dependently inhibited
adenylyl cyclase activity, but was also potent for ERK1/2 phosphorylation suggesting that it acts
as a biased agonist of the hKOR though p-arrestin 2 recruitment with this natural product remains
unknown [66]. The effects were reversed upon treatment with NorBNI showing a KOR-mediated
effect. Interestingly, the epimerization of Colly at C9 reduced the agonistic activity and signaling which
would indicate that the C9 position is critical to the full binding and signaling of Colly on hKOR.
More importantly, Colly was found to exhibit potent antinociceptive effect in the tail-flick assay but
was also aversive in mice (when tested in the CPA paradigm), which is similar to what was observed
with Salvinorin A. However, at the same doses of both Colly and Salvinorin A (2 mg/kg), only Colly
was uncovered to significantly attenuate chloroquine-mediated scratching behavior, with the effects
here again reversed upon the administration of NorBNI. Finally, the authors noticed that this agent
could exhibit antidepressant and anxiogenic activity in the forced swim test and open field test instead
of prodepressant and anxiolytic phenotype expected of classical KOR agonists [66].

4. Biased Agonism on DOR

The first unambiguous evidence for DOR action in antinociception came with the isolation of
the classical DOR ligand deltorphin II (Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2, naturally occurring and
stable DOR peptide) with 0.8 nM potency in mouse vas deferens, first isolated from the skin of a
Phyllomedusa species in 1989 by Erspamer and coworkers [81]. It proved to be 13 times more potent
than the other selective DOR ligand DPDPE ([D-Pen2, D-Pen5] enkephalin) in a mouse tail-flick test
upon intracerebroventricular administration with peak effect close to 10 min and antinociceptive
duration of 40 to 60 min. It also displayed 15 times improved selectivity to DOR over MOR [81],
making it an extremely useful tool in untangling DOR function.

Later investigations revealed that DOR agonists are poor analgesics in acute pain but they are
effective in animal models of chronic inflammatory and neuropathic pain, and specifically alleviate
persistent pain [82]. DOR agonists also show anti-allodynic and anti-hyperalgesic properties. There is
also an inhibitory DOR tone, which reduces nociceptive responses under the conditions of persistent
pain [83]. The lack of DOR receptors results in anxiogenic and depressive-like behavior [84], while DOR
opioid receptor agonists produce anxiolytic and anti-depressant effects [85], demonstrating the
importance of DOR in regulating emotional responses.

Under basal conditions, DOR is located predominantly intracellularly, but inflammation produces
a dramatic change in DOR density leading to up-regulation and membrane targeting of the receptor [86].
Unlike MOR, DOR are predominantly targeted for degradation upon internalization [87].

Agonist activity on DOR does not lead to adverse effects associated with MOR agonists like respiratory
depression, addiction, or constipation [88], but agonists were thought to display proconvulsive activity [89].
However, more recent research indicates that this adverse effect is ligand-specific and only SNC80 and
AZD2327 evoke convulsions, hyperlocomotion, and receptor sequestration [90,91].

DOR activation reverses the decrease in TrkB protein expression after ischemia and reduces brain
ischemic infarction while DOR inhibition aggravates the ischemic damage [92].

Unlike MOR and KOR, which have been heavily investigated for biased signaling, there is a
paucity of ligands at DOR which exhibit G-protein bias. Also, in addition to -arrestin 2, -arrestin 1
also plays a key role in DOR mediated behaviors. This section will attempt to provide a mechanistic
view of bias and evaluate the ligands which are known to display bias in vitro.
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DOR and biased signaling: mechanistic overview

The high-resolution (1.8 A) crystal structure of the human DOR in the inactive state was presented
by Fenalti and coworkers in 2014 [93]. Similar to the NOP receptor structure, the ICL3 adopts a closed
inactive state conformation stabilized with an H-bond network, unlike in many GPCR structures
where the inactive state is stabilized by an “ionic lock”. The DOR sodium ion cavity is formed by
16 residues, 15 of which are conserved over class A GPCRs. A polar interaction network in the
seven-transmembrane bundle core around the sodium ion stabilizes a reduced agonist affinity state
modulating signal transduction. Disrupting this interaction network through mutagenesis transform
classical DOR antagonists such as naltrindole into potent 3-arrestin2 -biased agonists, possibly opening
up new routes towards biased signaling [93]. Active-like state DOR structures in complex with a
peptide (2.8 A resolution) and a small-molecule agonist (3.3 A resolution) obtained in 2019 revealed
polar networks around the conserved D128%32 residue with rearrangements in the agonist-bound
binding pocket upon DOR activation [94]. This residue is crucial for receptor activation as opioid
agonists that contain a basic nitrogen interacting with D332 extend deeper into the binding pocket
compared to structurally similar antagonists. They also found changes in the nonconserved ECL3
during activation, which makes R291F¢I3 available for binding pocket interactions, notably upon
the binding of endogenous peptides. Unlike peptides, DOP-selective small molecules address the
nonconserved extracellular ends of helices VI and VII with their N,N-diethylbenzamide moiety,
which leads to their selectivity over MOP and KOP due to steric clashes in the same region of the latter
receptors [94].

In the 1990s, there was growing evidence that DOR receptors are differentially desensitized by
different agonists. Notably, in 1999, Allouche and co-workers noted that in SK-N-BE cells pre-challenged
either with alkaloid or peptide agonist, cross-desensitization occurred that was less marked when
cells were pretreated with peptide agonists and then challenged with etorphine than the other way
around. Later developments showed that the DOR receptor arrestin-mediated internalization seems
to be linked to the development of analgesic tolerance and low-internalizing agonists might have a
decreased tendency to induce convulsions [85].

Bradbury and co-workers showed in HEK cells expressing high number of DOR that the degree
of DOR Ser®% phosphorylation stimulated by different agonists and the ability of the agonist to induce
internalization are related, while there was no correlation between G-protein activation and receptor
phosphorylation/internalization [95].

Another study revealed that Ser’® in the §-opioid receptor (DOR) determines the different
abilities of the DOR agonists DPDPE and TIPP to activate ERK by G-protein- or (3-arrestin-dependent
pathways [96]. DPDPE employed G protein as the primary mediator to activate the ERK cascade
in a Src-dependent manner, whereas TIPP mediated through the 3-arrestin 1/2- mediated pathway.
When Ser®0? was mutated, DPDPE gained the ability to utilize 3-arrestin 1/2 as scaffolds to assemble a
complex with kinases of the ERK cascade accompanied by a decrease in the desensitization of ERK
signaling, indicating that (3-arrestin-dependent ERK activation might play a role in preventing DOR
desensitization [96].

Qiu and co-workers showed on an all Ala mutant of DOR phosphorylation sites that DOR can undergo
phosphorylation-independent receptor desensitization and internalization as well. Without phosphorylation,
agonist-activated DOR interacted with (-arrestin 1 and -arrestin 2 similarly, whereas phosphorylation
promoted the receptor selectivity for 3-arrestin 2 over -arrestin 1, presumably through the phosphorylated
Thr/Ser residues of the carboxyl tail of DOR. The all Ala mutant displayed no interaction between (3-arrestins
and the carboxyl tail [97].

Aguila demonstrated that the human DOR is differentially regulated via -arrestin 1-biased
mechanisms depending on the ligand [98]. Namely, the reduction of the endogenous level of 3-arrestin
1 in SK-N-BE cells only diminished peptide-induced (DPDPE and deltorphin I) hDOR desensitization,
while etorphine induced desensitization remained at the same level. However, when examining
endocytosis, B-arrestin 1 depletion led exactly to the opposite effect, diminishing only etorphine
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induced endocytosis. Given that DOR binds 3-arrestin via two distinct domains [99], it is possible that
the two regions would be differentially unmasked upon binding of peptidic or alkaloid ligands at the
receptor, either leading to receptor uncoupling (in case of peptides) or to receptor endocytosis (in case
of etorphine) [98].

Pradhan and coworkers showed DOR receptors are in a pre-engaged complex with p-arrestin
2 at the cell membrane [100]. High-internalizing agonists like SNC80 seem to induce receptor
phosphorylation, preferentially recruit (-arrestin 1, and result in receptor internalization and
degradation. Low-internalizing agonists like ARM390 and JNJ20788560 rather strengthen the
engagement between DOR and (3-arrestin 2, protecting against acute behavioral tolerance.

They also reported that the anti-allodynic effects of the high-internalizing agonist SNC80 were
modulated by 3-arrestin 1 and not (3-arrestin 2. KO of (3-arrestin 1 resulted in increased drug potency,
duration of action, and decreased acute tolerance. No change in the antihyperalgesic effect of SNC80
was observed in B-arrestin 2 KOs. In contrast, 3-arrestin 2 KO resulted in a gain of acute tolerance to
low-internalizing agonists, suggesting that 3-arrestin 2 enhances delta opioid receptor resensitization.

In the same study, live-cell imaging revealed that there is a basal engagement between DOR and
[-arrestin 2 at the cell membrane, an interaction not observed with (-arrestin 1. The B-arrestin 2
interaction was strengthened with ARM390, while binding of a high-internalizing agonist produces
preferential interaction between the receptor and -arrestin 1 [100].

Similarly, Vicente-Sanchez found that -arrestin 1 mediates the development of tolerance to the
antihyperalgesic and convulsive effects of SNC80, but not tolerance to the antihyperalgesic effects of
ARM390 and that DOR remained functionally coupled to G-proteins in 3-arrestin 1 KO mice chronically
treated with SNC80 [101].

In 2018, Dripps and coworkers showed [102] that DOR-induced convulsions are mediated with
different signaling mechanisms than antihyperalgesia and antidepressant-like effects, notably that Go,
but not arrestins play a role in regulating the acute antihyperalgesic and antidepressant-like effects
while p-arrestin 1 negatively regulates DOR-mediated convulsions, G, not playing a function in this
respect. Similarly, the loss of RGS4 potentiated the antinociceptive, antihyperalgesic, and antidepressant
effects of SNC 80 likely due to prolongation of DOR-mediated G protein signaling, while it did not
affect convulsions. SNC80-induced convulsions were unaffected in B-arrestin 2 knockout mice but
potentiated in B-arrestin 1 knockout mice [102].

Altogether, it seems there are two distinct types of DOR agonists, one, like SNC80 leading to
convulsions, hyperlocomotion, and receptor sequestration, ultimately leading to tolerance to the
analgesic as well as to locomotor effects. The other type of agonists, which constitute the majority,
does not lead to sequestration and only leads to tolerance to the analgesic effects upon chronic
treatment [90]. A part of these effects but not all could be linked to variable efficacy for arrestin-receptor
interactions [103]. Ultimately, while receptor sequestration shuts down signaling at the plasma
membrane, it might open up new therapeutic opportunities. A recent article by Jimenez-Vargas
showed that SNC80 and DADLE ([D-Ala?, D-Leu®]-Enkephalin), both of which strongly internalize
DOR, activate Gyjj, in endosomes and recruit 3-arrestin 1/2 both to the plasma membrane and
endosomes [104]. Furthermore, nanoparticle-encapsulated agonists (DADLE) target endosomal DOR
and provide long-lasting antinociception through the long-lasting inhibition of mechanically evoked
activation of colonic nociceptors, providing evidence that DOR in endosomes might be a superior
therapeutic target for inflammatory pain [104]. The structures of DOR ligands are shown in Figure 4,
while data available in the literature is summarized in Table 3.
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Table 3. Ligands targeting the DOR.

Ligand Functional G-Protein Emax B-Arrestin2 Emax PubChem Ref
Selectivity ECsg (nM) ECsg (nM) ID
PN6047 G-protein 8.9 (BRET) 128 145 (BRET) 115 121430051  [105]
DADLE Balanced 2.5 (BRET) 100 69 (BRET) 100 6917707 [105]
agonist
2S-LP2 G-protein 32 (BRET) 93 1862 (BRET) 72 146025789  [106]
DADLE Balanced 59 (BRET) 100 20 (BRET) 100 6917707 [106]
agonist
TAN-67 G-protein 2.5 (cAMP) 100 12.6 (PathHunter) 41 9950038 [107]
KNT-127 G-protein 2 (cAMP) 100 3.2 (PathHunter) 71 275705784  [107]
ARM390 G-protein 126 (cAMP) 100 316 (PathHunter) 103 9841259 [107]
DPDPE Balanced 6.3 (CAMP) 100 25.1 (PathHunter) 100 104787 [107]
agonist
ARM390 G-protein 110 (BRET) 120 832 (BRET) 137 9841259 [105]
DADLE Balanced 2.5 (BRET) 100 69 (BRET) 100 6917707 [105]
agonist
JNJ20788560 ~G-protein 5.6 (GTPYS) 92 NA NA 46911863  [88]
SNC80 Balanced 5.4 (GTPyS) 100 NA NA 123924 [88]

Assestment of G-protein and Barrestin-2 recruitment of ligands targeting DOR. G-protein biased ligands shown in
bold along with control balanced agonist. NA-not available.
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Figure 4. Structures of DOR biased ligands reported having different levels of 3-arrestin 2 recruitment.
TANG67

TANG67 was designed in 1998 by Nagase and coworkers as an enantiomeric mixture based on
the “message-address” concept. With a high affinity (K; = 1.12 nM) and potency (ICsp = 6.61 nM in
mouse vas deferens), it shows 2070-and 1600-fold selectivity on DOR over MOR and KOR, respectively.
When administered subcutaneously, it produces an inhibition of the acetic acid induced abdominal
constriction response. Later, Nagase and coworkers showed that the antinociceptive effects originate
from the (-) isomer [108].

TANG67 seems to have similar potency as Leu-enkephalin both in the cAMP (around 3 nM)
and {3 arrestin-2 recruitment assays (10-30 nM range) but has a significantly lower efficacy (41%
compared to Leu-enkephalin) in the B-arrestin 2 recruitment assay [107]. As DOR agonists, both
compounds alleviate alcohol withdrawal induced anxiety in mice, but only TAN67 reduced alcohol
consumption [109], which might be a consequence of its diminished ability to recruit 3-arrestin 2 [107].

286



Molecules 2020, 25, 4257

PN6047

PN6047 is an orally bioavailable, DOR-selective G-protein biased agonist with potent
antihyperalgesic efficacy in preclinical models of chronic pain. PN6047 elicited a maximal response in
the BRET G-protein activation assay equivalent to that of SNC80, but with 10-fold greater potency.
PN6047 is significantly biased toward G-protein activation over (-arrestin recruitment, being a
particularly weak recruiter of (3-arrestin 1, relative to SNC80.

In line with its G-protein efficacy, PN6047 elicited ERK1/2 activation equivalent to that of SNC80,
but as a result of its limited ability to recruit arrestins, it is a partial agonist with respect to internalization.

PN6047 does not appear to have proconvulsive activity or induce analgesic tolerance. Unlike SNC80,
repeated administration of PN6047 does not induce analgesic tolerance over a 16-day dosing regimen,
maybe as a consequence of its limited ability to induce internalization. Like other DOR agonists, the action of
PN6047 is selective for chronic pain states. In the forced swim test, PN6047 decreased immobility, consistent
with the antidepressant-like effects of DOR agonists [105].

KNT127

KNT-127 displays high in vitro affinity for DOR (Ki = 0.16 nM) [110] with a potency of 2.0 nM
in the cAMP assay, 3.3 nM in 3-arrestin 2 recruitment assay, but with a diminished efficacy when
compared to DPDPE (6.3 nM in cAMP, 12.6 nM in (-arrestin 2 recruitment assay)[107], and low
affinity for MOR and KOR receptors (Ki = 21.3 and 153 nM) [110]. Its administration leads to a strong
analgesia in mouse chemical pain assays [111] and significant antidepressant effects, while not causing
convulsion, locomotor activation, amnesia, or coordination deficits [112].

KNT-127 (5 mg/kg) fully reversed both thermal hyperalgesia and mechanical allodynia at first
administration, and this effect gradually diminished over 5 days, and tolerance to the analgesic effects
of KNT-127 develops independently from pain modality and mouse strain. Chronic KNT-127 induces
in vivo tolerance to DOR receptor analgesia. Altogether, the KNT-127 profile is similar to that of other
agonists like AR-M1000390, ADL5747, and ADL5857 [90].

JNJ 20788560

JNJ 20788560 has an affinity of 2.0 nM for DOR (rat brain cortex binding assay) and a potency of
7.6 mg/kg p.o. In a rat zymosan radiant heat test and of 13.5 mg/kg p.o. In a rat Complete Freund'’s
adjuvant RH test while being inactive in an uninflamed radiant heat test. Similar to ARM290, it does
not recruit 3-arrestin 1 but strengthens the receptor (3-arrestin 2 interaction [100]. JNJ-20788560 does
not produce gastrointestinal (GI) erosion, neither does it lead to the slowing of GI transit. JNJ-20788560
does not exhibit side effects like respiratory depression, withdrawal signs, self-administration behavior,
muscular rigidity, or the development of tolerance [88].

2S-LP2

2S5-LP2 is a biased agonist at MOR and mainly at DOR, showing a significant improvement over
the R isomer of this compound.

During BRET studies in SH-SY5Y cell membranes DADLE promoted MOR/G-protein interaction
with a potency of 6.89 and maximal effect of 81%. 25-LP2 mimicked the maximal effect of DADLE
(pPECs = 6.89) but was 30 times more potent (pECsy = 8.33, respectively). DADLE stimulated the
interaction of the MOR with (-arrestin 2 with pEC5p of 5.86 and maximal effect of 57%. 2S-LP2
mimicked the stimulatory response of DADLE with slightly lower efficacy but 9 times higher potency.
25-LP2 displayed a modest (<10 times) bias toward G-protein.

On DOR, DADLE displayed a pECs( value of 7.23 and maximal effect of 42%. 25-LP2 behaved
similarly to DADLE. DADLE stimulated the interaction of the DOR with (3-arrestin 2 with pECsg of
7.69 and maximal effect of 47%. 25-LP2 mimicked the maximal effects of DADLE, however, being less
potent. 25-LP2 showed a statistically significant and large (200-times) bias toward G-protein.
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A robust antinociceptive effect was achieved at very low doses of 25-LP2, with an ED5( of 0.6 mg/kg
i.p. that revealed its highest effect already at 30 min post- administration. 2S-LP2 did not significantly
affect behavior responses (i.e., locomotor activity and sedation) [106].

ARM390

ARM390 is a close analogue of prototypical DOR agonist SNC80. ARM390 in the neuroblastoma
cell line SK-N-BE expressing only human DOR receptors experiments showed a weak affinity
(Kj =106 + 34 nM) and potency (ECsp = 111 + 31 nM) in cAMP assay. Like SNC80, ARM390 reduces
CFA induced inflammatory pain, but unlike SNC80, it retains analgesic response for subsequent
agonist injection [113] and does not cause convulsions or motor coordination deficits [90] Exposure
to maximal inhibitory concentration of ARM390 leads to a rapid and strong DOR desensitization
caused by uncoupling, as opposed to DPDE, Deltorphin I, and SNC-80 which desensitize through
internalization [114].

ARM390 being a low-internalizing DOR opioid agonist has been suggested to be a consequence
of its limited 3-arrestin recruitment [100]. ARM390, while being a full agonist, exhibits lower potency
than the other agonists and is significantly less potent than SNC80 in the (3-arrestin recruitment assays.

5. Biased Agonism on NOP Receptor

In 1994, multiples groups reported a fourth member of the opioid receptor family that did not bind
any natural or synthetic opioid ligands. Its natural ligand, N/OFQ, was first isolated the following year
from hypothalamic tissue using a reverse pharmacology approach by Civelli in the CNS Department
of Hoffmann-La Roche in Basel, Switzerland, and by the groups of Jean-Claude Meunier from the
University of Toulouse, France, and Gilbert Vassart from the University of Brussels, Belgium.

Unlike the other natural opioid peptides that start with the canonical sequence YGGF (Tyr-Gly-Gly- Phe)
at the N terminus (message domain of the peptide), N/OFQ sequence starts with FGGF (Phe-Gly-Gly-Phe).

NOP receptor is a Class A GPCR having similar intracellular coupling mechanisms to opioid
receptors. N/OFQ produces anti-opioid hyperalgesic effects in supraspinal pain pathways, but analgesic
effects in spinal pain pathways [115].

NOP is coupled to the inhibition of cAMP, activation of MAPK, activation of K* conductance,
inhibition of Ca?* conductance, and the inhibition of neurotransmitter release like GABA, dopamine,
and acetylcholine [115].

Unlike classical opioids, NOP receptor agonists affect nociceptive transmission in a site-specific
and agonist-dependent manner, but effects also depend on the species tested, and the pain state of the
animal [116].

NOP receptors and N/OFQ play an active role in pain transmission, and a mixed NOP
receptor/MOR agonist is now in clinical trials, and selective NOP receptor agonists are examined as
possible analgesics, although they are often very sedative [117]. Notable exemptions are cebranopadol
and AT-121, perhaps due to ligand bias, although we were unable to locate a bias factor for the latter in
the literature [118,119]. NOP receptor agonists are more effective in blocking chronic than acute pain
for unknown reasons.

The activation of the N/OFQ-NOP system leads to anxiolysis [115,120] while its blockade produces
antidepressant-like effects, and this effect can be reversed by NOP receptor agonists [121]. It has been
suggested that antidepressant effects of NOP receptor antagonists are linked to restoring hippocampal
neurogenesis by counteracting the inhibitory effects of the endogenous N/OFQ on monoaminergic
systems and increasing the expression of neuronal factors such as FGF-2 [122].

Asth and coworkers showed that NOP receptor ligands are able to promote NOP receptor
/B-arrestin 2 interaction are also able to induce anxiolytic-like effects in EPM (elevated plus maze),
but compounds that inhibited the NOP receptor /3-arrestin 2 interaction produced antidepressant-like
effects in the FST (forced swim test) in mice [123]. This implies that the action of NOP receptor ligands
on emotional states is better predicted based on their 3-arrestin 2 rather than G-protein efficacy. It is
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possible that NOP receptor antagonists also induce antidepressant effects by blocking the recruitment
of B-arrestin 2 [123].

N/OFQ blocks opioid induced supraspinal analgesia and morphine reward in the CPP
paradigm [124] and reduces morphine induced Dopamine (DA) release in the nucleus accumbens of
conscious rats [125].

Treatment with selective NOP receptor antagonists prevented the development of tolerance
following chronic treatment with morphine. Acute treatment with N/OFQ was unable to prevent the
intravenous self-infusion rate of heroin ([115] and references therein).

N/OFQ attenuates the reinforcing and motivating effects of ethanol, perhaps due to its ability to
alleviate negative affective states. N/OFQ prevents the expression of somatic and affective alcohol
withdrawal in ethanol dependent rats. However, 3 weeks post intoxication, N/OFQ gave rise to
anxiogenic like actions in ethanol dependent rats, while continuing to exert anxiolytic like effects in
non-dependent control ([115] and references therein). It should be noted that similarly to NOP receptor
agonism, NOP receptor blockade reduced alcohol drinking and seeking in laboratory animals and in
humans. Thus, it has been proposed that the beneficial effect of NOP receptor agonists may depend
upon rapid desensitization of the N/OFQ-NOP receptor system following administration [126].

Mechanism of biased signaling on NOP receptor

NOP receptors functionally recruit both 3-arrestin 1 and 3-arrestin 2, the kinetics of the recruitment
being ligand specific [127]. There is evidence that 3-arrestin 2 is involved in NOP receptor internalization
processes [128]. The endocytotic activity of NOP receptor agonists is associated with their ability to
induce receptor phosphorylation at Ser*®, Ser®!, and Thr3%2/Ser®; a direct positive linear correlation
was observed between the phosphorylation at Thr3¢2/Ser3®® and receptor internalization as well as
between phosphorylation at Thr?02/Ser3%3 and GIRK channel activation. This phosphorylation pattern
in the C-terminal domain proved to be agonist selective [129].

Besides the agonist and cell type, tissue environment might have a significant impact on NOP receptor
internalization and arrestin recruitment properties [130]. In most cases, NOP receptor internalization
starts rapidly with robust internalization at 1h post treatment in transfected cells [128]. Following
endocytosis, NOP receptor may be targeted to either recycling endosomes for return to the cell surface or
lysosomes/proteosomes for proteolytic degradation and downregulation [131].

Chang and coworkers were the first to identify biased signaling at NOP receptor. While they
identified G-protein bias for multiple compounds, no arrestin biased compounds could be identified,
which might suggest that arrestin recruitment to the receptor is dependent of G-protein activation, and may
be consequential and conformationally additive to the activated receptor/G protein complex [127].

A more systematic study on bias of NOP receptor agonists was performed by Malfacini and
coworkers in 2015 using bioluminescence resonance energy transfer (BRET) technology to measure
the interactions of the NOP receptor with either G-proteins or -arrestin 2. In contrast to previous
studies on the constitutive activity of MOR [132], NOP receptor did not display spontaneous coupling
between the NOP receptor and G-proteins. Malfacini and coworkers showed that NOP receptor
internalization requires a clathrin-dependent endocytosis mechanism that is mediated by arrestins.
Most NOP receptor agonists tested show a bias for the G-protein-mediated signaling interactions,
and partial agonists on the G-pathway behaved as pure competitive antagonists of receptor/arrestin
interactions [130].

Due to the lack of arrestin biased signaling, the relative role of G-protein and arrestin in mediating
different actions is not completely understood. The structures of biased ligands at NOP receptor are
shown in Figure 5, while data available in the literature is summarized in Table 4.
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Table 4. Ligands targeting the NOP.

Ligand Functional G-Protein Emax B-Arrestin2 Emax PubChem Ref
Selectivity ECsg (nM) ECsg (nM) ID
Ro 65-6570  G-protein 17 (BRET) 96 427 (BRET) 84 15512229  [130]
OFQ/N Balanced 3.6 (BRET) 100 9.6 (BRET) 100 6324645 [130]
agonist
Ro 65-6570  G-protein 6.8 (BRET) 92 102 (BRET) 64 15512229  [133]
Cebranopadol G-protein 3.2 (BRET) 86 Inactive (BRET) NQ 11848225  [133]
OFQ/N Balanced 6.9 (BRET) 100 6.6 (BRET) 100 6324645 [133]
agonist
MCOPPB G-protein 0.025 (cAMP) 105 1585 (BRET) 99 24800108  [127]
SCH221,510  G-protein 4.3 (cAMP) 103 4266 (BRET) 87 9887077 [127]
613\110\1522 G-protein 26.3 (CAMP) 74 Inactive (BRET) NQ 9803475 [127]
RTI-819 G-protein 72.4 (cCAMP) 75 Inactive (BRET) NQ 146034954  [127]
RTI-856 G-protein 7.24 (cCAMP) 77 Inactive (BRET) NQ 146034955  [127]
OFQ/N Balanced 0.2 (cCAMP) 100 204 (BRET) 100 6324645 [127]
agonist
BPRIM97  G-protein 1.8 (cCAMP) 109 5100 (PathHunter) 14 137541784  [134]
OFQ/N Balanced 0.4 (CAMP) 100 3 (PathHunter) 100 6324645 [134]
agonist

Assestment of G-protein and Barrestin-2 recruitment of ligands targeting NOP. G-protein biased ligands shown in
bold along with control balanced agonist. NQ- not quantified.

T & 2 O

BPR1M97 (R) - Ro65-6570

Cebranopadol MCOPPB SCH 221510 I

NNC 63-0532

Figure 5. Structures of NOP receptor biased ligands reported having different levels of 3-arrestin
2 recruitment.

BPR1MY97

BPR1IMY97 was first identified at the National Health Research Institutes of Taiwan and proved
to be a potent MOR agonist and KOR agonist with moderate activity [135]. Later, the same group
showed that it behaves as a balanced full agonist in cell-based MOR assays, similar in potency and
maximal efficacy to dermorphine, but as a G-protein-biased full agonist of NOP receptor having
slightly lower potency at decreasing the cAMP level than that of N/OFQ, while having a similar Epfax
in HEK cells. Thus, it behaves as a dual NOP receptor/MOR agonist with 3-fold higher potency on the
MOR system. BPR1M97 failed to trigger (3-arrestin 2 recruitment altogether in CHO-NOP receptor.
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BPR1MY7 exerts faster thermal antinociceptive effects at 10 min after subcutaneous injection and shows
superior antinociceptive effect of mechanical and cold allodynia (acute pain) in cancer-induced pain
than morphine, while causing less respiratory, cardiovascular, and gastrointestinal dysfunction at
equi-antinociceptive doses. Notably, BPR1IM97-treated mice recovered respiratory frequency at 30 min
post-injection as opposed to morphine, where decreasing respiratory frequency could be observed
until 60 min. In addition, BPRIM97 decreased global locomotor activity as compared with morphine,
and induced less withdrawal jumping precipitated by naloxone, and showed lower cross tolerance in
morphine-tolerant mice than morphine in BPRIM97-tolerant mice [134]. It is difficult to assess if NOP
receptor bias plays a role in the in vivo actions of this drug, but most likely the polypharmacology
with actions at NOP receptor and opioid receptors mediate these effects.

Ro 65-6570

Ro 65-6570 was reported by Wichmann in 1999, and proved to have a 10- to100-fold increased
affinity towards NOP receptor as opposed to the opioid receptors as expressed by the pKi values (9.6 for
NOP receptor and 8.4, 7.7, and 7.0 for MOR, KOR, and DOR receptors, respectively) from competitive
binding experiments with [?’H]-orphanin for N/OFQ in HEK293 cells, [*H]-naloxone (MOR, KOR),
and [3H]—delt0rphin (DOR) in BHK cell membranes [136]. In a BRET assay on HEK293 cell membranes,
Ro 65-6570 exhibited a maximal effect not significantly different from that of N/OFQ, but was 5 fold less
potent in the G-protein pathway [130]. In the NOP receptor /B-arrestin 2 assay, Ro 65-6570 showed a
50-fold loss of potency compared to N/OFQ. Comparing the ligand efficacy at G protein and 3-arrestin
2 suggested that Ro 65-6570 behaves as a G-protein biased agonist.

Spontaneous locomotion in the elevation maze plus test and force motor performance were not
significantly affected by Ro 65-6570 treatment [137,138]. Ro 65-6570 does not induce place preference,
but co-administration (i.e., both compounds administered directly before the conditioning trial) reduced
acquisition of condition place preference induced by opioids, but not by psychostimulants. Reduction
of the rewarding effect of tilidine and oxycodone by Ro 65-6570 was reversed by the NOP receptor
antagonist J-113397 [139].

SCH221510

SCH221510 displays at least 217-fold binding selectivity and 57-fold functional selectivity for the
NOP receptor site, compared with the other opioid receptors, having a binding affinity of 0.3 nM in
CHO cells which is 15-fold lower than the affinity of N/OFQ (0.02 nM), and has a functional in vitro
potency (ECsp) of 12 nM as measured by [3S] GTPYS binding to CHO cell membranes expressing
NOP receptor. In the BRET assays in HEK293 cells, on the other hand, SCH-221510 displayed similar
maximal effects but a 2-fold lower potency compared to N/OFQ in the G-protein assay, while it was able
to promote NOP receptor/ (3-arrestin 2 interactions with 10-fold less potency than N/OFQ. It displayed
an almost 6-fold bias for the G-protein activation [130]. In preclinical animal models, SCH221510
produces robust and broad ranging anxiolytic-like effects in rat, gerbil, and guinea pig, that are similar
to the effects produced by the benzodiazepine CDP, and do not decrease after a chronic dosing regimen.
It produces anxiolytic-like activity at doses that do not produce nonspecific disruption of locomotor
activity [140].

Cebranopadol

Cebranopadol behaves as a G-protein biased agonist at MOR where it recruits (3-arrestin 2 with
a 20-fold lower potency than for the activation of the G-protein pathway and particularly at NOP
receptor, where it does not recruit 3-arrestin 2. Meanwhile, its potency at MOR is 15-fold greater than
at NOP receptors (0.18 nM and 3.24 nM, respectively, as compared to 6.92 nM for OFQ/N and 3.02 nM
for dermorphin in the same BRET assay in HEK 293 cells). In vivo, cebranopadol exhibits highly potent
and extremely long-lasting antinociceptive effects originating from both MOR and NOP receptors
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displaying higher analgesic potency against inflammatory than nociceptive pain, without eliciting
sedation. The effects of cebranopadol in the tail withdrawal assay were sensitive to both SB-612111
and naloxone [133].

Cebranopadol, despite being a potent MOR agonist, produces only little opioid-type physical
dependence in mice and rats, potentially due to its NOP receptor agonistic effects [141]. Linz and
coworkers proved in 2017 that cebranopadol limits the respiratory depressant effect of its p-opioid
receptor agonist activity in rats is due to its NOP receptor agonist activity [118]. In some ways,
the effects are similar to buprenorphine which shows a ceiling effect in respiratory depression with
its NOP receptor actions being responsible for its particular pharmacological profile. Cebranopadol
exerts potent antihyperalgesic, antiallodynic, and antinociceptive effects after local/peripheral, spinal,
and supraspinal administration. After central administration of cebranopadol, antihyperalgesic efficacy
is reached at doses that are not yet antinociceptive [142]. Cebranopadol was also shown to not induce
either phosphorylation, or NOP receptor internalization [129].

MCOPPB

NOP receptor selective ligand MCOPPB is a G-protein biased full agonist, approximately 10-fold
more potent than nociceptin and markedly less potent in arrestin recruitment displaying ~ 10°-fold
decrease in potency for arrestin coupling compared with G protein activation. MCOPPB shows a
concentration-dependent or potency bias, as the ligand is a full agonist in both signaling pathways but
distinguishes itself in its potency at G-protein versus arrestin signaling [127]. MCOPPB is a very potent
agonist to activate the NOP receptor GIRK channels with an EC5j of 0.06 nM compared to N/OFQ
(ECs5¢ of 1.5 nM) for GIRK activation [129]. MCOPPB has an anxiolytic activity comparable to that of
the benzodiazepine diazepam, but did not affect motor activity or memory function nor did it interact
with alcohol at an anxiolytic dose in mice [143].

NNC 63-0532

NNC 63-0532 was reported by Thomsen in 2000 [144], and it shows moderate to high activity
(70% inhibition in the cAMP assay) for MOR and KOR and for DOR and D,, D3 and Dy receptors.
NNC 63-0532 showed about 20-fold selectivity for NOP receptor in radioligand binding assays over
MOR and KOR (respective Ki values were 7.3 nM, 140 nM and 405 nM) and 14-fold when measuring
displacement of radioligand binding to D, D3 and Dy receptors (respective Ki values were 209 nM,
133 nM and 107 nM)

Besides its a NOP receptor selectivity, its arrestin recruitment could not be measured in HEK
cells using BRET, which makes it a G protein-biased agonist exhibiting partial agonist activity with
an efficacy of 71% and relatively low potency as indicated by a 130 fold shift in the value of ECsj in
comparison with N/OFQ in cAMP inhibition assay in HEK cells [127]. NNC 63-0532 was not able to
induce multisite phosphorylation of the NOP receptor [129].

RTI-819 and RTI-856

Both compounds show high selectivity for NOP receptor over all other opioid receptors (lowest
~30 fold on MOR for RTI-819 and ~100 fold for KOR for RTI-856)

Both RTI-819 and RTI-856 are partial agonists exhibiting similar efficacies (both around 75%) with
respect to N/OFQ, but have a ~10-fold difference in potency in the G-protein pathway (72.4 nM and
7.24nM respectively as compared to 0.20 nM for N/OFQ), while they only very weakly induced parrestin
1 and Parrestin-2 recruitment. In the same fashion as all other G-protein partial agonists, they show
bias towards G-protein signaling owing to their very weak recruitment of arrestins. This might be
an indication of arrestin not being recruited at detectable levels until a threshold level of G-protein
receptor activation/saturation and G-protein-coupled receptor kinase phosphorylation is reached [127].
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6. Future Directions and Conclusions

Ligand bias at opioid receptors has come a long way, yet many questions remain unanswered.
At MOR, the response is mixed with attenuation of respiratory depression not correlating with
Barrrestin-2 recruitment. The low respiratory depression of mitragynine(s) discussed in this manuscript
may be a result of other targets, like DOR antagonism. Newer reports are emerging which suggest that
low intrinsic efficacy maybe responsible for the lower respiratory depression of PZM21 and SR17108 [26]
compared to fentanyl. Similarly, a possible reason why ligands appear as biased maybe due to the
use of highly amplified systems where a partial agonist appears like a full agonist. Going forward,
a potency biased model where a ligand shows an Eyjax > 70% in both G and arrestin is proposed
instead of an efficacy biased model where a ligand with <20% Epjax in the arrestin pathway ligand is
characterized as biased [145]. It should be noted that the attenuation of side effects in B-arrestin 2 KO
mice was only seen with morphine but not with methadone, oxycodone, or fentanyl, suggesting that
how the ligand stabilizes the receptor may be more important and additional signaling circuits cannot
be ruled out [146].

There is a desperate need for arrestin biased ligands at all opioid subtypes (MOR, KOR, DOR,
and NOP receptor) to truly understand the pharmacology of the arrestin pathway with ligands. To the
best of our knowledge, only fentanyl is arrestin biased at MOR. No such ligands exist at KOR, DOR,
or NOP receptor. In a mice behavioral assay an arrestin biased agonist will ideally have a phenotype
opposite to that of a G-biased agonist. For example, a MOR arrestin biased ligand should show lower
analgesic efficacy and higher tolerance compared to a G-biased MOR agonist. Similarly, the propensity
to cause convulsions for a DOR arrestin biased ligand will be higher over a G-biased agonist and a
KOR arrestin biased agonist will have more sedation. At the neuronal as well as the cellular level,
these arrestin biased drugs should lead to greater internalization of the receptor.

The synthesis and pharmacology of PR6047 suggests that bias at DOR may still hold potential in
investigating functional selectivity and dissociating receptor induced adverse effects from its analgesia.
Newer biased ligands with high selectivity for NOP receptor over MOR are required to correlate the
in vivo pharmacology with ligand bias in the NOP receptor class.

A rational drug design of biased ligands is still lacking. Some correlations of bias can be drawn
out of the MP1104-KOR structure where mutation of Y312W led to transformation of balanced
agonist IBNtxA into a biased agonist at KOR [147]. The stabilization of the amide carbonyl group
of IBNtxA [148] through H-bonding with the phenol of “Y” holds the iodophenyl amide arm of the
ligand in the TM2-TM3 region of KOR. Mutation of ‘Y’ to "W’ leads to loss of this interaction and
flips the amide arm towards TM5-ECL2. The investigators hypothesized that ligands binding in this
TM5-ECL2 region may lead to biased agonism, while ligands orienting towards TM2-TM3 may lead to
balanced agonism. The same ligand IBNtxA at MOR was a biased agonist because the aminophenyl
arm was oriented towards TM5-ECL2 region. Older studies from DOR inactive state structures
(D95A, N131A) as well as KOR active state structures (N141A) [147] suggest that mutations in the Na*
binding pocket flip function of DOR antagonist as well non-selective opioid antagonists naloxone
and nalterexone to (-arrestin 2 biased ligands suggesting another subpocket which may control
arrestin engagement [93]. Not surprisingly, MOR variants in the C-tail of MOR also controls arrestin
recruitment and control tolerance/dependence in vivo in mice as shown in elegant studies by Pan and
co-workers at MSKCC [149]. The structures of biased ligands at opioids are presently missing and
it is hoped that such structures of such biased ligands will greatly aid in structure-based design of
biased opioids. Together, these studies are essential to identify receptor hot spots that lead to arrestin
engagement and disengagement and to understand functional selectivity better.
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Abstract: Opioids such as morphine—acting at the mu opioid receptor—are the mainstay for
treatment of moderate to severe pain and have good efficacy in these indications. However, these
drugs produce a plethora of unwanted adverse effects including respiratory depression, constipation,
immune suppression and with prolonged treatment, tolerance, dependence and abuse liability. Studies
in 3-arrestin 2 gene knockout (Barr2(—/—)) animals indicate that morphine analgesia is potentiated
while side effects are reduced, suggesting that drugs biased away from arrestin may manifest
with a reduced-side-effect profile. However, there is controversy in this area with improvement
of morphine-induced constipation and reduced respiratory effects in farr2(—/—) mice. Moreover,
studies performed with mice genetically engineered with G-protein-biased mu receptors suggested
increased sensitivity of these animals to both analgesic actions and side effects of opioid drugs.
Several new molecules have been identified as mu receptor G-protein-biased agonists, including
oliceridine (TRV130), PZM21 and SR-17018. These compounds have provided preclinical data
with apparent support for bias toward G proteins and the genetic premise of effective and safer
analgesics. There are clinical data for oliceridine that have been very recently approved for short
term intravenous use in hospitals and other controlled settings. While these data are compelling
and provide a potential new pathway-based target for drug discovery, a simpler explanation for the
behavior of these biased agonists revolves around differences in intrinsic activity. A highly detailed
study comparing oliceridine, PZM21 and SR-17018 (among others) in a range of assays showed
that these molecules behave as partial agonists. Moreover, there was a correlation between their
therapeutic indices and their efficacies, but not their bias factors. If there is amplification of G-protein,
but not arrestin pathways, then agonists with reduced efficacy would show high levels of activity
at G-protein and low or absent activity at arrestin; offering analgesia with reduced side effects or
‘apparent bias’. Overall, the current data suggests—and we support—caution in ascribing biased
agonism to reduced-side-effect profiles for mu-agonist analgesics.

Keywords: opioids; mu receptor; analgesia; opioid side effects; biased agonism; partial agonism

1. Introduction

Opioid analgesics remain the gold standard for the treatment of moderate to severe pain. This is
due to their unique mechanism of action; a powerful inhibitory effect both on nociception and on the
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emotional, cognitive and behavioral responses to pain states. However, the use of opioid analgesics
is limited by their significant side effects, which include respiratory depression, constipation and,
with prolonged treatment, tolerance, dependence and abuse liability. The right balance between control
of pain and the risks associated with opioid drug treatment (particularly with long term treatments) is
not easy to achieve. There are countries in which health systems overestimate the risks associated with
opioid drug therapies often causing unsatisfactory management of pain (e.g., Italy [1]), whereas the
health systems of other countries (e.g., USA) underestimated the risks associated with opioid drug
prescription contributing to the opioid epidemic [2] that caused a 4-fold increase of fatal overdoses in
the last two decades. This underscores the need for novel drugs that maintain the analgesic effectiveness
of classical opioids, but with improved side effect profile.

Different strategies have been developed in the search for safer opioid analgesics, including
increasing endogenous opioid signaling with enkephalinase inhibitors [3,4] use of mu opioid receptor
positive allosteric modulators [5,6] peripherally restricted opioids [7] or pH-dependent mu-receptor
agonists [8,9] and mixed opioid receptor agonists [10,11]. In addition, mixed agonists for mu and
nociceptin/orphanin FQ receptors, showing promising profiles in preclinical studies, have been
recently reported in the literature (reviewed in [12]). The most advanced among these compounds,
cebranopadol [13] is now in advanced clinical development as an analgesic [14,15].

Another potential strategy for the development of safer opioid analgesics is based on the concept
of functional selectivity or biased agonism, which is the ability of some receptor ligands to selectively
stimulate one signaling pathway (e.g., selectivity for G protein or arrestin) [16]. This phenomenon has
great potential in terms of drug discovery since it can be exploited to dissect the various responses
associated with the activation of a given receptor. This would facilitate the discovery of ligands able
to activate the signaling pathways associated with beneficial effects while avoiding those pathways
associated with side effects, thus generating safer drugs [16]. In recent years, biased ligands were
identified and characterized for several different G protein coupled receptors (GPCR) [17] including
the mu opioid receptor. The aim of this short review is the critical analysis of the available literature
regarding the potential of mu-receptor-biased agonists for development as innovative analgesics.

2. Genetic Studies

The first indication of a role of -arrestin 2 in the in vivo regulation of the analgesic response
to opioids was provided by Bohn and collaborators with the use of mice knockout for the Barrestin
2 gene (Parr2(—/-)) [18]. In these mice the analgesic effects of morphine are not only preserved,
but potentiated; in fact, the ED5y of morphine is 10 and 6 mg/kg in farr2(+/+) and parr2(—/—) mice,
respectively. Moreover, the effects of a single dose of morphine were prolonged in Barr2(—/—) mice.
Naloxone prevented the analgesic response to morphine in both genotypes. Finally, no changes
in [*H]naloxone binding in various brain regions were evident between farr2(+/+) and Barr2(—/-)
mice [18]. Another study [19] demonstrated that Barr2(—/—) mice do not develop tolerance to the
analgesic effect of morphine while they were similar to wild type animals in terms of morphine physical
dependence, as demonstrated behaviorally by naloxone precipitated withdrawal syndrome and
biochemically by upregulation of adenylyl cyclase activity [19]. In addition, the rewarding properties
of morphine (but not of cocaine), assessed using the conditioned place preference test, were larger in
Barr2(—/—) than parr2(+/+) mice [20]. The logical next step of the investigation of morphine responses
in Barr2(—/—) mice was to study the most common acute side effects of opioid drugs; constipation [21]
and respiratory depression [22,23]. As far as opioid-induced constipation is concerned the effects
of morphine were investigated in farr2(—/—) and parr2(+/+) mice by measuring accumulated fecal
boli and bead expulsion time. In both the assays Barr2(—/—) animals were less sensitive to morphine
than Barr2(+/+) mice [24]. Similar results were obtained investigating morphine-induced respiratory
depression in whole-body plethysmography studies; the results of these experiments demonstrated
that morphine produces significantly less suppression of respiratory frequency in Barr2(—/—) mice [24].
These findings were interpreted assuming that Barr2 acts (as expected) as a desensitizing element
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of morphine analgesia, while it significantly contributes to the cellular signaling relevant for the
respiratory and gastrointestinal side effects of morphine [24]. Of note is that these findings contrast
with more recent observations demonstrating that opioid-induced respiratory depression is due to mu
receptor/G;/G protein-coupled inwardly rectifying potassium (GIRK) channels signaling in neurons of
the respiratory center [25,26].

Collectively the studies by the Bohn group suggested that eliminating Barr2 increased morphine
analgesic potency while decreasing its ability to induce constipation and respiratory depression;
this makes morphine a safer analgesic. These studies led to the very attractive hypothesis that drugs
able to promote mu receptor interaction with G protein, but not Barr2 (i.e., mu receptor G protein-biased
agonists, see next section), should mimic the profile of morphine in farr2(—/-) mice and could be
developed as an innovative class of safer opioid analgesics [27,28].

However recent research findings obtained with genetic tools questioned the above hypothesis.
In fact a consortium of three different laboratories in Sydney, Bristol and Jena reexamined opioid side
effects in Barr2(—/—) mice [29]. In these studies, three independent groups investigated the respiratory
depressant effects of morphine using different plethysmography systems in independently bred
Barr2(—/—) and Barr2(+/+) mice. In all three sets of results morphine, in the range of doses 3-30 mg/kg,
produced a dose dependent reduction of respiratory rate which was virtually superimposable in
Barr2(—/-) and Parr2(+/+) animals. Similar results were obtained by the group in Jena using
fentanyl (0.05 -3 mg/kg) as the mu-receptor agonist. In addition, the same group also reinvestigated
opioid-induced constipation in farr2(—/—) and Barr2(+/+) mice. Both morphine and fentanyl elicited
a dose dependent reduction of accumulated fecal boli with similar potency and maximal effects in
Barr2(—/—) and wild type animals [29]. We have performed similar experiments and our findings are
summarized in Figures 1 and 2. In line with Bohn'’s original findings [18], morphine (0.1-10 mg/kg) and
fentanyl (0.01-1 mg/kg) elicited dose dependent antinociceptive effects in the mouse tail withdrawal
assay being approximately two-fold more potent in Barr2(—/-) than Barr2(+/+) mice (Figure 2).
In accumulated fecal boli experiments, morphine (3-30 mg/kg) and fentanyl (0.1-1 mg/kg) dose
dependently inhibited gastrointestinal functions with no major differences in Barr2(—/—) compared to
Barr2(+/+) mice (Figure 1), which is in agreement with the findings obtained by the group in Jena [29].
The reason for the discrepancy between the results obtained with Barr2(—/—) mice by different research
groups is not known; it has been suggested [29] that mixed genetic backgrounds may have a role in the
discrepancy. However, in all studies, this possible confounding factor was considered and minimized
using littermates or backcrossed animals.

In a recent very elegant study novel genetic tools have been generated and investigated in order
to shed light on the relationship between arrestins and morphine analgesia and side effects [30].
As described for virtually all GPCR [31], the activated mu receptor is recognized by G protein—receptor
kinases (GRKs) that phosphorylate several serine and threonine residues located in the cytoplasmic
loops and carboxyl-terminal; the phosphorylated receptor can then bind arrestins. To prevent this
phenomenon three lines of mutant mice were generated by knocking in mu receptor genes with
serine- and threonine-to-alanine mutations in the carboxyl-terminus of the protein that render the
receptor increasingly unable to recruit 3-arrestins. Thus, these mutant mice express G-protein-biased
mu receptors. Importantly, autoradiographic studies demonstrated no differences between the
knock-in lines and wild type animals in terms of mu receptor density in different brain areas.
The phosphorylation-deficient mu knock-in mice displayed; (i) enhanced opioid-mediated analgesia in
the hot-plate test, (ii) reduced liability to develop tolerance to the analgesic effects of opioid drugs after
a seven-day chronic treatment with osmotic pumps and (iii) similar signs of withdrawal in response to
the administration of naloxone after chronic treatment with morphine or fentanyl, all compared to wild
type animals. With respect to these opioid related actions, these knock-in mice displayed a phenotype
similar to that of farr2(—/—) mice [18,19]. These data demonstrated that mu receptor carboxyl-terminal
multisite phosphorylation and mu receptor/Barr2 interaction are crucial regulators of opioid analgesia
and tolerance, but not physical dependence. As far as the respiratory and gastrointestinal side effects of
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opioids are concerned, all genotypes of phosphorylation-deficient G protein-biased mu knock-in mice
responded to equianalgesic doses of morphine and fentanyl with profound respiratory depression
and constipation. Moreover, a detailed analysis of morphine and fentanyl ED5, values for analgesia
versus their EDj5 for respiratory depression and constipation yielded highly significant correlation
coefficients. Collectively these findings suggest that the lack of mu receptor phosphorylation promotes
enhanced analgesia and a proportional increase in respiratory depression and constipation thus not
supporting a role for 3-arrestin signaling in opioid side effects [30]. Clearly these results argue against
the hypothesis that mu agonists biased toward G proteins may act as safer analgesics.
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Figure 1. Mouse accumulated fecal boli assay. Dose response curves to morphine (top panels) and
fentanyl (bottom panels) in Barr2(+/+) (left panels) and Barr2(—/—) (right panels) mice. Data are mean
+ SEM of 7 animals for each treatment. Experiments were performed as described in [24].
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Figure 2. Mouse tail withdrawal assay. Dose response curves to morphine (left panel) and fentanyl
(right panel) in Barr2(+/+) and Barr2(—/—) mice. Data are mean + SEM of 6 animals for each treatment.
Experiments were performed as described in [32].

3. Pharmacological Studies—Are Mu-Receptor Agonists Biased Toward G Proteins
Safer Analgesics?

Based on the original findings obtained in farr2(—/-) animals [18,19,24] and on the hypothesis that
mu receptor/Barr2 signaling is involved in opioid acute side effects, several groups developed projects
aimed at the identification and pharmacological characterization of mu receptor G protein-biased
agonists as innovative analgesics.
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The first and most widely studied molecule of this class is oliceridine (aka TRV130) [33] (see
chemical structure in Figure 3). The structure-activity relationship study that led to its identification is
described by Chen and colleagues [34]. Oliceridine binds to the human, rat and mouse mu receptor
with low nanomolar affinities and inhibits cAMP accumulation in HEK293 cells expressing the human
recombinant mu receptor with similar maximal effects but higher potency than morphine. However,
oliceridine displayed a lower efficacy than morphine for stimulating mu receptor phosphorylation
and internalization and for recruiting Barr2. Moreover, the inhibitory effects of oliceridine in the
cAMP assay were competitively antagonized by naloxone while oliceridine competitively antagonized
DAMGO-induced parr2 recruitment. Of note the agonist potency of oliceridine in the cAMP assay
(pECs 8.2) is similar to its antagonist potency (pA; 7.7) in Barr2 recruitment experiments. Thus, in vitro
studies suggested that oliceridine behaves as a mu-receptor agonist biased toward G proteins [35].
In the same study DeWire et al. investigated the in vivo actions of oliceridine. This compound elicited
dose dependent and robust antinociceptive effects in various analgesiometric assays in mice and
rats producing similar maximal effects to morphine but with approximately 10-fold higher potency.
Interestingly, in experiments investigating the gastrointestinal (fecal boli accumulation and glass bead
expulsion in mice) and respiratory (blood pCO; and pO; in rats) side effects of opioids, oliceridine
was less potent and effective than morphine [35]. Thus, compared to morphine, the G protein-biased
mu receptor agonist oliceridine displayed a larger therapeutic index; this finding corroborates the
hypothesis based on the original studies in farr2(—/—) animals [18,24] that Barr2 signaling is involved
in the acute side effects of opioid analgesics. The G protein-biased mu receptor agonist activity of
oliceridine as well as its antinociceptive activity were later confirmed by Mori et al. [36]. In this study,
the authors also demonstrated that the antinociceptive effects of oliceridine in the mouse sciatic nerve
ligation model are associated with lower tolerance liability than fentanyl [36]. This latter finding was
independently confirmed by a different group that compared the antinociceptive effects of morphine
and oliceridine after a 4-day treatment with the mouse tail withdrawal assay [37]. Interestingly these
authors also reported that mice treated chronically with oliceridine display, in response to an injection
of naloxone, a withdrawal syndrome similar to that observed in morphine treated mice. Again,
these findings are in line with the original hypothesis of the Bohn group [19] that Barr2 signaling is
involved in opioid tolerance, but not dependence.

O CH; H 3
N/}rN\)LN N\/\OH
H )
HO NH, (o} CH; O
DAMGO

HO

Oliceridine PZM21 SR-17018

Figure 3. Chemical structures of DAMGO, morphine, fentanyl, oliceridine, PZM21 and SR-17018.

As far as abuse liability is concerned, oliceridine has been investigated in rats self-administering
drugs under a progressive-ratio schedule of reinforcement. Compared to oxycodone, oliceridine
was found to be equipotent and equieffective in self-administration and thermal antinociception
experiments [38]. Similar results were reported in rat fentanyl discrimination studies where
oliceridine was approximately two-fold more potent in producing fentanyl stimulus effects versus
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antinociception [39]. The abuse liability of oliceridine was also reported by Altarifi et al. [40] using an
intracranial self-stimulation procedure in rats. This study also questioned the increased therapeutic
index of oliceridine when compared to morphine. Indeed, the effects of oliceridine were the same as
morphine both in the mouse tail withdrawal assay and in the mouse accumulated fecal boli test [40].

Oliceridine was also used in comparison with morphine [41,42], or other mu ligands [43,44] in
molecular dynamics studies aimed at investigating the active structure of mu receptor interacting
with G protein and arrestin. However, the detailed analysis of these studies goes beyond the scope of
this article.

Oliceridine has been investigated in the clinic. A first-in-human study was conducted with
ascending doses of oliceridine administered intravenously over the dose range of 0.15-7 mg [45].
Oliceridine caused dose-related pupil constriction confirming mu receptor engagement. Nausea and
vomiting observed at the 7 mg dose limited further dose escalation. Collectively this study suggests
that oliceridine may have a broad margin between doses causing mu receptor-mediated pharmacology
and doses causing mu opioid receptor-mediated intolerance [45]. Another study investigated
the effects of oliceridine and morphine after single intravenous injections in thirty healthy men;
oliceridine produced greater analgesia than morphine with less reduction in respiratory drive and
less severe nausea [46]. The efficacy and tolerability of oliceridine in acute pain management after
bunionectomy has been investigated in a Phase II, randomized and placebo- and active-controlled
study. The results demonstrated that oliceridine rapidly produces profound analgesia in moderate to
severe acute pain, with a profile of tolerability like morphine [47]. Similar results were obtained in a
Phase IIb study in patients with moderate to severe acute pain following abdominoplasty. These clinical
results suggest that oliceridine promotes effective, rapid analgesia in patients with postoperative
pain, with acceptable safety/tolerability profiles and a potentially wider therapeutic window than
morphine [48]. Moreover, favorable analgesia over respiratory depression has been reported for
oliceridine, but not morphine in a recent study that reanalyzed data obtained from healthy volunteers
and postoperative patients [49] Finally, the analgesic effectiveness and favorable safety/tolerability
profiles of oliceridine regarding respiratory and gastrointestinal adverse effects compared to morphine
have been confirmed in different Phase III studies [50-52]. In October 2018, the FDA Advisory
Committee voted 8 against and 7 in favor of the approval of oliceridine for the management of
moderate to severe acute pain. A new application was submitted and on the seventh August 2020 the
FDA approved oliceridine with the name Olinvyk™ for short term intravenous use in “hospitals and
other controlled settings”. Oliceridine will soon be available in the market and larger studies will more
thoroughly define its analgesic effectiveness and tolerability profiles in clinical practice.

Another interesting molecule acting as G-protein-biased mu-receptor agonist is PZM21 [53]
(see chemical structure in Figure 3). This molecule was identified by docking over three million
commercially available lead-like compounds with the orthosteric pocket of the 3D crystal structure of
the mu receptor; solved in its inactive state in 2012 [54]. In receptor binding studies PZM21 displayed
high affinity (pK; 9) and selectivity for the mu opioid receptor. In functional studies PZM21 behaved
as a potent agonist in different Gi/o-mediated signaling assays while it was virtually inactive in
recruiting farr2. Agonist activity of PZM21 in the Barr2 recruitment assay can be detected after
transfecting cells with GRK2. However, under these conditions, the efficacy of PZM21 (0.32) was a
fraction of that of DAMGO (1.00) and even morphine (0.52) [53]. Thus, these results suggest that
PZM21 behaves as a mu receptor agonist biased toward G protein signaling. Of note in all these
experiments oliceridine has been also assayed, producing results similar to those obtained with
PZM21. When tested in mice, PZM21 (1040 mg/kg) elicited antinociceptive effects in the hotplate
and formalin test, but not in the mouse tail flick assay. The reason for these assay-specific effects of
PZM21 are presently unknown. More important, the analgesic effects of PZM21 (as well as those
of morphine) in the hotplate test were absent in mu receptor gene knockout mice. When tested in
the mouse accumulated fecal boli assay at equianalgesic doses PZM21 elicited constipation that was
less than that produced by morphine. Concerning respiratory effects, whole-body plethysmography
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studies demonstrated that while morphine profoundly depressed respiration, the effects of PZM21
was indistinguishable from vehicle [53]; however it should be noted that in these experiments the
vehicle injection produced a respiratory depressant effect. Collectively, the results obtained with
PZM21 confirm findings with oliceridine suggesting that mu receptor agonists biased toward G protein
signaling elicit robust analgesia associated with less respiratory and gastrointestinal side effects.

However, some PZM21 findings were not confirmed in other studies. In bioluminescence
resonance energy transfer (BRET) studies PZM21 behaved as a low efficacy partial agonist in
promoting mu receptor interaction with both G protein and Barr2 [55]. The analgesic effect of
PZM21 in the hot plate assay has been confirmed but this was associated with a clear inhibition of
respiratory function. In mice receiving twice-daily doses of PZM21 for four days, complete tolerance
developed to the antinociceptive but not respiratory depressant effects [55]. Similar findings were
previously obtained with morphine in a study performed under the same experimental conditions [56].
Thus, in this latter study, no major differences were found between the pharmacological profile
of PZM21 and that of the standard opioid analgesic morphine. PZM21 caused dose-dependent
antinociception after systemic and spinal administration; after repeated administration tolerance
developed to the antinociceptive actions of PZM21 and animals became physically dependent as
demonstrated by naloxone-precipitated withdrawal syndrome [57]. Recently the actions of PZM21
were compared with those of morphine and oxycodone in non-human primates [58]. After systemic
administration, PZM21-induced dose-dependent thermal antinociceptive effects being 10-fold less
potent than oxycodone. In self-administration studies PZM21 exerted reinforcing effects similar to
oxycodone. After intrathecal administration, PZM21 mimicked morphine, producing naltrexone
sensitive antiallodynic effects associated with long-lasting scratching [58]. The chemical template of
PZM21 has been used for structure activity relationship studies that led to the identification of novel
G-protein-biased mu-receptor agonists [59,60].

Other compounds acting as selective mu-receptor agonists with different degrees of bias toward
G protein signaling have been discovered in a study specifically aimed at investigating whether
the magnitude of the bias factor of a mu agonist will impact its therapeutic index (analgesia versus
respiratory depression) [61]. A series of compounds with a piperidine core structure were generated and
demonstrated to act as high affinity and selective mu ligands in receptor binding studies. These novel
compounds were investigated using the human recombinant mu receptor in functional assays
including agonist stimulated GTPy[*®S] binding, cAMP accumulation and Barr2 recruitment using the
operational model [62] to estimate their bias factors. The pharmacological effects of these compounds
were systematically compared to those of DAMGO as a reference agonist and of morphine and fentanyl
as clinically relevant drugs. Results of these studies suggest that fentanyl and SR-11501 behave as
mu receptor Barr2-biased agonists, morphine, SR-14968 and SR-14969 behave as unbiased agonists,
SR-15098, SR-15099 and SR-17018 (see chemical structure in Figure 3) behave as G protein-biased
agonists [61]. Importantly this rank order of bias remains the same when compounds were tested
in preparations expressing the mouse mu opioid receptor. Pharmacokinetic studies demonstrated
that these SR compounds are able to cross the blood-brain barrier after systemic administration.
In the hot plate and tail withdrawal assays SR compounds elicited antinociceptive effects in wild type
mice but not in mu receptor gene knockout mice, confirming their high selectivity of action in vivo.
When tested for respiratory depressant effects (oxygen saturation and respiratory rate) at morphine
equianalgesic doses SR-15098, SR-15099 and SR-17018 (i.e., those molecules showing the higher bias
toward G proteins), produced the least respiratory suppression. To carefully estimate the therapeutic
index of these molecules dose response studies were performed and EDsj values calculated for the
analgesiometric assays (hot plate and tail withdrawal tests) and for respiratory depressant effects
(oxygen saturation and respiratory rate). A robust correlation between bias factor and therapeutic
index was found: the higher the bias toward G protein signaling, the higher the therapeutic index.
In a recent study the effects of chronic treatment with SR-17018 via subcutaneous osmotic minipumps
was investigated [63]. In contrast to morphine, SR-17018 does not produce tolerance in the hot plate
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test. However, after minipump removal, mice treated with SR-17018 displayed significant signs of
withdrawal, similar to morphine [63].

Collectively the results of these studies appear to confirm the original hypothesis, based on work
with Barr2(—/-) mice [18,19,24], that mu-receptor agonists that do not recruit Barr2 display reduced
tolerance liability and, more important, are safer analgesics.

4. Pharmacological Studies—Are Mu Receptors Partial Agonists Safer Analgesics?

Direct comparison of the pharmacological features of novel molecules investigated in different
laboratories, with different in vitro assays and protocols and diverse in vivo models is always difficult.
Gillis et al. [64] reexamined the pharmacological profiles of the G protein-biased agonists oliceridine,
PZM21 and SR-17018 in parallel experiments and compared the profiles with those of DAMGO and the
clinically viable drugs fentanyl, methadone, morphine, oxycodone and buprenorphine. The mu agonist
properties of this panel of ligands were carefully examined using rigorous pharmacological approaches,
which consisted of using the same cell line (HEK293 cells expressing the human recombinant mu
receptor) and a large panel of assays. To investigate mu/G protein pathways BRET-based assays
were used to measure mu receptor interaction with a conformationally selective nanobody, with a
truncated, soluble “mini” G; protein and with Gg;j. Moreover, mu receptor inhibition of cAMP levels
via G; was also studied with a BRET assay. In addition, GBy-mediated activation of GIRK channels
was investigated with a membrane potential-sensitive dye. To investigate mu receptor regulatory
pathways BRET-based assays were used to measure mu receptor interaction with GRK2 and Barr2
and also mu receptor internalization. Finally using phosphosite-specific antibodies, agonist-induced
C-terminal phosphorylation of the mu receptor was studied. Importantly, in order to obtain robust
and consistent concentration-response curves that allow a precise assessment of ligand potency and
efficacy, manipulations were performed with the aim of avoiding conditions characterized by an
extremely low or extremely high efficiency of the stimulus-response coupling. Thus, GIRK experiments
were performed in the absence and presence of an irreversible mu antagonist, farr2 recruitment
and receptor internalization studies were performed in the absence and presence of overexpressed
GRK?2 and nanobody and mini G; protein recruitment experiments were performed with an excess of
reporter probes.

The results obtained in G protein assay demonstrated that oliceridine, PZM21 and SR-17018 are
indeed mu receptor partial agonists. In particular the following rank order of maximal effects was
determined: DAMGO = fentanyl = methadone > morphine = oxycodone > oliceridine = PZM21 >
SR-17018 > buprenorphine which was highly conserved in all the assays (r? always > 0.79) including
ligand-induced C-terminal phosphorylation of the mu receptor. Of note is that the partial agonist
behavior of PZM21 and oliceridine at the mu receptor has already been reported for ion channel signaling
using electrophysiological and Ca?* imaging techniques [65] and in biochemical assays (Azzam et al.
personal communication). Surprisingly, this same rank order of maximal effects was measured in
receptor regulatory pathway assays (GRK2 and Barr2 and receptor internalization) for all compounds;
thus, suggesting that they have similar activity in both G protein and receptor regulatory pathways.
These results were confirmed by operational model analysis that demonstrated across the different
assays no significant bias factors for all ligands, including, the putative G-protein-biased-agonists
oliceridine, PZM21 and SR-17018. For a comprehensive discussion of the possible reasons that
may explain the discrepant results obtained by Gillis et al. [64] compared to previously published
findings [35,53,61], the reader is referred to Gillis et al. [66].

In order to compare their analgesic and respiratory depressant effects, fentanyl, morphine,
oliceridine, PZM21, SR-17018 and buprenorphine were evaluated in dose-response studies in the hot
plate and whole-body plethysmography assays [64]. Allcompounds evoked robustand dose-dependent
antinociceptive effects in the hot plate test with kinetics of action in line with previously published
findings. However, the dose-response curve for SR-17018 could not be completed due to solubility
issues. In whole-body plethysmography dose-response studies, all compound produced a statistically
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significant reduction in respiratory frequency, but the effects of buprenorphine, oliceridine, PZM21 and
SR-17018 were lower than those of morphine or fentanyl. The results of in vivo experiments were then
used to calculate the therapeutic index of these mu agonists (of note the therapeutic index of SR-17018
could only be roughly estimated due to incomplete dose-response curve data). The rank order of
therapeutic indices was buprenorphine > SR-17018 = PZM21 > oliceridine > morphine > fentanyl.
There was no correlation between therapeutic index and bias factor while there was a clear inverse
relationship between therapeutic index and ligand efficacy [64]. Importantly the above mentioned
rank order of therapeutic index is in line with clinical studies suggesting the following rank order of
tolerability for the treatment of moderate to severe pain buprenorphine > morphine > fentanyl [67,68].

Collectively this study demonstrated that putative G-protein-biased agonists behave as low
efficacy partial agonists. Moreover, this study confirmed the higher therapeutic index (analgesia versus
respiratory depression) of oliceridine, PZM21 and SR-17018 (as well as buprenorphine) compared to
classical opioid analgesics (morphine and fentanyl) and provides robust evidence that these actions are
likely due to and can be predicted by, partial rather than biased agonism.

5. Conclusions

Early studies performed with Barr2(—/—) mice suggested that mu receptor interaction with
Barr2 is involved in morphine gastrointestinal and respiratory side effects [24] but not its analgesic
action [18]. This observation led to the hypothesis that mu-receptor agonists biased toward G protein
may offer safety advantages as analgesics. This hypothesis was later confirmed in preclinical studies
demonstrating that the mu receptor G protein-biased agonists oliceridine [35], PZM21 [53] and
SR-17018 [61] displayed an improved therapeutic index compared to morphine. For oliceridine this
improved therapeutic index has been confirmed in a large series of clinical studies [33]. However
this general supposition of improved side effect profile has recently been questioned by the following
data: different laboratories did not replicate the original findings regarding the improved therapeutic
index of morphine in Barr2(—/—) mice [29], the therapeutic index of morphine is not improved in
genetically engineered mice expressing G protein-biased mu receptors [30]. In addition, a recent study
in which oliceridine, PZM21 and SR-17018 were tested in parallel in vitro and in vivo experiments
confirmed the improved therapeutic indices of these mu ligands but demonstrated that their improved
safety profile is likely attributable to low efficacy partial agonism rather than G protein-bias [64].
Based on the available evidence it is reasonable to suggest that the biased agonism as a strategy is
unlikely to produce safer opioid analgesics. We close with the following statement from T Kenakin [16]:
“biased signaling still has the potential to justify revisiting of receptor targets previously thought to
be intractable and also furnishes the means to pursue targets previously thought to be forbidden
due to deleterious physiology”. Increasing the rate of success in drug discovery programs based on
biased agonism requires rigorous pharmacological approaches to both assay development and data
analysis. Moreover, knowledge of cell types responsible for specific pathologies and the associated
signaling pathways activated during that pathological insult also require careful study, as discussed by
Michel et al. [69].
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Abstract: Opioid analgesics are effective pain therapeutics but they cause various adverse
effects and addiction. For safer pain therapy, biased opioid agonists selectively target distinct
u opioid receptor (MOR) conformations, while the potential of biased opioid antagonists has
been neglected. Agonists convert a dormant receptor form (MOR-p) to a ligand-free active form
(MOR-p*), which mediates MOR signaling. Moreover, MOR-p converts spontaneously to MOR-p*
(basal signaling). Persistent upregulation of MOR-p* has been invoked as a hallmark of opioid
dependence. Contrasting interactions with both MOR-p and MOR-p* can account for distinct
pharmacological characteristics of inverse agonists (naltrexone), neutral antagonists (63-naltrexol),
and mixed opioid agonist-antagonists (buprenorphine). Upon binding to MOR-u*, naltrexone but not
63-naltrexol suppresses MOR-u*signaling. Naltrexone blocks opioid analgesia non-competitively at
MOR-p*with high potency, whereas 63-naltrexol must compete with agonists at MOR-p, accounting
for ~100-fold lower in vivo potency. Buprenorphine’s bell-shaped dose-response curve may also
result from opposing effects on MOR-u and MOR-p*. In contrast, we find that 6(3-naltrexol potently
prevents dependence, below doses affecting analgesia or causing withdrawal, possibly binding to
MOR conformations relevant to opioid dependence. We propose that 63-naltrexol is a biased opioid
antagonist modulating opioid dependence at low doses, opening novel avenues for opioid pain
therapy and use management.

Keywords: u opioid receptor; receptor model; biased ligands; dependence; pain therapy; neonatal
opioid withdrawal syndrome; naltrexone; 63-naltrexol; buprenorphine

1. Introduction

The p opioid receptor (MOR) is the main target of opioid analgesics, providing strong pain relief but
also causing multiple adverse effects and addiction. Documented to exist in multiple forms with distinct
functions, MOR and its ligands elicit a perplexingly broad spectrum of effects—opening the opportunity
for discovering opioid analgesics with reduced adverse effects. Among these, biased agonist ligands
can be directed to stimulate optimal MOR signaling properties [1]. On the other hand, biased MOR
antagonists capable of blocking deleterious signaling or regulatory pathways have received less
attention. Reviewing documented opioid drug effects, we propose a novel receptor model that can
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account for diverse pharmacological effects of MOR ligands, including biased antagonists. The type of
ligand considered here is thought to differ from allosteric modulators of MOR [2,3] by interacting with
the orthosteric site of agonist binding. Biased MOR antagonists could serve as modulators of opioid
dependence, for improved pain therapy and opioid use management.

2. Evidence for Multiple Receptor Conformations with Distinct Signaling Pathways, and the
Potential of Biased Agonists

G protein coupled receptors (GPCRs) are flexible membrane proteins that require lipids, signaling
proteins, and co-factors or ligands to attain conformational stability. As a result, GPCRs exist in various
conformations as a function of cellular environment, each accepting a distinct spectrum of ligands
associated with distinct signaling or regulatory pathways [1,4-6]. These properties of GPCRs have
triggered a search for biased agonists that selectively activate one pathway over the other, to enhance
desired pharmacological outcomes relative to adverse effects [6-10]. MOR indeed appears to exist
in multiple forms with distinct signaling and regulatory pathways [1]. Focus in the opioid field
has been on creating efficacious pain therapies without unwanted side effects, including tolerance,
dependence, and drug craving—hallmarks of addiction—respiratory depression, and various adverse
effects (constipation and opioid-induced bowel dysfunction, bone loss, immune dysregulation, nausea,
and more) [1-3,11]. MOR is considered a main mediator of these actions. Separating desirable from
adverse effects is a central goal of current opioid research.

Biased agonists binding to receptors either coupled to G proteins or interacting with other
scaffolding proteins including beta-arrestins have taken center stage in the search for opioid analgesics
with less tolerance and withdrawal effects [1,12] and low respiratory depression potential [9]—The latter
is a cause of countless overdose deaths. While beta-arrestins are thought mainly to orchestrate receptor
desensitization, they can also activate tyrosine kinases and downstream signaling [13]. Results with
biased opioid agonists are promising but must still be viewed with caution, as none are as of yet
approved for general use.

Some reports propose that opioid receptors and specifically MOR exist in different forms in
peripheral versus central neurons [13]. Peripheral and central opioid receptor systems could interact
dynamically, for example in the induction of opioid induced hyperalgesia, reported to be mediated
both centrally and peripherally [14,15]. Peripheral MOR sites could have relevance to inflammation
induced neuropathic pain, invoking beta-arestin-2 silenced MOR sites in afferent nociceptors [14,16],
that get activated upon inflammatory stimuli. MOR activation could then suppress pain sensation,
but also lead to a vicious circle of sustained neuropathic pain [14,16]. While an attractive model to
account for the presence of ‘silent’ MOR sites, the evidence is still missing how the activation occurs
and whether these silent MOR sites perform signaling not measured by conventional means.

All extant MOR signaling models can account for only part of the astounding diversity
of pharmacological effects observed in countless published studies, including unexpected
opioid antagonist effects—the focus of this article to explore opportunities for developing safer
opioid analgesics.

3. A Basally Active Receptor Mediating MOR Signaling (MOR-p*)

Capable of signaling spontaneously, GPCRs are restrained in an inactive ground state consisting
of large complexes with lipids, proteins, and co-factors. Upon binding to this ground state, agonists
trigger a change in receptor conformation sufficient to release constraints keeping the receptor silent,
thereby, initiating the signaling cascade. Hence, ground and activated receptor states of the
opioid receptor, designated here as MOR-pt and MOR-t*, respectively, assume distinct conformations,
often leading to reduced agonist binding affinity to MOR-p* (Figure 1) [17-19]. Typical opioid drugs
such as morphine and etorphine potently bind to the ground state MOR-u but rapidly dissociate
from MOR-u* [20]. However, continued association of the agonist with the activated receptor is also
possible and could contribute to biased agonist signaling for some GPCRs [9]. We have shown that the
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ultra-potent etorphine enters the rat brain and occupies only 1% of MOR sites at its antinociceptive
EC50 (<0.001 mg/kg) [20], previously suggested to indicate a ‘receptor reserve’ [21]. It appears more
likely that etorphine binds with high affinity to MOR-p and upon rapid activation dissociates from
MOR-*, which carries out the signaling process in the absence of agonist ligand. Consistent with this
hypothesis, we had shown that the etorphine off-rate has a dissociation half-life (t1/2) less than 1 min
in vivo (rat brain), whereas, after sacrifice and tissue homogenization, the dissociation t1/2 increases to
~40 min [20]—the in vivo activation state no longer remains intact. Therefore, it is important to consider
the relative affinities and effects of ligands at both MOR-p and MOR-pu* in life tissues, to understand
opioid effects.

naltrexone naltrexone inverse
6B-naltrexol 6B-naltrexol neutral

L ‘

spontaneous
p——» MOR-p*
MOR-p morphine o
< active
etorphine
t

morphine
etorphine classical opioid effects

Figure 1. Model of the 11 opioid receptor, invoking a silent ground state MOR-p and a ligand-free activated
state u opioid receptor (MOR)-p*. Most opioid agonists have low affinity for MOR-1*, and therefore,
dissociate from the receptor, with MOR-p* responsible for the signaling process. The antagonists
naltrexone and 6b-naltrexol (6BN) are proposed to have high affinity for both MOR-p1 and MOR-u*,
blocking agonist-mediated activation of MOR-p in a competitive fashion. Naltrexone potently blocks

MOR-p* activity as an inverse agonist, whereas the neutral antagonist 6BN binds to MOR-pu* but does not
prevent signaling—both acting in a non-competitive fashion at the ligand-free MOR-.

We and others had further demonstrated that the ground state MOR-u receptor can spontaneously
convert to active MOR-1*, in the absence of any ligand (Figure 1) [17-19,22], as demonstrated for
numerous GPCRs. Moreover, basal MOR-u* activity increases upon sustained opioid agonist exposure
and appears to play a role in opioid dependence [17-19,22] —the mechanism by which elevated MOR-*
signaling is maintained over time remains elusive. Enhanced MOR-pu* activity results in high sensitivity
to inverse opioid antagonists such as naloxone and naltrexone, apparently acting at the ligand-free
MOR-p* in a non-competitive fashion, with as little as 50-100 microgram naloxone given iv causing
aversive reactions in methadone-managed opioid use patients (typically receiving 50-100 mg/day
methadone). We propose that pharmacological MOR antagonist effects reflect binding affinity and
efficacy at both MOR-u and MOR-u*. Three opioid drugs serve to illustrate these interactions.

Naltrexone: Naltrexone is clinically used to prevent opioid relapse and reduce alcohol binge
drinking [23-25]. An inverse antagonist, naltrexone suppresses basal MOR-u* activity and thereby
potently causes withdrawal symptoms in dependent subjects [19,26-29]. In addition, naltrexone
antagonizes antinociception of 30 mg/kg morphine with an IC50 of 0.007 mg/kg in mice [26] (Table 1).
This extraordinary potency against a high agonist dose can be accounted for by non-competitive
binding of naltrexone to morphine-generated ligand-free MOR-p*, thereby suppressing signaling
activity. Similar high naltrexone potency has been reported in rhesus monkeys against both fentanyl
analgesia and in causing withdrawal in dependent animals (pA2 8.5 mg/kg) [29] (Table 1). Because strong
naltrexone-induced withdrawal reactions continue in dependent subjects even after the opioid drug
has been fully excreted, naltrexone therapy to prevent relapse is started only 1-2 weeks after complete
opioid withdrawal [30].
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Table 1. Relative potency of naltrexone and 6BN in vivo. Data are from publications that compare
naltrexone with 6BN, with regards to opioid antinociception or causing withdrawal in opioid-dependent
animals, and in vitro MOR binding in rhesus monkey cortical brain homogenates.

Antagonist ID50, or pA2, KI Binding (Rote)

Species Test Agonist (Dose, Route) Ref
Naltrexone 63-Naltrexol
mouse hotplate morphine (30 mg/kg, i.p.) 0.007 mg/kg (i.p.) 1.3 mg/kg (i.p.) [26]
withdrawal . . .
mouse jumping morphine (73 mg pellet, s.c., 3d) 0.09 mg/kg (i.p.) 6.9 mg/kg (i.p.) [27]
mouse tail-flick hydrocodone (3.2 mg/kg, i.v.) 0.53 mg/kg (p.o.) * 2.4 mg/kg (p.o.) * [31]
rhesus oo . _ pA285* pA26.5*
monkey tail-withdrawal alfentanil (0.01-5 mg/kg, s.c.) (0.0032-0.32 mg/kg, s.c) (0.32-3.2 mg/kg, 5. [29]
rhesus precipitated morphine (6.4 mg/kg, i.m. for 3d) 0.004 mg/kg 0.33 mg/kg 129]
monkey withdrawal (respiratory functions) (im. for 3d) (i.m. for 3d)
rhesus L 3H-DAMGO (1 nM, in vitro) 0.31 nM, Ki=0.74 nM
monkey ~ MORbinding, 3H-diprenorphine (0.2 nM) Ki=17nM KI=32nM 1291

* pA2 values are—log measures; i.e., 6BN is 100-fold less potent than naltrexone.

6B-naltrexol (6BN): Naltrexone is converted to its main metabolite 6BN, a neutral antagonist
(Figure 2) [19,27,28]. With the hypothesis that 6BN binds potently to MOR-u* without suppressing
signaling, we propose that 6BN blocks opioid analgesia or causes withdrawal only at much higher
doses (Table 1) because it needs to compete with the opioid agonist at MOR-p (Figure 1). Even though
in vitro MOR binding affinity is nearly equal to that of naltrexone (Ki 3.2 nM vs. 1.7 nM, respectively,
in rhesus monkeys [29]), 6BN is >100-fold less potent than naltrexone in blocking antinociception and
causing withdrawal, in mice, guinea pigs, and rhesus monkeys [26-29] (Table 1). For example 6BN has
an ID50 of 1.3 mg/kg in reversing morphine antinociception in mice vs. 0.007 mg/kg naltrexone [26].
In view of near equal binding affinity at MOR (Table 1), these results cannot be fully accounted for by
slower access of 6BN to the brain (see below), but are resolved if 6BN indeed binds potently to MOR-p*
while not preventing MOR-p* signaling, acting as a neutral antagonist. At higher doses only, 6BN is
capable of competing with the opioid agonist at MOR-p, preemptively preventing its activation to
MOR-p* by an agonist. As a result, 6BN blocks opioid analgesia only at high doses, or requires high
doses to cause withdrawal in a dependent subject present [18,31]. After withdrawal when the opioid is
excreted, for example 24 h after the last morphine dose in mice, 6BN no longer causes withdrawal.
In contrast, naloxone and naltrexone still elicit substantial withdrawal at 24 h and later by blocking
MOR-p* activity, which is sustained and thereby also maintains the dependent state [27].

Ho O Naltrexone 100 Full
agonist

y @ (Ntx)

~
o

\ ) Partial
\/N g agonist
o
o & 2 25
3 0 Neutral
o antagonist
HO 25
6B-naltrexol
(6BN) Inverse
o 50 agonist
AN 107 109 10% 107 10
HO [Drug]

Figure 2. Metabolic conversion of naltrexone to 6BN, and hypothetical dose-response curves for
agonists and antagonists. Etorphine is considered a full agonist and morphine a partial agonist,
while 6BN is a neutral antagonist, and naltrexone an inverse agonist-the efficacy as an inverse agonist
remains to be determined-measured against BTNX considered a full antagonist. Naltrexone and
naloxone are near neutral antagonists in an opioid-naive state, possibly because basal MOR-u* activity
is low in brain regions involved in withdrawal activity.
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These properties of neutral MOR antagonists such as 6BN, naloxol, and naltrexamine, and their
derivatives [31], offer new approaches to the management of drug use disorder. Similar receptor
models may also apply to other opioid receptors (DOR and KOR), and more broadly to other GPCR
families. 6BN and its analogues bind to MOR, DOR, and KOR, but inverse and neutral efficacy may
differ between receptors; for example, 6BN acts as an inverse agonist at KOR after agonist pretreatment
in tissue culture, whereas naltrexone appears to be neutral [32]. The influence of 6BN interactions with
DOR and KOR remain to be studied.

Buprenorphine. For treatment of opioid use disorder, buprenorphine has been adopted broadly as it
has only intermediate efficacy at MOR, but suppresses drug craving [33]. Mixed agonists—antagonists
are less efficacious analgesics that can cause withdrawal in highly dependent subjects if they fail
to elicit the level of MOR signaling needed in profound dependence [34]. Partial opioid agonists
and mixed agonists—antagonists may stay engaged with MOR-u for a longer time period before
activation to MOR-p*, and they also could retain some affinity for MOR-p*. In animal studies,
buprenorphine displays an unusual inverse bell-shaped dose-response curve in antinociceptive tests
and in drug seeking behavior [35,36], antagonizing its own action at very high doses. We had
observed that administration of high buprenorphine doses to rats first leads to sedation and catatonia,
but when more buprenorphine floods into the brain, the animals wake up and behave normally,
only to revert to a catatonic state when drug levels begin to decrease again before returning to normal
activity (unpublished observations). Several hypotheses have been proposed to account for this
pharmacological effect, but the answer has remained delusive. Considering the MOR model shown
in Figure 1, a parsimonious solution offers itself: assume buprenorphine activates MOR-p to an
intermediate level, it then dissociates and enables MOR-1* signaling to occur. However, buprenorphine
could have residual and sufficient affinity to MOR-p* to bind to it when given at higher doses, but then
acting as an inverse agonist at MOR-p*. In this fashion, buprenorphine can indeed antagonize its
own action at high doses. While this hypothesis requires further testing, it can serve as a conceptual
template for new drug development.

4. Peripherally Active u Opioid Receptor Antagonists (PAMORA) and 633-Naltrexol

The peripheral opioid system plays multiple roles, for example in the g.i. tract and in nociceptor
neurons, the latter involved in peripheral analgesia [37]. PAMORAs including methylnaltrexone,
naloxegol, alvimopan, and naldemdine are in clinical use to treat opioid-induced bowel dysfunction
and constipation [15,38]. Peripheral selectivity is thought to depend on limited access to the CNS
through the blood-brain-barrier (BBB), either because of high polarity or by extrusion via export
transporters [39]. Similarly, 6BN has somewhat restricted access to the CNS, in part accounting for
its peripheral selectivity. This leads to 5-10 fold higher 6BN blood over brain levels, and higher
potency in blocking opioid effects on the g.i. tract in mice compared to centrally mediated opioid
antinociception [40]. In opioid-naive human volunteers, 6BN blocks morphine-induced slowing of
bowel movements with an IC50 of ~3 mg (both drugs given i.v.), whereas analgesia measured in a cold
pressure assay was unaffected by the highest tested dose of 20 mg 6BN [41].

Recent results indicate that 6BN’s peripheral selectivity is not solely due to slow penetration
of the BBB. Whereas, we have found higher blood than brain 6BN levels in mice [42] and guinea
pigs [43], 6BN enters the brain of rhesus monkeys with less restriction, resulting in equal blood
and brain levels (Figure 3). Yet, 6BN is >100-fold less potent than naltrexone in blocking fentanyl
antinociception and in causing withdrawal in rhesus monkeys [29], similar to what is found in mice
and guinea pigs. Testing the potency of naltrexone and 6BN in antagonizing the fentanyl-induced
suppression of electrically stimulated peristalsis in the guinea pig ileum, Porter et al. [26] reported IC50
concentrations of 0.26 and 0.09 nM, respectively, showing that 6BN was not only highly potent in this
assay, but also more potent than naltrexone, in contrast to its slightly lower affinity to MOR measured
in vitro. These results are inconsistent with canonical MOR receptor models, but rather suggests
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the presence of additional MOR conformations of yet unknown structure and function, with high
6BN affinity.
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Figure 3. Maternal plasma and brain levels of 6BN in adult female pregnant mice, guinea pigs, and rhesus
monkeys. (A) 6BN levels in mice at 20 and 45 min after injection (10 mg/kg, s.c.) (data from [42]).
(B) 6BN levels in guinea pigs at 30 and 60 min after injection (10/mg/kg, s.c.) (data from [43]). (C) 6BN
levels in rhesus monkeys at 30 and 60 min after injection (2 mg/kg, i.v.) (J. Oberdick, unpublished; n =1
at each time point; a range of 6BN doses and regimen gave similar results).

The possible presence of distinct MOR conformations, or varying relative abundance between
conformations as a function of cellular environment, and in the periphery compared to the CNS,
has been reviewed by Jeske [13], suggesting that beta-arrestin coupled MOR sites in afferent nociceptors
account for their silent status, being activated only upon inflammatory stimuli. MOR-p* basal activity
appears also to be absent in peripheral afferent nociceptor neurons, but emerges upon nociceptive
stimuli as a physiological countermeasure leading to abatement of neuropathic pain [16,44]. However,
if such basal MOR activity fails to be reversed, it can contribute to chronic neuropathic pain. Only 6BN,
but not naltrexone, can facilitate the reversal of chronic neuropathic pain, revealing the biological
relevance of MOR-p* basal activity [16,44]. Whether such MOR sites also exist in the g.i. tract remains
to be determined. The finding of extreme 6BN potency in the guinea pig ileum indicates the existence
of MOR sites at which 6BN may act with high potency in a non-competitive manner.

We have observed that 6BN becomes more potent in blocking gastrointestinal effects of morphine
in mice when pre-administered, with maximum potency reached at ~100 min before morphine [26].
This result supports a model in which MOR exists in two different conformations, namely MOR-u
and a novel MOR form of yet unknown function. We hypothesize that this MOR state is in
equilibrium with MOR-u and is stabilized by 6BN binding, shifting the equilibrium away from
MOR-, thereby preventing activation to MOR-u*. Such equilibrium between receptor states could
exist in the CNS as well, but with tissue specific preference for one form or the other—a potential
mechanism for peripheral selectivity of some opioid ligands. This MOR model also predicts novel
actions of ligands such as 6BN in modulating MOR signaling—for example affecting opioid dependence.

5. 6BN Prevents Development of Opioid Dependence with High Potency

Repeated use of opioid analgesics leads to tolerance, dependence, hyperalgesia, and drug
seeking behavior. All these effects underlie distinct processes while common mechanisms may also
exist leading to opioid addiction. We have postulated that increased and sustained formation of
MOR-p* characterizes the dependent state, accounting for the high potency of inverse agonists to elicit
withdrawal behavior [17-19,22]. Here, we address the novel hypothesis that an as yet poorly defined
receptor conformation may be involved in dependence, possibly with high affinity for 6BN.

In a first set of experiments, we tested whether 6BN given together with daily doses of
morphine (10-20 mg/kg) for 6 days prevents naloxone-induced withdrawal behavior in juvenile
mice (5-15 days old)—with the goal of developing a model for preventive therapy for neonatal
opioid withdrawal syndrome (NOWS). In juvenile mice, 6BN readily enters the brain as the BBB
remains underdeveloped until day 20 post-partum, while naloxone-induced opioid dependence can be
readily measured at 10-18 days after birth [42]. Co-administration of 6BN with morphine potently

322



Molecules 2020, 25, 4163

prevents naloxone-induced withdrawal, tested 3 h after the last dose. 6BN displayed an IC50 of
~0.03 mg/kg (Figure 4) [42], substantially below the expected antinociceptive IC50 in adult mice [27].
In this experimental design, morphine is not yet completely eliminated from the circulation at time of
testing, yielding a rather shallow dose-response curve as naloxone acts by both blocking MOR-p* and
antagonizing morphine at MOR-y, the latter process not expected to be affected by 6BN. In addition,
we had observed that naloxone-induced withdrawal jumping was delayed even at the lowest dose of
6BN tested (0.0067 mg/kg) [42]. These results suggest that 6BN reduces or prevents dependence at
exceedingly low doses that do not block antinociceptive effects nor cause immediate withdrawal.
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Figure 4. Co-administration (s.c.) of 6BN with morphine daily over 5 days to juvenile mice potently
reduces naloxone-induced withdrawal behavior. Morphine injections were started on postnatal day 12
at 10 mg/kg for 3 days, followed by 3 days of 20 mg/kg. Increasing doses of 6BN were co-administered,
with the dose doubled when morphine was doubled. On day 6, 30 mg/kg naloxone was injected s.c., and
withdrawal jumping was measured. * p, 0.05; and ** p, 0.01 compared to no 6BN (adapted from [42]).

Encouraged by these results, we subsequently tested co-administration to adult guinea pigs of
6BN with methadone (10 mg/kg) for 3 days, with withdrawal testing on day 4, finding an IC50 6BN
dose of ~0.01 mg/kg to block naloxone-induced locomotion [43], two orders of magnitude below the
dose required to block antinociception [26]. Similarly, co-administration of an s.c. dose as low as
0.03 mg/kg 6BN completely suppresses naloxone-induced withdrawal jumping in adult mice made
dependent on morphine (10 mg/kg for 5 days) (Z. Wang; unpublished data). Lastly, Oberdick et al.
have tested daily 6BN co-treatment with methadone (5-7 mg/kg, s.c.) in pregnant guinea pig dams,
starting at gestational day 50 until delivery (GD~60), to prevent withdrawal behavior in guinea pig
pups measured one day after birth. Even though placental 6BN transfer is slower in pregnant guinea
pigs compared to mice and rhesus monkeys, the IC50 of 6BN is ~0.025 mg/kg, again displaying
unexpected potency [43].

Taken together, these results demonstrate that 6BN possesses high potency in preventing the
development of dependence during repeated opioid drug exposure, at doses that do not affect
antinociception nor cause overt withdrawal. The high potency of 6BN in preventing dependence
cannot be accounted for by classical opioid receptor models, even when 6BN access to the brain is
limited. It is possible that the distribution of potent receptor ligands between blood and brain is
non-linear at very low concentrations, since potent opioid antagonists tend to accumulate at the receptor
and are retained in the brain—with a large portion of the total drug level in the brain bound to the
receptor [45]. Such a receptor retention mechanism, assuming a discrete receptor micro-compartment
where the drug is sequestered, can counteract the slow access of 6BN to the brain and enhance CNS
potency for drugs with high receptor affinity.

Repeated priming with opioids can lead to hyperalgesia, at least in part mediated by peripheral
afferent nociceptors [46]. Blocking MOR sites in peripheral nociceptive afferent neurons with a
peripheral antagonist, methylnaltrexone, was shown to suppress development of tolerance and
opioid-induced hyperalgesia (OIH) [14]. Preliminary evidence indicates that 6BN is similarly effective
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against OIH, again with high potency (Z. Wang, unpublished). Possibly, the same mechanisms underlie
prevention of dependence and OIH with 6BN.

6. Hypothesis: A Novel MOR Receptor Model Relevant to Opioid Dependence Invoking a Site
with High Affinity to 6BN

Our results demonstrate that 6BN prevents opioid dependence with higher potency compared
to blocking antinociception or causing withdrawal. Its potency in this regard is similar to the high
potency of naltrexone in blocking antinociception or causing withdrawal, whereas 6BN is two orders of
magnitude less potent than naltrexone in these measures. We, therefore, propose that 6BN is a biased
opioid ligand binding potently to a distinct MOR site in a non-competitive fashion and modulating
dependence, expanding the concept of multiple receptor conformations with distinct ligand affinities
that has enabled development of biased agonists.

How can 6BN prevent or reverse opioid dependence caused by MOR agonists? We propose
a model of interacting MOR conformations that can account for the observed results with 6BN
(Figure 5), in view of dynamic regulation of peripheral opioid receptors [13]. Assume a distinct MOR
site (MOR-p¥) in equilibrium with MOR-u, reminiscent of previously postulated ‘receptor reserve’.
MOR-p* could comprise multiple receptor states, including the beta-arrestin coupled site proposed to
be more prevalent in peripheral neurons [13], with each MOR conformation dependent on interacting
proteins and factors in target tissues. While the proposed MOR-pi- MOR-p* equilibrium could vary
as a function of cell type and could favor MOR-p* in the opioid-naive state, in this model agonist
treatment shifts the balance towards MOR-u together with lasting enhanced spontaneous MOR-p*
activity, a hallmark of the dependent state. Assuming 6BN had high affinity for MOR-p* than for
MOR-, higher than other opioid ligands including naltrexone, thereby stabilizing this conformation,
even small doses of 6BN could reverse the MOR-u- MOR-p* equilibrium towards the opioid-naive state
characterized by more prevalent MOR-p*. In support of this hypothesis, we had observed that 6BN
becomes more potent in blocking morphine’s inhibition of peristaltic motility in mice when injected
before morphine, with maximum potency reached at ~100 min before morphine [40]. This long delay is
not accounted for the by the rapid peak of 6BN levels reaching the circulation, but rather is consistent
with gradual depletion of MOR-u sites towards MOR-pu* sites. Similarly, the ability of 6BN, but not
naltrexone, to reverse elevated MOR-1* basal activity in chronic neuropathic pain is consistent with
the model’s predictions [16,44].

naltrexone naltrexone inverse
6B-naltrexol 6B-naltrexol neutral
chronic opioid
i i spontaneous
stimulation ' MOR-
MOR-p* morphine R
MOR- torphi
6B-naltrexol » ST ne
morphine
unknown signaling etorphine classic opioid effects

Figure 5. Extended model of the p opioid receptor (MOR). Starting with the model shown in Figure 1,
we add an additional receptor conformation termed MOR-p*, which could exist in multiple states.
We hypothesize that MOR-p* is in equilibrium with MOR-p, and that chronic activation of MOR-u
shifts the equilibrium and depletes MOR-*, leading to elevated to MOR-u* activity, a hallmark of the
dependent state. BN is proposed to bind with high affinity to MOR-u* and stabilize this conformation,
preserving the MOR-p* - MOR-p* equilibrium of the opioid-naive non-dependent state. It is also
feasible that 6BN could facilitate conversion of MOR-u* to MOR-1%, suggested by the dotted line.
This model can account for high potency of 6BN to prevent or reverse the opioid dependent state in a
non-competitive fashion with opioid agonists.
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The nature of the postulated MOR-u* site remains elusive but parallels the two-state model
proposed for MOR in peripheral afferent nociceptors [13]. Multiple forms are likely to exist, including
hetero-dimeric MOR-GPCR complexes [47,48], some forms with signaling pathways opposing canonical
MOR pathways. A MOR-DOR dimer was found to stimulate intracellular calcium release via Gi
proteins, an effect opposing the canonical inhibition of influx calcium channels by MOR [49]. Moreover,
MOR had been shown to activate calcium influx channels including TRPV1, via G proteins [50].
We had identified a MOR site in transfected HEK293 cells that stimulates calcium influx over the
first 10 s of morphine exposure, followed by separate intracellular calcium release, with selectivity
for epoxymorphinans (e.g., morphine, naloxone, and naltrexone) but very low affinity to other
opioids (e.g., etorphine, diprenorphine, levorphanol, and fentanyl) [51]. While opposite to the
well-established MOR-mediated inhibition of calcium influx channels and activation of potassium
channels, this stimulatory signaling pathway is also mediated by pertussis toxin-sensitive G proteins.
Its ligand binding affinities are similar to those of a labile MOR site we had identified in rat brain
tissues (MOR-A) that rapidly decays upon tissue homogenization but accounts for ~40% of all labeled
¥H-naloxone binding sites in rat brain [52]. It is too early to speculate on the identity of the postulated
MOR-p* site, whether the observed MOR-A sites account at least in part for MOR-p*, and whether it is
silent or coupled to an unorthodox signaling pathway. We are now embarking on the characterization
of this hypothesized high affinity 6BN site.

7. Potential Clinical Applications

As peripherally selective neutral opioid antagonists, 6BN and its congeners can serve as PAMORAs,
treating constipation and opioid induced bowel dysfunction. Exploratory Phase I clinical trials have
shown that 6BN given ci potently blocks morphine (10 mg/kg) induced slowing of bowel movements
at doses that do not prevent opioid analgesia [40]. In a small e-IND study of methadone maintenance
patients (1 = 4), 6BN at doses up to 1mg iv caused bowel movements and limited peripheral withdrawal
but no central withdrawal symptoms [53]. Its potency may be similar to that of naldemedine (0.5 mg
effective dose) in treating constipation [39]. On the other hand, acting with high potency as a modulator
of opioid dependence, compounds like 6BN offer multiple additional therapeutic opportunities.
Among these, pharmaceutical formulations combining any opioid analgesic with low-dose 6BN could
result in safer pain therapeutics, avoiding opioid dependence without precipitating withdrawal,
and possibly also opioid induced hyperalgesia, an element affecting tolerance. In addition, 6BN has
a longer half-life (~12 h) than typical opioid analgesics (~4 h), thereby accumulating upon frequent
dosing in opioid use disorder subjects, and reaching the brain in sufficient amounts to blunt the opioid
effect (Figure 6). Lastly, 6BN might facilitate opioid withdrawal under weaning protocols, followed by
continued dosing at a higher dose level to prevent recidivism.
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Figure 6. Simulated plasma levels of oxycodone (20 mg) co-administered s.c. with 6BN (15 mg).
The pharmacokinetic model is based on published human blood level data for both compounds, assuming
4 and 12 h half-lives, respectively. Over the first 24 h, dosing occurs every 12 h, with low accumulation
for either drug. Then, dosing continues every 2 h, simulating abuse conditions, leading to substantial
accumulation of 6BN. Whereas, 15 mg 6BN is not expected to interfere with analgesia, with rapid dosing
6BN can reach levels that blunt CNS effects of the agonist, thereby reducing addiction risk.
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The high potency of 6BN to prevent neonatal withdrawal behavior in guinea pig pups exposed to
methadone in utero [43] promises a novel preventive therapy for neonatal opioid withdrawal syndrome
(NOWS), a severe form of opioid withdrawal requiring prolonged stay in neonatal intensive care units,
with only palliative therapy available [54-57]. Low-dose 6BN given to pregnant women in need of
opioid pain therapy or in management protocols for opioid use disorder (e.g., with methadone or
buprenorphine [55,58]) has the potential to prevent NOWS without causing substantial withdrawal in
both mother and fetus. Efforts are ongoing to bring 6BN into the clinic for this purpose.

Naltrexone is currently the treatment of choice for preventing relapse, but cannot be given until
one to two weeks after complete weaning to avoid strong drug-induced withdrawal, which can be
avoided with staggered 6BN dosing schedules. Naltrexone administration leads to higher 6BN levels
compared to the parent drug, but 6BN has low potency as an antagonist against centrally mediated
analgesia, and the 6BN/naltrexone ratios are quite variable between subjects—leading to the common
assumption that 6BN does not contribute to naltrexone’s effects. Ultra-low naltrexone doses combined
with opioid analgesics have been proposed to enhance efficacy and reduce tolerance [59,60]. However,
the theoretical underpinnings for these observations remain poorly understood. Our MOR model
suggests that 6BN generated as a metabolite of naltrexone can have potent effects per se, but is
counteracted by naltrexone which has high affinity for MOR-p and MOR-p*. It is critical that these
questions are resolved to enable development of optimal pain therapies and management strategies
for opioid use disorder.

MOR has also been implicated in other drug use disorders, most prominently in reducing binge
drinking in alcoholics [25]. While effective in a portion of subjects with alcohol use disorder, naltrexone
causes aversion in some subjects leading to low compliance and cessation of therapy. It is possible that
the opioid receptor is activated in alcohol use disorder, leading to elevated MOR-u*, with naltrexone
triggering opioid-like withdrawal symptoms. Selecting 6BN as an alternative to naltrexone could
avoid aversive effects while maintaining efficacy.

8. Biased Antagonism at GPCRs and Future Studies

A review of the literature reveals overwhelming evidence towards biased agonists that engage
differential receptor conformations and signaling pathways, whereas biased antagonists remain
neglected [10,61]. Violin et al. [10] mention specifically the potential for both biased agonists and
antagonists as it is apparent that both can bind differentially to various receptor conformations with
distinct effects, but discuss only agonists in detail. Among the few specific examples of biased
antagonism, a biased CCR3 antagonist was reported to prevent receptor internalization via a 3-arrestin
pathway while still allowing G protein coupling, thereby effectively blocking eosinophil recruitment
in vivo [62]—showing that an agonist can be rendered biased by simultaneously blocking one of two
pathways. Similar dual ligand effects have been reported for adrenergic [63] and dopamine receptors
(aripiprazole) [61]. The opioid literature almost entirely focuses on biased agonism. Recent studies
have shown that the numerous endogenous opioid peptides differ among each other in stimulating
distinct signaling, as reported for opioid drugs [64,65], but all considered to act as agonists—An area
worthy of further study.

The ability of low-dose 6BN selectively to block a pathway relevant to dependence adds a new
dimension to biased opioid ligands. Future molecular studies need to focus on characterization of the
proposed novel MOR-p* site. We have already detected longer retention of 6BN in guinea pig brain at
low levels than expected from its short half-life, likely mediated by retention at the receptor with high
affinity (unpublished). This finding opens an experimental approach to study properties of a MOR-p*
with high affinity for 6BN.

In conclusion, we propose a novel MOR model with multiple interconverting receptor forms.
Exploiting distinct ligand affinities and functions for both agonists and antagonists promises novel
strategies for management of opioid use disorder and improved opioid pain therapies.
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9. Patents

The following patents are relevant to this paper: “Combination analgesic employing opioid and

neutral antagonist”. W. Sadee, E.J. Bilsky, and ]. Yancey-Wrona. U.S. patent number 8,748,448 B2.
Date filed November 28, 2012; and patent related patents: US6713488 B2, US8883817B2, US9061024B2,
and EP2214672.

Author Contributions: W.S. formulated the receptor model and wrote the manuscript. J.O. contributed to the
modal’s concept, carried out key studies in mice and guinea pigs, and edited the manuscript. Z.W. designed and
supervised experiments in mice yielding results that informed model development and edited the manuscript.
All authors have read and agreed to the published version of the manuscript.
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Abstract: Molecular modeling approaches are an indispensable part of the drug design process.
They not only support the process of searching for new ligands of a given receptor, but they also
play an important role in explaining particular activity pathways of a compound. In this study,
a comprehensive molecular modeling protocol was developed to explain the observed activity profiles
of selected | opioid receptor agents: two G protein-biased p opioid receptor agonists (PZM21 and
SR-17018), unbiased morphine, and the 3-arrestin-2-biased agonist, fentanyl. The study involved
docking and molecular dynamics simulations carried out for three crystal structures of the target at a
microsecond scale, followed by the statistical analysis of ligand—protein contacts. The interaction
frequency between the modeled compounds and the subsequent residues of a protein during the
simulation was also correlated with the output of in vitro and in vivo tests, resulting in the set of
amino acids with the highest Pearson correlation coefficient values. Such indicated positions may
serve as a guide for designing new G protein-biased ligands of the u opioid receptor.

Keywords: 1 opioid receptor; molecular dynamics; docking; interaction fingerprints; biased agonists;
SR-17018; PZM21; morphine; fentanyl

1. Introduction

Opioids are effective analgesics widely used for severe pain treatment. However, the majority
of them, including morphine, produce side effects limiting their use, such as respiratory depression,
constipation, and addiction. An epidemic in both western and developing countries of opioid use
disorder and overdose deaths from prescription opioids has led recently to the search for new painkillers
deprived of this action or with limited effects—in particular, respiratory depression. One of the most
interesting approaches is based on the observation that an opioid acting via the p opioid receptor
may activate intracellular signal pathways with varying strength. These ideas of so-called biased
signaling or functional selectivity suggest that some opioids may activate the G protein signal pathway
and mediate the analgesic effect via the p opioid receptor and avoid stimulation of the (3-arrestin-2
pathway (which seems to be involved in the observed side effects [1]) at the same time. Therefore,
the main interest in the case of the p opioid receptor ligands is focused on the synthesis of opioid
G protein-biased agonists that preferentially activate the G protein but not the 3-arrestin-2 pathway.
Identification of the crystal structure of p opioid receptors has opened up, on the one hand, a better
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understanding of the structure of opioid receptors and, on the other, the development of new computer
modeling technologies that have enabled the identification and synthesis of new biased opioids. One of
them was PZM21, selected by molecular docking after virtual testing for selective bias activation of the
p opioid receptor [2]. This substance is in fact characterized by functional selectivity because it activates
the G protein but not 3-arrestins. In preclinical studies, PZM21 has been shown to be analgesic, with no
conditioned place preference (CPP) production or locomotor stimulation observed [2,3]; on the other
hand, it led to the development of rapid analgesic tolerance in the hot plate and tail-flick tests in
mice [3,4] and caused respiratory depression [4]. Bohn’s group [5] recently identified a series of biased
u opioid receptor agonists. Among them, SR-17018 appears to be of great interest because it displays
the highest bias towards G protein signaling compared to 3-arrestin-2 recruitment [5] and shows
antinociceptive activity and a very little respiratory suppression in mice [6]. In addition, long-term oral
administration of SR-17018 did not lead to antinociceptive tolerance, prevented morphine withdrawal,
and restored morphine antinociception in morphine-tolerant animals [6].

The emergence of new G protein-biased ligands has stimulated studies aimed at developing
new ligands of this type, as well as research on the detailed mode of action of the already developed
biased compounds. This research involves both experimental and computational studies of various
types. In silico methods support the design and development of new drugs at different levels, starting
from searching for drug candidates, via optimization of their activity and physicochemical properties,
to support in the analysis of their efficiency after introduction to the market [7-9]. Computational
approaches also help in understanding the mechanisms of compound action and simulate processes
occurring during receptor activation [10-12].

Molecular modeling approaches use various data types to derive predictions of compound
activity. Ligand-based methods use information only on the structure of compounds [13-16], whereas
structure-based tools rely on the spatial orientation of atoms of the target protein and use docking to
predict ligand fitting in the respective binding site [17,18]. One ligand-receptor complex returned by
a docking program captures just one moment of the mutual orientation of a compound and protein.
More computationally demanding but also much more informative method is molecular dynamics
(MD), which enables simulation of the behavior of the modeled system (e.g., ligand—protein complex)
in time [19,20].

In this study, we apply docking and MD simulations to explain the activity profiles of selected p
opioid receptor agents. We compare and analyze using molecular modeling methods, docking and
MD simulations, four selected opioids targeting the u opioid receptor: novel G protein-biased u opioid
receptor agonists, PZM21 and SR-17018 [2,5], unbiased morphine, and the (3-arrestin-2-biased agonist,
fentanyl. Extensive in silico examination of these ligands with reference to their u opioid receptor
activity involved docking to three 1 opioid receptor crystal structures, MD simulations carried out at a
microsecond scale (2 ps), and the statistical analysis of ligand—protein contacts during simulations.
The interaction frequencies of a compound with the subsequent amino acids were confronted with
the outcome of the selected in vitro and in vivo tests and positions with the highest correlation were
identified. The set of such selected residues should be of particular interest when designing new G
protein-biased p opioid receptor agents. In addition, the orientation of W293%*#3 (residue important for
u opioid receptor activation) during simulation was examined and confronted with the ligand activity
profiles. The residue numbering provided in superscripts follows the GPCRdb [21] numbering scheme.

2. Results and Discussion

2.1. Comparison of Modeled Ligands and y1 Opioid Receptor Crystal Structures

The modeled compounds were compared in terms of their structures and selected physicochemical
properties, which were determined using InstantJChem [22] (Table 1).

332



Molecules 2020, 25, 4636

*,JO IPquInu 3y, SUTULIW # “WYD)[JULISU UT PIUNWLIAAP ,, ‘Urioj punoduwod aseq 10y pajenored ,

9 0 4 (4% LY'9¢ee stuoSe [Aurjuy
paselq-g-unsaire-¢
0 < 14 060 ¥¢'98¢ suose aurydiow
paserquny ’
. . Jstuoge )
€ 1 4 SLh €L0Th poserg-ur01d 5 N 81041-4S
10
X
) ) jstuoZe .,
8 € € 8¢ 0'19€ poseig-ur01d 5 NN \/@/ 1ZNZd
AN OH
spuog s103daddy Aanpy
a[qereioy Mm:oo puog 4, dS0T . IYSIOM TendION 103daoay ampnng punodurod __wam_hw
4 puoqg H # H# proido 1 P 2

“Apnys a ur paurwrexe spuediy 103dedar prordo 11 ay jo senzadord pue ainjonng *1 arqer,

333



Molecules 2020, 25, 4636

The data gathered in Table 1 draw attention to the relatively high logP value of SR-17018 (4.75)
and as many as eight rotatable bonds in PZM21 and six in fentanyl. The high number of possible bond
rotations can lead to difficulties in obtaining stable conformation in the binding site (for comparison,
there are no rotatable bonds in the morphine structure), whereas logP values affect the ability of
a compound to penetrate the blood-brain barrier. Morphine, despite the rigid structure, is also
characterized by very low logP (0.90) and the highest number of hydrogen bond acceptors: four.

In this study, we used three u opioid receptor crystal structures—records with the following
PDB codes were used: 4DKL [23], 5C1M [24], and 6DDF [25] (Table 2). The last two crystals refer to
the active conformation of the pt opioid receptor, whereas 4DKL is co-crystallized with BF0, which
acts as a p opioid receptor antagonist and keeps the protein in its inactive form. Despite preserved
protein activation occurring in 5C1M and 6DDF crystals, these two structures also differ from each
other, as the former is activated via a small-molecule agonist, whereas 6DDF activation occurs via the
highly selective peptide agonist for the p opioid receptor, DAMGO. The peptide-like-based activation
reflects the naturally occurring process of p opioid receptor activation; however, the resolution (a very
important factor in terms of the application of a particular structure in molecular modeling tasks) of
6DDF (3.5 A) is significantly worse than the resolution of 5C1M (2.1 A).

Table 2. Summary of characteristics of crystal structures used in the study.

PDB ID Receptor State  Resolution (A) Co-Crystallized Ligand

4DKL inactive 2.8 BFO (Antagonist)
5C1IM active 21 BU72 (Agonist)
6DDF active 3.5 DAMGO (Peptide agonist)

Due to high variation in the residue positions, resolution, and structure of co-crystallized ligands
(also influencing the shape of the binding pockets, Figure 1), all calculations conducted within the
study were carried out for all three u opioid receptor crystals.

o)
/

BFO BU72

Figure 1. Small molecule ligands co-crystallized with p opioid receptor crystal structures used in
the study.

A comparison of the compound structures presented in Table 1 and Figure 1 indicates that the
ligands co-crystallized with p opioid receptor (BFO and BU72) are significantly different from the
analyzed compounds: PZM21, SR-17018, morphine and fentanyl. To describe these structure variations
more formally, the Tanimoto coefficient [26] was calculated for each compound pair using InstantJChem
at default settings (detailed numerical values are provided in Table 3). Its highest values were obtained
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for morphine, and they were equal to 0.764 and 0.595 for BFO and BU72, respectively. Such high
variation between modeled compounds and the co-crystallized ones might lead to changes in the
protein structure during simulation with PZM21, SR-17018, morphine and fentanyl to adjust the protein
binding site and form energetically favorable ligand—protein complexes.

Table 3. Tanimoto coefficient values between the co-crystallized ligands and the examined compounds.

Modeled Ligand BF0 BU72

PZM21 0.306 0.318
SR-17018 0.297 0.331
morphine 0.764 0.595
fentanyl 0.289 0.322

2.2. Docking

Before docking the modeled compounds, the validity of the methodology was verified via
redocking of BFO and BU72 to their respective crystal structures. The comparison of the obtained
docking poses with crystallized compound conformations is presented in Figure 2. As docking enabled
us to obtain orientations similar to the co-crystallized compound fitting (RMSD values between the
co-crystallized and docked pose were equal to 1.36 A and 0.34 A for BFO, and BU72, respectively),
the analogous approach was used for modeling of PZM21, SR-17018, morphine and fentanyl.

Figure 2. Results of the redocking experiments of co-crystallized ligands BF0 and BU72 to (a) 4DKL and
(b) 5CIM crystal structures—green: co-crystallized conformation, yellow: ligand orientation obtained
in docking.

General compound orientations in the p opioid receptor binding site for different crystals are
depicted in Figure 3 and a more detailed analysis of ligand—protein contacts in the form of the interaction
matrix is presented in Figure 4.
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a) b) <)

Figure 3. Docking poses of examined compounds at p opioid receptor crystal structures, (a) 4DKL,
(b) 5C1M, (c) 6DDF. PZM21: green; SR-17018: yellow; morphine: cyan; fentanyl: orange. GPCRdb
numbering scheme for amino acid labeling is used. Coloring of particular crystal structures is consistent
through the whole manuscript.
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Figure 4. Ligand—protein contacts occurring within complexes obtained in docking to various u opioid
receptor crystal structures. For comparison, interactions of co-crystallized BFO and BU72 with respective
crystal structures are included.

Figure 3 clearly indicates that all the compounds occupy the same region of the binding site,
although, due to the structural differences, much less space is taken up by morphine than the other
ligands considered. As shown in Figure 4, all ligands consistently make contact with D147*32 and the
sixth transmembrane helix (TM6) of the p opioid receptor for the 4DKL and 5C1M crystal structures.
These observations are consistent with the very recent work of Zhao et al. [27], where docking and
MD simulations were carried out for PZM21, TRV130 (oliceridine), and morphine using one crystal
structure (5CIM) to explain the differences in their functional profiles. On the other hand, the docking
poses obtained for 6DDF did not make such frequent contact with TM6—fentanyl made contact with
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three residues from this protein region, and PZM21 and SR-17018 interacted only with W2939%48 and
129651 However, morphine lacked any contact with TMé. Instead, morphine made contact with five
amino acids from TM3 when docked to 6DDF, whereas for 4DKL and 5C1M, it interacted only with
D147%%32Y1483%33 and M151%%%¢ from TM3. For 6DDF-based docking, all the ligands also interacted
with Q1242%60 which is unique for this crystal structure (for 4DKL and 5C1M, contact with this residue
is missing for morphine). PZM21 and SR-17018 also interacted with more amino acids from TM2 (in
comparison to morphine) for 4DKL- and 5C1M-based dockings.

The studied compounds shared interaction patterns presented by Zhao et al., especially in terms
of contacts with the set of key residues: D147%%32 Y1483%33 and H2976%%2. However, although the
compounds occupied the same region of the binding site and were oriented similarly in the binding
pockets both in our study and in Zhao's research, there were also some contacts that we did not
observe in our poses. For example, morphine lacked contacts with Q1242%%0 and 11443, K3036%58
and W3187%3 and PZM21 did not interact with W133 or Y1483%33,

The obtained interaction patterns were also confronted with the contact networks formed by the
co-crystallized ligands. Antagonist BFO, present in the 4DKL crystal, similarly to modeled compounds,
interacted with D147%%32, M151%%%¢ and a collection of amino acids from TM6. In contrast, BFO did not
come into contact with any residue from TM2 but made interactions with several residues from TM5
(unlike morphine, PZM21, SR-17018, and fentanyl). Contact patterns of the co-crystallized agonist
BU72 are more similar to the modeled compounds. BU72 interacted with H54, S55, and Q1242%60 (as
for all examined compounds, except morphine), and it possessed the same interaction network with
TM3 and TM5 as morphine and with TM7 as PZM21. BU72 also contacted H297%%2, and V3009%%
from TM6, but it did not form an interaction with W2936%48,

The variations in the results obtained in different studies and for different crystal structures
indicate the necessity of extending the number of protein structures (either crystal structures or
homology models) used in molecular modeling tasks, e.g., during virtual screening. The co-crystallized
ligand implies the conformation of the binding site; therefore, the output of docking studies
performed for the rigid protein is biased due to the protein adjustment to a co-crystallized agent.
The recommendation of using more than one receptor conformation for docking studies was also
indicated by Mordalski et al. [28] in the case study of beta-adrenergic receptor type 2.

2.3. Molecular Dynamics and Correlation Studies

As docking captures only one particular moment of interaction between a ligand and protein,
it cannot fully explain dependencies between compound behavior towards a given target in relation to
its docking pose. The more poses considered, the higher the amount of information provided. To ensure
study comprehensiveness, extensive MD simulations with a length of 2000 ns were carried out for
each compound—crystal structure combination (12 simulations were run in total). The relative total
number of 1000 frames was produced from each simulation, giving a picture of 1000 ligand-protein
mutual orientations.

The MD results were analyzed from two perspectives: the stability of compound orientations in
the binding site (Figure 5) and changes in ligand—protein contacts that occurred in time (Figure 6).
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Pzm21 SR-17018 morphine fentanyl

Figure 5. Stability of compound orientations in the binding site during simulations. Green: starting
pose; cyan: 250th frame; orange: 500th frame; yellow: 750th frame; red: 1000th frame.

Figure 5 indicates that all of the compounds were most stable when simulated with the 5C1M
crystal structure. PZM21 simulated in 5C1M slightly changed its initial position at the beginning
and then remained in the adopted conformation. PZM21 in 4DKL was oscillating around its initial
pose; however, when 6DDF was taken for simulation, the PZM?21 pose varied a lot during the whole
simulation time, and the PZM21-6DDF combination resulted in the least stable compound conformation
out of all analyzed setups. The highest variation in the compound pose in the binding site was observed
for morphine in the 6DDF-based simulation, which changed its initial position and left the binding
cavity during the simulation course (after approximately 1000 ns). Fentanyl simulated with 4DKL
and 6DDF moved at the beginning of the simulation from its initial position; then, it kept its pose for
at least 1500 ns, to slightly change again the conformation when the simulation length approached
2000 ns. In 5C1M-based MDs, fentanyl did not move from the initially occupied region of the binding
pocket and the mass center of the compound remained in the same area, with its conformation varying
during the whole simulation.

Analyzing the contact patterns presented in Figure 6, one can see that the characteristic MD
simulation output is the very strong interaction of PZM21 with D147%%32, even during the simulation
with 6DDEF, where the compound orientation was in general very unstable (analogous observation also
reported by Zhao et al. [27]). Many research studies have indicated this residue as very important for
activity towards the 1 opioid receptor [29,30]. PZM21 also made consequent contact with Y148%33,
although when simulated with 4DKL, the interaction was formed after approximately 750 ns of
simulation. PZM21 changed its orientation very frequently during simulation with 6DDF; however,
with D147%42 and Y148%*%, contact was present during the whole simulation. There was also a set of
residues with which it interacted periodically, such as F221, W2930%48 'W3187%34 and Y3267%42 (the
most frequent contacts between 1000 and 1500 ns of the simulation).

The orientation of PZM21 within the 5C1M binding site was very stable; nevertheless, even in the
case of this setup, short contact (occurring only between 250 and 500 ns) with 129695! and H2976%52
was observed. Within this period, the intensity of interaction with W3187%34 also strongly increased.
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Figure 6. Ligand—protein contacts occurring during molecular dynamics simulations with (a) 4DKL,
(b) 5C1M, and (c) 6DDF u opioid receptor crystal structure. Positions for which the highest correlation
between the output of the tail flick experiment and interaction frequency were indicated are shaded.

Consistent contact with D147%*32 is also visible for fentanyl (for all crystal structures), although the
interaction is not so strong, as it is in the case of PZM21. This compound also gains interaction with
W293948 in the simulation with 6DDF, despite its initial lack (the contact occurs constantly during
the whole simulation). Fentanyl-W293%*4% contact is also present in MDs with 4DKL and 5C1M,
although in the former case, the interactions are relatively sparse.

The last 500 ns of simulation of SR-17018 with 4DKL resulted in the formation of ligand contact
with D1142%%0, W2930%48 Y3267%42 and an increase in the contact frequency with D147°%32. At the
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same time, it stopped making contact with V236543, 1296°%51, 2976%52, v3009%%%, and 13227%%8. On the
other hand, the simulation of SR-17018 with 5C1M and 6DDF resulted in a very consistent and stable
interaction pattern over time. Only for 6DDF, an increase in contact intensity with Y148%33 after 500 ns
of simulation and loss of contact with D216 and C217 during the last 500 ns of the simulation were
observed. Interestingly, morphine displayed a very unstable conformation when simulated with 6DDF;
despite the strong interaction with D1473%%2, the contact was lost halfway through the simulation
course. In the simulations with 4DKL and 5C1M crystal structures, the contact with D1473%32
during the whole simulation time; however, it was not as frequent and strong as it was in the case of
PZM21 and SR-17018.

Strong interaction of the modeled compounds with D14 was also reported by Zhao et al. [27].
This finding is consistent for simulations carried out for all crystal structures. However, there is another
observation indicated by Zhao et al., which led to different conclusions when various crystals were
considered. Zhao et al. indicated the formation of a strong interaction of morphine with H297%%2,
related to its shift deeper into the pocket during the simulation (this effect was not observed for PZM21).
Similarly, in our simulations with 5C1M (crystal structure used by Zhao et al.), morphine made contact
with H2979%%2 after ~200 ns of simulation, which was maintained consistently until the end of the
simulation by ~1800 ns. On the other hand, PZM21 also came into short contact with this residue
(~300-500 ns), but then the interaction was lost and the compound did not interact with H2976%52,
as reported by Zhao et al. [27].

However, similar to the docking studies, MD simulation output also varied depending on the
crystal structure, as already discussed. Taking into account the described above interaction with
H2979%%2, the contact formation with this residue by morphine and its lack for PZM21 was observed
only for simulations with 5C1M. For 6DDF-based studies, the situation is reversed, as morphine
did not make contact with H2979%%? during the whole simulation, but PZM21 started to interact
with this position after ~50 ns of simulation, and the contact was very intense up to ~1000 ns; then,
although the interaction was not so strong, it continued until 2000 ns, when the simulation finished.
In contrast, in the 4DKL-based studies, both morphine and PZM21 came into contact with H2976%52,
For comparison, SR-17018 did not interact with H2976%52 at all for 6DDF; with 5C1M, it continuously
came into contact with this residue (although the contact intensity was not very strong), and for 4DKL,
the interaction was quite strong at the beginning of the simulation, but after ~1500 ns, the compound
changed its conformation and the contact was lost.

These variations in the interaction patterns obtained for different crystal structures, as well as
the changes in compound poses after relatively long simulation times (e.g., SR-17018 in 4DKL, which
adopted a new pose after 1500 ns), confirm the necessity of applying more protein conformations in
structure-based studies and indicate that the simulations should be as long as allowed by computational
resources, as some events might not be observed in shorter dynamics.

The interaction schemes obtained in each MD simulation were confronted with selected

occurred

73x32

experimental data produced on examined compounds (see [3,5,31] data gathered in Supporting
Information Table S1) to indicate positions that should attract particular attention when developing
new ligands of particular activity profiles. This was done by encoding the interactions occurring in
each frame from the MD simulation in the form of interaction fingerprints (IFPs) [32] and calculating
the Pearson correlation coefficient [33]. The correlation was calculated between the total number of
contacts by the particular ligand with a given residue and the experimental parameter value, i.e.,
the activation of Galphai2 protein (Gai2 activation), activation of G protein-coupled inwardly rectifying
(GIRK) potassium channels, recruitment of 3-arrestin-2 (bArr2 recruitment), and G protein-activated
inward rectifier potassium channel 2 (GIRK2 recruitment). In addition, Galphai-mediated cAMP
inhibition value (cCAMP inhibition) and efficacy of trafficking of u opioid receptor to Rab-5 positive
endosomes (Rab5 trafficking) were utilized.

The outcome of the studies investigating the correlation between the contact frequency between
ligand and a particular amino acid and the outcome of experimental tests is presented in Figure 7
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and in Table 4. Cases with the highest values of the Pearson coefficient are presented in the figure,
and the remaining highly correlated cases are included in Table 4 (respective charts are presented in the
Supporting Information, Figure S1). Frames around each separate chart indicate the crystal structure
for which the particular correlation was examined.
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Figure 7. (a) Correlation charts between the interaction frequency and outcome of the in vitro
experiments (cases with the highest correlation are presented with the Pearson correlation coefficients
above 0.98) with frames’ color referring to particular crystal structure—yellow: 4DKL, green: 5C1M,
blue: 6DDF; (b) indication of residues with the highest correlation presented in (a), (c) ligand—protein
interaction diagrams obtained during MD simulations for residues presented in (a).
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Table 4. Amino acids with the highest values of the Pearson correlation coefficient (above 0.94) between
the ligand-residue contact frequency and experimental value (data produced on the basis of the pECsg

values of selected agonists for some of the pathways measured at the 1 opioid receptor gathered in
Gillis et al. [31]).

Crystal Gai2 cAMP bAM2 R it t Rab5 GIRK GRK2

Structure/Parameter.  Activation  Inhibition rrs Recruitmen Trafficking ~ Activation  Recruitment
T1202%56, 1202756,
4DKL 13027538 V365K F152%%%7, R211
5C1IM 12960%51 L1212%%7, 1322738 Y1483%33 1322738
L1212%%7, W133,
6DDF W3187%34 W3187%34 11443%2, C3217%%7, W133 W133, 11443%29
G3257X41

Out of the six presented charts with the highest experiment—contact pattern correlations, three
were related to simulations with 6DDF, and in the case of three of them, high correlations were found
for the B-arrestin-2 recruitment assay. The list of highly correlated amino acids was composed of just
one residue for 5C1M and 4DKL (I3227%38). For the former crystal, it was obtained in the 3-arrestin-2
recruitment experiment, which led to a Pearson correlation coefficient above 0.98 (it was equal to 0.985),
whereas for 4DKL, it was cAMP inhibition and Gai2 activation experiments, which were highly related
to the interaction frequency of compounds with 132273 during MD simulations (Pearson correlation
coefficients were equal to 0.997 and 0.998, respectively). Moreover, 6DDF-based correlations indicated
amino acids from different regions of the protein, W133 and 11443*2%  with the former related to the
[3-arrestin-2 recruitment assay and experiments based on GRK2 recruitment.

The results indicate that despite extensive simulation time (2 us) enabling significant changes
in the protein structure, the initial conformation forced by the co-crystallized ligand influenced the
results during the whole simulation time. The correlation coefficients between the ligand—contact
frequency and the outcome of experimental studies vary significantly for a particular crystal structure.
The highest number of experiments with any “highly correlated” residue occurred for 6DDF.

The positions of residues gathered in Table 4 are visualized in the respective crystal structures in
Figure 8.

a) b) c)

Figure 8. Residues with high correlation between the interaction frequency and experimental tests
output obtained for (a) 4DKL, (b) 5C1M, and (c) 6DDF. PZM21 visualized for reference.

When the unbiased morphine is confronted with biased agonists examined in the study, it appears
that, in general, morphine interacts less intensively with D147%32, which is consistently observed
for all crystal structures, but this is most visible for 5C1M-based simulations. On the other hand,
in 5C1M-based simulations, morphine interacted more frequently with K333%*4?, v236>*43, and 1301%%.
Simulations with 4DKL revealed more intense interaction of morphine with W2939%48 in comparison
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to biased ligands, whereas with 6DDF-based studies, PZM21 and SR-17018 interacted more frequently
with 1296%%%4, 1322738 and Y3267%42. These abovementioned residues should be monitored; however,
their discrimination potency between biased and unbiased ligands should be verified for a higher
number of compounds, with each activity profile considered.

Zhao et al. indicated W2936%48 'W3187%35 Y3267%42 and Y3365 as residues that affect the
receptor function [27]. These positions were not indicated in our statistical analyses; however, it should
be pointed out that the method of residue indication in our study differed from Zhao’s approach.
We focus on the compound contacts with the protein and analyze its behavior in the binding site,
whereas Zhao et al. examined relative positions of particular amino acids and on this basis discussed
the role of particular amino acids with reference to the activity profile of examined compounds.
Therefore, the conclusions drawn from MD simulations in our study and those obtained by Zhao et al.
should be compared cautiously and considering the above-described methodological differences.

To examine the influence of the modeled ligand, as well as to correlate results obtained in the MD
simulations with functional activity of the p opioid receptor, an analysis of the position of W2936x48
(residue important for the activation of opioid receptors [27]) for various setups was carried out
(Figure 9). Its conformational changes imply the arrangement of the fifth and sixth transmembrane
helices (TM5 and TM6), transmitting a signal to another protein region (intracellular loop).

PzmMm21 SR17018 morphine fentanyl

4DKL

5C1M

6DDF

Figure 9. Position of W2936x48 during simulations with various ligands—green: starting pose; cyan:
250th frame; orange: 500th frame; yellow: 750th frame; red: 1000th frame.

The results show that the W29394® position changed during the simulations in the majority
of cases. When the p opioid receptor was in its inactive conformation (4DKL crystal), the protein
simulation with the agonistic agents resulted in changes in its orientation. Interestingly, the direction
of changes varies depending on the ligand. For morphine, W293°*4% moved lower, towards the inner
part of the receptor, whereas for fentanyl and SR-17018, it shifted towards the extracellular part of
the protein. These events took place at the beginning of the simulations and the residue orientation
remained the same until the end of the simulation. PZM21 initially induced a similar change in
W293948 position as morphine; however, in the middle of the simulation, the residue adopted a
similar orientation for a while as in the case of SR-17018 and fentanyl. The activated form of the
receptor present in the 5C1M crystal structure also led to variation of the W293%48 position during
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simulation: in this case, morphine and SR-17018 led to similar changes in the residue position, and for
PZM21, variation in the W293948 position occurred which was similar to its simulation with 4DKL.
Interestingly, the W293948 position did not change during simulation with fentanyl. In simulations
fentanyl-6DDF and SR-17018-6DDF, a consistent position of W293%*48 was also observed. Morphine
simulated with 6DDF slightly changed its orientation at the beginning of the simulation towards the
extracellular part of the receptor, and the PZM21-6DDF simulation resulted only in a minimal change
in W293%*48 orientation.

3. Materials and Methods

The compounds were prepared for docking using LigPrep [34] from the Schrodinger Suite:
protonation states were generated at pH 7.4+/-0.0, and all possible stereoisomers were enumerated;
other settings remained at default. The crystal structures used in the study were fetched from
the PDB database [35] and prepared for docking using the Protein Preparation Wizard from the
Schrodinger Suite. Mass center of the co-crystallized ligand constituted the grid center in each case,
and the grid size was set to 23 A. The docking was carried out in Glide [36] in extra precision mode.
The obtained ligand-receptor complexes with the best docking score constituted an input for MD
simulations. They were carried out in Desmond [37], using the TIP3P solvent model [38], POPC
(palmitoyl-oleil-phosphatidylcoline) as a membrane model, the OPLS3e force-field under the pressure
of 1.01325 bar, and a temperature of 300 K. The box shape was orthorhombic, with a size of +10 A x
+10 A x +10 A. In each case, the system was neutralized by addition of the appropriate number
of Cl- ions and relaxed before simulation; the duration of each simulation was equal to 2000 ns.
The interactions between ligands and the respective proteins during MD simulations were analyzed
using Simulation Interaction Diagram from the Schrodinger Suite. Interactions occurring in each
frame of the performed simulations were encoded in the form of interaction fingerprints (IFPs) [29].
Then, for each nonzero column, the Pearson correlation coefficient between the total number of
contacts formed with a particular ligand by a given residue with the experimental parameter value
was determined.

4. Conclusions

In this study, in silico examination of the activity profiles of selected w opioid receptor agents
(PZM21, SR-17018, morphine, and fentanyl) was carried out. Three crystal structures of the target
were used for docking and MD simulations and the obtained ligand-protein interaction patterns were
confronted with the outcome of selected experimental tests. The variation in the obtained results clearly
indicates the necessity of using as much structural data as possible in structure-based studies and not
focusing on one receptor conformation. Each computational setup provided new insight into the given
problem and indicated a new set of amino acids that should be taken into account when examining
compound interaction profiles in silico. Moreover, the study enabled the indication of amino acids
that should attract special attention when designing new ligands with particular properties: W133,
1144329, 13227%38, Apart from these residues, there were over a dozen positions correlated with other
experimental output, for single crystal structures, which also should be taken into account during p
opioid receptor ligand modeling.

Supplementary Materials: The following are available online. Table S1. In vitro and in vivo data used in the
study (expressed in the form of pECs) values). Figure S1. Correlation charts between the interaction frequency
with a particular residue and outcome of experimental tests.
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