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Abstract

In ligand bias different agonist drugs are thought to produce distinct sig-
naling outputs when activating the same receptor. If these signaling outputs
mediate therapeutic versus adverse drug effects, then agonists that selectively
activate the therapeutic signaling pathway would be extremely beneficial.
It has long been thought that μ-opioid receptor agonists that selectively
activate G protein– over β-arrestin-dependent signaling pathways would
produce effective analgesia without the adverse effects such as respiratory
depression.However, more recent data indicate that most of the therapeutic
and adverse effects of agonist-induced activation of the μ-opioid receptor
are actually mediated by the G protein–dependent signaling pathway, and
that a number of drugs described as G protein biased in fact may not be
biased, but instead may be low-intrinsic-efficacy agonists. In this review we
discuss the current state of the field of bias at the μ-opioid receptor and
other opioid receptor subtypes.
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GPCR kinase
(GRK): a class of
protein kinases
(GRK1–GRK5) that
mediate agonist-
induced
phosphorylation of
GPCRs

β-arrestins: a class of
proteins that interact
with activated,
GRK-phosphorylated
GPCRs; the subtypes
β-arrestin 1 and
β-arrestin 2 are found
in most cells

On target: effects
produced by a drug
following its
interaction with a
defined receptor as
opposed to actions via
other sites

Desensitization:
the tendency of the
response to agonist
activation of a receptor
to decrease following
prolonged exposure to
the drug

INTRODUCTION: LIGAND BIAS AT G PROTEIN–COUPLED
RECEPTORS

The idea of ligand bias, also known as functional selectivity, is one that has transformed molecular
pharmacology and has the potential to lead to the development of new, more effective medicines
with fewer adverse effects (1–4). The basis of ligand bias is the idea that some agonists possess
the ability to stabilize active conformations of a G protein–coupled receptor (GPCR) that are
distinct from those that are stabilized by other agonists, and that these conformations can cou-
ple differently to downstream signaling proteins such as G proteins and GPCR kinases (GRKs)/
β-arrestins (5) (Figure 1). This idea has led to descriptions of G protein–biased or β-arrestin-
biased agonists, and many such agonists have now been described for different GPCRs (6).
However, bias can also exist with respect to the activation of any receptor signaling mechanism,
such as the ability to selectively activate different G protein subtypes (7). An important conse-
quence of the idea of biased agonists is that if such agonists are to be useful, then the therapeutic
and on-target adverse effects produced by an agonist must be mediated by different signaling
mechanisms in the relevant cells of the body. If this is not the case, then the hunt for biased
agonists as more effective medicines may well be largely a waste of time and money.

μ-Opioid Receptor Signaling

Before discussing bias, we define the signaling processes mediated through opioid receptors.
The μ-opioid receptor is a Gi/o-coupled GPCR whose downstream functional signaling can
be grouped into four general (and at times overlapping) areas: G protein–dependent signaling,
G protein–independent signaling, desensitization, and internalization (Figure 2a). The last two
are included in signaling because desensitization produces reduced signaling (8) and receptor
internalization can result in intracellular signaling (9) as well as downregulation (10). G protein–
dependent signaling mediated by activation of μ-opioid receptors involves inhibition of adenylyl
cyclase and the regulation of various plasma membrane ion channels, including activation of
G protein–coupled inwardly rectifying potassium channels (GIRKs) and inhibition of presynaptic
N- and P-/Q-type Ca2+ channels (11). Inhibition of such channels in primary afferent neurons
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Figure 1

Signaling of biased agonists at G protein–coupled receptors. (a) It is generally accepted that most agonists regarded as nonbiased or
balanced can efficiently activate both G protein– and β-arrestin-dependent signaling. (b,c) Relative to the nonbiased agonist, in what are
considered the most common forms of bias, the biased agonists preferentially activate either G protein– or β-arrestin-dependent
signaling, as shown by the solid arrows. (d) Bias can extend to any signaling pathway downstream of the receptor, and in this case the
agonist displays bias between the signaling pathways mediated by two different G protein subtypes, Gαi and Gαo. Figure adapted with
permission from Reference 19; copyright 2019 the American Society for Pharmacology and Experimental Therapeutics.
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(a) Cell signaling pathways mediated by agonist activation of the μ-opioid receptor and (b) effects of
μ-opioid receptor activation in vivo. In panel a, the outputs have been placed into four categories:
G protein–dependent signaling, G protein–independent signaling, desensitization, and internalization.
Abbreviations: βarr, β-arrestin; AC, adenylyl cyclase; AP2, adaptor protein 2; GRK, G protein–coupled
receptor kinase; MAPK, mitogen-activated protein kinase; PKC, protein kinase C. Panel a adapted with
permission from Reference 10; copyright 2013 the American Society for Pharmacology and Experimental
Therapeutics. Panel b adapted from Reference 61; copyright 2013 British Pharmacological Society.

represents a major site of antinociceptive activity mediated by μ-opioid receptor agonists (12,
13). G protein–independent signaling includes that mediated by the β-arrestins: β-arrestin 1 and
β-arrestin 2 (14). The cell signaling that occurs downstream of β-arrestins following opioid
receptor activation is largely unknown but is assumed to be similar to β-arrestin signaling by
other GPCRs (14). The β-arrestin signaling is also considered to occur over a slower timescale
than does G protein–dependent signaling, particularly if the response involves changes in gene
expression (14). The association of the μ-opioid receptor with β-arrestins is dependent on both
agonist occupation of the receptor and phosphorylation of the receptor’s COOH terminus by
GRKs (10). Association of β-arrestins with the GRK-phosphorylated receptor is then thought to
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Tolerance:
the tendency of
agonist effects in a
tissue or organism to
decrease following
prolonged exposure to
the drug

Dependence: a state
characterized by
behavioral and other
responses resulting in
compulsions to take a
drug

Opioid epidemic:
the recent large-scale
increase in the abuse
of opioids, particularly
in North America,
leading to large
numbers of overdose
deaths

Table 1 Signaling bias and efficacy profile of μ-opioid receptor agonists

Drug Biased at the μ-opioid receptor? Efficacy in cellular signalinga Use
Morphine No (47, 59, 61) Medium/low (partial agonist in most

cases)
Analgesic

DAMGO Commonly used as reference/
balanced agonist (e.g., 51)

High (full agonist in all systems) Experimental

Fentanyl No (57, but see 51) Medium/high (full agonist in most cases) Analgesic
Methadone No (57) High (full agonist in most cases) Analgesic, opioid use

disorder
Oxycodone No (47) Medium/low (partial agonist in most

cases)
Analgesic

Endomorphin-1,
endomorphin-2

Some β-arrestin bias (57, 59) Medium/high (full agonist in most cases) Experimental

TRV130 (oliceridine) Possible G protein bias (71) but
disputed (47)

Low (weak partial agonist in most cases) Analgesic

PZM21 Possible G protein bias (82) but
disputed (47, 84)

Low (weak partial agonist in most cases) Experimental

SR-17018 Possible G protein bias (51) but
disputed (47)

Low (weak partial agonist in most cases) Experimental

Mitragynine Possible G protein bias (152) Medium/low (partial agonist in most
cases)

Experimental

aMany μ-opioid receptor agonists that behave as partial agonists within in vitro cell signaling assays are full agonists with in vivo measures of agonist
activity (e.g., antinociception).

lead to receptor desensitization as well as internalization of the receptor (Figure 2a), although
the exact relationship of these mechanisms to each other and to in vivo tolerance to opioid
agonists remains unclear (10).

Opioid Receptors and Ligand Bias

Opioid receptors represent some of the most important pharmacological targets in the body (15);
for example, μ-opioid receptor agonists such as morphine and oxycodone (see Table 1 for sum-
mary details of these drugs and others mentioned in the review) provide relief from severe pain
but also produce significant adverse effects, including respiratory depression and constipation,
as well as euphoria, dependence, and addiction (16) (Figure 2b). Clearly, given the severity and
life-threatening nature of some of these adverse effects, novel μ-opioid receptor agonists that are
able to induce strong and long-lasting analgesia but not, for example, dependence or respiratory
depression would be desirable. The current opioid epidemic in North America (17), and the in-
creasing misuse of prescribed and illicit opioids in other countries, adds impetus to this search.
However, while the widespread search for biased agonists at the μ-opioid receptor has been on-
going for several years, it can be argued that such agonists, that is,μ-opioid receptor agonists that
are effective analgesics yet are devoid of serious adverse effects, remain elusive.

To varying degrees, the possibility of ligand bias has been investigated at each of the opioid
receptor subtypes,μ-, δ-, and κ-opioid receptors, as well as the related nociceptin (NOP) receptor
(18–23). Not surprisingly, most studies so far have focused on the μ-opioid receptor due to its
physiological, therapeutic, and societal importance. Ironically, however, in the end it may be the
other opioid receptor subtypes that become more successful targets in terms of biased agonists
leading to new therapeutics. In this review we first assess the evidence that the study of bias at
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Figure 3

Timeline of important developments in ligand bias at the μ-opioid receptor. From left to right, References 156, 24, 26, 57, 55, 2, 71, 82,
51, 28, 47, 73, 94, 21, 22, and 118 are cited.

the μ-opioid receptor is a worthwhile venture that is likely to lead to new therapeutics, and then
discuss whether the putative biased agonist ligands at the μ-opioid receptor so far reported are
indeed what they claim to be, and whether current evidence indicates that they have real therapeu-
tic potential. Additionally, we discuss the therapeutic potential of ligand bias at the other opioid
receptors. In later sections we consider the lessons to be learned from examining over 20 years of
published work in the field of bias at opioid receptors; a timeline of notable points in the story of
biased agonism at the μ-opioid receptor is provided in Figure 3.

BIASED AGONISM AT μ-OPIOID RECEPTORS: LESSONS FROM
GENETICALLY MODIFIED MICE

The rationale to develop biased agonists at the μ-opioid receptor as a therapeutic strategy had
its beginnings over 20 years ago when it was reported that morphine produced more effective
antinociception with less propensity to develop tolerance in mice lacking β-arrestin 2 (β-arrestin
2 knockout mice) than in wild-type mice (24, 25). In addition, [35S]-GTPγS binding stimulated
by DAMGO ([d-Ala2, N-MePhe4, Gly-ol5]-enkephalin) was increased in brain membranes from
mice lacking β-arrestin 2 (25), suggesting that in vivo regulation of μ-opioid receptor function
was mediated in large part by β-arrestin 2. Thus, it was envisaged that μ agonists that selectively
engage G protein signaling pathways could be more effective analgesics, particularly as such ag-
onists would exhibit less tolerance. In a later study an additional observation transformed the
opioid field: Morphine-induced respiratory depression was reported to be markedly reduced or
even absent in mice lacking β-arrestin 2 (26). In addition, some markers of constipation, including
morphine-induced inhibition of fecal boli production, were also reported to be reduced in mice
lacking β-arrestin 2 (26). The conclusion was that G protein activation mediates the analgesic
effects of μ-opioid receptor agonists, whereas tolerance and adverse effects such as respiratory
depression and constipation are mediated largely by β-arrestin 2–dependent pathways (26). Thus,
the idea that G protein–biased agonists at the μ-opioid receptor would be more effective and safer
medicines because they would induce strong analgesia with limited tolerance and display fewer
adverse effects, particularly the potentially lethal respiratory depression, gained a strong footing
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(27). It is fair to say that this idea has to a large extent dominated the field of bias at μ-opioid
receptors ever since (20), even following the appearance of contradictory evidence, as detailed
below.

More Recent Studies with Genetically Modified Mice

For 20 years, no other research groups reported attempts to repeat the study with morphine in
mice lacking β-arrestin 2. Eventually, in a collaborative effort, three laboratories—including our
own—in different countries tested the effects of morphine on respiration in wild-type mice and in
mice lacking β-arrestin 2 (28). In stark contrast to the original report (26), each laboratory found
that the ability of morphine to depress respiration was the same with or without the presence of
β-arrestin 2. Since then, this finding has been confirmed in no fewer than four further studies (29–
32). Indeed, one of those studies (30) found that following high doses of fentanyl, mice lacking
β-arrestin 2 were actually more likely to stop breathing and die than were wild-type mice, a result
that certainly does not indicate that G protein–biased agonists at the μ-opioid receptor will be
safer. An alternative approach (33) used mice with knock-in mutant μ-opioid receptors lacking
COOH terminus phosphorylation sites. These mutant receptors are unable to recruit β-arrestins,
but in the mice expressing them both morphine and fentanyl depressed respiration to the same
extent or even slightly more than that in wild-type mice (33). Together these studies make a com-
pelling case that morphine-induced respiratory depression is not mediated by β-arrestins; thus,
the hypothesis that G protein–biased agonists at the μ-opioid receptor will be safer therapeutics
because they are less likely to depress respiration has little foundation. It was in any case difficult
to envisage just how β-arrestin-mediated signaling, which is slow relative to G protein signal-
ing (34), could provide rapid second-to-second regulation of respiratory neurons (35); indeed,
there is now good evidence to indicate that opioid-induced respiratory depression is mediated by
G protein modulation of ion channels (36, 37) located on neurons within defined brain nuclei
(35). Nevertheless, the idea that β-arrestin 2 engagement mediates many of the adverse effects of
μ-opioid receptor activation has been extremely influential and continues to be cited as a basis
for the development of novel G protein–biased agonists at the μ-opioid receptor (38, 39). The
reason for the original observation of loss of morphine-induced respiratory depression (26) may
lie in the genetic background of the mice lacking β-arrestin 2 used in these experiments (40). The
initial studies from the Bohn laboratory (26) were performed on mice lacking β-arrestin 2 that
were of a mixed strain background, having been bred from knockout 129/SvJ males and wild-type
C57BL/6 females. These particular animals are in fact less sensitive to morphine for reasons not
related to β-arrestin 2 engagement. Indeed, there is evidence of strain variation in opioid-induced
antinociception, respiratory depression, and tolerance (40–43).Themajor lesson to be drawn from
these studies using genetically modifiedmice is the importance of independent laboratories and/or
other experimental approaches corroborating key findings before they become the basis for major
investment of research effort.

Other Issues with Using Genetically Modified Mice

While a major focus of the studies with genetically modified mice was the apparent loss of mor-
phine’s ability to depress respiration in the absence of β-arrestin 2 (26), other findings from the
earlier studies should have given serious pause for thought in terms of safer opioid therapeutics.
The authors of the original report with mice lacking β-arrestin 2 (24) had made the important
observation thatmeasures of opioid dependence, assessed following withdrawal of morphine treat-
ment, were unchanged in mice lacking β-arrestin 2 (25). This finding was recently confirmed in
mice expressing mutant μ-opioid receptors that are unable to recruit β-arrestins (33). In addition,
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reward-seeking behavior was actually increased in mice lacking β-arrestin 2 (44).This finding sug-
gests that the whole spectrum of available data from different approaches should be considered
before determining the suitability of a new drug class, such as biased agonists, for development as
novel therapeutics.

Another issue regarding the role of β-arrestins inμ-opioid receptor function relates to agonist-
dependent effects in mice lacking β-arrestin 2.Whereas as described above the analgesic response
to morphine in mice lacking β-arrestin 2 was enhanced and prolonged (24), the response to ago-
nists such as fentanyl, oxycodone, and methadone was not (45, 46). The reason for this difference
remains unclear and is particularly intriguing for oxycodone, as the efficacy profile of G protein
and β-arrestin engagement for this drug is similar to that formorphine (47).However, inmice with
mutant μ-opioid receptors unable to recruit β-arrestins, tolerance to both morphine and fentanyl
was blunted (33). Irrespective of whether these results reflect differences in the animal models
used in these studies (33, 45, 46) or differences in the experimental protocols employed (48), these
data again raise questions about adopting a simple model in which G protein–biased agonists at
the μ-opioid receptor will inevitably increase responsiveness to the agonist by exhibiting reduced
tolerance.

Furthermore, what these studies of mice lacking β-arrestin engagement with the μ-opioid re-
ceptor really highlight is the need to clearly identify cellular signaling pathways that mediate
the different behavioral effects produced by agonist activation of the receptor (1). In the case of
β-arrestins and the effects of μ-opioid receptor agonists, this had not been done properly; indeed,
the evidence now points to the same pathway, that is, G protein–dependent signaling, mediating
most of the therapeutic and adverse effects of μ-opioid receptor activation (28, 33). Apart from
β-arrestin signaling contributing to receptor desensitization (49) and tolerance in some cases, its
role in opioid function in vivo remains relatively obscure. Ironically a recent study (31) suggests
that the improved adverse effect profile of μ-opioid receptor agonists actually correlates with in-
creased interaction of the receptor with β-arrestins—the opposite of the original hypothesis: that
reduced interaction of the μ-opioid receptor with β-arrestins is desirable (20, 26). Further studies
are now needed to explore this latest idea (31, 50), which if correct would overturn many of the
assumptions about μ-opioid receptor function from the past two decades.

BIASED AGONISTS AT μ-OPIOID RECEPTORS: A CASE OF SMOKE
AND MIRRORS?

Another way to assess the in vivo potential of bias at the μ-opioid receptor is to develop strongly
biased agonists that can then be compared to the effects of unbiased agonists in vivo. Of course,
this requires the in vitro identification of μ agonists with clear bias, but again this has led opioid
researchers along a somewhat rocky road as the extent of bias, and indeed whether bias exists at
all for some of these new ligands (Figure 4), remains an area of contention (47). Furthermore, the
issues of receptor specificity and pharmacokinetics complicate the interpretation of results from
in vivo studies (47, 48).

How Is Ligand Bias Measured?

For potentially biased ligands, different in vitro studies using distinct experimental approaches
and methods of data analysis have at times reached different conclusions regarding the presence
or absence of bias (19, 21, 22, 40). Therefore, the accurate and reliable assessment of ligand bias
at the receptor is of prime importance. Methods to do this are based on the analysis of agonist
concentration-response curves from in vitro signaling assays of two pathways (see Table 2), typ-
ically ones mediated by G proteins and β-arrestins. In all cases, bias must be assessed relative
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Structures of the main ligands discussed in the review. TRV130 (oliceridine), PZM21, and SR-17018 are proposed to be G protein–
biased agonists at the μ-opioid receptor. Abbreviations: DAMGO, [d-Ala2,N-MePhe4, Gly-ol5]-enkephalin; PZM21, 1-[(2S)-2-
(dimethylamino)-3-(4-hydroxyphenyl)propyl]-3-[(2S)-1-(thiophen-3-yl)propan-2-yl]urea; TRV130,N-[(3-methoxythiophen-
2-yl)methyl]-2-[(9R)-9-pyridin-2-yl-6-oxaspiro[4.5]decan-9-yl]ethanamine; SR-17018, 5,6-dichloro-1-(1-(4-chlorobenzyl)piperidin-
4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one.

to a “reference” agonist, usually a well characterized agonist that is a full agonist at both path-
ways being assessed: For the μ-opioid receptor, this is often the widely used high-efficacy agonist
DAMGO (51) (Figure 4). The analysis usually involves fitting the curves to the operational model
of pharmacological agonism (52) and calculating a measure of agonism, in this case the transduc-
tion ratio (referred to mathematically as τ/KA) (53) (see Table 2). The difference in transduction
ratio between the reference ligand and the ligand of interest for a particular signaling pathway
is determined [�log(τ/KA)], and then this difference is compared for the two signaling pathways
being studied [��log(τ/KA)]. For an agonist that is biased relative to the reference agonist, then
the value of ��log(τ/KA) will be significantly different from zero. This and other approaches to
determine bias, including relative activity (54) and relative efficacy methods (55), are compared in
Table 2.

Studies of Bias with Established μ-Opioid Receptor Agonists

Some early studies had compared the relative strengths of downstream signaling outputs for
small numbers of μ-opioid receptor agonists (45, 56). However, the possibility that a spectrum of
μ-opioid receptor agonists can show different preferences for downstream signaling events (i.e.,
ligand bias) was first addressed by us (57) and Molinari et al. (58) in 2010. Although our study
(57) did not undertake bias calculations, using μ-opioid receptors heterologously expressed in
HEK293 cells the correlation of G protein activation with the ability to induce μ-opioid recep-
tor phosphorylation, β-arrestin 2 recruitment, and receptor internalization was investigated. For
most of the 22 μ-opioid receptor agonists we examined, there was a strong positive correlation
between these measures, which looking back turns out to be perhaps the most significant find-
ing from this study (57), and one that perhaps should have received more attention over the past
decade, as this relationship may govern the signaling behavior of most μ-opioid receptor agonists,
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Table 2 Details and comparison of methods used to estimate ligand bias

Method and curve fit Equations Comments Issues
Transduction coefficients
[�log(τ/KA)]

Operational model fit (53)

�log(τ/KA) =
log(τ/KA)lig −
log(τ/KA)ref,
��log(τ/KA) =
�log(τ/KA)path1 −
�log(τ/KA)path2, and
β = 10�� log(τ/KA )

This approach estimates agonism as
a single calculated parameter: the
log ratio of agonist efficacy (τ)
and functional affinity (KA).
Ligand bias factors [�log(τ/KA)]
are expressed after normalization
against a reference ligand.

These values can be compared
across two signaling pathways for
a given agonist to obtain the
relative transduction ratio
[��log(τ/KA)] as measures of
agonist bias.

For the calculation of bias factors,
the ��log(τ/KA) values should
be transformed to the
corresponding antilog value.

Ambiguous fits to the operational
model lead to difficulties,
particularly for low-efficacy
agonists.

Ambiguous fits can result in large
errors associated with the
calculated bias factors.

The maximum effect of the system
must be clearly defined.

Relative activities
[�log(Emax/EC50)]

Logistic fit (54, 153)

�log(Emax/EC50) =
log(Emax/EC50)lig −
log(Emax/EC50)ref,
��log(Emax/EC50) =
�log(Emax/EC50)path1 −
�log(Emax/EC50)path2,
and
β = 10�� log(Emax/EC50 )

This approach is relatively
straightforward, only requiring
Emax and EC50 values for each
ligand.

The log ratio of a test ligand is first
compared to that of a reference
ligand and subsequently across
two signaling pathways.

For ligands with
concentration-response curves
with a Hill coefficient of 1, the
��log(Emax/EC50) values are
equivalent to log(τ/KA) values.

For the calculation of bias factors,
the ��log(Emax/EC50) values
should be transformed to the
corresponding antilog value.

The Hill coefficient of the
concentration-response curves
must not deviate from unity.

Relative efficacy (σlig)
Operational model fit (55)

σlig = log(τlig/τref) and
βlig = (σligpath1 −
σlig

path2)/�2a

This approach yields both bias
factors and estimates of efficacy.

For each agonist within a pathway
the effective signaling (σlig) is
calculated, where τlig is the
operational efficacy of a ligand
for a particular pathway, and τref

is the operational efficacy for the
reference agonist.

This approach relies on a single
estimate of KA that is
determined experimentally and
assumed to be constant across
different signaling pathways.

This method is also susceptible to
difficulties associated with
ambiguous fits to the operational
model.

aIn some iterations of this model, the �2 has been removed from the equation (see 108).

including some of those currently considered by some to be biased agonists (47). Two exceptions
were the peptides endomorphin-1 and endomorphin-2, which appeared to be β-arrestin-2 biased
(57, 59). However, the problem with peptide ligands is that they possess poor ability to cross the
blood-brain barrier and so assessing the in vivo effects of such ligands is not straightforward.
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In terms of bias, concentration-response curves can be deceptive. Simulated responses to three agonists in systems with different levels
of signal amplification are shown in panels a–c. If panel a was recording a G protein response and panel c recording a β-arrestin
response, it might be concluded that agonists B (blue) and C (gray) are G protein biased relative to agonist A (red), but actually they may
not be. Apart from changes in the maximum responses, note the rightward shift of the concentration-response curves as coupling
efficiency decreases: This important factor, that decreases in efficacy can manifest as a shift of the concentration-response curve of a full
agonist to the right and by a reduction in maximum response, is often overlooked in analyses of proposed biased agonists. Thus, while
the maximum responses to agonists B and C have been greatly depressed in panel c compared with panel a, the potency of agonist A has
also decreased by approximately 17-fold from panel a to panel c. The curves for agonists B and C in panel c also highlight the problem
of accurately measuring Emax and EC50 for weak partial agonists in such analyses, which can confound bias calculations.

The prototypical μ-opioid receptor agonist morphine was the first opioid whose profile of
downstream signaling was considered to be somewhat different from other well-characterized ag-
onists such as DAMGO (60). Morphine activated G protein pathways with efficacy higher than
that with which it promoted receptor phosphorylation, β-arrestin recruitment, or receptor inter-
nalization (45, 56). However, subsequent studies and further analyses have generally concluded
that morphine is not a G protein–biased agonist; rather, it is an unbiased μ-opioid receptor ag-
onist of moderate intrinsic efficacy (47, 49, 61). Indeed, a recurring theme in bias studies is that
agonists are considered to be G protein biased simply because they have sufficient intrinsic ef-
ficacy to produce a maximum or near-maximum response in G protein signaling readouts, but
their intrinsic efficacy is only sufficient to produce a weak response in β-arrestin readouts (19, 40,
62). To the naked eye this combination of relative response magnitudes gives the appearance of
G protein bias, but this is actually often not the case (19) and can be explained by the normally large
receptor reserve and efficient coupling for G protein–mediated signaling events and the small or
nonexistent receptor reserve and low-amplification coupling for β-arrestin recruitment and re-
lated signaling events (Figure 5). Once the signaling of agonists such as morphine is carefully
quantified with the use of reference agonists such as DAMGO, then the absence of bias becomes
evident (47, 59). Nevertheless, some aspects of morphine’s signaling are different from those of
high-intrinsic-efficacy agonists, such as the involvement of protein kinase C rather than GRK and
β-arrestins in morphine-induced μ-opioid receptor desensitization and tolerance (63, 64), but this
difference may be related to the relative intrinsic efficacy of the agonists rather than to bias as such
(63, 65).

Of importance, the establishedμ-opioid receptor agonist fentanyl is also reported to be a biased
agonist, but this time to be β-arrestin biased (51). Indeed, the proposal that this bias could be re-
sponsible for the lethality of fentanyl (51) was based on the idea that β-arrestin signaling mediates
respiratory depression induced by the μ-opioid receptor, now known to be incorrect. Fentanyl’s
lethality is instead likely to be due to factors such as high in vivo potency and the ability to induce
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respiratory muscle stiffness, also known as wooden chest syndrome (66). Other studies have been
based on this assumption that fentanyl is a β-arrestin-biased agonist (67, 68).However, in our own
experiments we did not find fentanyl to be β-arrestin biased (57, 59), and this has been confirmed
by others (47, 69, 70). In our opinion fentanyl should not be considered a β-arrestin-biased agonist
(66).

Are TRV130, PZM21, and SR-17018 Novel G Protein–Biased Agonists
at the μ-Opioid Receptor?

The first synthetic ligand to be reported as a G protein–biased agonist was TRV130 (later
named oliceridine; Figures 3 and 4; Table 1) (71). While the bias reported was moderate (es-
timated to be threefold relative to morphine but did not reach statistical significance), oliceridine
had a favorable profile in that it appeared less likely than morphine to depress respiration or
induce constipation (71) and also less likely to induce tolerance (72). Oliceridine has since re-
ceived FDA approval for use as an analgesic administered by discrete intravenous doses (73).
However, the overall clinical advantages of this drug over standard opioids such as morphine
in terms of therapeutic window are generally moderate, although more recent studies did not
find oliceridine to be G protein biased (47), and the balance of behavioral studies indicates that
oliceridine retains at least some of the drug-seeking behavior of morphine and other estab-
lished opioid drugs (72–75). Other studies have found oliceridine to be a weak partial agonist at
the μ-opioid receptor (76) and that, under the appropriate conditions of reduced μ-opioid re-
ceptor expression, it can induce tolerance to its own analgesic effect (77). On the other hand,
oliceridine is effective in decreasing relapse to oxycodone seeking in rats (78, 79), so new drugs
such as oliceridine may have a place in the future treatment of opioid use disorder (OUD). It re-
mains to be seen whether the clinical profile of oliceridine is due to a modicum of G protein bias,
overall low intrinsic efficacy at the receptor, its pharmacokinetic properties [oliceridine has a short
plasma half-life and has to be administered parenterally (80)], or a combination of these properties
(81).

Another synthetic ligand, PZM21 (Figures 3 and 4; Table 1), was reported to be G protein
biased (82), but this was not based on a formal calculation of bias, as the β-arrestin 2 response
was too small to quantify accurately, although in vivo it was reported to induce effective antinoci-
ception but not respiratory depression nor drug-seeking behavior as assessed by a conditioned
place preference protocol (82). However, we undertook a subsequent study in which we found
PZM21 to produce respiratory depression and analgesic tolerance similar to that of morphine
(83). In addition, in cell signaling experiments we did not find PZM21 to be G protein biased, a
finding confirmed by others (47, 84). On the other hand, a subsequent study (47) reported that
PZM21 induced relatively weak respiratory depression, although in that study the first reading of
respiratory depression was taken 30 min after PZM21 administration, whereas in our study (83)
the peak respiratory depression to this drug was observed within 15 min of drug administration.
Overall, PZM21, like oliceridine, appears not to be biased but instead a weak partial agonist at the
μ-opioid receptor (76, 84, 85). An interesting observation was that although PZM21 can induce
tolerance and dependence in vivo, it was also able to antagonize the ability of morphine to induce
conditioned place preference (85), which again suggests that such ligands as PZM21 could have a
place in the treatment of OUD. As with oliceridine, however, it is not clear what properties of the
drug might be responsible for its in vivo profile.

A further major development in the field was the description of a series of piperidine-
benzimidazole compounds, with the ligand of main interest being SR-17018 (51) (Figures 3 and
4; Table 1). Some of these ligands expressed large degrees of bias, with SR-17018 exhibiting
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a 100-fold bias for G protein activation over β-arrestin 2 recruitment. However, a later study
reported that SR-17018 was not biased (47). The reason for this surprising disparity is not clear
but may relate to some of the assumptions about bias calculations made in the original study due
to the inability of the agonist to invoke a quantifiable maximum response in the β-arrestin 2 assay
employed (51). Whether or not SR-17018 is actually a G protein–biased ligand at the μ-opioid
receptor, it is an unusual ligand. Thus, in a cellular assay high concentrations of SR-17018
(>10 μM) were reported to not antagonize an approximately EC50 concentration (300 nM) of
DAMGO for recruitment of β-arrestin 2 (51), whereas basic receptor theory predicts that this
should not be the case for ligands reversibly binding to the same site and thus competing with
each other. The kinetics of SR-17018 action in vivo are slow relative to other ligands (47, 51), and
the kinetics of μ-opioid receptor phosphorylation and dephosphorylation following treatment
with SR-17018 are remarkably slow (47, 86). Some of these effects could be explained by slow
receptor dissociation kinetics, as seen for buprenorphine, but data on receptor binding kinetics
for SR-17018 have not been reported; however, this is of interest because ligand binding kinetics
represent one factor proposed to determine whether bias occurs for a particular agonist (87).
In addition, the limited solubility of SR-17018 would mean that the assumed and actual free
concentrations of drug present in an experiment are not the same, which could interfere with
bias calculations (47). SR-17018 is, however, able to reverse morphine tolerance while preventing
morphine withdrawal symptoms (88), but it is unclear what the mechanisms of these effects
are. The effects of putative G protein–biased agonists (oliceridine, PZM21, and SR-17018)
on abuse potential and addiction-related behaviors have been recently reviewed in detail, and
this area represents an avenue of further interest and potential exploration for these ligands
(74, 89).

Other Ligands Proposed to Be Biased at the μ-Opioid Receptor

Several other ligands have more recently been reported as G protein–biased ligands at the
μ-opioid receptor, including mitragynine and its derivatives (90, 91), as well as novel compounds
such as peptides (92), cyclic peptides (84, 93), plant-derived alkaloids (94), a series of piperidine-
benzimidazolone derivatives (95), and most recently ligands based on the structure of either
TRV130/oliceridine (96) or PZM21 (97). Further work is needed to establish the in vivo profiles
and therapeutic potential of these novel ligands. Interestingly, the pharmacological properties of
such compounds may not always be predictable on the basis of their in vitro signaling profile.
Recently, a cyclic peptide (compound 1) was shown in cellular assays to be significantly G protein
biased with little ability to recruit β-arrestins, but when tested on endogenous μ-opioid receptors
in brain slices, the compound could induce rapid GRK-mediated desensitization of the receptor
response similar to nonbiased μ agonists that efficiently recruit β-arrestins to the receptor (84).
Thus, care must be taken when assuming the in vivo mode of action and regulatory properties
of agonists on the basis of in vitro–biased signaling behavior, particularly where the latter is
based on assays in which the receptor or other components of the reporter signaling system are
overexpressed in nonnative cell systems such as HEK293 cells. It is preferable, although chal-
lenging, to obtain in vitro signaling data for bias analysis where possible from preparations (e.g.,
neuronal cultures or brain slices) with endogenous expression of μ-opioid receptor and signaling
components (98), or at least cells in which heterologous expression of these components reflects
endogenous levels of these proteins. It remains to be seen whether these newer G protein–biased
agonists express an in vivo pharmacology that can be understood on the basis of their in vitro
cell signaling profiles and have improved side effect profiles with, for example, less respiratory
depression than established agonists.
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LESSONS TO BE LEARNED FROM BIASED AGONISTS
AT THE μ-OPIOID RECEPTOR

The consequences of classifying novel ligands as biased without either numerical justification of
statistically significant bias or corroboration of bias data from different studies are now becoming
evident in areas beyond the confines of in vitro cell signaling and in vivo animal studies. In the
clinical literature there is continuing reference to these new μ-opioid receptor agonists as being
advantageous to the patient on the basis of their G protein bias, thus implying to the medical
community mechanisms of drug action, such as G protein bias, that may not be justified at this
time (99–103).Therefore, a careful assessment is needed of where we are in terms of biased ligands
at the μ-opioid receptor.

Bias or Low Intrinsic Efficacy?

By far the most important current issue regarding potentially G protein–biased ligands is whether
the in vivo profile of the drug really reflects biased signaling or some other property of the drug
such as low intrinsic efficacy at the μ-opioid receptor (40, 62, 104, 105). It is worth considering
that all three of the drugs described above as potentially G protein biased (oliceridine, PZM21,
and SR-17018) are low-intrinsic-efficacy agonists even for G protein activation at the μ-opioid
receptor, as determined in a range of signaling assays (47). They are certainly agonists with much
lower intrinsic efficacy at theμ-opioid receptor than standard high-intrinsic-efficacy agonists such
as DAMGO,methadone, and fentanyl and also with significantly lower intrinsic efficacy thanmor-
phine itself (47). In a recent commentary (62) a particular problem surrounding the nature of the
signaling assays used in most studies of bias was highlighted, but it is one that has been raised
previously (69, 106–108). The standard in vitro bias assay format usually involves a cellular assay
of G protein activity with a degree of response amplification, which can be large (e.g., in assays
of adenylyl cyclase activity or when there are high levels of receptor expression) or small (e.g.,
in an assay of β-arrestin recruitment involving little or no response amplification; this would be
the case, for example, if Figure 5a represented G protein signaling and Figure 5c represented
β-arrestin recruitment). In both types of assay there are issues in the quantification of bias due to
the constraints of the operational model of pharmacological agonism (52), which as noted above
is the usual vehicle of analysis for determining the presence of bias (53). Thus, when the am-
plification factors in the assays are so different, the estimations of relative intrinsic efficacy of
ligands may be inaccurate, possibly leading to erroneous conclusions about the presence or oth-
erwise of ligand bias (62). Specifically, the operational model analysis can lead on the one hand to
overestimation of the intrinsic efficacy of agonists for G protein–dependent signaling pathways,
particularly for low-intrinsic-efficacy agonists, or on the other hand to underestimation of dif-
ferences in the relative intrinsic efficacies of the ligands for β-arrestin-dependent pathways (62).
Accordingly, some of the novel ligands considered to be biasedmay be not biased at all, but instead,
and more straightforwardly, might be low-intrinsic-efficacy agonists at the μ-opioid receptor (but
see 109). A potential solution suggested for this problem (62, 108) is to make the assays on which
the bias is determined more comparable in terms of signal amplification. Thus, it is possible to
reduce the amplification of the G protein signal that is being measured by using, for example,
G protein nanobodies in bioluminescence resonance energy transfer (BRET) assays (47), where
the amplification factor for the output signal of G protein nanobody interaction with the receptor
is much less than that for downstream signaling outputs such as changes in cyclic AMP generation.
Alternatively, the G protein signaling output can be limited by reducing receptor number with an
irreversible antagonist such as β-funaltrexamine (77). On the other hand, β-arrestin signal output
can be amplified by coexpressingGRKs to enhance agonist-induced receptor phosphorylation and
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hence β-arrestin recruitment to the receptor (47, 110). These methodological modifications are
themselves not without issues; when GRKs are overexpressed to enhance β-arrestin recruitment,
the effects of GRK overexpression on G protein signaling are usually not investigated but are as-
sumed, with limited justification, to be insignificant (see 111). Moreover, the amplifying effects of
GRK overexpression on β-arrestin recruitment may vary between agonists, as has been recently
shown (110) for μ-opioid receptor internalization (which is dependent on β-arrestin recruitment).
The bottom line is that future measurements of bias should at least avoid using assays with widely
differing assay amplification factors.

Other Issues in the Experimental Determination of Ligand Bias
at Opioid Receptors

The use of a single G protein subtype and a single subtype of β-arrestin, common for most bias
studies for the μ-opioid receptor, may underestimate the complexity of signaling through this re-
ceptor (112). Two subtypes of β-arrestin are expressed in most cells of the body, β-arrestin 1 and
β-arrestin 2, but few studiesmeasure agonist-induced recruitment of both (113), let alone their sig-
naling, and recent evidence suggests that these subtypes mediate at least some distinct functions at
the μ-opioid receptor (114). More widely, it is now known that the interaction of β-arrestins with
a GPCR can involve both receptor phosphorylation–dependent and receptor phosphorylation–
independent interactions (115), that these sites of receptor–β-arrestin interaction can mediate
distinct downstream cellular functions (116), and that, as shown for the angiotensin type I re-
ceptor, agonists can differentially promote these distinct receptor–β-arrestin interactions (117).
Clearly, this is a much more complex and nuanced picture than is currently drawn by most bias
studies, in which the simple recruitment of β-arrestin 2 to the μ-opioid receptor is taken as a
proxy for overall β-arrestin function, including desensitization of G protein responsiveness, recep-
tor trafficking, and any form of β-arrestin-dependent signaling. The work undertaken with other
GPCRs suggests that more sophisticated analyses of β-arrestin interaction with the μ-opioid re-
ceptor are warranted for bias studies (112). Similar conclusions could be drawn about the potential
complexity of G protein signaling with regard to bias studies (7).

Apart from the issue of assay amplification factors discussed above, it is also important for
confirmatory studies to be undertaken before ligands are generally accepted as biased. This ap-
plies particularly to ligands for which the original claim for bias was not based on a statistically
significant observation such as when bias has been inferred simply from visual inspection of
concentration-response curves. Ideally, such confirmation would include studies with receptors
expressed in different cell types, and with different levels of receptor expression (77), and also
studies using more than one assay of G protein or β-arrestin signaling [e.g., BRET, complemen-
tation assay, GTPγS assay, receptor internalization (47, 105)]. Furthermore, different methods to
calculate bias should be considered when determining the presence of bias or otherwise. For the
μ-opioid receptor and many other GPCRs, the standard method is the transduction ratio method,
as discussed above. Each of the methods (Table 2) has its nuances and it is becoming apparent
that there are limitations in the accuracy by which biased agonism can be quantified experimen-
tally (62, 111). Rather confusingly, the application of these different methods can lead to different
conclusions about the presence or absence of bias for a ligand, particularly if the potential bias is
moderate anyway (for a detailed discussion of each of the methods, see 6). A recent IUPHAR (In-
ternational Union of Basic and Clinical Pharmacology) review (118) recommends the use of either
the transduction ratio method [��log(τ/KA)] or the relative activity method [��log(Emax/EC50)]
(Table 2).

Also, the choice of reference ligand can determine whether a novel ligand is concluded to be
biased, as the degree or nature of the bias will depend on the signaling properties of the reference
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agonist. Technically, a biased ligand should always be reported as being biased relative to the ref-
erence ligand. In most cases it is probably best to use as the reference ligand a well-characterized
agonist that is a full agonist in both G protein and β-arrestin assays, such as DAMGO, and indeed,
this is the reference agonist in most assays of bias at the μ-opioid receptor. Other reference lig-
ands have been used, however, including the lower-intrinsic-efficacy ligands morphine (71) and
hydromorphone (119).Reference ligands such asDAMGOare often described as signaling equally
through G protein and β-arrestin pathways, giving rise to the term balanced agonist for agonists
such as DAMGO. However, in most signaling assays, the potency with which DAMGO activates
the G protein response is usually much higher than the potency with which it recruits β-arrestin
to the receptor, 100-fold or more in some cases (120). As discussed above, this difference becomes
important when trying to understand comparisons of concentration-response curves for poten-
tially biased agonists.One important issue withDAMGO as a reference ligand is that it is a peptide
agonist that will not penetrate the blood-brain barrier significantly, and so cannot be readily used
as the reference agonist if the experimenter wants to progress to assessment of the in vivo actions
of the potentially biased ligands.

Finally, in attempts to understand the structural basis of ligand bias at the μ-opioid receptor,
several in silico studies have employed molecular dynamics simulations to explore the ability of
ligands such as oliceridine and PZM21 to interact with and induce particular μ-opioid receptor
conformations (82, 121). These are then compared with interactions and receptor conformations
induced by reference μ-opioid receptor ligands, which by definition are not biased. However,
given the above issues concerning the proposed bias of these ligands, the studies may be revealing
as much about the mechanistic detail of partial agonism as about ligand bias at theμ-opioid recep-
tor. Nevertheless, studies with recently developed ligands proposed to be G protein biased at the
μ-opioid receptor (38, 97, 120) may begin to reveal important information about ligand–receptor
interactions and structural changes associated with bias.

BIASED LIGANDS AT δ-OPIOID, κ-OPIOID, AND NOCICEPTIN
RECEPTORS?

δ-Opioid Receptor

The δ-opioid receptor is a promising target for the treatment of chronic pain states, anxiety, and
other mood disorders (122).Unlike theμ-opioid receptor, activation of the δ-opioid receptor does
not induce respiratory depression, euphoria, or dependence (123, 124), but it has been associated
with convulsive activity (125) and the development of tolerance to the analgesic effects (126), two
confounding issues that have previously limited the development of novel δ-opioid receptor lig-
ands. Recent studies suggest that the convulsive activity and tolerance are not properties common
to all δ-opioid receptor ligands (123, 127) and research efforts have focused on the development of
G protein–biased ligands as a potential mechanism to improve the therapeutic profile of δ-opioid
receptor ligands and avoid unwanted adverse effects. Biased agonism at the δ-opioid receptor has
been studied less extensively than at the μ-opioid receptor, but novel G protein–biased ligands
such as PN6047 (127) and Trevena’s TRV250 (128) are reported to have a desirable therapeutic
profile in preclinical models of chronic pain; however, the in vitro signaling data and extent of
G protein bias for TRV250 have not yet been published.

Various studies have reported ligand-specific differences in signaling and regulation of the
δ-opioid receptor (129), supporting the idea that it may be possible to engage selectively signaling
pathways that mediate therapeutic versus adverse effects. However, some of the ligand-specific
differences appear to be due to differences in agonist intrinsic efficacy and receptor reserve, not
biased agonism (130).The δ-opioid receptor is regulated by both β-arrestin 1 and β-arrestin 2, and
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each β-arrestin subtype is thought to mediate distinct behaviors; high-internalizing agonists such
as SNC80 are reported to preferentially recruit β-arrestin 1 and result in receptor internalization
and degradation, whereas low-internalizing agonists such as ARM390 favor engagement between
the δ-opioid receptor and β-arrestin 2 (126, 131, 132). The preferential recruitment of β-arrestin
2 over β-arrestin 1 for low-internalizing agonists is suggested to protect against acute analgesic
tolerance (126, 131, 133), and several low-internalizing agonists have a reduced propensity to
induce convulsions (123). Studies using genetically modified mice have provided further support
for the separation of signaling pathways that mediate the differential behavioral outcomes (134).
SNC80-induced convulsions were potentiated in mice lacking β-arrestin 1 but not in mice lacking
β-arrestin 2, Gαo heterozygous knockout mice, or RGS-insensitive heterozygous knock-in mice
(which display enhanced signaling from Gαo) (134), whereas in Gαo heterozygous knockout
mice SNC80-induced antihyperalgesia was abolished. Conversely, the potency of SNC80 to
produce antihyperalgesia and antidepressant-like effects was enhanced in the RGS-insensitive
heterozygous knock-in mice, suggesting a role for G protein–mediated signaling in the desired
therapeutic effects arising from the δ-opioid receptor. Why knockout of β-arrestin 1 potentiates
convulsive activity remains to be determined: If the convulsions arise due to agonist-induced
recruitment of β-arrestin 1, then it would be expected that the convulsions would be absent in
mice lacking β-arrestin 1.

In the development of novel biased ligands for the δ-opioid receptor, certain differences be-
tween the μ- and the δ-opioid receptors should be considered and some lessons can be learned
from the development of μ-opioid receptor–biased ligands. The differences between the func-
tions of the two β-arrestin subtypes in behaviors mediated by the δ-opioid receptor highlight the
importance of characterizing the recruitment of both β-arrestin subtypes in vitro for bias calcula-
tions, as discussed above for the μ-opioid receptor. Additionally, the δ-opioid receptor undergoes
agonist-induced downregulation (129), whereas after internalization the μ-opioid receptor typi-
cally recycles back to the plasmamembrane (113), but how such δ-opioid receptor downregulation
affects biased signaling remains to be determined. For several novel δ-opioid receptor ligands
(purportedly biased or unbiased) the lack of quantitative in vitro signaling data impedes our in-
terpretation of in vivo data. By comparison, one of the benefits of studying biased agonism at the
μ-opioid receptor is the significant number of studies that have characterized the signaling of
many different ligands within that same study (47, 57, 135, 136).

While the evidence to support the development of G protein–biased ligands for the δ-opioid
receptor is accumulating, in a similar vein to the μ-opioid receptor (and other GPCRs), our un-
derstanding of the underlying physiology and molecular mechanisms may not yet be sufficient to
justify this approach conclusively. It may be that for the δ-opioid receptor, low-intrinsic-efficacy
agonism, i.e., partial agonism, offers an improved therapeutic profile, although the observation
that a low-intrinsic-efficacy agonist (BU48) induces convulsions suggests otherwise (130, 137). It
is important going forward that we do not attempt to oversimplify the signaling paradigms and
repeat the errors made with the μ-opioid receptor (i.e., G protein signaling = good and β-arrestin
signaling = bad).

κ-Opioid Receptor

For the κ-opioid receptor, a similar theme appears in the literature: G protein–biased ligands
are suggested to provide beneficial effects (antinociception and antipruritic activity) without the
dysphoria, sedation, and other side effects typically associated with κ-opioid receptor agonists
(22, 138). Several purportedly G protein–biased compounds have been developed and one com-
pound, nalfurafine (also known as TRK-820), has been approved in Japan for the treatment of
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resistant pruritus in patients undergoing hemodialysis (139). Nalfurafine has both analgesic and
antipruritic effects (140, 141) but does not produce dysphoria, and only a limited number of pa-
tients have reported hallucinations (142, 143). Despite the apparent success of nalfurafine, there
are questions regarding the extent of bias of this compound due to the signaling assays used to
quantify bias and differences in cellular background, as discussed in Reference 18. Evidence to
support the development of G protein–biased ligands for the κ-opioid receptor stems from the
observation that the analgesic activity and antipruritic efficacy of κ-opioid receptor agonists are
retained in β-arrestin 2 knockout mice (144, 145). Additionally, several studies have reported that
some of the adverse effects of κ-opioid receptor activation, such as aversion, are mediated via
GRK-3/β-arrestin 2 recruitment and subsequent p38 phosphorylation (146–148). However, G
protein signaling mediated by the κ-opioid receptor has been suggested to induce both antinoci-
ception and aversion, whereas β-arrestin 2 signaling induces motor incoordination and potentially
sedation and anhedonia (145). This difference again raises important questions about our under-
standing of the underlying physiology and the utility of global knockout mice when attempting
to identify a particular signaling pathway with a specific behavior.

A recent review of biased agonism at the κ-opioid receptor has highlighted the lack of consis-
tency in the field with respect to the use of signaling assays and choice of reference ligand (138),
similar to concerns about theμ-opioid receptor discussed above. Further, differences in the signal-
ing profiles of κ-opioid receptors from different species have been reported (138).Therefore, there
must be greater consistency with respect to the analysis and application of biased agonism and the
field would benefit from a more unified approach to classifying biased agonists. For the κ-opioid
receptor, there are some promising biased ligands, but the complex nature of the different behav-
iors and our appreciation of the different signaling pathways involved require further investigation.

Nociceptin Receptor

The NOP receptor is implicated in diverse biological functions, and activation of the receptor
is thought to modulate behaviors mediated by the μ-opioid receptor, including antinociception,
tolerance development, and reward (149). The analgesic effects mediated by the NOP receptor
appear to be more complex than those following activation of other opioid receptors. NOP re-
ceptor activation with the endogenous peptide nociceptin/orphanin FQ peptide (N/OFQ) at the
spinal level is analgesic, whereas when given supraspinally, N/OFQ reverses the analgesic effect
of exogenous opioids, acting as a functional opioid antagonist (149). With respect to biased ag-
onism, only a few studies to date have investigated the ability of ligands to differentially activate
G proteins versus β-arrestins (150). Consequently, the behavioral outcome of preferential activa-
tion of one pathway over another remains largely unknown, although it has been suggested that
the efficacy for β-arrestin 2 recruitment, rather than G protein activation, underlies anxiolytic
activity (151). Due to the pleiotropic responses following activation of this receptor, it will be in-
teresting to see whether biased agonism can provide a mechanism for improving the therapeutic
profile or whether the complexity and diversity of physiological actions of this receptor may prove
too challenging. Certainly, there is a need to develop more G protein– and β-arrestin-biased NOP
ligands to aid our understanding of this receptor and its functions.

CONCLUSIONS

The key questions and suggested ways forward regarding bias at opioid receptors are summarized
inTable 3. It can be argued that over the years the field of bias at theμ-opioid receptor has largely
failed to address these questions with sufficient rigor, leading to some rather costly cul-de-sacs.
Recent studies and commentaries suggest that at least some of the lessons from 20 years of study of
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Table 3 Key issues concerning bias at opioid receptors and potential ways forward

Key issues concerning bias at opioid receptors Potential ways forward
Which cell signaling pathways mediate the therapeutic

versus adverse effects of opioid receptor activation?
Are the signaling pathways mediating the therapeutic and

adverse effects the same or different?

Localized manipulation of receptor signaling pathways in tissues
and organisms, e.g., localized knockout of components of the
receptor signaling pathways (37); expression of mutant receptors
with biased signaling profile (33); use of agents that selectively
inhibit signaling pathways (36)

Is the biased agonist really a biased agonist or instead a
low-intrinsic-efficacy partial agonist at the opioid
receptor?

Rigorous quantification of agonist responses and calculation of
bias, preferably corroborated by experimentation in different
cell systems and by different laboratories (6, 19, 28, 118)

Do different cellular levels of G proteins/GRKs/β-arrestins,
as well as endogenous opioid peptides, affect cellular bias?

Manipulation of relative levels of signaling components in model
systems (84); quantification of relative levels of signaling
components in native tissues (154)

Which cells in the body are to be targeted by biased
agonists?

Experimentation in native tissues (59, 98), e.g., localized
administration of biased agonist into defined brain nuclei

Do disease, chronic pain or prior and ongoing opioid use
affect the receptor signaling pathways?

Use of animal models of disease, e.g., chronic inflammatory pain
(127); chronic opioid administration (83, 155)

Do other aspects of drug pharmacodynamics or
pharmacokinetics explain apparently biased effects?

Determination of fundamental drug properties other than bias,
including ligand binding kinetics (86) and pharmacokinetic
profile including ability to cross the blood-brain barrier (80, 96)

the μ-opioid receptor are finally beginning to be learned. There are also some grounds to expect
more success with biased ligands for δ- and κ-opioid receptors, particularly if the lessons learned
from the μ-opioid receptor story are applied.
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