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Mu opioid receptor (MOR) agonists comprise the most effective analgesics, but their therapeutic utility is limited by adverse effects.
One approach for limiting such effects has been to develop “biased” MOR agonists that show preference for activating G protein
over β-Arrestin signaling. However, the notion of biased agonism has been challenged by recent studies. Oliceridine (Olinvyk®, TRV-
130, OLC) is a selective MOR agonist approved by the FDA in 2020 for pain management in controlled clinical settings. Oliceridine
purportedly demonstrates diminished adverse effects compared to morphine or other MOR agonists, a profile attributed to its
biased agonism. However, recent studies suggest that oliceridine does not display biased agonism but instead weak intrinsic
efficacy for G protein and β-Arrestin activation. Nevertheless, these insights have been derived from in vitro studies. To better
understand oliceridine’s in vivo efficacy profile, we performed a comprehensive assessment of its in vitro and in vivo pharmacology
using both cultured cells and rodents. In vitro, oliceridine displayed high MOR affinity and weak intrinsic efficacy. In vivo, oliceridine
showed impaired brain penetrance and rapid clearance, effects we attributed to its interaction with the P-glycoprotein (P-gp) efflux
transporter. Moreover, we found that P-gp was essential for oliceridine’s in vivo efficacy and adverse effect profiles. Taken together
with prior studies, our results suggest that oliceridine’s in vivo efficacy and adverse effect profiles are not attributed solely to its
weak intrinsic efficacy or biased agonism but, to a large extent, its interaction with P-gp as well.
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INTRODUCTION
The Mu opioid receptor (MOR) is a G protein-coupled receptor
expressed widely throughout the body but most notably in brain
regions involved in nociception, respiration, and reinforcement.
MOR agonists are the most potent and efficacious analgesics
available for treatment of moderate to severe acute pain. Despite
this, their therapeutic window is constrained by adverse effects,
including constipation, respiratory depression, tolerance, and
abuse liability. To reduce such effects, research efforts have
focused on developing MOR agonists capable of eliciting
analgesia with reduced adverse effects. One major area of
research involves MOR functional selectivity and the development
of “biased” MOR agonists which differ in their recruitment of G
proteins vs. β-Arrestins [1].
Early studies that characterized functional outcomes across

different effector pathways suggested that opioid analgesia is
mediated by G protein-dependent signaling and that adverse
effects are mediated by β-Arrestin-triggered pathways. In parti-
cular, it was shown that mice with germline deletion of β-Arrestin2
exhibit enhanced morphine-induced thermal antinociception
with diminished respiratory depression, constipation, and

antinociceptive tolerance [2–4]. Thus, several novel G protein-
biased agonists have been developed, including PZM21, SR-17018,
and oliceridine [5]. However, recent studies examining β-Arrestin2
signaling as well as G protein-dependent mechanisms of MOR-
dependent respiratory depression have failed to support this
dichotomy [6]. Specifically, several recent studies have been
unable to independently reproduce the effects of global β-
Arrestin2 gene deletion [7, 8] or impaired MOR-dependent β-
Arrestin2 signaling [9] on opioid-induced respiratory depression,
constipation, or tolerance.
Evidence suggests that the novel MOR selective “biased”

agonist oliceridine, which was granted FDA approval in 2020 for
pain management in controlled clinical settings, may exhibit a
reduction in MOR-induced adverse effects while maintaining
potent analgesia [5]. Oliceridine is the first G protein-biased MOR
agonist approved for clinical use, yet its therapeutic potential
remains to be fully demonstrated. Early preclinical studies using
oliceridine in rodents reported improved therapeutic potential
compared to morphine, demonstrating reduced respiratory
depression and constipation at equianalgesic doses [5]. However,
clinical data for oliceridine are less clear, with patients
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experiencing a similar adverse effect profile at equipotent doses
to morphine, thus the therapeutic widening oliceridine demon-
strates in humans appears modest [10, 11]. Similarly, preclinical
studies in rodents have shown that oliceridine, like other MOR
agonists, elicits respiratory depression, constipation, antinocicep-
tive tolerance, and abuse-related behaviors [12–17].
An alternative hypothesis that may explain the discrepancies in

therapeutic window across opioids involves the G protein
activation efficacy of such ligands. Specifically, a recent study
showed that oliceridine does not exhibit “bias” per se, but weak
intrinsic efficacy [13]. This finding suggests that MOR biased
agonism is not necessarily involved in oliceridine’s purported
improved safety profile. However, these insights were mostly
derived from the use of heterologous receptor expression in cell
culture which does not fully recapitulate the complex and
dynamic processes a drug encounters upon systemic in vivo
exposure. Furthermore, the in vivo features of oliceridine and its
mechanism of action have not been thoroughly characterized. To
address these shortcomings, we performed in vitro and in vivo
studies of oliceridine in cell culture, mice, and rats.

MATERIALS AND METHODS
Animal subjects
Male mice (C57BL/6 J, 20–25 g) were ordered from Jackson Laboratory and
maintained under a normal 12-h light/dark cycle with food and water
freely available. Mdr1a/b knockout (KO) mice (FVB.129P2-Abcb1atm1Bor-

Abcb1btm1Bor N12) and FVB background wild-type (WT) controls were
ordered from Taconic. Male and female Sprague-Dawley rats (strain code
#400, 200–250 g) were ordered from Charles River. Mdr1a/BCRP KO rats
(hsdsage: SD-Mdr1atm1sage-Abcg2tm1sage) were ordered from Envigo. Rats
were maintained under a reverse 12-h light/dark cycle with ad libitum food
and water throughout all experiments. Experiments and procedures
complied with ethical regulations for animal testing and research, followed
the NIH guidelines and were approved by the NIDA animal care and use
committee. The experimenters were blinded to the group allocation.

Radioligand binding assays
Brain tissue lacking cerebellum was suspended in Tris-HCl 50mMpH 7.4
buffer supplemented with protease inhibitor cocktail ((Sigma) 1:1000) and
disrupted with a Polytron homogenizer (Kinematica, Basel, Switzerland).
Homogenates were centrifuged at 48,000 g (50min, 4 °C) and washed 2
times to isolate the membrane fraction. For hMOR CHO-K1 cell membranes
(Perkin Elmer), tissue was suspended in 50mM Tris-HCl pH 7.4. Protein was
quantified by the bicinchoninic acid method (Pierce).

Saturation binding. Membrane suspensions (50 µg of protein/mL) were
incubated in 50mM Tris-HCl (pH 7.4) containing 10mM MgCl2 and
increasing concentrations of [3H]oliceridine (79 Ci/mmol, Novandi Chem-
istry AB) during 2 h (Rat) or 1 h (hMOR) at RT.

Competition binding. Membrane suspensions (50 µg of protein/mL) were
incubated in 50mM Tris-HCl (pH 7.4) containing 10mM MgCl2, either
2.5 nM of [3H]DAMGO (44-48 Ci/mmol, PolyPeptide Labs, San Diego, CA) or
1.6 nM [3H]oliceridine and increasing concentrations of competing ligand
during 1–2 h at RT.
In all cases, non-specific binding was determined using naloxone

(10 µM) and free and membrane-bound radioligand were separated by
rapid filtration in 96-well GF/B filter plates (presoaked in 0.5% BSA) and
washed with 9 × 500 µl of ice-cold Tris-HCl buffer. Radioactivity was
measured using a Microbeta2 plate counter (Perkin Elmer, Boston, MA,
USA) (41% efficiency). One-site competition curves were fitted using Prism
9 (Graphpad Software, La Jolla, CA, USA). Ki values were calculated using
the Cheng-Prusoff equation.

In vitro functional assays
HEK-293T cells (ATCC) were maintained in Dulbecco’s modified Eagle
medium (DMEM; Sigma-Aldrich, Saint Louis, MO) supplemented with 100
U/ml penicillin (Biowest, Nuaillé, France), 100 mg/ml streptomycin (Bio-
west), 10% v/v heat-inactivated fetal bovine serum (Invitrogen, Carlsbad,
CA, USA), non-essential amino acids (Biowest), 100mM sodium pyruvate

(Biowest) and 2mM L-glutamine (Biowest) and kept in an incubator at
37 °C and 5% CO2.

cAMP. Cells were seeded on 100mm dishes at 2.2 × 106 cells/dish 24 h
before transfection and transfected with 10 µg cDNA encoding human
MOR, KOR or DOR and 10 µg of cDNA encoding for the R-FlincA biosensor
using polyethylenimine (PEI; Polysciences Europe GmbH)) in a 1:3 DNA:PEI
ratio. Cells were harvested 48 h after transfection. cAMP accumulation was
measured using the R-FlincA (Red Fluorescent indicator for cAMP)
biosensor [18]. On experiment day, cells were harvested, washed in PBS
pH 7.4 and resuspended in PBS containing 5.6 mM glucose and 0.5 U/ml of
Adenosine Deaminase (Roche). Cells were then plated in 96-well black flat
bottom plates and fluorescence was measured using a CLARIOstar (BMG
Labtech) plate reader with excitation at 550 nm and emission at
600–640 nm to establish their baseline fluorescence (F0). Cells were then
incubated with increasing amounts of oliceridine or morphine and
forskolin (5 µM) for 10min and their fluorescence was measured again
(F). Relative fluorescence changes were obtained by calculating the
fluorescence ratio before and after treatment (F/F0). cAMP inhibition was
expressed as % morphine maximum response and concentration-response
curves were fitted using Prism 9.

β-arrestin recruitment. HEK-293T cells were seeded on 6-well culture
plates at 3 × 106 cells/well and grown in DMEM (Thermo Fisher)
supplemented with L-Glutamine 200mM, Sodium Pyruvate 100mM,
MEM non-Essential Amino Acids (Biowest), 10% fetal bovine serum (FBS;
Merck KgaA), streptomycin (100 μg/mL), and penicillin (100 μg/mL) in a
controlled environment (37 °C, 98% humidity, 5% CO2). 24 h after seeding,
cells were transfected with split NanoBiT® vectors NB MCS1 (Promega,
Madison, WI, United States) fused to β-arrestin2 or hMOR (0.1 µg β-
arrestin2 LgBIT cDNA, 2 µg of the hMOR-SmBIT cDNA) using PEI
(Polysciences Europe GmbH) in a 1:3 DNA:PEI ratio. 48 h after transfection,
cells were rinsed, harvested, and resuspended in 4 mL/well of Hanks’
Balanced Salt solution (HBSS, Sigma Aldrich). Cells (80 μl/well) were then
plated in 96-well white plates (PO-204003, BIOGEN) and immediately
treated with increasing concentrations of DAMGO, morphine or oliceridine,
5 min later 2 µM coelenterazine (Prolume Ltd) was added and lumines-
cence (490 to 410 nm) was measured during 6min using a CLARIOstar
plate reader. β-arrestin recruitment was expressed as % of DAMGO
maximum effect and concentration-response curves were fitted using
Prism 9.

[35S]GTPγS Recruitment
The procedure was performed with slight modifications to previously
published protocols [19]. Membranes were preincubated for 30min at room
temperature in 50mM Tris-HCl (pH 7.4), 1 mM EDTA, 100mM NaCl, 5 mM
MgCl2, 10 µM GDP and DPCPX 1 µM. The reaction was initiated by adding
membrane preparation (0.05mg /mL) to incubation tubes containing drug
dilutions and binding cocktail. The final concentrations were 50mM Tris-HCl
(pH 7.4), 1 mM EDTA, 100mM NaCl, 5 mM MgCl2, 0.5% BSA, 10 µM GDP,
DPCPX 1 µM and 150 pM [35S]GTPγS (1250 Ci/mmol, Perkin Elmer). Non-
specific binding was defined using 10 µM GTPγS. Reaction tubes were
incubated for 90min at 25 °C under constant shaking. The reaction was
quickly terminated by rapid filtration through 96-well GF/B filter plates
(Perkin Elmer) and two additional 2mL washes with the ice-cold buffer.
Radioactivity in plates was counted as described above. Concentration-
response curves were fitted using Prism 9.

[35S]GTPγS autoradiography
Frozen rat brain tissue (n= 2M/4 F) was sectioned (20 µM) on a cryostat
(Leica) and thawmounted on glass slides. Preincubation buffer was pipetted
onto each slide and incubated for 20min at RT (50mM Tris-HCl, 1 mM EDTA,
5mM MgCl2 and 100mM NaCl). The buffer was removed via aspiration and
incubated for 60min in pre-incubation buffer containing 2.7mM GDP and
1.3 µM DPCPX. GDP buffer was removed and [35S]GTPγS cocktail (GDP buffer,
20mM DTT, 300 nm [35S]GTPγS) with agonists of interest (oliceridine 10 μM;
DAMGO 10 μM), without agonists (basal condition), or with a saturated
concentration of non-radioactive GTP (for non-specific binding) was pipetted
onto each slide and incubated for 90min. For antagonist cotreatment, slides
were incubated with GDP buffer containing naloxone (1 μM) for 60min
before addition of [35S]GTPγS and agonist cocktail. The [35S]GTPγS cocktail
was removed via aspiration and slides were washed in ice cold buffer (50mM
Tris-HCl, 5 mM MgCl2, pH 7.4) for 5 min (2x) followed by a 30 sec dip in ice
cold water. Slides were apposed to a BAS-SR2040 phosphor screen (Fujifilm)
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for 3 days and imaged using a phosphorimager (Typhoon FLA 7000; GE
Healthcare).

[3H]Oliceridine and [3H]DAMGO autoradiography
Frozen tissue was sectioned (20 µM) on a cryostat (Leica, Germany) and
thaw mounted onto Superfrost Plus glass slides (Avantor, USA). Following
incubation, slides were air dried and apposed to a BAS-TR2025 Phosphor
Screen (Fujifilm) for 5–10 days and imaged using a phosphorimager
(Typhoon FLA 7000).

In vivo uptake. For rat [3H]oliceridine uptake, rats were injected with [3H]
oliceridine (1 µCi/g, i.v.) with or without naloxone pretreatment 5min
before (10mg/kg, s.c.) and euthanized 15min following [3H]oliceridine
administration. For efflux transporter inhibitor cotreatment uptake studies,
rats were co-injected with either MK571 (1mg/kg) or Tariquidar (1 mg/kg)
alongside [3H]oliceridine (1 µCi/g, i.v.) and euthanized 15min later. For WT
mouse uptake, [3H]oliceridine (10µCi/g, i.p.) was administered 15min prior
to euthanasia. For BCRP KO and P-gp KO mouse uptake, mice were
injected with [3H]oliceridine (10 µCi/g, i.p.) and euthanized 15min later.

In vitro autoradiography. Slides were pre-incubated (10min, RT) in
incubation buffer (50mM Tris-HCl, 10 mM MgCl2, pH 7.4), then incubated
(60min, RT) in incubation buffer containing [3H]oliceridine or [3H]DAMGO.
Non-specific binding was determined in the presence of 10 µM naloxone.

Ex vivo occupancy. Rats were injected with oliceridine (1 mg/kg/s.c.),
naloxone (1 mg/kg,s.c.), or saline. Brains were harvested 15-, 30-, or 60-min
post-injection. Brain slices were incubated 10min in buffer (50mM Tris-
HCL, 10 mM MgCl2) containing [3H]oliceridine (5 nM).

Efflux transporter panel
These experiments were performed by an outside vendor (Eurofins, France).
Oliceridine was tested in P-gp substrate assessment assays at 10 µM. The A to
B and B to A permeability was measured in CaCo-2 cells in the presence and
absence of verapamil, a P-gp inhibitor. Efflux ratios (E) were calculated based
on the apparent B–A and A–B permeability with and without verapamil. In
each experiment, the respective reference compound was tested concur-
rently with the test compound to assess the assay reliability. Fluorescein was
used as the cell monolayer integrity marker. Fluorescein permeability
assessment (in the A–B direction at pH 7.4 on both sides) was performed
after the permeability assay for the test compound. The cell monolayer that
had a fluorescein permeability of less than 1.5 × 10−6 cm s− 1 for CaCo-2
was considered intact, and the permeability result of the test compound
from intact cell monolayer was reported.

Metabolite identification
Metabolite identification (MET-ID) was performed on a Dionex ultra high-
performance LC system coupled with Q Exactive Focus orbitrap mass
spectrometer (Thermo Fisher Scientific Inc., Waltham MA). Separation was
achieved using Agilent Eclipse Plus column (100 × 2.1 mm i.d; maintained
at 35oc) packed with a 1.8 µM C18 stationary phase. The mobile phase
consisted of 0.1% formic acid in water and 0.1% formic acid in acetonitrile.
Pumps were operated at a flow rate of 0.3 ml/min for 7 min using gradient
elution. The mass spectrometer controlled by Xcalibur software 4.0.27.13
(Thermo Scientific) was operated with a HESI ion source in positive
ionization mode. Metabolites were identified in the full-scan mode (from
m/z 50 to 1600) by comparing t= 0 samples with t= 60min samples and
structures were proposed based on the accurate mass information.

Hot plate
The procedure is based on the design of a previous study [20]. Opioid-
induced thermal antinociception was measured using a hot plate
apparatus (52.5 °C; Ugo Basile). Rats were previously habituated to the
apparatus. For testing, rats were placed on the hot plate within a plexiglass
cylinder and observed for latency of presentation of signs of nociception
(i.e., withdrawal/licking of hind paw or jumping). A 30 sec cutoff was used
to prevent tissue damage. Experimenter was blinded to all drug conditions.
Rats received morphine (10 mg/kg, s.c.) or oliceridine (0.3 mg/kg, s.c.) and
their withdrawal latency measured in a similar time course. The percentage
of the maximum possible effect is calculated as: %MPE= (latencydrug –
latencybaseline)/(cutoff – latencybaseline) × 100. Baseline latency was
determined for each subject 15min prior to drug.

Pulse oximetry
Oxygen Saturation was measured in freely moving rats using a collar
sensor and pulse oximetry (MouseOx Plus, Starr Life Sciences). Animals
were habituated to experimenter handling and wearing oximeter collars
daily for 2 weeks prior to testing. After baseline readings, rats (n= 4–6
male and 6 female per group) received morphine (10mg/kg, s.c.) or
oliceridine (0.3 mg/kg, s.c.), followed by repeated oximetry readings
(0–240min). Oximetry readings were averaged across a 60 sec period for
the respective time points. Experimenter was blinded to all drug
conditions.

Self-administration
The procedure was based on previous studies [21, 22] in non-food
restricted rats. Detailed methods are described in the supplementary
materials.

RESULTS
Oliceridine binds MOR with high affinity but does not
stimulate [35S]GTPγS recruitment in brain tissue
Prior studies reported a detailed in vitro characterization of
oliceridine [5, 13, 23–27]. However, the vast majority of these data
were derived from experiments using transfected cells. Whereas
experiments in cell culture can provide important molecular
insights into the functional selectivity profile of a drug, they rely
on overexpression of the target receptor in an artificial environ-
ment. Thus, their ability to emulate all physiologically relevant
expression patterns and conditions is limited [28, 29]. To extend
these findings to a more physiologically relevant model, we
assessed oliceridine’s ability to displace [3H]DAMGO in rat brain
membranes using competitive radioligand binding assays. Con-
sistent with prior findings [23, 27], oliceridine exhibited a Ki of
1.6 ± 0.2 nM for MOR and no sex-dependent differences were
observed (Fig. 1A).
Next, we performed agonist-stimulated [35S]GTPγS recruitment

assays using rat brain membranes. In contrast to DAMGO, which
led to a significant and concentration-dependent increase in [35S]
GTPγS recruitment, oliceridine did not (Fig. 1B). There was no
difference in [35S]GTPγS recruitment as a function of sex. To rule
out that the oliceridine-dependent signal might have been weak
due to dilution of MOR density in the whole-brain membrane
preparation and oliceridine’s known low intrinsic efficacy, we
examined whether oliceridine increased [35S]GTPγS recruitment
in situ using [35S]GTPγS autoradiography (n= 2 M/4 F rats).
DAMGO (10 µM) led to a significant increase in [35S]GTPγS
recruitment in brain regions with MOR expression: caudate
putamen; CPu (p < 0.001), nucleus accumbens; NAc (p < 0.001),
and prefrontal cortex; PFC (p < 0.001). In contrast, oliceridine
(10 µM) did not (Fig. 1C, D).
Next, we tested whether oliceridine inhibited cAMP accumula-

tion in HEK293 cells expressing hMOR, hDOR or hKOR. Oliceridine
was a potent partial agonist at hMOR (EC50 0.41 ± 0.25 nM, Emax
50.1 ± 2.7) and a weak full agonist at hKOR (EC50 79 ± 6 nM, Emax
89 ± 3) but was inactive at hDOR (Fig. 1F–H). Similar to previous
reports, oliceridine exhibited little to no signal in β-arrestin
recruitment relative to DAMGO, while morphine-induced β-
arrestin recruitment was ~50% of DAMGO (Fig. 1E).

[3H]oliceridine characterization
The complex processes that a drug is subjected to in vivo cannot
be easily mimicked using in vitro experiments, so we synthesized
[3H]oliceridine (Fig. 2A) for studying oliceridine’s in vivo properties.
To validate [3H]oliceridine, we performed saturation and competi-
tion binding assays in rat brain membranes and in membranes
from CHO-K1 cells transfected with hMOR. [3H]oliceridine showed
specific binding with high affinity in rat brain (Kd= 0.9 ± 0.2 nM,
Bmax= 0.13 ± 0.01 pmol/mg of protein) (Fig. 2B) and at hMOR
(Kd= 0.9 ± 0.9 nM, Bmax= 9.9 ± 2.7 pmol/mg of protein) (Fig. 2D).
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Fig. 1 Oliceridine binds MOR with high affinity but does not stimulate [35 S]GTPγS recruitment in brain tissue. A [3H]DAMGO (MOR)
specific binding to rat brain membranes against increasing concentrations of DAMGO (black) or oliceridine (orange). B [35S]GTPγS recruitment
in rat brain membranes using increasing concentrations of either DAMGO (black) or oliceridine (orange). All data points are mean ± SEM of
representative experiments performed in triplicate (experiments were performed 3 to 6 times to estimate the parameters) with Ki, EC50 and
Emax reported in the main text. C [35S]GTPγS autoradiography in rat brain sections treated with saline, DAMGO (10 µM), or oliceridine (10 µM)
with or without naloxone (1 µM). D Quantification of autoradiography images: caudate putamen (CPu), nucleus accumbens (NAc), prefrontal
cortex (PFC). Data points represent average of 4–6 sections per animal (n= 2M, 4 F rats/condition). %Binding= 100-[(group mean)/saline
group mean)]*100. E β-Arrestin assay performed in HEK-293 cells transiently transfected with hMOR. F–H In vitro cAMP signaling elicited by
morphine or oliceridine in HEK-293 cells transiently transfected with (F) hMOR, (G) hKOR, and (H) DOR.
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DAMGO displaced [3H]oliceridine from rat brain (Ki= 2.4 ± 0.4 nM)
(Fig. 2C) and at hMOR (Ki= 2.6 ± 0.1 nM) (Fig. 2E) with high
affinity, and oliceridine also displaced [3H]oliceridine from rat
brain (Ki= 2.7 ± 0.7 nM) and at hMOR (Ki= 11 ± 1 nM) (Fig. 2C, E).
Finally, in vitro autoradiography using [3H]oliceridine in rat brain
sections showed a specific binding distribution that was identical
to that observed using [3H]DAMGO (Fig. 2F).

Oliceridine exhibits rapid MOR occupancy
To examine [3H]oliceridine’s in vivo performance, we pretreated
rats with saline or naloxone (10 mg/kg, s.c.) followed by [3H]
oliceridine (1 µCi/g, i.v.) 5 min later. Rats were euthanized 15min
after [3H]oliceridine injection and brains were harvested and
imaged using a phosphorimager. We performed similar studies in
mice (5 µCi/g, i.p. or s.c.). [3H]oliceridine accumulated exclusively in
the choroid plexus/ventricles in a nonspecific manner (i.e., no
blockade by naloxone pretreatment) and did not show MOR-
specific uptake in rats or mice (Fig. 3A–C).
The lack of MOR binding of [3H]oliceridine in vivo given its high

in vitro affinity is counterintuitive. However, [3H]oliceridine was
administered at trace levels. To see if a pharmacological dose of
oliceridine led to MOR occupancy in vivo, we pretreated rats with
saline, naloxone (1 mg/kg, s.c.) or oliceridine (1 mg/kg, s.c.) and
euthanized them at 5-, 15-, or 60-min post-injection. We then
harvested and sectioned their brains and exposed the sections to
a brief (10 min) incubation with [3H]oliceridine (5 nM). Naloxone
led to 82.8 ± 4.1% MOR occupancy at 15 min after its injection
(Fig. 3D, E). Oliceridine produced a comparable level of MOR
occupancy, occupying 53.5 ± 13.9%, 67.5 ± 1.8%, and 46.3 ± 12.2%
at 5-, 15, and 60-min post-injection respectively.
The difference observed between MOR occupancy at trace vs.

pharmacological doses of oliceridine could be explained by
conversion of [3H]oliceridine to a metabolite that lacked

radioisotopic labeling. To confirm that the MOR occupancy
observed was due to oliceridine and not its metabolite, we
performed metabolite identification studies in human and rat liver
microsomes. In rat, the amount of oliceridine decreased by ~50%
at 30 min and by ~75% at 60 min (Fig. 3F). In human liver micro-
somes, oliceridine showed slower metabolization, decreasing
~25% at 30min and ~40% at 60min (Fig. 3F). Oliceridine had
two main metabolites. The major (Oxy-oliceridine, M1) was
produced by oxidation of the pyridyl ring on the nitrogen and
comprised ~25% of the parent in human and ~35% in rat
microsomes (Fig. S1). The minor (M2, aka TRV0109662) (Fig. 3H)
was produced by dealkylation and comprised ~3% of the parent
in human and ~6% in rat microsomes (Fig. S1). Based on the
location of the 3H, oxy-oliceridine would retain radioisotopic
labeling and therefore would not be expected to contribute to any
MOR occupancy. In contrast, TRV0109662 would lose the radio-
active label upon metabolization from [3H]oliceridine and there-
fore could be involved in the MOR occupancy we observed,
especially if it had higher affinity than oliceridine. To examine this,
we synthesized TRV0109662 and assessed its MOR affinity.
TRV0109662 exhibited a 300-fold lower affinity (Ki= 1.1 ± 0.6 µM)
compared to oliceridine (Fig. 3G), ruling out its capacity as an
active metabolite responsible for MOR occupancy. Collectively,
these experiments rule out any meaningful contributions of
oliceridine’s metabolites to MOR occupancy and suggest that
pharmacological doses of oliceridine produce rapid MOR occu-
pancy in vivo.

Oliceridine’s brain uptake is determined by its interaction
with P-glycoprotein
The low brain uptake of [3H]oliceridine coupled with its rapid brain
MOR occupancy is consistent with oliceridine’s fast pharmacoki-
netic profile, where oliceridine plasma and brain concentrations
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have been shown to peak at 5-min post injection and then
steadily decline [27, 30, 31]. We hypothesized that these
characteristics may be explained by oliceridine’s potential inter-
actions with efflux transporters, whose properties can prevent
trace doses from accumulating in the brain but become saturated

by pharmacological doses and therefore allow enough of the drug
to accumulate in brain. Indeed, many opioids, including morphine,
are known efflux transporter substrates [32, 33]. To examine this,
we profiled oliceridine (10 µM) in its capacity to serve as a
substrate for several human efflux transporters. Oliceridine was a
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major substrate (>50% inhibition) for the efflux transporters OCT1,
OCT2, MATE1, and a minor substrate (>20% inhibition) for BSEP
and MDR1 (P-glycoprotein, P-gp) (Fig. 4A). These transporters —
with the exception of P-gp— are not expressed in the brain’s
endothelial compartment [34–36] and therefore we focused our
subsequent efforts on interactions between oliceridine and P-gp.
We pretreated rats with either saline, tariquidar (P-gp inhibitor

[37], 1 mg/kg, i.v.), or MK571 (an MRP1 inhibitor [38], 1 mg/kg, i.v.)
as a negative control, followed by [3H]oliceridine (1 µCi/g, i.v.). Rats
were euthanized 15-min later, and brains were harvested,
sectioned, and imaged using phosphorimaging. MK571-
pretreated rats showed exclusive [3H]oliceridine accumulation in
the ventricles/CSF compartment (Fig. 4B) similar to rats pretreated
with saline. Rats pretreated with tariquidar showed [3H]oliceridine
brain uptake, including in MOR-rich regions [39]. Tariquidar
inhibits P-gp but also acts as a substrate for BCRP [40]. To

examine effects of tariquidar on BCRP-mediated uptake of [3H]
oliceridine, we performed [3H]oliceridine uptake experiments in
MDR1 (P-gp) and BCRP knockout (KO) mice. Mice were injected
with [3H]oliceridine (5 µCi/g, i.v.) and euthanized 5 or 15 min later.
Their brains were harvested, sectioned, and imaged using a
phosphorimager. P-gp/BCRP KO mice showed greater [3H]
oliceridine brain uptake compared to BCRP KO mice, whose [3H]
oliceridine brain distribution was indistinguishable from WT mice
(Fig. 4C, D), confirming that oliceridine’s interaction with P-gp, but
not BCRP, mediates its rapid but limited brain uptake.

P-glycoprotein is a critical determinant of oliceridine’s in vivo
efficacy and adverse effects
To assess the implications of P-gp function on oliceridine’s in vivo
efficacy and adverse effect profile, we examined oliceridine’s
analgesic (hot plate antinociception), respiratory depressive

Fig. 3 Oliceridine exhibits rapid MOR occupancy. Autoradiograms from [3H]oliceridine ex vivo uptake experiments showing brain sections
from rats (A) injected with [3H]oliceridine (1 µCi/g, i.v.) with or without naloxone pretreatment (10mg/kg, s.c.), as well as mice (D) injected with
[3H]oliceridine (10 µCi/g) subcutaneously (B) or intraperitoneally (C) and euthanized 15min later. D Autoradiograms from ex vivo receptor
occupancy experiments showing rat brain sections incubated with [3H]oliceridine (OLC) in rats that received either saline, naloxone (1 mg/kg,
s.c., 15 min post-injection), or oliceridine i.v. (1 mg/kg, s.c, 5-, 15-, or 60-min post-injection). E Quantification of MOR occupancy (n= 3M/2 F per
condition; each point represents average total binding for one subject from 4–5 slices each). % occupancy= 100-(avg/saline avg)*100.
F Stability of oliceridine in Phase I metabolism in rat or human liver microsomes fortified with NADPH compared to negative control without
NADPH. G [3H]Oliceridine competition binding curve of oliceridine and metabolite TRV0109662. All values represent mean ± SEM.
H Oliceridine major (Oxy-oliceridine) and minor (TRV0109662) metabolite molecular diagram.
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Fig. 4 Oliceridine’s brain uptake is determined by its interaction with P-glycoprotein. A In vitro efflux transporter profiling of oliceridine in
Caco-2 cells. Data are mean ± SEM of duplicate experiment. B Ex vivo brain uptake of [3H]oliceridine (OLC) (1µCi/g, i.v.) in rats co-injected
with tariquidar (1 mg/kg, i.v.), MK571 (1 mg/kg, i.v.), or saline 15-min post-injection (n= 1/condition). Ex vivo brain uptake of [3H]oliceridine
(0.5 µCi/g, i.p.) in mice with germline deletion of BCRP (C) or P-gp (D) at either 5- or 15-min post-injection (n= 1/condition). Dashed lines
delineate brain slice outline.
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(blood oxygen saturation), and abuse liability (intravenous self-
administration) effects using WT and P-gp/BCRP KO rats.

Antinociception. First, we assessed the in vivo antinociceptive
efficacy of oliceridine and compared it to morphine using the hot
plate (n= 2–3M/3 F per genotype per drug, n= 22 total) (Fig. 5A, B).
We chose doses previously shown to produce moderate levels of
antinociception in rodents in this procedure [5, 27]. Latency for
nociceptive behavioral responding was recorded at multiple time
points directly before and following morphine (10mg/kg, s.c.) or
oliceridine (0.3mg/kg, s.c.) exposure in both KO and WT rats.
Changes in nociceptive responses to morphine (10mg/kg, s.c.) or
oliceridine (0.3mg/kg, s.c.) were consistent with previous reports
[5, 12, 13, 27]. The three-way mixed-model analysis of opioid-
induced thermal antinociception (%MPE), showed significant
main effects of time (F (2.633, 46.34)= 30.6, p < 0.001), drug
(F (1, 18)= 8.917, p < 0.01), genotype (F (1, 18)= 119.9, p < 0.001);
as well as the time x drug x genotype interaction (F (5, 88)= 11.94,
p < 0.001). A Tukey post hoc analysis revealed that morphine
antinociceptive efficacy in KO rats peaked between 60- (p < 0.001)
and 120-min (p < 0.001) after injection. In contrast, oliceridine
demonstrated a more rapid onset of antinociception that peaked
15min (p < 0.001) post-injection that was followed by a quick
decay, with oliceridine-treated rats returning to baseline by 120min
post-injection.

Respiratory depression. To determine the effect of P-gp on
oliceridine- and morphine-induced respiratory depression, we
measured blood oxygen saturation in awake, unrestrained WT and
KO rats using pulse oximetry (n= 2–3 M/3 F per genotype per
drug, n= 22 total) (Fig. 5C, D). Baseline oxygen saturation (spO2)
was measured 15min prior to either morphine (10 mg/kg, s.c.) or
oliceridine (0.3 mg/kg, s.c.) administration and across a timeseries
thereafter. The three-way mixed-model analysis of opioid-induced
respiratory depression (%spO2 from baseline) showed significant
main effects of genotype (F(1, 20)= 56.84, p < 0.001), time (F(5,
82)= 9.13, p < 0.001), and interactions of time x drug x genotype
(F (5, 82)= 12.47, p < 0.001). A Tukey post hoc analysis revealed
that both oliceridine and morphine at these doses induced
statistically comparable reductions in blood oxygen concentration
in KO rats but failed to produce significant alterations from
baseline in their WT counterparts. In morphine-treated KO rats,
spO2 dropped significantly at 30 min (p < 0.001) and peaked
60min (p < 0.001) post-injection. In contrast, oliceridine-induced
respiratory effects peaked 15min (p < 0.001) post-injection,
consistent with its faster pharmacokinetics and the time course
of its antinociceptive effects. Furthermore, oliceridine’s effect on
spO2 was also more short-lived than morphine’s, having returned
to baseline levels by 60-min post injection, whereas morphine had
a sustained effect on spO2, persisting up to 120-min (p= 0.018)
post-injection.

Intravenous self-administration. Rodent operant self-
administration paradigms are frequently performed to assess a
drug’s reinforcing effects and to predict its potential for abuse.
Previous studies demonstrated that oliceridine is self-administered
in rats previously trained to self-administer oxycodone [15], but it
is unknown whether rats can acquire oliceridine self-
administration. Unlike drug substitution paradigms, the predictive
validity of drug self-administration acquisition studies are not
influenced by the effects of prior drug exposure and are therefore
more strict in assessing a drugs’ reinforcing efficacy [41]. More-
over, to our knowledge, the effect of P-gp/BCRP deletion on
opioid self-administration has not been previously reported. To
examine this, we first trained WT and KO rats (n= 4 F KO, 5 F WT)
to lever press for sucrose pellets on a FR1 schedule for four days
(Fig. S2A–C). The two-way repeated measures (RM) ANOVA of the
number of sucrose rewards earned per day showed significant

main effects of session (F(1.442, 10.09)= 16.38, p= 0.001). No
significant differences were found between genotypes across
sessions (F(1, 7)= 1.74, p > 0.5).
Next, subjects were trained to self-administer oliceridine across

escalating doses for 15 days using FR1 and FR3 schedules (Fig. 5E).
The two-way ANOVA of the number of infusions per day showed
significant main effects of genotype (F(1, 7)= 19.96, p= 0.0029),
session (F(14, 98)= 4.94, p < 0.001), and interaction (F(14,
98)= 4.175, p < 0.001). Once all WT rats’ self-administration met
criteria, we analyzed the preference for the active versus inactive
lever to evaluate possible nonspecific responding (Fig. 5F). The
mixed-model analysis of the number of responses committed over
three sequential sessions showed significant effects of genotype
(F (1, 10)= 25.32, p < 0.001), lever (F (1, 4) = 76.72, p < 0.001) and
interaction (F (1, 4) = 125.9, p < 0.001). Notably, KO rats did not
meet learning criteria for self-administration.
We hypothesized that the lack of discriminative responding in

KO rats was driven by increased oliceridine potency due to greater
brain drug exposure. To test this, we performed a dose-response
assessment in both the WT and KO rats (Fig. 5G–I). The two-way
RM ANOVA of the number of infusions per day showed significant
main effects of genotype (F(1, 7)= 25.89, p= 0.0014), dose (F(5,
35)= 4.25, p= 0.004), and interaction (F(5, 35)= 7.22, p < 0.001).
In a follow-up Holm-Sidak post hoc comparison, KO rats
demonstrated dose-dependent alterations in self-administration
of oliceridine, with their pressing peaking at the 1 μg/kg unit dose
with an average of 19 ± 5 infusions (Fig. 5G). In contrast, WT rats
showed peak responding at a 30 μg/kg/infusion unit dose with an
average of 59 ± 12 infusions. These results suggest that P-gp
functional loss shifts the oliceridine intravenous self-
administration unit dose-response curve to the left and down,
indicating increased potency of oliceridine due to P-gp deletion.
Following dose-response testing, WT rats were tested for

extinction of goal-directed pressing. Rats were returned to
300 μg/kg/inf FR3 for one session followed by 4 consecutive days
of saline self-administration (Fig. S2E). The one-way RM ANOVA of
the number of infusions earned across sessions showed significant
effects of session (F (6, 24)= 10.55, p < 0.001). In Holm-Sidak post
hoc comparisons, rat active lever presses steadily diminished
across each session and plateaued at 12 ± 10 infusions. Next, WT
rats were tested for drug-induced reinstatement. An injection of
oliceridine (0.3 mg/kg, s.c.) was administered at the start of the
final saline self-administration session. All rats demonstrated a
significant increase in active lever pressing from that of the final
extinction trial (p < 0.001), indicating drug-induced reinstatement
of drug-reward seeking behavior.

DISCUSSION
The primary aim of our study was to understand the pharmaco-
dynamic and pharmacokinetic mechanisms by which oliceridine’s
in vivo potency is determined so as to inform the ongoing debate
on therapeutic indices of opioid pharmaceuticals. Functional
selectivity (i.e., biased signaling) is dependent on the cellular
context and determined by availability of signaling effectors [42]
and experimental conditions. Hence, experiments relying on
overexpression of receptors in heterologous expression systems
may not necessarily serve as accurate predictors of drug-receptor
interactions under physiological conditions or in postmortem
tissue. Our results using HEK-293 cells transiently transfected with
opioid receptors agree with previous reports [13] showing that
oliceridine behaves as a partial agonist for MOR (with negligible
recruitment of β-arrestins) and, at higher concentrations, behaves
as a full agonist of KOR (with over ~200-fold less potency
compared with MOR) and has no detectable activity on DOR. In
contrast to heterologous systems, GTPγS recruitment has histori-
cally been utilized to assess a ligand’s efficacy for G-protein
stimulation in situ in postmortem tissues [43–45]. Interestingly, we
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found that oliceridine failed to stimulate [35S]GTPγS recruitment in
both rat brain membranes and rat brain tissue sections containing
regions with high MOR density. Similar findings were recently
reported by Stahl et al using membranes prepared from mouse
brainstem [25]. These results contrast with the experimental
findings using cell culture. This discrepancy may be due to
different efficacy requirements and a lower sensitivity of the [35S]
GTPγS recruitment assay exacerbated by the lower density of both
receptors and G proteins, as compared to transfected cultured
cells. In any case, these results support the notion that oliceridine
displays weak intrinsic efficacy to activate brain MOR receptors.
One hallmark of oliceridine’s effects is its fast kinetics and low

off-target effects [5]. Oliceridine’s high potency and low efficacy
might partially explain this profile, as relatively low doses are
needed to achieve analgesic efficacy, favoring relatively fast
clearance and allowing “safer” redosing. We also found that
oliceridine has no significantly bioactive metabolites. Oliceridine’s
lack of pharmacologically active metabolites is possibly another
important contributing factor to its favorable pharmacokinetics.
This is in contrast to morphine, whose active metabolite
morphine-6-glucuronide is partially responsible for the prolonged
depressive effects morphine induces on respiration, which can
result in a dangerous and unfavorable amplification effect on
opioid-induced respiratory depression following redosing [46, 47].
Furthermore, oliceridine’s low brain accumulation might favor

engagement of peripheral vs. central MORs, thereby contributing
to less adverse effects and a more favorable pharmacodynamic
profile. Indeed, we found that oliceridine is a substrate for the
P-gp efflux transporter and showed that this interaction mediates
oliceridine’s in vivo brain exposure, efficacy, and adverse effect
profiles. Specifically, we found that manipulations leading to a loss
of P-gp function dramatically increased oliceridine’s brain
exposure, it’s antinociceptive efficacy, and its ability to induce
respiratory depression and reinforcement. These observations are
consistent with prior preclinical reports of other opioids (including
morphine and fentanyl), whose brain exposure is modulated by
P-gp [48–57]. The low doses required to achieve analgesic potency
using oliceridine, coupled with its weak intrinsic efficacy as
compared to morphine and fentanyl, might explain oliceridine’s
therapeutic index. In other words, even though morphine is also a
P-gp substrate, the doses of morphine used are at least 10-fold
higher than oliceridine doses and may potentially saturate efflux
transporters, thereby decreasing morphine clearance and leading
to higher relative brain uptake. Thus, oliceridine’s saturable
interaction with efflux pumps in conjunction with its relatively
low intrinsic efficacy could at least partially explain oliceridine’s
reportedly lower adverse effect profile.
The reinforcing effects of oliceridine in either humans or in

animal laboratory models are not well understood. The intrave-
nous drug self-administration procedure is the gold standard
behavioral procedure for assessing the potential abuse liability of
a drug [41, 58]. To our knowledge, the ability of oliceridine to be
self-administered has only been tested in rats previously trained to
self-administer oxycodone [15, 16]. Here, we showed that rats can
be trained to self-administer oliceridine without prior exposure to
other opioids/drugs. In addition, WT rats trained to self-administer
oliceridine showed extinction and drug-induced reinstatement
comparable with other opioids [59–61]. Interestingly, we found
that rats that lack P-gp did not meet discrimination criteria for
oliceridine self-administration during training. For this reason, we
were unable to test KO rats on extinction and reinstatement, and
therefore we cannot make any conclusions as to whether P-gp
regulates such behaviors. However, KO rats demonstrated
canonical inverted U-shaped dose-dependent responding at
markedly lower unit doses of oliceridine. The seemingly counter-
intuitive finding that KO rats did not show high lever pressing
during the self-administration training period might be due to the
slower clearance of oliceridine in these rats—as seen in the longer

duration of action in KO rats during the hot plate antinociception
assay compared to their WT littermates and as supported by the
[3H]oliceridine biodistribution findings. This may have created a
confounding factor for the rats to associate the drug effects with
their associated cues (as described in some studies [62–64] but
not others [65, 66]). Another explanation may be that the brain
concentration of oliceridine achieved in P-gp/BCRP KO rats might
be too high and no longer reinforcing or may have been sufficient
to induce partial sedation. In fact, in a dose response experiment,
P-gp/BCRP KO rats had a peak response to oliceridine when
infused at 1 μg/kg/inf, a unit dose 30-fold lower than the peak
dose for WT rats. Overall, these results indicate that P-gp function
is a key factor that determines the reinforcing properties of
opioids, and that genetic or environmental factors (e.g., diet, other
drug/medication exposure [67–69]) affecting P-gp function should
be considered when evaluating the abuse liability of opioids.
In sum, our results support the purported functional selectivity

of oliceridine being attributable to low intrinsic efficacy at MOR
and demonstrate a significant impact of P-gp on the pharmaco-
kinetic, pharmacodynamic, and efficacy profiles of oliceridine.
P-gp (and other efflux pumps [70–72]) are known modulators of
opiate potency in the clinic and, as we show here, a key
determinant of their abuse liability. Consequently, our findings
suggest that P-gp function be considered when prescribing
oliceridine to patients and evaluating their therapeutic outcome.
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