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Highlights: 

• Oliceridine is the first specifically designed biased MOP agonist approved by the FDA 

• Low intrinsic efficacy at MOP, rather than biased signaling, may contribute to improved side-

effect profiles 

• Translational challenges remain for ligand-biased/low intrinsic efficacy therapies 

• Multimodal analgesia approaches are sometime overlooked as alternatives to traditional MOP 

ligands 

Abstract: Opioid analgesics have been used for more than 5,000 years and remain the main pain 

medications prescribed today. Although morphine is considered the gold standard of pain relief, this 

selective µ-opioid receptor (MOP) agonist provides only moderate relief for many chronic pain 

conditions, and produces a number of unwanted effects that can affect the patient’s quality-of-life, 

prevent adherence to treatment or lead to addiction. In addition to the lack of progress in developing 

better analgesics, there have been no significant breakthroughs to date in combating the above-

mentioned side effects. Fortunately, a better understanding of opioid pharmacology has given 

renewed hope for the development of better and safer pain medications. In this review, we describe 

how clinically approved opioids were initially characterized as biased ligands and what impact this 

approach might have on clinical practice. We also looked at the preclinical and clinical development 

of biased MOP agonists, focusing on the history of oliceridine, the first specifically designed biased 

analgesic. In addition, we explore the discrepancies between ligands with low intrinsic efficacy and 

those with biased properties. Finally, we examine the rationale behind the development of biased 

ligands during the opioid crisis. 

Keywords: Pain; Opioids; Morphine; Biased Signaling; Functional Selectivity; G Protein; β-arrestin; 

G Protein-Coupled Receptors; GPCRs 

Key Points: The concept of biased agonism; whereby a drug preferentially activates beneficial 

signaling pathways rather than those that cause side effects; has generated enthusiasm for the 

development of improved opioid painkillers. Although the first rationally designed biased opioid; 

olicerdine; recently received FDA approval; its clinical profile is similar to that of existing opioids. 
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Nevertheless; retrospective studies characterizing biased signaling of clinically used opioids like 

buprenorphine suggest that bias optimization may still be a viable strategy for creating novel 

analgesics that are safer and more effective than morphine. 

 

Graphical Abstract 
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1. Introduction 

Chronic pain is a pervasive and debilitating condition that imposes a substantial burden on 

afflicted individuals, significantly compromising their quality of life and overall well-being. Despite 

its high prevalence, effective management of chronic pain remains a challenge [1]. Unsatisfying 

treatment negatively affects patients’ health and well-being, interfering with essential daily activities 

[2]. Extracts of Papaver somniferum (opium poppy) have been used for thousands of years to relieve 

pain [3]. It is only in the 19th century that morphine was isolated from the plant and characterized as 

its primary active pharmaceutical ingredient [4]. To date, opioids, especially morphine, remain the 

gold standard for the treatment of several types of pain ranging from acute to chronic pain. However, 

opioid-derived analgesics provide only modest, short-term relief for patients suffering from chronic 

non-cancer pain, such as neuropathic pain [5]. Moreover, they are associated with a wide range of 

adverse effects, such as constipation, respiratory depression, tolerance, hyperalgesia, and abuse 

liability, which can seriously affect patient adherence to treatment [6]. Indeed, up to 30% of patients 

fail to achieve the expected pain relief with morphine, and 70% experience debilitating adverse events 

[7]. Despite these drawbacks, morphine remains on the World Health Organization’s list of essential 

medicines, as no other effective analgesics provide comparable pain relief [8]. Over the last 50 years, 

more than 60 new analgesics have been introduced onto the market. However, most of these are 

simply new formulations of existing drugs [7]. In fact, 88% of these new pain medications have 

showed very limited improvement over existing treatments in terms of efficacy or adverse effects. 

Over the last decade, their increasing availability and abuse potential have led to the opioid crisis 

and an epidemic of overdose deaths with serious social and economic consequences [9,10]. The 

modest pain relief, undesirable effects, and overuse/misuse of these addictive drugs pose real 

dilemmas for healthcare professionals [11]. This has prompted researchers to further elucidate the 

mode of action of opioids and to intensify their search for better versions of these analgesics. 

2. Understanding Opioid Pharmacology Design Better Analgesic Drugs 

Due to the extensive use of morphine, and opioid derivatives for their potent analgesic effects 

on acute pain, researchers have long been interested in understanding the mechanism of action of 

opioids, in parallel with advances in ligand and receptor pharmacology. The opioid receptor family 

comprises four members: δ (DOP), κ (KOP), µ (MOP), and the opioid-related nociceptin (NOP) 

receptors [12]. Morphine and its derivatives bind to the µ-opioid receptor and trigger the activation 

of a signaling cascade downstream of the receptor (Figure 1) [13]. It is now widely accepted that all 

opioid receptors activate pertussis toxin (PTX)-sensitive G proteins, notably Gαi/o, which inhibit 

adenylyl cyclase isoforms and thus reduce intracellular levels of cyclic AMP [14,15]. After 

dissociation of Gαi, the Gβγ dimer can interact with inwardly rectifying potassium channels (Kir3) 

and facilitate potassium efflux [16,17]. The Gβγ dimer can also directly interact with voltage-activated 

Ca++ channels to reduce calcium entry [18,19]. Overall, G protein activation by opioid receptors leads 

to membrane hyperpolarization and inhibition of neuronal activity [20]. These receptors are also 

known to mediate post G protein-dependent signaling events by inducing recruitment of GRKs 2 and 

3 and β-arrestins to the C-terminal tail of the receptor, attenuating G protein-signaling and promoting 

phosphorylation of c-jun N-terminal kinase (JNK) and other mitogen-activated protein kinases 

(MAPK) [21–25]. Recruitment of β-arrestins by MOP agonists drives desensitization and 

internalization of MOP receptors, thereby fine-tuning analgesic responses mediated by MOP 

activation. 
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Figure 1. µ-opioid receptor signaling. Upon activation of the µ-opioid receptor (MOP), the heterotrimeric G-

protein dissociates into active Ga and Gbg subunits. The Gαi subunit inhibits adenylyl cyclase, thereby 

decreasing intracellular cAMP levels. The Gβγ dimer activates inwardly rectifying potassium channels (Kir), 

promoting K+ efflux out of the cell, and inhibits voltage-gated Ca++ channels, slowing down the entry of Ca++ into 

the cytosol, resulting in cell hyperpolarization and reduced neuronal excitability. The C-terminal tail of the 

opioid receptor is phosphorylated by G protein-coupled receptor kinases (GRK) 2 and 3, and β-arrestins are then 

recruited to MOP, leading to receptor desensitization and internalization. β-arrestins also serve as scaffolding 

proteins for the activation of secondary signaling cascades, such as the MAP kinases ERK1/2 and JNK. 

In the case of MOP, the link between intracellular signaling and the physiological effects of 

opioids was discovered in the 1990s. First, Raffa, et al. [26] used siRNA targeting Gαi proteins in vivo 

and found that knockdown of Gαi2 blocked the analgesic action of morphine. Later, Bohn, et al. [27] 

showed that in mice lacking β-arrestin 2, the analgesic effect of morphine was enhanced and the 

adverse effects usually triggered by MOP activation were significantly reduced. They also concluded 

that the analgesic action of morphine was achieved via a Gαi protein-dependent mechanism, whereas 

constipation and respiratory depression were triggered by β-arrestin 2 recruitment [28]. Tolerance 

has also been linked to the recruitment of β-arrestin 2 in knockout mice, which showed no decrease 

in morphine analgesic potency after chronic treatment [28,29]. These findings, confirmed by others, 

significantly shaped the development of opioid ligands towards Gαi-biased agonists [30–33]. 

Nevertheless, some controversy remains as to the signaling pathways leading to undesired 

effects; consequently, the perfect dichotomy between the effects triggered by G proteins and β-

arrestin 2 may not be as straightforward as originally assumed. Indeed, in a recent international 

multisite study evaluating the effects of morphine and fentanyl, the authors showed similar levels of 

respiratory depression and constipation in β-arrestin 2 knockout mice compared to their wildtype 

littermates [34]. This study corroborates the effects of morphine- and fentanyl-induced respiratory 

depression and constipation observed in various phosphorylation-deficient MOP knock-in mice 

(these mutant receptors showed decreased recruitment of β-arrestin 2 upon activation) [32,35,36]. 

These findings challenge earlier studies that suggested a clear role for β-arrestin 2 in mediating opioid 

side effects, such as respiratory depression and constipation. Recent studies have questioned these 

conclusions by highlighting methodological differences, such as variations in drug delivery methods 

or compensatory mechanisms in knockout models, which may have confounded earlier results [37]. 

Newer approaches using phosphorylation-deficient MOP knock-in mice [32] or conditional 

knockouts have provided more nuanced insights into receptor signaling that were not apparent in 

earlier whole-animal knockout models[37]. Thus, highlighting additional limitations of whole animal 

knockouts and genetic strain differences used to decipher pharmacological contributions relevant to 

human patients [38].  
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It is widely accepted that MOP-induced analgesia depends on G protein activation, and that this 

effect is enhanced in β-arrestin 2 knockout mice [38]. However, other cellular mechanisms might be 

responsible for the adverse effects of µ-opioid agonists that cannot be explained by the convenient 

but overly simple version of biased agonism characterized by a dichotomy between G protein and β-

arrestin signaling. Therefore, it underscore the need for more robust methodologies to evaluate 

biased signaling and its clinical implications. 

3. GPCRs: From Simple Switches to Integrated Signaling Processors 

The G protein-coupled receptor (GPCR) family is among the most important classes of 

druggable targets in the human proteome, with nearly 40% of drugs prescribed across various 

therapeutic fields acting through the modulation of these proteins [40]. Traditionally, GPCRs were 

considered as simple toggle switches, turning ‘on’ or ‘off’ pre-selected ensembles of signaling 

modalities [41]. GPCR activation often leads to the recruitment of multiple membrane and cytosolic 

proteins, enabling them to engage in multiple signaling pathways. Thus, the classical view of these 

receptors as simple heterotrimeric G protein activators has been supplanted by their roles as complex 

modulators of a variety of intracellular signaling pathways [41]. In the late 1990s, a new concept called 

ligand-directed signaling, subsequently renamed biased signaling or functional selectivity, emerged 

in the field of GPCRs [43]. This new model is based on the ability of a receptor ligand to modulate 

(activate or block) only a subset of signaling pathways that are normally activated by endogenous or 

balanced agonists (Figure 2). In other words, a biased ligand can induce a distinct receptor 

conformation that modulates only a specific subset of the signaling repertoire [44]. Of particular 

interest has been the demonstration that ligands behaving as agonists for a given signaling pathway 

can act through the same receptor, as antagonists or even inverse agonists on a different pathway in 

the same cell [44]. As a result, a lack of efficacy for a single pre-selected signaling pathway does not 

necessarily translate into a lack of receptor activation and concomitant cellular and physiological 

responses. The concept of biased signaling has brought new opportunities for the development of 

therapeutics and is rapidly changing the way drugs are screened and selected. Researchers could 

thus design molecules that would activate only the beneficial signaling pathways leading to the 

desired pharmacological effects, while avoiding undesirable effects [46]. To design such compounds, 

it is necessary to understand the receptor-ligand system in detail, and to decipher the relationship 

between signaling pathways and physiological effects in vivo [46,47]. Unfortunately, these links are 

not always obvious, often remain unknown and neglected, and may even be distinct between 

different cell types, tissues, or species in which the same receptors are expressed. For instance, it has 

been shown that β-arrestin-biased ligands of dopamine D2 receptors behave as agonists in cortical 

regions and as antagonists in the striatum, these region-specific actions being related to the 

differential expression levels of β-arrestins and G protein-coupled receptor kinases across brain 

structures [48]. In addition, species differences can significantly influence clinical translation. In this 

respect, the G protein-biased agonist nalfurafine has been reported to exhibit greater biased signaling 

to human KOP than its rodent counterpart [49].  
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Figure 2. The concept of biased signaling. (A) A balanced ligand triggers activation of all signaling proteins 

coupled to a given GPCR (Pathways A and B). (B-C) Biased agonists, on the other hand, activate only a subset 

of the receptor’s signaling repertoire. (B) A pathway A-biased ligand favors the recruitment of pathway A 

signaling partners over the activation of pathway B proteins. (C) Similarly, a biased ligand favoring pathway B 

triggers activation of the pathway B signaling cascade rather than recruitment of pathway A proteins. 

The translation from biased agonism in in vitro studies to in vivo efficacy for market release is 

facing several challenges. These include potential differences in bias profiles between human and 

animal receptor orthologs, and the need to thoroughly characterize the true efficacies and signaling 

profiles of biased candidate molecules beyond the simple comparison of G protein- and β-arrestin-

dependent pathways. Failure to adequately address these factors during the drug discovery process 

may contribute to the high attrition rate of new opioid drug candidates in clinical development 

[50,51]. Interestingly, retrospective analyses of clinically approved opioid drugs for biased signaling 

can improve understanding of relevant signaling pathways and help future drug development by 

identifying patterns and mechanisms that can be leveraged to design more effective and safer opioid 

analgesics. 

4. Old Drugs, New Tricks: MOP-Biased Agonists in Clinically Approved 

Opioids 

The concept of biased signaling was not yet known when the majority of opioids currently in 

clinically use first appeared on the market. Nonetheless, deciphering the signaling effects of these 

clinically relevant drugs can be helpful in better understanding the beneficial and adverse effects 

associated with opioids. One of the first reports of biased properties of clinically used opioids was 

the difference in MOP internalization observed between cells treated with Met-enkephalin and 

morphine [53]. Met-enkephalin was found to trigger rapid internalization of MOP, whereas 

morphine did not promote receptor endocytosis. Since these first demonstrations, several studies 

have revealed the biased properties of MOP ligands [24,53]. McPherson et al. [54] compared the 

intrinsic efficacies for G protein activation and β-arrestin 2 recruitment of 22 preclinical and clinical 

MOP agonists. Although the authors did not calculate bias factors (relative efficacies of a ligand for 

these two signaling pathways), they described fentanyl and alfentanil, two opioids used in surgical 

analgesia with a rapid onset, and etorphine, a tranquilizer used in veterinary medicine, as MOP 

ligands that favor recruitment of β-arrestin 2 [54] (Table 1). Fentanyl and sufentanil were also 

assessed in a recent study investigating the functional selectivity of novel MOP ligands, and these 

two synthetic opioids showed a strong bias towards β-arrestin 2 recruitment compared with 

DAMGO used here as the reference compound [55]. Interestingly, morphine has been described as a 

balanced ligand or agonist slightly biased towards β-arrestins (Table 1). 

Table 1. Opioid compounds used in clinical practice and under development. Clinically approved opioid 

agonists are in non-colored cells, while biased ligands under preclinical and clinical development are in grey-

shaded cells. 

Compound Structure Biased toward1 
Contradictory 

literature 

Morphine 

 

β-arrestins 

[55,68,150] 

No bias 

[101,151,152] 

Fentanyl 

 

β-arrestins 

[55,95] 

No bias 

[96] 
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Buprenorphine 

 

G protein 

[101,118,150,

153] 

 

Levorphanol 

 

G protein 

[65] 
 

Oliceridine 

 

G protein  

[67,68] 

Tendency 

towards G 

protein 

[101] 

PZM21 

 

G protein  

[90,93] 

Tendency 

towards G 

protein 

[101] 

SR-17018 

 

G protein  

[55] 

Tendency 

towards G 

protein 

[101] 

1Bias was calculated using DAMGO, a peptide agonist at the µ-opioid receptor, as a reference agonist. 

Buprenorphine is a drug used to treat opioid abuse disorders, and has recently been exploited 

for its analgesic action [57]. Buprenorphine binds to and activates all four opioid receptors, making 

its pharmacology even more complex. It is a MOP agonist, a KOP and DOP antagonist, and a weak 

NOP agonist [58]. Moreover, buprenorphine is a biased agonist at the MOP level as it activates Gαi 

but fails to recruit β-arrestin 2 [54]; it is therefore reasonable to assume that this prescribed drug will 

exert similar analgesic efficacy to that of morphine and a lower risk of undesired effects [58] (Table 

1). Furthermore, owing to its complex pharmacology at opioid receptors, buprenorphine is thought 

to have a lower abuse potential [60]. Nevertheless, it should be noted that norbuprenorphine, an 

active degradation metabolite of buprenorphine, presents a very different signaling profile at MOP 

[58]. Norbuprenorphine is a potent G-protein activator, with morphine-like efficacy and better 

potency than DAMGO. However, unlike buprenorphine, it strongly recruits β-arrestin 2, with a 

profile similar to that of DAMGO [54]. Consequently, buprenorphine dosing in patients must be 

carefully monitored to avoid norbuprenorphine-induced adverse effects [60]. 

Finally, levorphanol is a non-selective opioid agonist with complex pharmacodynamic 

properties [61]. Synthesized in the late 1940s as an alternative to morphine, this pan-opioid receptor 

agonist is also an N-methyl-D-aspartate (NMDA) antagonist that also acts as a norepinephrine and 

serotonin reuptake inhibitor (SNRI) [62]. Often referred to as the “forgotten opioid,” levorphanol is 

neither known nor prescribed by most physicians [62,63]. It has been revisited, and extensive 

pharmacological characterization has shown that levorphanol acts as a moderate µ-biased agonist 

favoring G protein activation at several MOP splice variants [65] (Table 1). In addition, less 

respiratory depression was observed with levorphanol than with morphine at a dose 5 fold higher 

than their analgesic ED50 [65]. This new classification, combined with its safety profile, could give a 

new start to this forgotten opioid drug [65,66]. 
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5. Oliceridine, the Prototype MOP-Biased Agonist 

Oliceridine, also known as TRV130 or Olinvik™, its commercial name, is a MOP ligand 

developed by the biotech company Trevena, Inc. (NASDAQ: TRVN, Chesterbrook, PA, USA). This 

compound is a selective MOP small molecule that was discovered after screening a compound library 

and a structure-activity relationship study, where it displayed a profile biased towards Gαi activation 

(Table 1) [68]. Oliceridine was then tested in vivo in mice and rats, and it was noted that oliceridine 

had similar efficacy to morphine in acute and postoperative pain models. However, due to its lower 

efficacy in β-arrestin 2 recruitment following MOP activation, oliceridine displayed an increased 

therapeutic window (range of drug doses providing safe and effective therapy) compared to 

morphine for assays of constipation and respiratory suppression [68]. These encouraging results, 

combined with early phase III results prompted Trevena to advance oliceridine through the drug 

discovery process and file a new drug application in November 2017 to the U.S. Food and Drug 

Administration (FDA), which was accepted in January 2018 [70,71]. Unfortunately, in October of that 

year, the FDA’s Anesthetic and Analgesic Drug Products Advisory Committee (AADPAC) voted 

against approval of oliceridine [72]. The FDA recognized that oliceridine demonstrated statistically 

significant pain relief compared with placebo, and that some doses had fewer side effects than 

morphine. However, doses with fewer undesired effects were also less effective than morphine in 

relieving pain, and therefore, did not support a safer profile [73]. Nevertheless, the FDA agreed that 

Trevena’s safety database supported a maximum dose of 27 mg per 24 h of oliceridine. The company 

also agreed to conduct a study to collect the requested QT interval data (the time elapsed between 

the start of the Q wave and the end of the T wave on the electrocardiogram), as those administered 

during the new drug application were deemed inadequate for the proposed dosing [74]. The FDA 

report suggests there is considerable interest in oliceridine as a new analgesic, but more safety data 

is required before approval. 

In 2019, Trevena announced the launch of a QT interval study of healthy volunteer for oliceridine 

with the aim of collecting additional data requested by the FDA prior to the re-submission of the new 

drug application for this molecule [75]. Trevena also published a clinical safety study showing that, 

unlike morphine and hydromorphone, no dose adjustment of oliceridine is required in patients with 

renal dysfunction or mild-to-moderate hepatic impairment. However, dose reduction and careful 

monitoring should be carried out in patients with severe hepatic dysfunction [76]. In early 2020, 

Trevena resubmitted a new drug application to the FDA, including data from a multi-dose QT study 

in healthy volunteer, non-clinical data confirming levels of an inactive metabolite, and drug product 

validation reports [76,77]. These new data helped convince the FDA of the safety of oliceridine with 

a maximal dose of 27 mg/day, leading to the approval of oliceridine in August 2020 [79]. The FDA's 

decision underscored the need for new opioid analgesics with improved safety profiles, especially in 

hospital settings where intravenous administration is required [80]. This was the first approval of a 

biased agonist specifically developed for MOP. Unfortunately, although the rational design was 

initially very elegant, oliceridine has a similar benefit-risk profile to that of other previously approved 

opioids, with some evidence of a slightly improved respiratory safety profile [80,81]. Following FDA 

approval, oliceridine was classified as a Schedule II controlled substance by the U.S. Drug 

Enforcement Administration (DEA). This classification reflects its abuse potential, similar to that of 

other opioids, and requires careful monitoring and control during clinical use [83,84]. Since its 

approval in the U.S., oliceridine has been introduced to the Chinese market in the first half of 2023 by 

Jiangsu Nhwa Pharmaceutical, in partnership with Trevena [85]. 

Follow-up studies have shown that olicerdine induces less respiratory depression than 

morphine at equianalgesic doses, regardless of age and body mass index, two factors known to 

exacerbate morphine-induced respiratory depression [85,86]. Furthermore, oliceridine seems to be 

better tolerated than morphine by patients, reducing the use of rescue antiemetics [87,88]. Ongoing 

research aims to further elucidate the efficacy and safety of olicerdine in broader clinical settings and 

explore its potential applications in other pain management paradigms such as acute pain after burn 

injury [90]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 February 2025 doi:10.20944/preprints202410.2014.v2

https://doi.org/10.20944/preprints202410.2014.v2


 9 of 24 

 

Overall, the approval of oliceridine is an encouraging step forward in pain management, 

offering a novel approach to opioid analgesia with a potentially improved safety profile. Its 

development and approval represent a significant milestone in addressing the challenges associated 

with traditional opioid therapies. 

6. MOP-Biased Ligands in Preclinical Development 

Although oliceridine was the first specifically designed MOP-biased ligand to enter clinical 

trials, the search for other MOP ligands has not stopped. Indeed, in recent years, many MOP-biased 

ligands have been reported to be effective analgesics in preclinical studies (Figure 3). Among the 

ligands developed are PZM21 [90] and SR-17018 [55] (Table 1). 

 

Figure 3. Biased agonism at the µ-opioid receptor. MOP-induced Gαi activation is responsible for the 

antinociceptive and analgesic effects of µ-agonists, while unwanted effects are, in part, related to β-arrestin 2 

recruitment following MOP activation. Consequently, MOP ligands favoring β-arrestin 2 recruitment over G 

protein activation, such as fentanyl, produce more undesirable effects than G protein-favoring ligands, such as 

PZM21 or TRV130. These effects include tolerance and may include respiratory suppression. G protein-biased 

agonists are of greater therapeutic interest due to their increased analgesic profile, but they can also lead to 

respiratory depression. 

PZM21 is a MOP-selective opioid agonist and KOP antagonist developed after virtual library 

screening using the MOP crystal structure, followed by a structure-activity relationship study. Like 

oliceridine, this compound has a structure that is unrelated to other known opioids. Thus, as recently 

suggested, entirely new molecular entities may exhibit the same primary outcome (i.e., analgesia), 

but may also be accompanied with by their own range of unwanted effects, such as glial activation 

and interactions with cytokines, which may affect the immune system’s ability to fight potential 

infections [91]. PZM21 was described as an antinociceptive compound in acute- and formalin-

induced tonic pain tests. At the cellular level, PZM21 was initially reported to activate the Gαi 

pathway with morphine-like potency and to not trigger β-arrestin 2 recruitment. This new entity is 

as effective as morphine and exhibits a prolonged duration of action in both hot-plate and tail-flick 
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studies of acute thermal nociception [90,92]. In addition, it causes less constipation than morphine 

and presents no respiratory suppression or rewarding effects at doses below the maximal effective 

analgesic dose (equivalent to 10 mg/kg of morphine). In a subsequent study of PZM21 by another 

research team, it appeared that this compound was as potent as morphine in engaging the Gαi 

pathway, but also seemed to promote recruitment of β-arrestin 2 [94]. The authors also examined the 

effects of PZM21 on respiratory suppression using whole-body plethysmography. Their results 

demonstrated that PZM21 was comparable to morphine in inducing respiratory depression at an 

equianalgesic dose [94]. The authors even tested a separately synthesized batch of PZM21 to confirm 

their results. Thus, PZM21 appears to resemble morphine more than a pure G-protein biased agonist. 

However, a recent study showed that, unlike clinically relevant opioids, PZM21 was unable to induce 

reward-associated behaviors in conditioned place preference and locomotor sensitization 

experiments in mice, and in intravenous self-administration in rats [92]. 

SR-17018 is a MOP agonist from a series of MOP-targeting compounds recently reported to 

display a wide range of bias factors, from molecules favoring β-arrestin recruitment to ligands with 

a strong G-protein bias. Here, the authors compared the dose-response curves of their new 

compounds, including SR-17018, and clinically relevant opioids, such as morphine, fentanyl, and 

sufentanil, on respiratory depression and analgesia. They found a significant correlation between 

therapeutic window and bias factor, meaning that the more a ligand is biased towards G protein 

activation, the safer the compound is with regard to respiratory events [55]. In this study, it is not 

only the fact that the ligand is a biased agonist, but also the extent to which the ligand is biased, which 

is relevant for compound safety. SR-17018 showed a >100-fold preference for G proteins over β-

arrestin for murine MOP, as well as sustained antinociceptive action in acute thermal pain paradigms 

in mice. However, unlike morphine and fentanyl, SR-17018 did not induce signs of respiratory 

depression at the analgesic dose, thus drastically increasing its therapeutic window to nearly 30 times 

the ED50 for analgesia (for reference, the therapeutic windows of morphine and fentanyl are at 5- and 

2-fold the ED50, respectively). In a follow-up study, the authors showed that a 6-day pretreatment 

with SR-17018 did not impair its own analgesic potency nor that of morphine in an acute thermal 

pain test, indicating that SR-17018 does not seem to induce tolerance at MOP [94]. This result was 

confirmed by the fact that [35S]-GTPγS binding was not reduced in the periaqueductal grey 

membranes from animals subjected to chronic treatment with SR-17018 (whereas a significant 

decrease in [35S]-GTPγS binding was observed in morphine-treated animals) [94]. 

Finally, a recent report on the poses of fentanyl, carfentanyl, and lofentanyl in molecular 

dynamics simulations revealed that residue M1533.36 of MOP is crucial for inducing β-arrestin 2 

recruitment after fentanyl stimulation [96]. Moreover, they showed that the n-aniline group of 

fentanyl and its derivatives were drivers of β-arrestin 2 recruitment at MOP. As a result, newly 

synthesized analogs without the n-aniline ring exhibited a profile biased towards Gαi activation. 

Interestingly, a second study revealed that carfentanil, unlike fentanyl, was able to interact with 

available residues Y1282.64 or I2966.51 via its 4-carbomethoxy moiety [96]. In parallel, they calculated 

the bias factor of carfentanil and other fentanyl derivatives from bioluminescence resonance energy 

transfer (BRET) assays, with carfentanil being the only one to show a significant bias towards β-

arrestin 2 recruitment. These new important structural insights may open the way for the 

development of potent MOP-biased ligands based on the fentanyl chemical scaffold in the near 

future. Moreover, the recent resolution of MOP bound to different ligands has paved the way for 

receptor-based virtual screening and possibly AI-assisted drug discovery [12,97,98]. 

7. MOP-Biased Ligands Versus Low Intrinsic Efficacy Ligands at the µ-Opioid 

Receptor 

Following multiple studies over the past five years, MOP-biased ligands as an avenue for pain 

therapies were found to be less of a clear solution than originally thought [100]. Herein, work 

previously carried out to establish a strong correlation between β-arrestin 2 recruitment and 

debilitating MOP-related side effects was revisited by a consortium of three different laboratories 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 February 2025 doi:10.20944/preprints202410.2014.v2

https://doi.org/10.20944/preprints202410.2014.v2


 11 of 24 

 

[34]. The main findings of these experiments led to a discrepancy between the original work and 

current understanding [27]. The role of β-arrestin 2 in side effects has been reconsidered with respect 

to respiratory depression and is now thought to be dependent on G protein activation [34]. However, 

G protein activation is still considered the primary signaling pathway relevant for antinociceptive 

action, and the development of tolerance to analgesic compounds is related to receptor 

desensitization via β-arrestin 2 recruitment following GRK phosphorylation [32,100]. Hence, the 

development of biased MOP ligands remains relevant.  

In 2020, Gillis et al. [101] posited that a low intrinsic efficacy component (i.e., partial agonism 

across all signaling pathways) of opioid agonists correlated with a better analgesic effect/side-effect 

profile. In fact, they hypothesized that the improved safety profiles of biased opioid ligands were due 

to their low intrinsic efficacy, rather than the bias per se (Figure 4). They suggested that these 

molecules were previously interpreted as biased ligands because the original assessment of bias had 

been performed using assays in which G protein responses were amplified (i.e., cAMP accumulation) 

but β-arrestin recruitment responses were not. They used assays with minimal amplification 

(recruitment of Nb33 (a biosensor for the active state of MOP [102]), mGsi (modified Gi subunit 

recruited to the receptor upon activation [103]), GRK2 and β-arrestin 2) which may be more relevant 

in reflecting efficacy. Their findings suggest that TRV130, PZM21, buprenorphine, and SR-17018 are 

agonists with low intrinsic efficacy rather than biased ligands, and that there is a strong correlation 

between the efficacy of receptor activation, G protein coupling, and β-arrestin recruitment and 

improved side-effect profile. Interestingly, the latter study was re-analyzed by Stahl and Bohn [105], 

and their analysis showed that bias was the main driving force in predicting desirable 

pharmacological properties. Thus, partial agonism in all signaling pathways may be a determining 

factor in the development of safer opioid analgesics, but it is certainly not the only one and it should 

not overshadow all previous research on biased compounds.  
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Figure 4. Low intrinsic efficacy at µ-opioid receptor. Various signaling pathways have been evaluated 

following MOP stimulation. These include receptor activation and G protein signaling, recruitment of Nb33 as 

a surrogate for the active-state of MOP, mGsi recruitment, Gαi/o activation, cAMP inhibition, GIRK activation and 

recruitment of regulatory proteins and internalization, GRK2 recruitment, β-arrestin 2 recruitment, and Rab5 

trafficking as reported by Gillis, Gondin [101]. The close correlation of efficacy across each assay led to the 

quantification of intrinsic efficacy. In ascending order of intrinsic efficacy, Buprenorphine was the least effective, 

followed by SR-17018, PZM21, TRV130, morphine and fentanyl. Efficacy was inversely correlated with the 

therapeutic window (i.e., buprenorphine exhibits a wider therapeutic window than fentanyl). 

8. Abuse Liability and Tolerance of Novel MOP Ligands in the Current Opioid 

Crisis 

The current opioid epidemic is largely related to increased opioid prescribing, misuse, overuse, 

and abuse. The development of illicit synthetic opioids, more potent than morphine (e.g., carfentanil 

is 10,000 times more potent than morphine or nitazene compounds which often require multiple 

doses of naloxone to reverse severe side effects), has also contributed to the higher risk of death from 

overdose [105–109]. The opioid crisis is particularly visible in North America (predominantly in the 

U.S. and Canada) and Australia, while European and low-income countries seem less affected [111]. 

Over the past 20 years, opioid consumption (legal and illegal) in the U.S. has increased almost 15-

fold, resulting in over 33,000 opioid-related deaths in 2015 [10,111]. After the U.S., Canada is the 

country with the highest per capita consumption of prescribed opioids in the world; however, when 

morphine equivalents dispensed are considered, Canada ranks first [112]. The opioid crisis has 
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prompted the search for analgesics with reduced abuse potential, and it is legitimate to think that 

biased MOP ligands could be a possible solution to this growing epidemic. 

Analgesia has been extensively linked to G-protein activation by MOP, and some of the adverse 

effects, such as tolerance, have been linked to the recruitment of β-arrestin 2. Although opioid abuse 

can result in addiction and physical dependence, activation of the reward circuitry by opioids has 

not yet been positively correlated with a specific cellular signaling pathway. However, there is some 

evidence indicating that β-arrestin 2 knockout (KO) mice display similar drug addiction withdrawal 

symptoms to their wild-type littermates [29]. Accordingly, the same research group showed that 

dopamine, considered a key player in addiction, was released to a greater extent in the striatal region 

of β-arrestin 2 KO mice following morphine treatment than in WT mice. In addition, β-arrestin 2 KO 

mice spent more time in the drug chamber during a conditioned place preference assay [114]. 

Altogether, these results strongly suggest that morphine-induced rewarding effects are not triggered 

by β-arrestin 2 signaling, but rather by G protein engagement. Thus, the abuse potential of G protein-

biased MOP agonists is expected to be as high if not higher than that of other opioids. 

The MOP-biased ligand oliceridine was assessed during preclinical development for its 

morphine-like reward effects. Self-administration in rats showed that oliceridine triggers the same 

rewarding behaviors as oxycodone, another opioid analgesic with high abuse potential [114]. 

Intracranial self-stimulation in rats and place conditioning experiments in mice showed that 

oliceridine has the same abuse potential as other opioid drugs.[115,116] This has also been assessed 

in a randomized clinical trial involving healthy volunteers who  reported a ‘high’ on the drug effects 

questionnaire, confirming the abuse liability of oliceridine [117]. 

On the other hand, PZM21 was also assessed for its abuse potential in a conditioned place 

preference test on mice. In the first report on PZM21, the authors showed that chronic injections of 

this compound at submaximal doses did not induce place preference. In the same study, the authors 

also reported that the use of oliceridine alone failed to promote any place preference [90]. Therefore, 

knowing that oliceridine promotes reward-seeking behavior, the abuse potential of PZM21 could not 

be established. In another independent study of PZM21, the inability to induce place preference was 

demonstrated using increasing doses of PZM21. This confirmed the lack of abuse potential of this 

new entity [92]. However, the chronic administration of PZM21 resulted in signs of physical 

withdrawal in the naloxone-precipitated jump paradigm [92]. It has not been established whether 

PZM21’s lack of reward effects is due to its unique biased signaling profile at the MOP or whether 

this can be ascribed to its antagonistic properties at the KOP or to its atypical chemical structure. 

Finally, it was recently reported that the G protein-biased MOP agonist SR-17018 fails to induce 

analgesic tolerance, but also displays fewer signs of physical dependence than morphine after chronic 

administration [119]. The authors also showed that administration of SR-17018 reversed signs of 

withdrawal upon morphine pump removal, with efficacy comparable to that of buprenorphine [119]. 

Sustained analgesic potency and low dependence liability confer highly desirable properties on SR-

17018, prompting further characterization of this promising compound. Importantly, to date, no 

clinical trials have been conducted to investigate the analgesic properties or safety profiles of SR-

17018 and PZM21. 

9. Alternatives to Biased Signaling at the µ-Opioid Receptor 

Despite decades of pain research, we are faced with the awarness that the initial approaches 

taken were undoubtedly incorrect. While research has mainly focused on the design of high-affinity 

MOP ligands, the emergence of other novel avenues has begun to prove some clinical interest. 

Targeting other members of the opioid receptor family could be an attractive avenue, as most of the 

debilitating side effects associated with current analgesics are linked to MOP activation. Among 

these, DOP agonists have shown sustained analgesia; however, their ability to produce seizures has 

limited their clinical development [120]. However, further carefully designed studies to address why 

certain DOP agonists are seizurogenic could accelerate the development of novel DOP clinical 

candidates in the near future [120]. Some evidence has shown that G protein-biased DOP ligands are 
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preferable. For instance, the selective biased DOP small molecule, PN6047, which relieves chronic 

pain without tolerance or seizures in rodents, recently completed a phase I clinical trial with 

encouraging results [121,122].  

In contrast, selective KOP agonists were initially forgotten due to severe side effects such as 

sedation, dysphoria, and hallucination [123,124]. To date, no selective KOP agonists has been 

clinically approved for pain management, but preclinical studies have revealed in recent years that 

G protein activation is responsible for antinociceptive action, whereas β-arrestin recruitment has been 

linked to dysphoric effects [125–127]. The use of this strategy could enable the development of a KOP 

agonist with a safer profile. Interestingly, peripherally restricted -opioid receptor agonists have also 

been proposed as a way to avoid the deleterious central-mediated side effects of KOP activation while 

leading to effective management of visceral pain management [126,129]. For instance, CR665, a 

peripheral KOP agonist supported by Cara therapeutics, showed promising antinociceptive effects 

for visceral pain  in a 2009 human proof-of-concept clinical study [130]. However, due to its 

pharmacokinetics properties CR665 have to be administered intravenously thus, slowing its clinical 

development. 

Another alternative to classical opioids is the inhibition of opioid peptide scavenger receptors 

[128]. The rationale is that while endogenous opioid peptides such as endorphins, enkephalins, and 

dynorphins can modulate pain on their own, their action is negatively affected by scavenger receptors 

such as the atypical chemokine receptor 3 (ACKR3, previously known as CXCR7), reducing their 

availability to canonical opioid receptors [129,130]. Hence, competitive ligands of ACKR3, such as 

LIH383, could increase the availability of endogenous ligands to classical opioid receptors and enable 

extended analgesic action [128]. 

Given the complexity of the nociceptive transmission and development of chronic pain, it is 

unlikely that a single mechanism of action can provide sustained and effective pain relief. For 

instance, nociceptive transmission involves several endogenous systems that are modulated and fine-

tuned by several receptors, hormones, and neuromodulators. To this end, multimodal therapies have 

been used as a means of approaching the treatment of chronic pain on a much broader spectrum 

[131,132]. The concurrent use of two or more drugs (polypharmacy) is common [133,134]. For this 

reason, a growing number of fixed-dose combinations (two medicines incorporated into a single 

formulation), such as oxycodone/ibuprofen or tramadol/acetaminophen, are being developed 

[135,136]. The advantage over polypharmacy lies in improving patient compliance by reducing the 

pill load. However, many drawbacks such as drug interactions and solubility incompatibility limit 

some of these combinations [140]. Hence, the development of a single entity that can incorporate both 

drugs has emerged with co-crystals, such as Seglentis (a co-crystal of the two enantiomers of tramadol 

and celecoxib), to resolve pharmacokinetic and formulation issues [138]. Interestingly, multiple single 

agents exerting pain-relieving action through a combination of mechanisms have recently been 

clinically approved. These include tapentadol (combining opioid and noradrenergic mechanisms) 

[142], tramadol (combining opioid and monoaminergic mechanisms) [143], buprenorphine, and 

cebranopadol (dual MOP/NOP actions) [141–143]. As a more selective approach, bifunctional 

compounds, comprising two opioid moieties  or an opioid and a non-opioid pharmacophore, have 

been proposed as being of great interest [144–146]. However, to date, these compounds remain in the 

academic development stage, and none has yet been brought to market. 

10. The Still Unknown Component for an Ideal Analgesic 

Studies using knockout mice have revealed the basic components needed to make a highly 

desirable opioid analgesic, a selective G protein-biased MOP ligand. This type of molecule has been 

hypothesized to promote analgesia without major unwanted effects such as respiratory depression 

and tolerance. However, certain components are still missing. The discrepancies between studies 

highlight the gaps and challenges that remain when it comes to transposing in vitro bias to in vivo 

physiology (e.g., variation in stoichiometry between receptors and signaling components or between 

GRKs and β-arrestins, variable temporal differentiation of agonist signals in cells, location bias, and 
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the involvement of intrinsic pharmacokinetic properties; for an extensive and comprehensive review, see 

Kenakin (2024) [51]). We need to keep in mind that as we move forward from in vitro to in vivo, we 

will need to take additional factors into account as interactions and interconnections between co-

dependent systems increase [150]. Filling the translational gap between in vitro and in vivo may 

require radical changes to the process of developing biased molecules in order to refine the choice of 

molecules and to make better-informed decisions. The use of primary cells from animal models of 

diseases is often cited as an intermediate approach, but the use of more complex readouts, such as 

transcriptome analysis, might yield more relevant and structured data for the development of biased 

ligands [148,149]. This could help explain why some G protein-biased agonists with similar profiles 

display no rewarding effects and no dependence, whereas others have the same abuse liability as 

clinically used opioids. 

Although oliceridine is the first prospectively designed MOP-biased agonist to receive clinical 

approval, it has yet to demonstrate clear superiority over standard opioid treatments in terms of 

safety and efficacy. Nevertheless, retrospective analyses of drugs known for biased signaling, such 

as buprenorphine and levorphanol, suggest that biased agonism and/or agonists with low intrinsic 

efficacy remain a promising approach to pursue in the quest for new and improved painkillers. 
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