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Abstract

Pain is both a major clinical and economic problem, affecting more people than diabetes, heart 

disease, and cancer combined. While a variety of prescribed or over-the-counter (OTC) 

medications are available for pain management, opioid medications, especially those acting on the 

μ-opioid receptor (μOR) and related pathways, have proven to be the most effective, despite some 

serious side effects including respiration depression, pruritus, dependence, and constipation. It is 

therefore imperative that both academia and industry develop novel μOR analgesics which retain 

their opioid analgesic properties but with fewer or no adverse effects. In this review we outline 

recent progress towards the discovery of safer opioid analgesics.

Signaling Pathways of the μOR

The opium poppy was known to possess powerful analgesic (see Glossary) properties even 

in ancient times [1]. It was not until the 19th century that one of its potent analgesic 

ingredients, morphine, was successfully isolated (Box 1). However, morphine was also 

shown to have adverse effects on both the respiratory and gastrointestinal (GI) systems. 

Addiction and tolerance caused by this substance led to strict government regulations for its 

production, use, and distribution [2]. Pharmacological studies later revealed that opioid 
receptors trigger a series of intracellular responses which are responsible for their 

pharmacological outcomes [3]. The μ opioid receptor (μOR) is a well-known member of 

this receptor family (Box 2). Many morphine analogs are believed to target μORs via two 

distinct downstream signaling pathways that are simultaneously stimulated. These two 

pathways are independently associated with the analgesic properties and undesired side 

effects of opioids [4].

*Correspondence: shuguang.yuan@gmail.com (S. Yuan). 
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Box 1

The History of Painkiller Development

Opioids extracted from opium poppies have been used to treat pain for thousands of 

years. In the early 19th century morphine was first extracted in a pure form and applied 

widely as a painkiller during wartime. In 1830 the naturally occurring methylated 

morphine, codeine, was first isolated by Jean-Pierre Robiquet to replace raw opium for 

medical applications [47]. In 1843 Dr Alexander Wood administered morphine by 

injection for the first time [48]. Charles Romley Wright, an English scientist, synthesized 

heroin in 1874 and sold it to the Bayer Company in 1898 [49]. Salicylic acid was first 

isolated in 1828 by Johann Andreas Buchner, and was formulated by Frederick Bayer and 

Felix Hoffman in 1895 [50]. In an effort to develop less-addictive painkillers, chemists 

synthesized compounds such as codeine and methadone in the mid-20th century. By the 

late 20th century a new generation of painkillers was introduced: synthetic opiates which 

mimicked the above natural painkillers. These included Vicodin, OxyContin, and 

Percocet (1999) [51].

Box 2

The Family of Opioid Receptors

ORs are the primary targets of opioid painkillers. ORs are distributed widely in the brain, 

and are also found in the spinal cord and digestive tract [52]. There are five different 

types of OR: δOR, κOR, μOR, the nociceptin receptor (ORL1), and ζOR. δORs are 

mainly distributed in the brain and peripheral sensory neurons. They mediate analgesic, 

antidepressant, and convulsant effects [53–55]. κORs are located in both peripheral 

sensory neurons and the spinal cord. These are involved in analgesia, anticonvulsant 

effects, depression, diuresis, dysphoria, and stress [56]. μORs are found in the brain, 

spinal cord, peripheral sensory neurons, and intestinal tract. They are responsible for 

analgesia, physical dependence, miosis, euphoria and GI tract motility [53]. Nociceptin 

ORL1 receptors in the brain and spinal cord are associated with anxiety and depression. 

ζORs distributed in the brain, heart, liver, and kidney are involved in tissue growth [57]. 

Currently, μORs are the most attractive target for painkiller drug discovery within the OR 

family owing to their special pharmacological properties [58].

Decades of research have gradually uncovered the downstream signaling pathways 

associated with the analgesic and adverse effects of opioids (Figure 1 and Box 3) [5]. 

Analgesia is achieved via a classical G-protein pathway which suppresses neuronal 

excitability and promotes the hyperpolarization of neurons [6]. An agonist-induced 

conformational change in the μOR instigates the binding of the Gi protein, and results in the 

dissociation of its α subunit from the β and γ subunit complex [7]. The α subunit inhibits 

the activity of adenylyl cyclase, reducing the production of intracellular cAMP [8] (Figure 

1). The cyclic nucleotide-gated ion channels then remain closed, hampering the influx of 

Na+ and thereby suppressing the excitability of neurons. Meanwhile, the βγ subunits not 

only inhibit T-type calcium channels, preventing Ca2+ influx and neuronal depolarization, 
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but also activate the G-protein inwardly rectifying potassium (GIRK) channels, promoting 

K+ efflux and hyperpolarization [8,9] (Figure 1).

Box 3

Mechanisms of Nociception and Analgesia

There are two different target areas for painkiller development: the dorsal horn and 

periphery (Figure I). CNS neurons located at the dorsal horn are targets for analgesic 

development. In this area, several GPCRs (such as opioid receptors, serotonin receptors, 

and cannabinoid receptors) and ion channels (such as GABA and NMDA receptors) are 

responsible for nerve signaling. In peripheral areas, GPCRs work together with ion 

channels and other receptors, such as the potassium channel (Kv), sodium channel (Nav), 

calcium channel (Cav), transient receptor (TRP), and purinoceptor (P2X), to execute 

neuronal sensing. Numerous analgesics with increased selectivity for receptors/ion 

channels, or with biased agonism for a downstream pathway, have been designed to 

reduce side effects.

Figure I. 
Targets Involved in Modern Nociception and Analgesia Drug Design. (A) Peripheral 

targets including Kv, Nav, Cav, TRP, P2X, and GPCRs. (B) Their locations in the dorsal 

horn and periphery. (C) Dorsal horn targets including opioid, serotonin, cannabinoid, 

GABA, and NMDA receptors.

By contrast, most undesirable opioid-mediated effects are related to the β-arrestin pathway, 

which regulates the desensitization and internalization of the opioid receptor [6,10]. Of the 

four arrestin subtypes, arrestin-1 and arrestin-4 are visual arrestins that bind to activated and 

phosphorylated rhodopsin and cone opsin, and terminate phototransduction [11]. The other 

two, arrestin-2 and arrestin-3 (also known as β-arrestin 1 and β-arrestin 2, respectively), are 

responsible for regulating the activities of many non-visual G protein-coupled receptors 
(GPCRs) (Box 4) [12]. In the classical view of this pathway, an activated receptor exposes 
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its domains for phosphorylation, a process mediated by G-protein receptor kinases (GRKs) 

and protein kinase C (PKC) [11,13]. Specific domains of the arrestins recognize this 

phosphorylated and activated state of the receptor, resulting in receptor–arrestin binding 

[12]. Bound arrestin sterically precludes G-protein coupling and attenuates G protein-

dependent signaling [12]. Arrestin also acts as a scaffolding protein that promotes 

internalization of the receptor. During internalization the receptor is transported into the 

cytoplasm as an endosome. Subsequently, the receptor will either be degraded by lysosomes 

or recycled to the cell membrane [14].

Box 4

Brief Introduction to GPCRs

GPCRs are seven transmembrane proteins that represent a primary class of drug targets. 

GPCRs can detect molecules outside the cell that activate internal cellular responses. 

When an agonist binds to a GPCR it causes a series of conformational changes [59,60]. 

Following that, the G protein α subunit dissociates from the β and γ subunits to further 

affect intracellular signaling proteins [61]. According to their unique structures and 

functions, GPCRs comprise five different classes (Figure I). More than 800 GPCRs are 

expressed in the human body [62] and are responsible for cellular signaling. By contrast, 

there are only five different types of G proteins [26], including Gs, Gi, Go, Gq/11, and Gβ, 

and these bind to activating GPCRs [63]. GPCRs are involved diverse physiologically 

significant processes and constitute the most popular targets for drug discovery. More 

than 35% of marketed drugs are estimated to target GPCRs [64].
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Figure I. 
The GPCR Family. (A) The phenotypic tree of GPCRs composed of five different 

families. White circles, GPCRs without crystal structures. Red circles, GPCRs with 

crystal structures. (B) Structures of different GPCR classes.

Activation Mechanism of μOR

Both antagonist-bound and agonist-bound μOR crystal structures are now available. In the 

inactive complex (PDB: 4DKL) [15], an irreversible antagonist, β-funaltrexamine (β-FNA), 

locates at the orthosteric site of the receptor (Figure 2). In the agonist-bound structure, BU72 

binds to μOR in a similar way (PDB: 5C1M) [4]. The amino acid conformations in the 

ligand-binding regions differ subtly. However, the side chain of a highly conserved residue 

W2936.48 [16], identified as a switch for forming a continuous water channel (Figure 2B,C) 

[17–19], ‘flips’ upon agonist binding. Specifically, when antagonist β-FNA binds to μOR, 

the cyclopropylmethyl group of β-FNA forms a tight edge-to-face σ–π stacking interaction 

with W2936.48 (Figure 2C), stabilizing the conformation of W2936.48 which then blocks the 

formation of a continuous water channel [20,21]. By contrast, the agonist BU72 forms an 

edge-to-edge hydrophobic contact with the W2936.48 side chain, leaving an empty space in 

the binding pocket which facilitates the formation of a continuous water channel (Figure 

2C). In addition to the molecular switching of W2936.48, structural rearrangements (Figure 

2E) occur in the extracellular core triad which consists of I1553.40, P2445.50, and F2896.44 
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[4]. Such rearrangements have also been observed in two additional crystal structures of 

activated GPCRs: the β2AR adrenergic receptor (PDB: 3SN6) [22] and the M2 muscarinic 

acetylcholine receptor (PDB: 4MQS) [23]. The extracellular switch rearrangements result in 

intracellular molecular switches in both Y2525.58 and Y3367.53 (Figure 2D). In addition, the 

highly conserved ionic lock [17,24–26] between D1643.49 and R1653.50 is disrupted 

following agonist binding (Figure 2D). With the molecular switches in both extracellular and 

intracellular regions, the receptor attains its characteristic activated state in which the 

transmembrane helices (TMs) undergo unique movements (Figure 2A), with TM5 moving 

inward by ~3 Å, TM6 outward by ~10 Å, and TM7 inward by ~2 Å [4]. This leads to a large 

void in the cytoplasmic zone, and this allows the binding of G protein.

Different Strategies in Designing Safer μOR Analgesics

PZM21: A G-Protein Biased Agonist

While a G-protein biased agonist is bound to μOR, it can induce G protein-mediated 

analgesia and alleviate undesirable effects caused by the arrest in pathway[27]. The 

structure-based drug design strategyofPZM21 revealed new binding modes that are worthy 

of attention. Despite the comment from Manglik et al. that ‘some of the properties of 

PZM21 (Box 5) were likely to be fortuitous’ [28], PZM21 with its in vivo activities 

apparently exemplifies a success in rational drug design.

Box 5

Summary of Different Painkillers

Most opioids/opiates (Table I) produce their anti-nociceptive effects via activation of 

μORs in the CNS. μORs activate Gi/o proteins that inhibit the activity of adenylyl cyclase. 

Consequently, reduction of intracellular cAMP levels hampers the opening of cAMP-

sensitive sodium channels, leading to reduced excitabilities of neurons. The G-protein 

pathway also inhibits calcium channels and promotes potassium influx. Apart from the 

G-protein pathway, activation of μORs also affects the arrestin pathway that accounts for 

most of the adverse effects of opioids/opiates. Unlike morphine and codeine, novel μOR 

agonists, such as PZM21 [28] and TRV130 [65], retain most the opioid analgesic effects 

but with reduced toxic side effects, in part because of their biased agonism for the G-

protein pathway.

Oxycodone is a semi-synthetic opioid that is used to treat pain from various causes. It 

appears to have a higher affinity for κOR than for μOR [66]. Methadone is an agonist of 

μOR. It also blocks the NMDA receptor and inhibits the reuptake of serotonin and 

noradrenaline. It has been used as maintenance treatment for opioid dependence and 

chronic pain. Buprenorphine is believed to be a partial agonist for μOR. It exhibits a U-

shaped dose–response curve such that the anti-nociceptive effect increases at low dose, 

but diminishes at higher doses. One explanation for this phenomenon is that high-dose 

buprenorphine also activates N/OP receptors which counteract the μ-opioid-mediated 

effects. BU08028 [32] is a structural analog of buprenorphine that targets both μOR and 

N/OP receptors, and this improves its safety profile.
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Synthetic opioids, including fentanyl, remifentanil, and pethidine, offer fast onset and 

recovery and are often used as surgical analgesics. Remifentanil may also activate the 

NMDA receptor, and paradoxically induces hyperalgesia. Pethidine has a pronounced 

anticholinergic effect. NFEPP is an analog of fentanyl and is active at a lower pH than the 

physiological environment. Because the pH is reduced in injured tissues, NFEPP may 

have a more site-specific action there [40].

Tramadol is a synthetic opioid for treating mild to severe acute and chronic pain. It also 

inhibits the reuptake of serotonin and noradrenaline.

Despite its long history of clinical application, the precise mechanism of paracetamol 

action is not fully understood (Table II). It is thought to inhibit the peroxidase activity of 

cyclooxygenases 1 and 2, and reduce the level of tyrosine radicals required for 

prostaglandin biosynthesis [67]. Its anti-nociceptive effects may be attributed to its 

metabolite, AM404, which inhibits the anandamide membrane transporter and increases 

the levels of endogenous cannabinoids in the CNS [67]. Paracetamol evidently is also 

involved in the central serotonergic pathway, where its analgesic effect is abolished when 

coadministered with 5HT3 selective antagonists [68].

NSAIDs (Table III) block the hydrophobic channel of cyclooxygenase, preventing 

arachidonic acid from reaching the catalytic site of this enzyme, and thereby inhibiting 

the formation of prostaglandins [69]. According to their selectivity towards 

cyclooxygenase isoforms, NSAIDs can be divided into non-selective and COX-2 

selective. Non-selective NSAIDs can be further subdivided into smaller groups based on 

their chemistry: in other words salicylates (aspirin, salicylic acid, diflunisal, etc.), 

propionic acids (naproxen, ketoprofen, ibuprofen, etc.), acetic acids (sulindac, indo-

methacin, diclofenac, ketorolac, etc.), fenamic acids (mefenamic acid, tolfenamic acid, 

flufenamic acid, etc.), oxicams (piroxicam, meloxicam, etc.), and non-acidic groups 

(naphthylbutanone).

COX-1 is responsible for cytoprotective activity, whereas COX-2 is inducible in case of 

inflammation [69]. As a result, non-selective NSAIDs often demonstrate more 

pronounced GI and renal side effects. Designing COX-2 inhibitors was intended to avert 

these GI complications. However, there was concern about the cardiovascular risks 

associated with COX-2 inhibitors [70], leading to the withdrawal of rofecoxib in 2004 

[71]

NSAIDs were also reported to affect COX-independent pathways. For example, aspirin 

(high-dose), ibuprofen, indomethacin, flurbiprofen, and sulindac inhibit the activation of 

nuclear factor-κB [69], an important transcription factor that induces gene expression of 

various proinflammatory cytokines. NSAIDs also can inhibit the adhesion of leukocytes 

to endothelial cells and suppress extravasation events [69].

Glucocorticoids (Table IV; hydrocortisone, prednisolone, methylprednisolone, 

dexamethasone, betamethasone, beclomethasone, fludrocortisone) exert analgesic and 

anti-inflammatory effects via both non-genomic and genomic pathways. Their non-

genomic effect rapidly reduces glutamate release but increases the release of 

endocannabinoids and γ-aminobutyric acid, resulting in significant reduction in neuronal 
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excitability and anti-hyperalgesia [72]. A genomic pathway is related to their persistent 

effect on chronic pain. Glucocorticoids first bind to glucocorticoid receptors in the 

cytoplasm. These complexes then translocate to the nucleus and dimerize. The dimerized 

complexes bind to the glucocorticoid-responsive elements of DNA that express anti-

inflammatory cytokines (transactivation). Meanwhile, both the complex monomers and 

dimers bind to nuclear factor-κB elements on DNA, inhibiting the expression of 

proinflammatory cytokines (transrepression) [73].

Noting that dimer-dependent transactivation can lead to other metabolic side effects, 

whereas transrepression can be achieved by glucocorticoid receptor monomers, 

researchers focused on designing dissociative ligands that favor monomer activity (e.g., 

RU-24858 and RU-24782). Molecules without a steroidal scaffold such as (+)-ZK216348 

were developed as selective agonists of glucocorticoid receptors to avoid binding to 

mineralocorticoid and hormonal receptors. Selective glucocorticoid receptor agonists, 

such as mapracorat and fosdagrocorat, have entered Phase II clinical trials for treating 

ocular inflammation [74] and rheumatoid arthritis [75].

Lidocaine, prilocaine, bupivacaine, and mepivacaine (Table V) are used as local 

anesthetics. These molecules inhibit sodium channels in the periphery and prevent neuron 

firing. However, systemic administration of these molecules may employ sodium 

channel-independent pathways for anti-nociceptive effects [76].

Anti-epileptic drugs that inhibit sodium channels (e.g., carbamazepine and lacosamide) 

also possess analgesic properties, notably in the treatment of trigeminal neuralgia or other 

neuropathic pain [77].

Despite structural their similarity to γ-aminobutyric acid, gabapentin and pregabalin do 

not seem to bind to the GABAB receptor [78]. Instead, they modulate glutaminergic 

levels and bind to the α2δ subunit of voltage-sensitive calcium channels [78]. Ziconotide 

is an antagonist of calcium channel Cav2.2 [78].

Tricyclic antidepressants (Table VI) such as amitriptyline have a long history in the 

treatment of neuropathic pain. Their mechanism of action likely involves the inhibition of 

serotonin and noradrenaline reuptake [79].

Starting with over 3 million commercially available lead-like compounds, putative docking 

configurations against the inactive μOR were computationally generated and later prioritized 

using a physics-based energy function. Docking poses with strained ligand conformations 

were manually removed. Interestingly, many newly sampled ligands not only used their 

cationic amines to ion-pair with D1473.32 at the orthosteric site, a canonical interaction 

between most opioid ligands and opioid receptors, but also employed their urea amide 

groups to hydrogen-bond with the same aspartate anchor. This dual hydrogen bond 

interaction is relatively novel for opioid ligands [28]. Preliminary data at this stage showed 

that the μOR binding affinities of high-scoring ligands had already reached the μM range. 

After a few steps of lead optimization by docking, a potent lead compound was found to 

activate Gi/o with low levels of arrestin-3 recruitment [28]. Structure-guided optimization of 

the lead was further performed. The introduction of a phenol hydroxyl group into the lead 
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compound then yielded PZM21, which was designed to utilize a water-meditated hydrogen 

bond with H2976.52 [28]. This interaction was also observed in other protein–ligand 

complexes of μOR, δOR [29], and κOR [30]. PZM21 showed a strong binding affinity to 

μOR in radioligand binding assays and promising efficacy in a Gi/o activation assay [28]. 

Notably, substituting the thiophene moiety of PZM21 with a larger benzothiophene did not 

impair its activity. This moiety was modeled to occupy the more open and specific region of 

μOR, and might contribute to the specificity of PZM21 over other opioid receptor subtypes: 

PZM21 is a κOR antagonist, and also a very weak δOR agonist. Signaling studies showed 

that this molecule is highly Gi/o biased [28]. At its maximal concentration, arrestin-3 

recruitment was undetectable and μOR internalization was minimal compared to DAMGO 

or morphine. Despite the dependence of arrestin recruitment on the expression level of G 

protein-coupled receptor kinase 2 (GRK2) [31], arrestin recruitment for PZM21 remained 

weak even in the presence of overexpressed GRK2 [28].

Regarding analgesia, PZM21 displayed a few unique properties among known opioid 

analgesics. For example, it demonstrated dose-dependent analgesia in a mouse hotplate 

assay, but not in the tail-flick assay [28]. Behavioral responses in the hotplate experiment 

can further be subdivided into either afferent or reflexive, and PZM21 exerts analgesia solely 

towards the affective component of pain [28]. Nevertheless, the analgesic response of μOR 

knockout mice was completely abolished in the hotplate assay, suggesting that PZM21 

analgesia is rooted in μOR activation [28].

PZM21 also displays fewer side effects than morphine, with a substantially weaker 

constipating effect and minimal respiratory depression. In the case of morphine, respiratory 

depression persists even after the resolution of its analgesic effect, reflecting a differential 

recruitment of arrestin-3 at later timepoints following drug administration. Conversely, 

respiratory depression induced by PZM21 remains minimal at later timepoints, again 

suggesting that it activates a small amount of arrestin-3 signaling in vivo [28]. 

Reinforcement and addiction are the major drawbacks of many opioids, which may also 

activate the dopaminergic reward circuits. In in vivo experiments, hyperlocomotion is taken 

as an endpoint of mesolimbic dopamine activation. Interestingly, PZM21 had no apparent 

hyperlocomotive effect versus vehicle at a nearly equi-analgesic dose. It also did not induce 

a conditioned place preference response [28].

BU08028: A Dual-Function Molecule

Another strategy to reduce the side effects of analgesics is to design ligands that act on 

multiple opioid or opioid-like receptors [32]. The nociceptin/orphanin FQ peptide (NOP) 

receptor, that is activated by the endogenous ligand nociception/orphanin FQ (N/OFQ), is 

known to counteract some undesirable opiate properties [33,34] and to block the morphine-

induced reward pathway [35]. A mixed μOR/NOP receptor agonist could be an ideal 

candidate to leverage the undesirable effects of opioid-mediated analgesia. Buprenorphine, a 

successful analgesic with a reduced risk of addiction, is often used as an alternative to 

methadone to minimize the withdrawal symptoms of heroin. Despite uncertainty as to 

whether it is a rewarding compound, most of its pharmacological profile is attributed to its 

partial agonism of μOR [32]. Interestingly, buprenorphine shows dose-dependent anti-
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nociception at lower doses that is reversed at higher doses [32]. An explanation for this 

phenomenon is that buprenorphine is also a NOP receptor agonist with lower binding 

affinity and efficacy, and therefore its μOR-mediated effect diminishes only at higher doses 

[32]. Despite its complex properties, buprenorphine serves as a good starting point for 

medicinal chemists in search of a bivalent analog that demonstrates higher efficacy towards 

NOP than μOR.

BU08028 (Box 5), an analog of buprenorphine, is the first universal opioid ligand that shows 

high binding affinities to all three opioid receptors (μ, δ, and κ) [32]. It shares the most 

common chemical scaffold of the morphine class of compounds, and is believed to interact 

with opioid receptors similarly to the ligand observed in the crystal structure [36]. Because 

BU08028 competes for μOR and NOP with radiolabeled endogenous ligands in binding 

assays, it is fair to postulate that BU08028 also binds to the orthosteric sites of these two 

receptors. Moreover, BU08028 and other morphine-like molecules have a basic piperidine 

ring scaffold that forms an ionic lock with μOR. The structural similarity of these molecules 

suggests that they might bind to μOR at the same site in an identical manner. Regarding the 

activity of BU08028, [35S]GTPγS binding assays demonstrated that BU08028 is 

comparable to buprenorphine in activating μOR, but shows no effect on δ- and κ-receptors. 

Regarding the NOP receptor, the activity of BU08028 is approximately sixfold higher than 

that of buprenorphine [32]. NOP activation also triggers the Gi/o pathway and produces 

peripheral anti-nociception. However, at the supra-spinal level, it counteracts opioid-

mediated effects by suppressing the descending inhibitory control circuitry [37].

BU08028 also displays interesting differences between mice and primate models. BU08028 

produces long-lasting anti-nociceptive effects in both models [36]. However, contributions of 

μOR and NOP receptors to the anti-nociceptive effects may differ. In mice, the μOR 

antagonist SB612111 produced a statistically significant potentiation of BU08028-induced 

anti-nociceptive effects, but only when a high dose of BU08028 was used, or when 

BU08028 was introduced at much later timepoints after SB612111 injection. This result 

suggests that low doses of BU08028 do not induce sufficient anti-nociception as a result of 

its NOP receptor agonist activity [32]. Conversely, in the primate model, dose–response 

curves for BU08028-induced anti-nociception shift to the right to a similar extent in the 

presence of the μOR antagonist naltrexone or the NOP antagonist J-113397. These findings 

indicate that both receptors contribute to the effects of BU08028 [36]. Moreover, BU08028 

produced a conditioned place preference (CPP) in mice and failed to attenuate the CPP 

induced by cocaine [32].

Meanwhile, BU08028 did not cause a statistically significant increase in the number of self-

administered drug injections in monkeys, suggesting that BU08028 does not have 

reinforcing effects [36]. In addition, the monkey study offers more clinically relevant data on 

the effects of BU08028. Thus, systemic BU08028 caused a dose- and time-dependent 

alleviation of capsaicin-induced thermal allodynia [36]; higher doses of BU08028 did not 

significantly affect respiratory and cardiovascular functions [36], and repeated 

administration of BU08028, followed by a combination of naltrexone and J-113397, did not 

precipitate withdrawal signs and therefore does not produce acute physical dependence [36]. 

Taken together, these results suggest that the development of BU08028 represents an 

Chan et al. Page 10

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



important step in the design of an effective opioid drug with significantly reduced side 

effects [38].

NFEPP: A pH-Sensitive Molecule

As an analog of the known μOR agonist, fentanyl [39,40], the compound (±)-N-(3-fluoro-1-

phenethylpiperidin-4-yl)-N-phenyl propionamide (NFEPP, Box 5), was designed to 

selectively activate peripheral μORs at the source of pain generation [40]. Similarly to other 

morphine-like compounds, NFEPP contains a basic piperidine ring [4,36]. Because the 

Y326 mutation in rat μOR significantly reduces the binding affinities of morphine, fentanyl, 

and other antagonists, NFEPP might bind to the same region of μOR in a similar fashion 

[41]. Given the different pH conditions in normal (pH = 7.4) and inflamed (pH = 5–7) 

tissues, a safer agonist would activate μOR exclusively at low pH in inflamed sites.

With the help of computational methods, development of NFEPP started from estimations of 

the pKa and binding Gibbs free energy (ΔG) of fluorinated fentanyl derivatives in 

protonated/deprotonated forms under acidic/neutral conditions. NFEPP was selected for 

further study because it has a calculated pKa of 6.7, with potentially favorable binding to the 

receptor under acidic conditions. Furthermore, both in vitro and in vivo experiments were 

carried out to test the efficacy of NFEPP. In the binding experiments, NFEPP was found to 

compete with the radiolabeled endogenous ligand [3H] DAMGO in the binding site, 

suggesting that it is likely to target the orthosteric site of μOR. Further, NFEPP was believed 

to display a lower affinity at physiological pH than under acidic conditions [40]. In G-

protein activation tests, NFEPP was found to activate Gi protein, and was anti-nociceptive, 

similarly to fentanyl. Furthermore, it caused a significant decrease in FRET (related to G 

protein dissociation upon μOR stimulation) only at low pH, 6.5 [40]. This clearly contrasts 

with fentanyl which caused a FRET decrease under both pH conditions.

To examine analgesic efficacy in vivo, fentanyl and NFEPP were tested in clinically relevant 

rat models of persistent or acute inflammatory pain. At low doses, NFEPP produced dose-

dependent analgesia only in inflamed (‘injured’) paws, whereas fentanyl produced analgesia 

in inflamed and contralateral (‘non-injured’) paws. At a higher dose, fentanyl induced 

respiratory depression, while NFEPP did not cause obvious respiratory depression or 

sedation. Naloxone-methiodide (NLXM), a μOR antagonist that does not cross the blood–

brain barrier (BBB), reversed the analgesic effects of NFEPP and partially those of fentanyl, 

suggesting that NFEPP might act exclusively on peripheral receptors. In addition, typical 

side effects mediated by central opioid receptors were not induced by NFEPP.

In general, NFEPP is likely to act solely on peripheral μOR in injured tissue to produce 

analgesia via selective activation. Studies of NFEPP therefore provide a general strategy to 

target ‘disease-specific’ conditions and/or conformations of opioid receptors for the 

discovery of new and safer painkillers.

ST034307: An AC1-Selective Inhibitor

Obtained from the screening of a chemical library that contains natural compounds and 

derivatives, ST034307 (Box 5) illustrates a different strategy to achieve the selective 

treatment of pain. The therapeutic target AC1 is an isoform of the adenylyl cyclase (AC) 
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family of enzymes which catalyze the production of cAMP from ATP. It was suggested by 

Brust et al. [42] that, given the distinct distributions and functions of AC isoforms, selective 

inhibition of AC1 might reduce adverse effects [42].

Inspired by forskolin, a natural nonselective AC activator commonly used to increase cAMP, 

Brust et al. [42] employed a screening platform to test over 3000 natural compounds derived 

from the NDL-3000 library. ST034307 was one of the potential AC1 inhibitors, identified 

from a search for compounds that inhibit A23187 + forskolin-stimulated cAMP 

accumulation in cells. The selectivity of ST034307 was first verified in tests of AC1 and the 

closely related isoform AC8, and further confirmed by evidence of low-level inhibition of 

cAMP accumulation in HEK cells expressing all other AC isoforms [42]. Notably, the exact 

binding mode of ST034307 to AC1 is still undetermined. Unlike other non-competitive and 

uncompetitive inhibitors (e.g., NKY80) which demonstrate more robust inhibitory effects 

when AC is more active, ST034307 showed no change or a decrease of inhibitory efficacy in 

the presence of the AC activators A23187 or forskolin. This result hints that ST034307 may 

have a different binding mode than other AC inhibitors [42].

The mechanism of ST034307 action on signaling pathways was investigated in various 

cellular and in vitro contexts. This demonstrated a direct inhibition of AC1 by ST034307, 

rather than an upstream or downstream process or a noncompetitive reaction [42]. 

Furthermore, ST034307 enhanced μOR-mediated inhibition of AC1 in short-term inhibition 

cellular assays, and also blocked heterologous sensitization of AC1 caused by chronic μOR 

activation. Thus, selective AC1 inhibition likely can prevent and suppress opioid 

dependence. Analgesic properties of ST034307 were further tested in a mouse model. 

ST034307 caused significant relief of inflammatory pain, with an effect comparable to that 

of the μOR agonist DAMGO [42].

Based on various tests and assays indicating selective inhibition of AC1 while producing 

analgesia, ST034307 holds promise for treating inflammatory and/or chronic pain, either as 

a standalone drug or in complementary use with μOR agonists. Indeed, selective inhibition 

of AC1 provides an additional strategy for finding safer painkillers.

Concluding Remarks

Around the globe, pain remains a clinical and economic problem, such that designing safer 

analgesics has become a vital challenge to both academia and industry. Recent advances in 

structural and computational biology have allowed the discovery of potentially safer drug 

candidates which target μOR signaling pathways by different means. Such strategies include 

the use of G-protein biased molecules such as PZM21, dual functional modulators such as 

BU08028, pH-sensitive molecules such as NFEPP, and adenylyl cyclase AC1 modulators 

such as ST034307. Additional strategies can reduce the toxicity of opioid drugs. In 

particular, the development of functionally selective κOR agonists targeting peripheral 

sensory neurons can significantly reduce adverse effects normally mediated through the 

central nervous system (CNS) [43]. Alternatively, polyethylene glycol (PEG)-conjugated 

μOR antagonists with increased half-lives [44] cannot penetrate the BBB and alleviate 

constipation during opioid pain management [44,45]. Although the long-term safety of these 

Chan et al. Page 12

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



new candidates requires further evaluation and clinical studies, these exciting breakthroughs 

are indeed encouraging in the pursuit of next-generation safer painkillers (see Outstanding 

Questions).

Outstanding Questions

Recently designed painkillers are ‘non-toxic’ in terms of respiratory depression, 

pruritus, dependence, and constipation. However, are they also ‘non-toxic’ in other 

aspects such as affecting hERGs, cytochromes, and so on?

Can we combine the four mentioned strategies together to design a more effective 

painkiller with much less toxicity?

Can we design a painkiller that activates receptors and ion channels in both the 

dorsal horn and the periphery?

What are the key structural elements responsible for the G protein biased signaling 

pathway of μORs?

When will the first safer μOR-mediated painkiller appear on the market?

Glossary

Agonist
a molecule that binds to a receptor which subsequently produces a biological response.

Analgesics
drugs used clinically for pain control. Depending on their mechanism of action and 

molecular structure, analgesics can be categorized into different classes. Some prototypical 

examples are provided here. Paracetamol and its structurally related analogs form a 

commonly used analgesic class. Non-steroidal anti-inflammatory drugs (NSAIDS) and 

glucocorticoids inhibit the syntheses of proinflammatory substances which sensitize 

nociceptive nerve endings. Opioids, opiates, and local anesthetics suppress the excitability of 

sensory neurons in different parts of the body. Antidepressants, especially the tricyclic 

group, are used for treatment of neuropathic pain.

Antagonist
a molecule that binds to a receptor, blocking or mitigating agonist-evoked responses.

G protein-coupled receptor (GPCR)
GPCRs are proteins that share a seven-transmembrane domain (TM) and can couple to 

heterotrimeric G proteins. They play a crucial role in cellular signal transduction and 

represent a primary class of drug targets. Acting by direct binding, drugs can modulate 

GPCR activity and influence the signaling pathways associated with numerous diseases. 

GPCRs are grouped into five different classes according to their structures and functions.

Inverse agonist
a molecule that binds to a receptor, blocking or mitigating agonist-evoked responses, and 

further depressing the basal response of the receptor.
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Opiates
natural compounds with pharmacological activities found in opium poppies.

Opioids
natural or synthetic compounds which bind to ORs to exert their pharmacological actions.

Opioid receptors (ORs)
these include several subtypes which couple with Gi/o proteins and exert their actions when 

opioids or opiates (e.g., codeine is transformed into its active metabolite, morphine) bind. 

ORs are expressed widely in the brain as well as in other parts of the central nervous system 

(CNS).
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Trends

Pain is a major clinical and economic problem. Owing to the serious side effects 

associated with current painkil-lers, the discovery of less toxic medications is an 

imperative in both academia and industry.

Owing to recent advances in computational and structural biology, several μOR-mediated 

painkillers with fewer side effects have been successfully designed.
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Figure 1. 
Signaling Pathways of the μ-Opioid Receptor (μOR). μOR can activate the heterotrimeric G 

protein, Gi. G protein-coupled receptor kinases (GRKs) together with protein kinases C 

(PKCs) catalyze the phosphorylation of agonist-bound receptors, which can subsequently 

either bind to arrestin, undergo internalization, or signal through MAP kinase and other 

pathways. μORs exhibit basal agonist-independent activation of Gi. Molecules that can 

suppress basal activity are called inverse agonists [9,46]. Neutral antagonists block the 

binding of other ligands without imposing a biological response. There are two categories of 

agonists: full agonists and partial agonists [9,46]. Full agonists produce a full biological 

response whereas partial agonists only produce a partial biological response even at 

saturating concentrations [9,46]. These properties are independent of ligand affinities.
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Figure 2. 
Activation Mechanism of the μ-Opioid Receptor (μOR). (A) Superimposed structures of 

inactive μOR (grey cartoon) and activated μOR (green cartoon). Transmembrane helices 

(TM) V, VI, and VII undergo unique movements upon agonist binding. (B) Molecular 

switches in the orthosteric site at the extracellular region. (C) Binding modes of the 

antagonist β-FNA (grey ball-and-stick) and agonist BU72 (green ball-and-stick). β-FNA 

forms a tight stacking interaction with highly conserved W2936.48, whereas BU72 leaves a 

large void in the orthosteric site (yellow circle). (D) Molecular switches in the intracellular 

region. (E) Rearrangements of the PIF core. Left, antagonist-bound μOR; right, agonist-

bound μOR.
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Table I

Opioids

Name Molecular structure

PZM21

BU08028

NFEPP

ST034307
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Name Molecular structure

Morphine

Codeine

Oxycodone

Methadone
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Name Molecular structure

TRV130

Buprenorphine

Fentanyl

Pethidine
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Name Molecular structure

Remifentanil

Tramadol
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Table II

Paracetamol-type

Name Molecular structure

Paracetamol
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Table III

NSAIDs

Name Molecular structure

Aspirin

Salicylic acid

Di3unisal

Naproxen

Ketoprofen

Ibuprofen
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Name Molecular structure

Sulindac

Indomethacin

Diclofenac

Ketorolac

Mefenamic acid
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Name Molecular structure

Tolfenamic acid

Flufenamic acid

Piroxicam

Meloxicam

Nabumetone

Celecoxib
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Name Molecular structure

Etoricoxib

Parecoxib
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Table IV

Glucocorticoids

Name Molecular structure

Hydrocortisone

Prednisolone

Methylprednisolone

Dexamethasone
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Name Molecular structure

Betamethasone

Beclomethasone

Fludrocortisone

RU-24858
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Name Molecular structure

RU-24782

(+)-ZK216348

Mapracorat

Fosdagrocorat
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Table V

Ion Channel Blockers

Name Molecular structure

Lidocaine

Prilocaine

Bupivacaine

Mepivacaine

Carbamazepine

Lacosamide
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Name Molecular structure

Gabapentin

Pregabalin

Ziconotide
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Table VI

Tricyclic Antidepressants

Name Molecular structure

Amitriptyline

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 November 16.


	Abstract
	Signaling Pathways of the μOR
	Figure I
	Figure I
	Activation Mechanism of μOR
	Different Strategies in Designing Safer μOR Analgesics
	PZM21: A G-Protein Biased Agonist
	BU08028: A Dual-Function Molecule
	NFEPP: A pH-Sensitive Molecule
	ST034307: An AC1-Selective Inhibitor

	Concluding Remarks
	References
	Figure 1
	Figure 2
	Table I
	Table II
	Table III
	Table IV
	Table V
	Table VI



