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SIGNIFICANCE STATEMENT
The idea that biased agonists at the m-opioid receptor might
provide a therapeutic advantage in terms of producing effective
analgesia with fewer adverse effects has driven the design of
novel G protein-biased agonists. However, is the desirability of G
protein-biased agonists at m-opioid receptor substantiated by
what we know of the physiology and pharmacology of the
receptor? Also, do any of the novel biased agonists live up to
their initial promise? Here we address these issues by critically
examining the evidence that G protein bias really is desirable and
also by discussing whether the ligands so far developed are
clearly biased in vitro and whether this produces responses
in vivo that might be commensurate with such bias.

Introduction

agonist at a GPCR is able to stabilize a range of receptor conformations, biased ligands are thought to stabilize
a specific repertoire of receptor conformations that are
distinct from that of a nonbiased agonist or an oppositely
biased agonist (Kenakin and Morgan, 1989; Urban et al.,
2007; Kelly, 2013; Latorraca et al., 2017). Biased ligands
will thus generate distinct signaling outputs, or profiles,
compared with unbiased or oppositely biased agonists
(Fig. 1). It should be noted that bias is always relative,
with the bias of test ligands being calculated relative to
a standard ligand, usually the endogenous agonist or a well
characterized agonist at the receptor (Kenakin et al., 2012).
The latter is often assumed to be nonbiased, or balanced,
and usually produces efficient activation of the most
measured signaling outputs, normally G protein activation
and arrestin recruitment.
For the m-receptor, the idea of biased agonists being desirable therapeutics stems from the observation a number of
years ago that in arrestin-3 (also known as b-arrestin 2)knockout mice, morphine has an increased analgesic effect,
perhaps in part because the effect is less liable to tolerance
(Bohn et al., 1999). Importantly, in the arrestin-3-knockout
mice, the gastrointestinal and respiratory depressant effects
of morphine were reported to be reduced (Bohn et al., 2000;
Raehal et al., 2005). This led to the key concept—which has

Opioid drugs bring with them blessings and curses, as
anyone familiar with the opioid field will know. Drugs such as
morphine are among the most important medicines we have
for the treatment of acute severe pain. On the other hand,
these drugs are associated with addiction as well as deaths
owing to overdose. The latter has reached epidemic proportions in the United States (Seth et al., 2018).
Opioid receptors are G protein–coupled receptors (GPCRs),
consisting of m-, d-, and k-opioid–receptor subtypes; in addition, there is the related nociceptin/orphanin FQ peptide
(NOP) receptor (Alexander et al., 2013). Although d-, k-, and
NOP receptors are implicated in mechanisms of analgesia
(Günther et al., 2018), it is m agonist drugs that far and away
remain the mainstay of pain treatment. To develop improved
analgesics with fewer side effects, newer approaches that still
involve m-opioid receptors are actively being pursued, including the development of allosteric ligands (Burford et al.,
2013), bivalent and bifunctional ligands (Li et al., 2007;
Günther et al., 2018), and the subject of this review, biased
agonists (DeWire et al., 2013; Kelly, 2013). Although an
This work was supported by the Medical Research Council (Grant. MR/
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ABBREVIATIONS: DAMGO, [D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin; GPCR, G protein-coupled receptor; GRK2, G protein-coupled receptor
kinase 2; PZM21, 1-[(2S)-2-(dimethylamino)-3-(4-hydroxyphenyl)propyl]-3-[(2S)-1-thiophen-3-ylpropan-2-yl]urea; TRV130, N-[(3-methoxythiophen2-yl)methyl]-2-(9-pyridin-2-yl-6-oxaspiro[4.5]decan-9-yl)ethanamine.
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ABSTRACT
The field of biased agonism has grown substantially in recent years
and the m-opioid receptor has been one of the most intensively
studied receptor targets for developing biased agonists. Yet,
despite extensive research efforts, the development of analgesics with reduced adverse effects remains a significant challenge. In this review we discuss the evidence to support the
prevailing hypothesis that a G protein-biased agonist at the
m-opioid receptor would be an effective analgesic without
the accompanying adverse effects associated with conventional
m-opioid agonists. We also assess the current status of established and novel m-opioid–receptor ligands that are proposed to
be biased ligands.
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Fig. 1. Signaling of biased agonists. In most cases agonists regarded as nonbiased can efficiently activate both G protein- and arrestin-dependent
signaling. Relative to this, biased agonists preferentially activate either G protein- or arrestin-dependent signaling as shown in bold arrows.

Potentially Biased m Ligands, Past and Present
Drugs biased for either G protein or arrestin signaling have
been reported over the past few years, and in the following
we briefly summarize the evidence to back up or question
such claims.
Herkinorin. An early candidate for a G protein-biased
agonist was herkinorin, a derivative of salvinorin A, the
plant-derived hallucinogen. Herkinorin was reported to
exhibit substantial G protein bias on the basis of the
observation of a lack of arrestin recruitment and internalization in contrast with its ability to induce extracellular
signal-regulated kinase phosphorylation (Groer et al., 2007).
However, more recently herkinorin was reported to be a full
agonist for arrestin recruitment, with efficacy similar to that
ofDAMGO (Manglik et al., 2016), calling into question the
G protein-biased profile of herkinorin. It should be noted,
however, that the above studies used different experimental approaches to investigate arrestin recruitment, which
may in part, explain the opposing data. Therefore, whether
herkinorin really is a G protein-biased agonist remains to be
conclusively determined.
Mitragynine. Another family of natural compounds suggested to display varying degrees of G protein bias at the
m-receptor is mitragynine and its analogs. These compounds
are biosynthesised by Mitragyna speciose, a medicinal plant
commonly known as kratom that is used as a stimulant and for
its analgesic effects (Yamamoto et al., 1999; Prozialeck et al.,
2012). These compounds were inactive in arrestin recruitment
assays and were reported to have a favorable in vivo profile, for
example, reduced antinociceptive tolerance compared with
morphine (Kruegel et al., 2016; Váradi et al., 2016). Although
these compounds also act as antagonists at the d-opioid

receptor, which may contribute to the attenuation of some of
the adverse effects observed in vivo (Váradi et al., 2016).
Oliceridine. The first important new small molecule to be
proposed as a G protein-biased agonist was the Trevena
compound TRV130, now known as oliceridine (DeWire et al.,
2013). This drug, reported to be a G protein-biased selective
m-receptor agonist, was an effective analgesic in preclinical
studies, purportedly having a favorable side-effect profile,
inducing less respiratory depression and less constipation
than an equianalgesic dose of morphine (DeWire et al., 2013).
Yet the data from clinical trials failed to demonstrate significant therapeutic superiority in terms of analgesic efficacy and
diminished adverse effects compared with morphine (Stanczyk
and Kandasamy, 2018). Following completion of phase 3 trials,
the FDA advisory committee flagged significant concerns with
regard to the efficacy and safety profile of oliceridine compared
with morphine. At present the FDA has declined to approve
oliceridine, but Trevena has been granted the opportunity to
provide additional preclinical and clinical data to support
their oliceridine application (https://www.fda.gov/downloads/
AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/
AnestheticAndAnalgesicDrugProductsAdvisoryCommittee/
UCM622730.pdf). Interestingly, the G protein versus arrestin
bias of oliceridine was reported to be only 3-fold relative to
morphine, and the statistical significance of any bias was not
established (DeWire et al., 2013). The question for this drug
going forward is whether it really does offer a favorable in vivo
profile. If oliceridine does prove to be advantageous over the
established opioids currently in clinical use, then it remains to
be determined whether this is really owing to moderate G
protein bias, or is instead due to the overall low efficacy of the
agonist at the m-receptor, its pharmacokinetic profile in vivo,
or perhaps even a combination of the above. This is a crucial
question and one that merits further investigation as other
low efficacy agonists at the m-receptor, not reported as biased
agonists, have in some cases also been reported to exhibit
a favorable side-effect profile. For example, buprenorphine
produces less respiratory depression than higher efficacy
agonists, making it reportedly safer than methadone for opioid
substitution therapy in opioid addiction (Walsh et al., 1994;
Cowan, 2003; Dahan, 2006). Owing to the higher receptor
reserve (i.e., more efficient coupling) for G protein activation
versus arrestin recruitment, unbiased lower efficacy agonists
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dominated the opioid field now for almost 20 years—that
the analgesic effects of m-receptor agonists are G proteinmediated, and the adverse effects (constipation and respiratory depression) as well as tolerance, are mediated
in the main by arrestin-3. As a direct consequence, novel
G protein-biased agonists have been sought as potential
analgesics and are predicted to possess a better adverse
effect profile than morphine and other widely prescribed
m-receptor agonists.
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depression compared with fentanyl or morphine (Schmid
et al., 2017). One point of interest regards the pharmacokinetics of these new ligands. Whereas morphine and fentanyl
were rapidly absorbed into blood and brain following intraperitoneal administration to mice, the novel ligands were
absorbed much more slowly, and the resulting brain concentrations remained high for hours. It will be important to
determine whether these distinctive pharmacokinetics
play any role in the in vivo effects or lack of effects of these
novel ligands, such as whether respiration is affected at
later time points than those measured in the study (up to
1 hour). Nevertheless, these novel ligands are the first
m-opioid–receptor agonists reported to possess statistically
significant G protein bias, as well as reduced respiratory
depression compared with morphine and fentanyl (Schmid
et al., 2017).
Endomorphins. In contrast to the preceding compounds,
the endomorphin peptides endomorphin-1 and -2 were
reported to be arrestin-biased compared with other m-opioid
agonists (Rivero et al., 2012; Thompson et al., 2015b, 2016;
Burgueno et al., 2017). The functional significance of this
interesting observation about these peptides has yet to be
explored. Indeed the arrestin bias might suggest that endomorphins exert significant respiratory depression versus
analgesia, but the limited studies so far do not support this
(Zadina et al., 2016).
Fentanyl. More recently, fentanyl has been described as
an arrestin-biased ligand relative to DAMGO, in a comparison
of GTPgS assays and arrestin-3 recruitment. It was suggested
that the arrestin-biased signaling profile correlated with
a narrower therapeutic window owing to a greater propensity to induce respiratory depression (Schmid et al., 2017).
However, it should be noted that in the same study, Schmid
et al. also found fentanyl to be G protein-biased relative to
DAMGO when they compared cAMP signaling to arrestin-3
recruitment (Table 1). Thus the direction of bias was dependent on the cellular assay and receptor species used for
quantification (Schmid et al., 2017). Similar discrepancies in
the direction of bias for fentanyl were also noted in another
study (Burgueno et al., 2017). In contrast, various studies from
different laboratories have observed no apparent bias for
fentanyl (McPherson et al., 2010; Rivero et al., 2012; DeWire
et al., 2013; Winpenny et al., 2016).
In summary, this seems to be an opportune time to reassess
the role and potential of ligand bias in the therapeutic and

Fig. 2. (A and B) Simulated concentration-response curves to four agonists (a–d) at a GPCR in two different cellular assays measuring coupling efficiency
to either pathway 1 or pathway 2. Many would conclude by eye that the red and green agonists are G protein-biased compared with the black agonist. (C)
However, when bias factors for the blue, red, and green agonists are quantified by calculating the log ratios of transduction coefficients [ΔΔlog(t/KA)], as
discussed in the text, none of the agonists are found to be G protein-biased relative to the black agonist, as all of the agonists have values of ΔΔlog(t/KA)
approximate to 0, confirming the absence of any bias.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on May 26, 2022

will often exhibit much weaker arrestin recruitment than G
protein activation. This could be, and often is, misinterpreted
as G protein bias as opposed to differences in receptor reserve
between the two signaling pathways (Fig. 2). However even
if technically unbiased, the difference in ability to activate
G protein versus arrestin pathways, particularly for lower
efficacy agonists, may nevertheless represent an important
functional difference with potentially significant in vivo
consequences.
Trevena has also reported another G protein-biased m-receptor
agonist, TRV734, an orally available analog of oliceridine,
which is also reported to show a favorable in vivo profile in preclinical and clinical experiments (https://www.trevena.com/
pdf/PainWeek2015TRV734Ph1ClinicalStudiesPoster.pdf), but
the G protein efficacy of TRV734 is maybe less than that of
oliceridine, which again raises the possibility that the improved therapeutic profile arises, in part, from weak efficacy
and not bias. Interestingly, at the time of writing, Trevena are
also investigating the potential of TRV734 as an opioid maintenance therapy for opioid addiction (https://www.trevena.com/
news-details.php?id5217).
PZM21. In 2016 the ligand PZM21 was reported as a novel
structure that was G protein-biased at the m-receptor that
produced analgesia in mice but did not depress respiration
(Manglik et al., 2016). However, a subsequent study from our
laboratory reported that the bias of PZM21 was marginal at
best, although it was able to depress respiration similar to an
equi-analgesic dose of morphine (Hill et al., 2018). Furthermore, it was observed that PZM21 also induced analgesic
tolerance similar to morphine and that by the fourth day of
treatment both PZM21 and morphine were unable to induce
analgesia (Hill et al., 2018). These recent data question
whether PZM21 could provide any real benefit versus established m-opioid agonists such as morphine and buprenorphine.
Of note, in the original study by Manglik et al., the authors
were unable to achieve statistical significance of the bias
factor for PZM21, even in the presence of overexpressed GRK2
to facilitate more accurate estimations of arrestin recruitment. As such, no bias factor was reported, suggesting that
similar to oliceridine the extent of bias toward G protein
signaling is limited, if present at all.
SR-Compounds. More recently, a series of piperidinebased ligands have been developed, some of which were
reported to be markedly G protein-biased. They are analgesic yet are reported to produce relatively little respiratory

Assays (receptor species)

(6) SR-11501

SR-17018

SR-15099

SR-15098a

PZM 21
TRV 130

a-Neo

Sufentanil

0.41
0.12; 0.23

30; 102

G protein

Arrestin
Arrestin

85; 40

12; 55

G protein

G protein

47; 27

11; 55

G protein

G protein

14.6
8
N.R.
N.R.
3
4.2
29; 19

protein
protein
protein
protein
protein
protein
protein

1.9
0.16
0.06; 0.14

G protein
Arrestin
Arrestin

G
G
G
G
G
G
G

0.1
N.R.
1.3; 0.62

ΔΔlog(t/KA)
ΔΔlog(t/KA)

ΔΔlog(t/KA)

ΔΔlog(t/KA)

ΔΔlog(t/KA)

ΔΔlog(t/KA)

ΔΔlog(t/KA)

ΔΔlog(t/KA)
ΔΔlog(t/KA)
ΔΔlog(t/KA)
ΔΔlog(t/KA)
RAi
ΔΔlog(t)
ΔΔlog(t/KA)

ΔΔlog(t/KA)
ΔΔlog(t/KA)
ΔΔlog(t/KA)

GTPgS (hMOPr) vs. Arrestin-3 recruitment (N.R.)
Gai1 BRET (hMOPr) vs. Arrestin-3 recruitment (N.R.)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr);
cAMP (hMOP) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMOPR (brain)) v Arrestin-3 recruitment (mMOPr)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMOPr) v Arrestin-3 recruitment (mMOPR);
GTPgS (mMOPr (brain)) v Arrestin-3 recruitment (mMOPr)
cAMP (hMOPr) vs. Arrestin-3 recruitment (N.R.)
cAMP (hMOPr) vs. Arrestin-2 recruitment (N.R)
Gai2 BRET (hMOPr) vs. Arrestin-3 recruitment (N.R.)
cAMP vs. Arrestin-3 recruitment
cAMP (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
cAMP (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr);
cAMP (hMOP) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMOPr) vs. Arrestin-3 recruitment (mMOPr);
GTPgS (mMOPr (brain)) vs. Arrestin-3 recruitment (mMOPr)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr);
cAMP (hMOP) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMOPr) vs. Arrestin-3 recruitment (mMOPr);
GTPgS (mMOPr (brain)) vs. Arrestin-3 recruitment (mMOPr)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr); cAMP
(hMOPr) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMOPr) vs. Arrestin-3 recruitment (mMOPr);
GTPgS (mMOPr (brain)) vs. Arrestin-3 recruitment (mMOPr)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMOPr) vs. Arrestin-3 recruitment (mMOPr);
GTPgS (mMOPr (brain)) vs. Arrestin-3 recruitment (mMOPr)
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Arrestin
Arrestin
G protein; Arrestin

cAMP (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (N.R.)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (N.R.);
cAMP (hMOPr) vs. Arrestin-2 recruitment (N.R.)
Arrestin
N.R.
Correlation of operational efficacy (t) GTPgS (rMOPr) vs. Arrestin-3 recruitment (N.R.)
Arrestin
N.R.
ΔΔlog(t/KA)
Gai3 BRET (hMOPr) vs. Arrestin-3 recruitment (N.R.)
Endomorphin-2
Arrestin
N.R.
(blig)
GTPgS (rMOPr) vs. Arrestin-3 recruitment (N.R)
Arrestin
N.R.
Correlation of operational efficacy (t) GTPgS (rMOPr) vs. Arrestin-3 recruitment (N.R.)
Arrestin
0.23
ΔΔlog(t)
cAMP (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
G protein
N.R.
ΔΔlog(t/KA)
cAMP (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
Fentanyl
Arrestin; G protein 0.18; 2.8
ΔΔlog(t/KA)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr);
cAMP (hMOP) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMoPr) v Arrestin-3 recruitment (mMoPr);
Arrestin
0.05; 0.15
ΔΔlog(t/KA)
GTPgS (mMOPr (brain)) v Arrestin-3 recruitment (mMOPRr)
cAMP (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
G protein
9.1
ΔΔlog(t/KA)
Arrestin
0.37
ΔΔlog(t)
cAMP (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
Loperamide
G protein
10.1; 9.4
ΔΔlog(t/KA)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (N.R.);
cAMP (hMOPr) vs. Arrestin-3 recruitment (N.R.)
GTPgS (hMOPr) vs. Arrestin-2 recruitment (N.R);
G protein
18.3; 17.0
ΔΔlog(t/KA)
cAMP (hMOPr) vs. Arrestin-2 recruitment (N.R.)
cAMP (hMOPr) vs. Arrestin-3 recruitment (hMOPr)
Met-enkephalin
G protein
N.R.
ΔΔlog(t/KA)
ΔΔlog(t/KA)
ΔΔlog(t/KA)
ΔΔlog(t/KA)

Bias Quantification

Morphine

Bias Factor

ΔΔlog(t/KA)
ΔΔlog(t/KA)
ΔΔlog(t/KA)

Bias

Buprenorphine
G protein
69
DynA 1-6
G protein
4.6
Endomorphin-1 Arrestin; G protein 0.06; 35.6

Ligand

Reported bias along with bias factor. For clarity, with regard to G protein signaling, only data calculated from G protein-activation assays or cAMP signaling are included.

TABLE 1
Reported bias of m-opioid agonists from a range of published studies

McPherson et al., 2010
Thompson et al., 2016
Rivero et al., 2012
McPherson et al., 2010
Burgueno et al., 2017
(Hothersall et al., 2017)
(Schmid et al., 2017)
(Schmid et al., 2017)
Burgueno et al., 2017
Burgueno et al., 2017
(Thompson et al., 2015b)
(Thompson et al., 2015b)

N.A.
DAMGO
Leu-enkephalin
N.A.
Morphine
Pfizer standard 1
DAMGO
DAMGO
Morphine
Morphine
DAMGO
DAMGO

(Schmid et al., 2017)
(Schmid et al., 2017)
(Schmid et al., 2017)
(Thompson et al., 2015b)
(Thompson et al., 2015b)
Thompson et al., 2016
Manglik et al., 2016
Dewire et al., 2013
Burgueno et al., 2017
(Schmid et al., 2017)
(Schmid et al., 2017)
(Schmid et al., 2017)
(Schmid et al., 2017)
(Schmid et al., 2017)
(Schmid et al., 2017)
(Schmid et al., 2017)
(Schmid et al., 2017)

DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
N.R.
Morphine
Morphine
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO

(continued )

(Thompson et al., 2015b)
Thompson et al., 2016
(Schmid et al., 2017)

DAMGO
DAMGO
DAMGO

Pfizer standard 1 (Hothersall et al., 2017)

Burgueno et al., 2017
(Thompson et al., 2015b)
(Thompson et al., 2015b)

Reference

Morphine
DAMGO
DAMGO

Reference Ligand

A Biased View of m-Opioid Receptors?

545

546

(Schmid et al., 2017)

(Schmid et al., 2017)

DAMGO

DAMGO
ΔΔlog(t/KA)
2.9; 8.6
G protein

ΔΔlog(t/KA)
11; 2.5
G protein
(6) SR-14969a

ΔΔlog(t/KA)
6.7; 34
G protein

Future Perspectives for m-Biased Ligands

N.A. not applicable; N.R, not reported; RAi, intrinsic relative activity.

(Schmid et al., 2017)
DAMGO

Reference

(Schmid et al., 2017)
ΔΔlog(t/KA)

Reference Ligand
Assays (receptor species)

GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr);
cAMP (hMOP) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMOPr) vs. Arrestin-3 recruitment (mMOPr);
GTPgS (mMOPr (brain)) vs. Arrestin-3 recruitment (mMOPr)
GTPgS (hMOPr) vs. Arrestin-3 recruitment (hMOPr);
cAMP (hMOP) vs. Arrestin-3 recruitment (hMOPr)
GTPgS (mMOPr) vs. Arrestin-3 recruitment (mMOPr);
GTPgS (mMOPr (brain)) vs. Arrestin-3 recruitment (mMOPr)

Bias Quantification

36; 5.1

Bias Factor
Bias

G protein
(6) SR-14968

Ligand

side-effect profile of m-opioid agonist drugs. At the very least,
great care should be taken to establish the statistical significance of bias in in vitro assays before making claims about
effects being the result of bias in in vivo experimentation.

Determining Bias Factors. In addition to the aforementioned drugs, other m-opioid–receptor agonists have also been
reported as either G protein- or arrestin-biased ligands
(Table 1), but there appears to be little consistency across
studies to date. Potential reasons for these differences include
the method used to quantify bias in vitro, the choice of
reference ligand, as well as differences in the statistical test
used to assess significance. A number of different methods
have been described for quantifying biased agonism (Ehlert,
2008; Rajagopal et al., 2011; Kenakin et al., 2012; Onaran
et al., 2017), and these different approaches have been
comprehensively discussed in a recent review (Kenakin,
2019). For the m-receptor, the predominant method to determine bias involves the calculation of the log ratios of
transduction coefficients [ΔΔlog(t/KA)]. In this approach
concentration-response data are fitted to a form of the BlackLeff operational model of agonism (Black and Leff, 1983).
Within this model, agonism can be quantified by a single
computed parameter, the transduction coefficient (t/KA). The
term t is a composite of agonist efficacy, receptor density, and
coupling within the system. The dissociation constant KA
represents the functional equilibrium dissociation constant or
operational affinity, which is normally different from the
affinity of the ligand for the bare receptor determined in
radioligand binding experiments. Using this model it is not
possible to determine the relative efficacy of agonists, and
the two parameters (t and KA) must be determined as a ratio
from the regression across the different curves. To cancel out
cell-dependent effects, otherwise known as system bias, the
calculated log(t/KA) values are normalized to a reference
ligand generating Δlog(t/KA) values (Thompson et al., 2016).
Finally, to quantify biased agonism across different signaling pathways the Δlog(t/KA) values for each pathway are
expressed as a ratio of one signaling pathway over the other
for a given agonist to generate log ratios of transduction
coefficients [ΔΔlog(t/KA)] (Kenakin et al., 2012).
The approach already described has generated significant
amounts of quantitative data related to bias, but, as mentioned in the preceding, at present there is a worrying lack
of correlation between studies in the bias factors calculated
for the m-receptor, and even the nature of the bias for a given
agonist has been shown to change depending on the signaling output used for bias calculation (e.g., G protein versus
cAMP; Table 1). Such data suggest that either the data
generation and application of the bias calculation is not
being carried out with sufficient rigor, or current methods
for bias determination are not fully accounting for confounding factors such as system bias. Indeed a recent comprehensive analysis of current methods to quantify ligand bias
suggests that they do not always distinguish system bias
from ligand bias (Onaran et al., 2017). For more detailed
analysis, readers are referred to more comprehensive reviews
(Kelly, 2013; Kenakin and Christopoulos, 2013; Thompson
et al., 2015a; Kenakin, 2019).
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TABLE 1—Continued
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(Kliewer et al., 2019). Other studies have implicated G proteinmediated signaling via neuronal potassium channel regulation in opioid-induced respiratory depression. Fentanyl-induced
respiratory depression is decreased in G protein-activated
inward rectifier potassium channel 2 (GIRK2)–subunit
knockout mice (Montandon et al., 2016). Furthermore, local
administration of either the broad-spectrum potassium
channel blocker barium chloride or the GIRK channel
inhibitor Tertiapin-Q into the pre-Bötzinger complex of
anesthetized rats attenuated DAMGO-induced respiratory depression (Montandon et al., 2016). In another study,
pretreatment with Tertiapin-Q reversed fentanyl-induced
respiratory depression in conscious rats (Liang et al., 2018b).
Apart from potassium channel modulation, the m-receptor
can also regulate neuronal activity via G protein-mediated
regulation of voltage-gated calcium channels (Seward et al.,
1991), but the role, if any, of these channels in respiratory depression remains to be investigated. Therefore,
there is now compelling evidence to support the involvement of m-opioid receptor–mediated G protein signaling
in respiratory depression.
The role of arrestin-3 in opioid-induced constipation is
currently unclear. Morphine acts at opioid receptors both
centrally and peripherally to affect gastrointestinal function (Thörn et al., 1996; Imam et al., 2018). An earlier study
looking at the involvement of arrestins in opioid-induced side
effects reported a reduction in symptoms in the arrestin-3
knockout mice but only in some of the assays used to assess
constipation (colonic propulsion, production of fecal boli) but
not others (small-intestinal transit), suggesting that multiple
signaling pathways contribute to opioid-induced gastrointestinal dysfunction (Raehal et al., 2005). The initial studies of
both oliceridine and PZM21 reported less gastrointestinal
dysfunction in comparison with morphine in mice (DeWire
et al., 2013; Manglik et al., 2016); however, other studies
have reported conflicting data on the effect of oliceridine and
gastrointestinal dysfunction (Viscusi et al., 2016; Altarifi
et al., 2017).
The data from arrestin-3 knockout mice reported that
acute desensitization and tolerance to morphine are attenuated in the knockout animals (Bohn et al., 2000), suggesting
that G protein-biased m-receptor ligands may be therapeutically beneficial for maintaining analgesic efficacy in chronic
pain states. Studies looking at the chronic administration
of reported G protein-biased ligands are currently limited
but, again, differences are being noted. For oliceridine, repeated administration over a 3-day period did not produce
tolerance to antinociception or gastrointestinal dysfunction,
as reported (Altarifi et al., 2017), whereas repeated administration of PZM21 over 4 days was found to induce antinociceptive tolerance but not tolerance to respiratory depressant
effects (Hill et al., 2018).
Another major problem with the use of opioid drugs is
abuse liability. Interestingly, the rewarding properties of
morphine in the conditioned place-preference test were reportedly greater in the arrestin-3 knockout mice (Bohn et al.,
2003). Such data actually imply a beneficial role for arrestinmediated signaling and/or regulation with regard to this
particular adverse effect. The majority of studies to date
suggest that oliceridine exerts a similar reward profile to that
of other clinically used opioids; intracranial self-stimulation
studies found oliceridine to have an abuse liability similar to
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Experimentally, a potential caveat when analyzing in vitro
data for biased signaling is the use of receptor outputs that
encompass too much amplification, so that when comparisons
are made relative to arrestin recruitment (a signaling output
with little or no amplification), a ligand may appear to be
biased (as in Fig. 2). It is also often assumed that the extent
of amplification is linear across different ligands, but this
may not be so. Distinct ligand-dependent conformations of
G proteins and arrestins have recently been observed and
are suggested to affect the downstream signaling by stabilizing specific effector conformations (Furness et al., 2016; Lee
et al., 2016; Nuber et al., 2016). Thus extrapolation of the
cAMP signal back to the receptor level, for example, may
result in the identification of false positives in terms of biased
agonists. Another confounding issue is becoming apparent:
In terms of ligand binding and signaling pathway kinetics,
in vitro kinetics or kinetic context has been shown to influence
the extent and direction of the bias (Lane et al., 2017; Michel
and Charlton, 2018).
Biased Agonism versus Partial Agonism. The majority
of G protein-biased m-receptor ligands described to date have
been low-efficacy agonists. This raises the question whether
the profile of the ligands investigated thus far can actually
be explained by partial agonism rather than actual bias
(Fig. 2). For example, it has been argued that oliceridine could
be differentiated as a biased agonist owing to the difference
in efficacy between analgesia and constipation in comparison with the profiles for morphine and the partial agonist
buprenorphine (DeWire et al., 2013). Yet, if the receptor
reserve for constipation is less than that for analgesia, then
the observed results are to be expected. A recent study (Kuo
et al., 2015) looked at seven classic opioid agonists (both
full and partial agonists, three of which are widely used
clinically) and found that no two had the same profile for
producing antinociception, constipation, and respiratory depression such that the rank order of potencies changed
between the different in vivo assays. These differences can
probably be explained by traditional pharmacological parameters and pharmacokinetics rather than differential bias,
sounding a warning about ascribing to bias any slightly different effect of a novel agonist.
G Protein- and Arrestin-Mediated Behaviors In Vivo.
G protein-biased ligands have been widely described as having
the potential to improve the therapeutic profile of m-receptor
ligands by functioning as effective analgesics with reduced
prevalence of unwanted side effects. However, a review of
the literature suggests that the distinction between desired
therapeutic effects and adverse effects may not be separated
simply into G protein-dependent versus arrestin-dependent
effects.
A widely cited view in the opioid field is that respiratory
depression is an arrestin-mediated event, an hypothesis
whose basis is the observation that morphine-induced respiratory depression is attenuated in arrestin-3 knockout
mice (Raehal et al., 2005). However, as mentioned earlier,
the proposed G protein-biased agonist PZM21 effectively
inhibited respiration (Hill et al., 2018), whereas a very recent study reports that in mice genetically modified to express mutated m-opioid receptors lacking phosphorylation
sites in the COOH-terminus of the receptor (and thus are
unable to recruit arrestins), both morphine and fentanyl
depress respiration likewise to that seen in wild-type mice
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Bias at Other Opioid Receptors
Although the understanding and utility of bias at
m-receptors will probably undergo major reassessment over
the next year or two, there remains great interest in developing biased ligands at other GPCRs, not least the other
members of the opioid family. For the k-receptor it is
suggested that G protein-biased agonists could function as
antinociceptive and antipruritic drugs without the dysphoria,
sedation, and other side effects typically associated with the
k-receptor (Dogra and Yadav, 2015; Bohn and Aubé, 2017).
One such promising G protein-based ligand of the k-receptor
is triazole 1.1; this compound has indeed been described as
having analgesic and antipruritic activity but reportedly lacks
the sedative and dysphoric properties of nonbiased k-receptor
agonists (Zhou et al., 2013; Brust et al., 2016, 2017). For the
d-receptor, G protein-biased agonists are suggested as potential antihyperalgesics for the treatment of chronic pain states
without the associated proconvulsant activity or liability to
induce tolerance that has been observed with some d-receptor
ligands (Pradhan et al., 2011; Dripps et al., 2018; VicenteSanchez et al., 2018). However, it should be noted that the
neuronal signaling pathways (e.g., G protein, arrestin, or
other) that mediate the beneficial and adverse effects of
k-receptor and d-receptor activation have yet to be conclusively defined (Al-Hasani and Bruchas, 2011).

Conclusion
The field of biased agonism has had a significant impact on
GPCR drug discovery in recent years. The m-receptor still

affords a promising approach for developing improved
novel analgesics, but caution should be exerted when
interpreting the in vitro data and during translation to in
vivo models (Kenakin, 2018; Michel and Charlton, 2018). The
recent issues with oliceridine (https://www.fda.gov/downloads/
AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/
AnestheticAndAnalgesicDrugProductsAdvisoryCommittee/
UCM622730.pdf) highlights the need for new and more
strongly biased opioid ligands but overall suggests that
a better understanding of the signaling pathways and more
rigorous analysis of signaling data may prevent potentially
costly drug attrition rates in the future.
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