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O PIOIDS are the most effective analgesics in clinical 
use for the alleviation of moderate to severe pain.1 

Among opioids, morphine is the mainstay of modern pain 
management.2 Opioids and their analogs bind to opioid 
receptors of the G-protein–coupled receptor family, have 
site-specific effects, and are expressed mainly in the central 
nervous system.3 Three subtypes of opioid receptors are pres-
ent in the mammalian brain: the μ-opioid receptor, δ-opioid 
receptor, and κ-opioid receptor, and they result in inhibition 
of cyclic adenosine monophosphate (cAMP) production, 
β-arrestin recruitment, and activation of G-protein–coupled 
inwardly rectifying potassium channels.4 μ-Opioid recep-
tor is crucial to the analgesic and reward-related effects of 
opioids in vivo because the antinociceptive and rewarding 
effects of morphine are both eliminated in μ-opioid receptor 
knockout mice.5

Although opioids are effective drugs, they are also 
associated with a range of side effects, including toler-
ance, dependence, addiction, constipation, and respiratory 

What We Already Know about This Topic

• Opioid agonists are effective analgesics and exert their 
effects through μ-, δ-, or κ-opioid receptors. Currently used 
opioid agonists also cause unwanted side effects, including 
respiratory depression, sedation, constipation, and tolerance.

• Compound 1 was synthesized, structurally different from 
conventional opioids, and shown to be antinociceptive in mice.

What This Article Tells Us That Is New

• Compound 1 was further tested and found to be an agonist 
at μ-, δ-, and κ-opioid receptors but caused antinociception 
exclusively via μ-receptor activation.

• Compared with morphine, compound 1 caused greater 
antinociception but less gastrointestinal slowing.
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ABSTRACT

Background: The authors investigated the pharmacology and signaling pathways of the opioid receptors modulated by com-
pound 1, 1-(2,4-dibromophenyl)-3,6,6-trimethyl-1,5,6,7-tetrahydro-4H-indazol-4-one.
Methods: In vitro studies of compound 1 were assessed by using a radioligand-binding assay (n = 3), a cyclic adenosine mono-
phosphate assay (n = 3), a β-arrestin assay (n = 3), an internalization assay (n = 3), and an immunohistochemistry (n = 8). In 
vivo studies of compound 1 were characterized using a tail-flick test (n = 5 to 6), tail-clip test (n = 7), von Frey hair test (n = 
5), and charcoal meal test (n = 5).
Results: Compound 1 elicited robust effects in μ-opioid (mean ± SD; binding affinity: 15 ± 2 nM; cyclic adenosine mono-
phosphate assay: 24 ± 6 nM), δ-opioid (82 ± 7 nM; 1.9 ± 0.1 μM), and κ-opioid (76 ± 9 nM; 1.4 ± 0.5 μM) receptor–expressing 
cells. Compound 1 acts as a full agonist of β-arrestin-2 recruitment in μ-opioid (1.1 ± 0.3 μM) and δ-opioid (9.7 ± 1.9 μM) 
receptor–expressing cells. Compound 1 caused less gastrointestinal dysfunction (charcoal meal test: morphine: 82 ± 5%; com-
pound 1: 42 ± 5%) as well as better antinociception in mechanical pain hypersensitivity (tail-clip test: morphine: 10 ± 3 s; 
compound 1: 19 ± 1 s) and in cancer-induced pain (von Frey hair test: morphine: 0.1 ± 0.1 g; compound 1: 0.3 ± 0.1 g) than 
morphine at equi-antinociceptive doses.
Conclusions: Compound 1 produced antinociception with less gastrointestinal dysfunction than morphine.  
( Anesthesiology 2017; 126:952-66)
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depression.6–9 Most opioids are morphine-like compounds 
or morphine analogs, such as oxycodone, hydrocodone, and 
hydromorphone. Previous attempts to modify the structure 
of morphine-like opioids in order to diminish their side 
effects have failed. This may be because these analogs shared 
similar chemical structures, induced similar conformational 
changes in μ-opioid receptor, and activated the same sig-
naling pathways as morphine. Therefore, high-throughput 
screening assays of compounds to discover new scaffolds 
of nonpeptide opioid receptor agonists may be an effective 
strategy for developing novel and effective analgesics that do 
not have severe adverse effects.

We have previously discovered a new opioid compound, 
1-(2,4-dibromophenyl)-3,6,6-trimethyl-1,5,6,7-tetrahydro-
4H-indazol-4-one (compound 1; fig. 1),10 which has a novel 
chemical structure and exerts opioid receptor–dependent 
antinociception. In the current study, we examined the 
cellular signaling pathways activated by compound 1. We 
validated the pharmacologic effects of compound 1 in ther-
mal and mechanical nociceptive tests and in animal models 
of cancer pain and gastrointestinal dysfunction in order to 
determine its efficacy and tolerability as compared to mor-
phine. We also elucidated aspects of the mechanism of action 
of morphine and clarified areas for further improvements of 
such compounds.

Materials and Methods

Animals
Male wild-type C57BL/6 (B6) mice (25 to 30 g) and 
μ-opioid receptor knockout mice5 (kindly provided by 
Dr. Tao) were kept in a temperature-controlled animal 
room with a 12-h:12-h light–dark cycle. The protocol was 
approved by the Institutional Animal Care and Use Com-
mittee of the National Health Research Institutes, Zhunan, 
Taiwan. Animal experiments were conducted in accordance 
with the Policies on the Use of Animals in Neuroscience 
Research and the ethical guidelines for investigations of 
experimental pain in conscious animals established by the 
International Association for the Study of Pain (Washington, 
D.C.). In each experiment, animals were randomized to an 
experimental group.

Materials
Compound 1 was synthesized by Dr. Ueng. Morphine 
hydrochloride was obtained from the Food and Drug 
Administration, Ministry of Health and Welfare, Taipei, Tai-
wan. [Met5]Enkephalin was obtained from Sigma Chemical 
Co., USA. [3H]Diprenorphine was obtained from Perki-
nElmer Inc., USA. [D-Pen2,D-Pen5]Enkephalin, trans-(−)-
3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]
benzeneacetamide hydrochloride, cyprodime, naltrindole, 
and nor-binaltorphimine were obtained from Tocris Biosci-
ences, United Kingdom.

Radioligand Binding Assay
Human embryonic kidney 293 cells expressing human 
μ-opioid receptor, human δ-opioid receptor, and human 
κ-opioid receptor (provided by Dr. Law) were harvested and 
homogenized in membrane preparation buffer (50 mM Tris-
HCl, pH 7.4, 2 mM EDTA) containing fresh protease inhibitor 
cocktail (Roche, Switzerland) and then centrifuged at 30,000g 
for 30 min. The pellets were resuspended, aliquoted, and stored 
at −80°C. For the [3H]diprenorphine saturation binding assay, 
membranes (with 25 μg protein) were incubated with different 
concentrations (0.5 to 5 nM) of [3H]diprenorphine in binding 
buffer (50 mM Tris-HCl, pH 7.4, 2 mM EDTA) at 25°C for 
1 h. For competitive binding experiments, [3H]diprenorphine 
(1 nM) was incubated with membranes (25 μg protein) in the 
absence or presence of various concentrations of compounds at 
25°C for 1 h. Samples were then rapidly filtered onto glass-fiber 
filters (Millipore, USA) and washed three times with ice-cold 
phosphate-buffered saline. The radioactivity was quantified 
using a liquid scintillation counter.

Internalization Assay
The PathHunter G-protein–coupled receptor-internaliza-
tion assay (DiscoveRx, USA) was performed according to 
the manufacturer’s protocol. Briefly, human osteosarcoma 
U2OS cells express human μ-opioid receptor with comple-
mentary pieces of β-galactosidase that are genetically fused 
to the receptor and to a component of the endocytic ves-
icle. When activated, μ-opioid receptor interacts with the 
endosomes in this study, and the two fusion proteins form a 
complete enzyme whose activity can be detected by chemi-
luminescence. Cells were grown to confluence in McCoy's 
5A medium (GIBCO, USA) containing 10% fetal bovine 
serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomycin, 
20 μg/ml G418 (Sigma Chemical Co.), 5 μg/ml hygromy-
cin B (InvivoGen, USA), and 25 mM HEPES in T-175 tis-
sue culture flasks (Corning, USA) and harvested with Cell 
Detachment Reagent (DiscoveRx). Cells (5,000 per well) 
were then seeded in black 384-well assay plates (Corning) 
with a CP5 reagent (DiscoveRx) and incubated for 24 h 
before the experiments. After each treatment, cells were 
incubated at room temperature for 1.5 h, followed by the 
addition of 8 μl PathHunter Detection reagent (DiscoveRx) 
and incubation for 1 h, and analyzed for chemiluminescence 

Fig. 1. Molecular structure of (A) morphine and (B) compound 
1, 1-(2,4-dibromophenyl)-3,6,6-trimethyl-1,5,6,7- tetrahydro-
4H-indazol-4-one.
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on a Victor 2 plate reader (PerkinElmer Inc.). Experiments 
shown in each figure were performed on the same day, using 
the same generation of cells to ensure accurate comparisons 
of data.

β-Arrestin-2 Recruitment ( β-Arrestin Assay)
The PathHunter G-protein–coupled receptor β-arrestin-2 
assay (DiscoveRx) was performed according to the manu-
facturer’s protocol. Briefly, when β-arrestin-2 translocates 
to the active receptor, complementary β-galactosidase frag-
ments fuse to the receptor and β-arrestin-2 interacts to form 
a functional enzyme, which can be detected by chemilumi-
nescence. Chinese hamster ovary cells expressing human 
μ-opioid receptor or human δ-opioid receptor were grown 
to confluence in F12 medium (GIBCO) containing 10% 
FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 200 μg/
ml G418, and 20 μg/ml hygromycin B in T-175 tissue cul-
ture flasks (Corning) and harvested with Cell Detachment 
Reagent (DiscoveRx). Cells (5,000 per well) were then seeded 
in black 384-well assay plates (Corning) with a CP2 reagent 
(DiscoveRx) and incubated for 24 h before the experiments. 
Human osteosarcoma U2OS cells expressing κ-opioid recep-
tor were grown to confluence in McCoy's 5A medium 
(GIBCO) containing 10% FBS, 100 U/ml penicillin, 100 
μg/ml streptomycin, 20 μg/ml G418 (Sigma Chemical Co.), 
5 μg/ml hygromycin B (InvivoGen), and 25 mM HEPES 
in T-175 tissue culture flasks (Corning) and harvested with 
a Cell Detachment Reagent (DiscoveRx). Cells (5,000 per 
well) were then seeded in black 384-well assay plates (Corn-
ing) with a CP5 reagent (DiscoveRx) and incubated for 24 h 
before the experiments. After each treatment, cells were incu-
bated at room temperature for 1.5 h, followed by the addition 
of 8 μl PathHunter Detection reagent (DiscoveRx) and incu-
bation for 1 h. Luminescence was detected using a Victor 2 
plate reader (PerkinElmer Inc.). Experiments were performed 
on the same day, and the same passage of cells was used to 
ensure accurate comparisons of data.

cAMP Assay
Human embryonic kidney 293 cells expressing human 
μ-opioid receptor, human δ-opioid receptor, and human 
κ-opioid receptor were cultured in high-glucose Dulbecco 
modified Eagle medium (DMEM; GIBCO) supplemented 
with 10% FBS, 100 U/ml penicillin, 100 μg/ml strepto-
mycin, 400 μg/ml G418, and 2 mM L-glutamine in T-175 
tissue culture flasks (Corning) and harvested with trypsin–
EDTA solution (GIBCO). Cells (72,000 per well) were 
plated in 100 μl/well DMEM in 96-well solid-bottom white 
plates (GIBCO) and 50 μl/well drug in Hanks balanced salt 
solution in the presence of forskolin and 3-isobutyl-1-meth-
ylxanthine at final concentrations of 1 and 500 μM, respec-
tively. After 30 min of incubation at room temperature, the 
concentration of cAMP was determined using a LANCE 
Ultra cAMP Assay kit (PerkinElmer Inc.). Two hours later, 

plate fluorescence was measured using a Victor 2 plate reader 
(PerkinElmer Inc.) with excitation at 330 nm and emission 
at 615 and 665 nm.

Membrane Potential Assay
Mouse pituitary AtT-20 cells were cultured in DMEM 
containing 10% FBS, 100 U/ml penicillin, and 100 μg/ml 
streptomycin in T-175 tissue culture flasks (Corning) and 
harvested with a trypsin–EDTA solution. Cells (25,000 per 
well) were transiently transfected with myc-tagged human 
μ-opioid receptor plasmid (provided by Dr. Law, University 
of Minnesota) using NEPA21 electroporator gene transfec-
tion system (Nepa Gene, Japan) and subsequently seeded in 
black 96-well clear, flat-bottomed assay plates (Corning). 
The poring pulse conditions for electroporation were as fol-
lows: 110 V, 7.5-ms pulse length, 50-ms interpulse interval, 
and a 10% decay rate with plus polarity. The transfer pulse 
conditions were as follows: 20 V, 50-ms pulse length, 50-ms 
pulse interval, and a 40% decay rate with plus and minus 
polarities.11 After 24 h, cells were serum starved for 3 h to 
detect potassium conductance changes using a fluoromet-
ric imaging plate reader (FLIPR; Molecular Devices, USA) 
membrane potential assay according to the manufacturer’s 
instructions. Briefly, cells were treated with blue membrane 
potential dye for 0.5 h at 25°C. The fluorescence signal 
(excitation: 485 nm, emission: 525 nm) was monitored at 
intervals of 1.52 s, up to 150 s after the treatment on a Flex-
Station 3 bench-top multimode microplate reader (Molecu-
lar Devices).

Immunostaining
Mice were anesthetized with isoflurane, euthanized 1 h after 
the drug treatment, and perfused transcardially with 1× 
phosphate-buffered saline followed by 4% paraformalde-
hyde. The dorsal root ganglion was removed and postfixed 
for 12 h in 4% paraformaldehyde and then cryoprotected in 
20% glycerol for 6 h at 4°C. The dorsal root ganglion sections 
were glued to the platform of a Vibroslice tissue slicer (DTK-
1000; Dosaka, Japan). Transverse sections of 20-μm thick-
ness were cut, and the appropriate slices from each group 
were placed on the same microscope slide and processed 
identically during a standard immunofluorescence staining 
procedure. The sections were first incubated with phosphate-
buffered saline or wheat germ agglutinin conjugated with 
Alexa488 (1:1,000; Cat. W11261; Molecular Probes, USA) 
to label the plasma membrane. After washing, the sections 
were incubated with permeabilization buffer (0.4% Triton 
X-100 and 2% FBS in phosphate-buffered saline) for 1 h and 
then in phosphate-buffered saline with rabbit monoclonal 
anti–β-arrestin-2 antibody (1:1,000; Cat. AB6022; Mil-
lipore) or rabbit monoclonal anti-μ-opioid receptor anti-
body (1:500; Cat. NBP1-96656; Novus Biologicals, USA) 
for 24 h. Subsequently, the sections were washed four times 
with the washing buffer (0.2% Triton X-100 in phosphate-
buffered saline) and then incubated in phosphate-buffered 
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saline with Alexa488-conjugated goat anti-rabbit immuno-
globulin G antibody (1:1,000; Cat. A-11034; Invitrogen, 
USA), Alexa568-conjugated goat anti-rabbit immuno-
globulin G antibody (1:1,000; Cat. A-11036; Invitrogen), 
or 4',6-diamidino-2-phenylindole for 1 h. The slides were 
then washed three times with phosphate-buffered saline and 
mounted with glycerol. Fluorescence images were captured 
using a laser confocal microscope (TCS SP5II; Leica, Ger-
many) and acquired using the same gain and exposure time. 
The number of puncta representing the β-arrestin-2 (diam-
eter greater than 0.3 μm) and cytoplasmic μ-opioid receptor 
per cell were measured from confocal images of eight ran-
domly selected fields per experiment using ImageJ (National 
Institutes of Health, USA) with qualifications.12

Tail-flick Test
Drug-induced antinociception against acute thermal pain 
hypersensitivity was evaluated using the Tail-Flick Analge-
sia Meter (Columbia Instruments, USA). Mice with a basal 
latency between 2.5 and 3 s were collected and randomly 
divided into each group. The basal latency was recorded 
before treatment, and tail-flick latencies were recorded 
30, 60, 90, 120, and 180 min after iv, intraperitoneal, or 
intrathecal administration of drugs. Morphine and nal-
oxone were dissolved in saline. The iv dosing solution of 
compound 1 was prepared in 5% dimethyl sulfoxide, 5% 
cremophor, and 90% saline. Cyprodime, naltrindole, and 
nor-binaltorphimine were prepared in 5% dimethyl sulfox-
ide and 95% saline. A cutoff time of 10 s was set to avoid 
tissue damage. The antinociceptive effect was defined as 
the difference between the tail-flick latency and the basal 
latency at each time point. The area under the curve (AUC) 
value was obtained by calculating the area under the time–
response curve of the antinociceptive effect after treatment 
of the drugs. The percentage of the maximum possible effect 
was calculated as [(tail-flick latency − basal latency) ÷ (cutoff 
time − basal latency)] × 100.13

Tail-clip Test
Each mouse was placed in an acrylic box (10 cm in diameter, 
30 cm in height) and allowed to acclimate for 5 min before 
testing, and then a clip was applied 1 cm from the base of the 
tail. The latency to bite or grasp the clip was measured while 
the clip was being applied to the tail.14 Regardless of the 
response, a cutoff time of 20 s was set to avoid tissue damage.

Cancer-induced Pain and Mechanical Allodynia Test
Mouse B16-F1 melanoma cells were cultured in DMEM 
containing 10% FBS, 100 U/ml penicillin, and 100 μg/
ml streptomycin in T-175 tissue culture flasks (Corning) 
and harvested with trypsin–EDTA solution. To induce 
cancer pain, each B6 mouse was injected with either 20 
μl phosphate-buffered saline or cells (6 × 105 cells/20 μl 
phosphate-buffered saline) in the footpad of the right hind 
paw under isoflurane anesthesia on postinoculation day 0. 

On postinoculation day 19, the test day, mice were placed 
on a mesh floor with 5- × 5-mm holes, covered with a cup 
to prevent visual stimulation, and allowed to adapt for 1 h 
before testing. Melanoma cell–injected mice were intrave-
nously administered vehicle, morphine, or compound 1, 
and 50% withdrawal threshold was subsequently evaluated 
using a classical up-and-down method with von Frey fila-
ments (range, 0.1 to 1 g; IITC Life Science, USA).15 Testing 
was initiated with 0.5 g force. Briefly, whenever a with-
drawal response occurred, the next weaker von Frey filament 
was applied; however, whenever no withdrawal response 
occurred, the next stronger filament was applied. Mechani-
cal allodynia was defined as changes in the amount of pres-
sure required to induce withdrawal.

Charcoal Meal Test
Briefly, B6 mice were fasted for at least 16 h before the exper-
iments with free access to water. Various doses of drugs were 
administered to the mice 15 min before the administration 
of an aqueous activated charcoal suspension (10% activated 
charcoal plus 5% gum Arabic; 0.3 ml). After 30 min, the 
mice were euthanized by intraperitoneal administration of a 
ketamine–xylazine cocktail (Sigma Chemical Co.) followed 
by cervical dislocation, and the total length of migration of 
the charcoal meal was measured from the pylorus to the ileo-
cecal junction of the small intestine. Gastrointestinal propul-
sion was calculated as the percentage of the distance traveled 
by the charcoal meal relative to the total length of the small 
intestine to control for individual variations. A gastrointesti-
nal propulsion rate of less than 55% indicated a clear inhibi-
tion of bowel propulsion.

Statistical Analysis
All in vitro and in vivo experiments were repeated multiple 
times as indicated in the figure legends to ensure the reliability 
of the individual values. The sample size used in all experiments 
was based on previous experience. No samples, mice, or data 
points were excluded from the reported analysis. Investigators 
were blinded to the test conditions. In all experiments, an indi-
vidual administered drugs to the cells or animals, and another 
individual who was blinded to the drug administered observed 
the response and analyzed the data. Data are presented as indi-
vidual data points or as mean ± SD (GraphPad Prism version 
5.00 for Windows; GraphPad Software, USA). Opioid recep-
tor-binding affinity (Ki; table 1), EC50 (table 2), or curve fits 
of dose–response curves (figs. 2–4) of each compound were 
determined using a nonlinear regression analysis. In the in 
vivo experiments, three types of statistical analyses were per-
formed. For the time–response curves of vehicle, morphine, or 
compound 1 (figs. 5–7), a two-way ANOVA with a Bonfer-
roni post hoc test was used. For the quantitative results from 
the time–response curves (figs. 5 and 6), the distribution of 
β-arrestin-2 and μ-opioid receptor (fig. 3), or the 30-min treat-
ment experiment to investigate the antinociception or gastro-
intestinal inhibition produced by the compounds (figs. 4 and 
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5), a one-way ANOVA with Newman–Keuls post hoc tests was 
used. For the comparison of maximum possible effect (Emax) 
values between morphine and compound 1 (fig. 4) or the com-
parison of the mechanical allodynia between sham-control and 
melanoma cell–implanted mice (fig. 7), a Student’s t test was 
used. P < 0.05 was considered statistically significant.

Results

Opioid Receptor Signaling Pathways Are Regulated by 
Compound 1
Previously, we had identified a series of chemical com-
pounds for human μ-opioid receptor activation and further 
optimized them for potency and selectivity, resulting in 
the discovery of compound 1, which had the lowest opioid 
receptor-binding affinity as well as the best in vivo antinoci-
ception activity among the compounds in the series.10 Com-
pound 1 has no structural similarity to any other previously 
described μ-opioid receptor agonist, and we conducted these 
experiments to determine, in part, the effects of compound 

1 on μ-opioid (fig. 2) and δ- and κ-opioid (fig. 3) receptor–
mediated signaling pathways.

First, we performed competitive receptor-binding assays 
in μ-opioid receptor, δ-opioid receptor, and κ-opioid recep-
tor membranes to determine the binding affinity of mor-
phine and compound 1, using a nonselective opioid ligand 
tracer [3H]diprenorphine. Both morphine and compound 1 
have the highest affinity for μ-opioid receptor, followed by 
κ-opioid receptor and δ-opioid receptor (table 1). The bind-
ing affinity of compound 1 for μ-opioid receptor, δ-opioid 
receptor, and κ-opioid receptor was 2.2-, 1.5-, and 3-fold 
less than that of morphine, respectively (table 1). To test the 
agonist property of compounds, compound 1 and morphine 
were subjected to cAMP assays in μ-opioid receptor–express-
ing cells, as they reflect the G-protein–dependent signaling 
pathway activated by μ-opioid receptor. Both compound 
1 and morphine significantly decreased cAMP production 
in μ-opioid receptor–expressing cells in a dose-dependent 
manner (fig. 2A); the potency of compound 1 was higher 
than that of morphine (table 2). Furthermore, the Emax of 
compound 1 on cAMP inhibition, observed at 10 to 100 
μM, was 1.4 times higher than that of the morphine group 
(fig. 2A). Moreover, compound 1 also activated G protein 
pathways in δ-opioid receptor–expressing cells (fig. 3A) and 
κ-opioid receptor–expressing cells (fig. 3B), and its Emax 
was comparable with those of [D-Pen2,D-Pen5]enkephalin 
(a δ-opioid receptor agonist) and trans-(−)-3,4-dichloro-N-
methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzeneacetamide 
hydrochloride (a κ-opioid receptor agonist).

Next, we determined whether compound 1 had any 
effect on the G-protein–coupled inwardly rectifying 
potassium channel activation, as this is another μ-opioid 
receptor G-protein–dependent signaling pathway that 
contributes to opioid receptor–mediated analgesia.16 
The pituitary AtT-20 cells, which highly express the 
endogenous G-protein–coupled inwardly rectifying 
potassium channel, are a suitable cellular model for con-
ducting a potassium channel assay.17 Acute treatment 
with morphine caused a μ-opioid receptor–dependent 
membrane potential hyperpolarization in myc-tagged 

Table 1. Opioid Receptor-binding Affinity of Morphine and 
Compound 1 on μ-Opioid Receptor, δ-Opioid Receptor, and 
κ-Opioid Receptor

 

[3H]Diprenorphine Binding, Ki

MOR DOR KOR

Morphine, nM 6.8 ± 0.8 55 ± 8 25 ± 3
Compound 1, nM 15 ± 2 82 ± 7 76 ± 9
ME, nM 1.5 ± 0.3 ND ND
DPDPE, nM ND 2.3 ± 0.5 ND
U50488, nM ND ND 3.1 ± 1.2

Receptor-binding affinities were measured by competitive inhibition of [3H]
diprenorphine-binding assessment performed by using MOR, DOR, and 
KOR membranes. Ki = half-maximal inhibitory concentration/(1 + L/Kd), 
where L is the concentration of [3H]diprenorphine used (1 nM), and the Kd 
values in MOR, DOR, and KOR are 0.46, 0.65, and 0.33 nM, respectively. 
All experiments were carried out independently and at least in triplicate. 
The values indicate the mean ± SD.
DOR = δ-opioid receptor; DPDPE = [D-Pen2,D-Pen5]enkephalin; Ki = 
opioid receptor-binding affinity; KOR = κ-opioid receptor; ME = [Met5]
enkephalin; MOR = μ-opioid receptor; ND = not determined; U50488 = 
trans-(−)-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benze-
neacetamide hydrochloride.

Table 2. The EC50 of Morphine and Compound 1 in the Functional Cell-based Assays Presented in Figures 2 and 3

 
 

cAMP β-Arrestin-2
MOR  

Internalization
Membrane 
Potential

MOR DOR KOR MOR DOR KOR MOR MOR

Morphine 42 ± 4 nM ND ND 0.6 ± 0.1 μM 0.8 ± 0.2 μM 4.5 ± 2.6 μM 0.8 ± 0.2 μM 34 ± 1 nM
Compound 1 24 ± 6 nM 1.9 ± 0.1 μM 1.4 ± 0.5 μM 1.1 ± 0.3 μM 9.7 ± 1.9 μM 29 ± 10 μM 12 ± 5 μM 6.1 ± 1.6 μM
ME ND ND ND 26 ± 1 nM ND ND 100 ± 20 nM ND
DPDPE ND 1.6 ± 0.1 nM ND ND 17 ± 3 nM ND ND ND
U50488 ND ND 1.9 ± 0.8 nM ND ND 0.6 ± 0.5 μM ND ND

All experiments were carried out independently and at least in triplicate. The values indicate the mean ± SD.
cAMP = cyclic adenosine monophosphate; DOR = δ-opioid receptor; DPDPE = [D-Pen2,D-Pen5]enkephalin; KOR = κ-opioid receptor; ME = [Met5]
enkephalin; MOR = μ-opioid receptor; ND = not determined; U50488 = trans-(−)-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzeneacetamide 
hydrochloride.
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μ-opioid receptor–expressing AtT-20 cells. The Emax 
of compound 1 (100 μM), however, had only approxi-
mately 60% of the efficacy of morphine in the membrane 
potential assay (fig. 2B), and the EC50 of compound 1 
was markedly higher than that of morphine (table 2). 
These results indicate that compound 1 failed to acti-
vate G-protein–coupled inwardly rectifying potassium 

channels or alter membrane potentials in μ-opioid recep-
tor–expressing AtT-20 cells.

On the other hand, compound 1 treatment induced 
β-arrestin-2 recruitment, a G-protein–independent path-
way, to μ-opioid receptor (fig. 2C) and δ-opioid receptor 
(fig. 3C) but not to κ-opioid receptor (fig. 3D). Compound 
1 had a significantly higher Emax than morphine (fig. 

Fig. 2. Signaling pathways of μ-opioid receptor regulated by compound 1. (A) Compound 1 has a similar G-protein–coupling 
efficacy to morphine. G protein coupling was measured by the inhibition of cyclic adenosine monophosphate (cAMP) accumu-
lation in human embryonic kidney 293 cells expressing human μ-opioid receptor (n = 3). (B) The effects of compound 1 and 
morphine on the activation of G-protein–coupled inwardly rectifying potassium channels. AtT-20 cells were transfected with a 
myc-tagged μ-opioid receptor expression plasmid before membrane potential assay (n = 3). (C, E) Treatment with compound 
1 induces more β-arrestin-2 recruitment than morphine (C), with an effect similar to that of [Met5]enkephalin (E). β-Arrestin-2 
recruitment was measured using the PathHunter enzyme complementation assay in Chinese hamster ovary cells expressing 
human μ-opioid receptor. Data in C, E, n = 3 per group. (D, F) Compound 1 induces more μ-opioid receptor endocytosis than 
morphine (D). Maximum possible effect (Emax) of compound 1- and [Met5]enkephalin-induced μ-opioid receptor endocytosis 
are similar (F). μ-Opioid receptor internalization was measured by an enzyme complementation assay in human osteosarcoma 
U2OS cells expressing human μ-opioid receptor. Data in D, F, n = 3 per group. ME = [Met5]enkephalin.
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Fig. 3. (Continued)
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2C; μ-opioid receptor: 3-fold; fig. 3B; δ-opioid receptor: 
20-fold), even though the EC50 of compound 1 and mor-
phine were similar in the β-arrestin assay (table 2). Fur-
thermore, G-protein–coupled receptor internalization and 
desensitization occur after β-arrestin-2 recruitment.18 Com-
pound 1 induced significant μ-opioid receptor internaliza-
tion in the μ-opioid receptor-internalization assay (fig. 2D), 
and the Emax of compound 1 was threefold higher than that 
of morphine, a poor μ-opioid receptor-internalizing opioid 
(fig. 2D), even though the EC50 of compound 1 was higher 
than that of morphine (table 2). Moreover, the Emax of 
compound 1, [Met5]enkephalin (μ-opioid receptor agonist; 
fig. 2E), and [D-Pen2,D-Pen5]enkephalin (δ-opioid recep-
tor agonist; fig. 3C) were similar in β-arrestin-2 assays and 
μ-opioid receptor-internalization assays (fig. 2F). Finally, 
compound 1 induced significant μ-opioid receptor–depen-
dent β-arrestin-2 recruitment (fig. 3, E and F; F5,42 = 30.5;  
P < 0.001; one-way ANOVA) and μ-opioid receptor endo-
cytosis (fig. 3, G and H; F5,42 = 33.1; P < 0.001; one-way 
ANOVA) in dorsal root ganglion neurons in vivo, whereas 
both these effects were blocked by pretreatment of mice with 
cyprodime (a μ-opioid receptor–selective antagonist).

Constipation-inducing Properties of Morphine and 
Compound 1
The constipating potency of compound 1 relative to morphine 
was investigated using the charcoal meal test in order to assess its 
effects on gastrointestinal motility. As shown in figure 4, A and 
B, single iv doses of both compound 1 and morphine inhibited 
gastrointestinal transit of a charcoal meal. However, the ED50 of 
gastrointestinal transit (0.8 ± 0.5 mg/kg) was markedly lower than 
the ED50 of antinociception (1.9 ± 0.5 mg/kg) in the morphine-
treated group (fig. 4A). In contrast, the ED50 of gastrointestinal 
transit (11 ± 1.7 mg/kg) and antinociception (11 ± 1.6 mg/kg) of 
compound 1 were similar (fig. 4B). Furthermore, compound 1 
and morphine both produced a similar degree of antinocicep-
tion at the maximal antinociceptive doses (fig. 4C; P > 0.05; 
Student’s t test), whereas single (fig. 4D; P < 0.001; Student’s t 
test) and repeated (fig. 4E; P < 0.05; Student’s t test) compound 
1 administration caused less gastrointestinal dysfunction than 

morphine at equi-antinociceptive doses. Thus, use of compound 
1 as an analgesic may cause less constipation than morphine.

To determine whether compound 1–mediated gastroin-
testinal dysfunction was dependent on opioid receptor activa-
tion, mice were injected with either the vehicle or an opioid 
antagonist (naloxone, 10 mg/kg, intraperitoneal) before mor-
phine (4 mg/kg, iv) or compound 1 (20 mg/kg, iv) injec-
tion, and the gastrointestinal motility of each compound 
was evaluated. Naloxone attenuated both the gastrointesti-
nal dysfunction and antinociception (fig. 4F; F4,20 = 21.8;  
P < 0.001; fig. 4G; F4,20 = 42.5; P < 0.001; one-way ANOVA) 
produced by morphine and compound 1. Furthermore, no sig-
nificant differences in gastrointestinal dysfunction and antino-
ciception were observed among the vehicle-, morphine-, and 
compound 1–treated groups in the μ-opioid receptor knockout 
mice (fig. 4H; F2,15 = 0.3; P > 0.05; fig. 4I; F2,15 = 0.4; P > 0.05; 
one-way ANOVA). Thus, these findings suggest that the effects 
of morphine and compound 1 on gastrointestinal inhibition 
and antinociception were mediated through μ-opioid receptor 
signaling.

Compound 1 Produces Antinociceptive Effects in Mice
To further assess the effect of compound 1 on antinociception, 
nociceptive tests using thermal (fig. 5A–D) or mechanical (fig. 
5E) stimuli were performed after acute drug treatments. Both 
acute morphine and compound 1 resulted in antinociception 
in a dose-dependent manner. However, the ED50 of com-
pound 1 was weaker than that of morphine (fig. 4, A and 
B). The brain or plasma concentration measurement revealed 
that compound 1 was distributed throughout both the plasma 
and brain tissue 5 min after the iv injection; however, it had 
degraded significantly by 1 h later (table 3). Furthermore, mor-
phine produced antinociceptive effects at doses of 1 to 4 mg/
kg (fig. 5A; treatment F3,16 = 26.7, minute [min] F5,80 = 28.2, 
interaction F15,80 = 6.8; all P < 0.001; two-way ANOVA). 
Quantitative results from time–response curves were presented 
as the AUC, which revealed significant differences between 
the vehicle control and morphine-treated groups (fig. 5B;  
F3,16 = 26.2; P < 0.001; one-way ANOVA). Compound 1 pro-
duced similar antinociceptive effects in the equi-antinociceptive 

Fig. 3. (Continued). Receptor subtype selectivity of compound 1. (A, B) No receptor subtype selectivity for compound 1 is noted 
between δ-opioid receptor (DOR) and κ-opioid receptor (KOR). The concentration–response curve of compound 1 in human 
embryonic kidney 293 cells expressing human DOR or KOR was measured by cyclic adenosine monophosphate production 
(cAMP) assay. The maximum possible effect (Emax) of compound 1-, [D-Pen2,D-Pen5]enkephalin-, and trans-(−)-3,4-dichloro-N-
methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzeneacetamide hydrochloride (U50488)–induced inhibition of cAMP accumulation are 
similar. Data in A and B are based on n = 3 per group. (C, D) β-Arrestin-2 recruitment was measured using the PathHunter en-
zyme complementation assay in Chinese hamster ovary cells expressing human DOR (C) and human osteosarcoma U2OS cells 
expressing human KOR (D). Data are displayed as the percentage of the maximum (C) [D-Pen2,D-Pen5]enkephalin (DPDPE) and 
(D) trans-(−)-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzeneacetamide hydrochloride (U50488) efficacy to control 
for individual variations. Data in C and D are based on n = 3 per group. (E–H) Representative immunofluorescence images and 
quantification of the distribution of (E, F) β-arrestin-2 and (G, H) cytoplasmic μ-opioid receptor (MOR) in the mouse dorsal root 
ganglion after drug treatment. Mice were injected intrathecally with either vehicle or cyprodime 5 min before vehicle, morphine, 
or compound 1 injection, and 1 h later, samples were assessed by confocal microscopy. Wheat germ agglutinin (WGA) was used 
as a plasma membrane marker. 4',6-diamidino-2-phenylindole (DAPI) (blue) was used as a nuclear marker. Scale bar = 10 μm.  
*P < 0.001 versus vehicle group, one-way ANOVA with appropriate post hoc tests. All values in F and H indicate the mean ± SD. 
Data in E–H are based on n = 8 per group.
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doses of 10 to 20 mg/kg (fig. 5C; treatment F3,16 = 53.4, min 
F5,80 = 39.5, interaction F15,80 = 15.6; all P < 0.001; two-way 
ANOVA). Quantitative results from time–response curves 
revealed significant differences between the vehicle control 
and compound 1–treated groups (fig. 5D; F3,16 = 100.8;  
P < 0.001; one-way ANOVA). Maximum antinociception 
for compound 1 was sustained up to 60 min after the injec-
tion. Moreover, both morphine and compound 1 reduced 
the pain sensitivity to the tail clip, further confirming the 
antinociceptive effect of compound 1 in acute mechanical 
pain hypersensitivity (fig. 5E; F2,18 = 23; P < 0.001; one-
way ANOVA). Finally, the antinociceptive effects of both 
morphine and compound 1 were blocked by pretreating 
mice with a μ-opioid receptor–selective antagonist but not 
with a δ-opioid or κ-opioid receptor–selective antagonist, 
indicating the μ-opioid receptor–dependent antinocicep-
tion of morphine and compound 1 (fig. 5F; F11,48 = 168;  
P < 0.001; one-way ANOVA).

After 5 days of twice-daily treatment, both equi-
antinociceptive doses of morphine and compound 1 
produced antinociceptive tolerance. Surprisingly, anti-
nociceptive effects produced in the morphine group 
decreased more significantly than that in the com-
pound 1 group (fig. 6A; treatment F2,12 = 166.2, min  
F5,60 = 192.8, interaction F10,60 = 42.5; all P < 0.001; 
two-way ANOVA). We further investigated whether there 
was cross-tolerance between compound 1 and morphine, 
since they both activated μ-opioid receptor, despite their 
different chemical structures (fig. 1). Tail-flick tests were 
performed for compound 1 after subchronic treatments 
(twice daily for 5 days) with vehicle or morphine, as shown 
in figure 6B. The antinociceptive effect of compound 1 
was decreased after subchronic morphine treatment, as 
compared to its efficacy before treatment. The magnitude 
of compound 1 in time–response curves indicated signifi-
cant differences between the groups (fig. 6C; treatment 

Fig. 4. Compound 1 causes less gastrointestinal dysfunction than morphine in mice. (A, B) Mice were intravenously injected 
with either morphine (A) or compound 1 (B) at the indicated doses and 30 min later were subjected to either a tail-flick test (blue 
curves) or a charcoal meal test (red curves). The antinociceptive effect of each drug was determined as the percentage of maxi-
mum possible effect (MPE), and the inhibition of gastrointestinal propulsion was calculated as the percentage of the distance 
traveled by the charcoal meal relative to the total length of the small intestine. Data in A and B are based on n = 5 per group.  
(C, D) Quantitative results from A and B are represented as the maximum possible effect (Emax) values. *P < 0.001 versus mor-
phine group, Student’s t test. Data in C and D are based on n = 5 per group. (E) Mice were subchronically injected with morphine 
(4 mg/kg) or compound 1 (20 mg/kg) twice daily for 5 days and then were subjected to a charcoal meal test after the last injection. 
†P < 0.05 versus morphine group, Student’s t test. n = 5 per group. (F–I) The experiments carried out in F and G were performed 
in wild-type mice, while those in H and I were performed in μ-opioid receptor knockout (MOR-KO) mice. Mice were injected with 
each treatment and 30 min later were subjected to either a charcoal meal test (F, H) or a tail-flick test (G, I). *P < 0.001 versus 
vehicle group. ‡P < 0.001 versus morphine group. §P < 0.001 versus compound 1 group, one-way ANOVA with appropriate post 
hoc tests. Data in F–I are based on n = 5 to 6 per group. The values indicate the mean ± SD.
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Fig. 5. Antinociceptive effects of morphine and compound 1 in wild-type C57BL/6 (B6) mice. (A, C) Acute antinociceptive ef-
fects of morphine (A) and compound 1 (C) in B6 mice. After detection of basal latencies, each mouse was injected with various 
dosages of either morphine or compound 1 to detect the radiant heat tail-flick latencies at the indicated time points (30, 60, 90, 
120, 150, and 180 min after drug injection), and quantitative results were calculated. *P < 0.01. †P < 0.001 versus vehicle group, 
two-way ANOVA with appropriate post hoc tests. Data in A and C are based on n = 5 per group. (B, D) Quantitative results from 
A and C are represented as the area under the curve (AUC). *P < 0.01. †P < 0.001 versus vehicle group, one-way ANOVA with 
appropriate post hoc tests. Data in B and D are based on n = 5 per group. (E) Mice were injected with vehicle, morphine (4 mg/
kg), or compound 1 (20 mg/kg), and then the acute mechanical pain sensitivity to a tail clip was measured. *P < 0.01. †P < 0.001 
versus vehicle group. ‡P < 0.01 versus morphine group, one-way ANOVA with appropriate post hoc tests. n = 7 per group.  
(F) Mice were injected intrathecally with cyprodime, naltrindole, or nor-binaltorphimine (nor-BNI) 5 min before vehicle, morphine 
(4 mg/kg), or compound 1 (20 mg/kg) injection and were subjected to a tail-flick test 30 min later. †P < 0.001 versus vehicle or 
morphine group. §P < 0.001 versus vehicle or compound 1 group, one-way ANOVA with appropriate post hoc tests. n = 5 per 
group. The values indicate the mean ± SD.
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Fig. 6. Cross-tolerance between morphine and compound 1. (A) Subchronic antinociceptive effects of morphine and compound 
1 in wild-type C57BL/6 mice. Mice in each group were first treated with vehicle on day 0 and were then subchronically injected 
with equi-antinociceptive doses of morphine (4 mg/kg) or compound 1 (20 mg/kg) twice daily for 5 days. The antinociceptive 
effect of each treatment was determined by testing the radiant heat tail-flick latency on days 0, 1, 2, 3, 4, and 5. *P < 0.001 
versus vehicle group. †P < 0.01 versus morphine group, two-way ANOVA with appropriate post hoc tests. n = 5 per group. (B) 
The flowchart of the experiments used to test the cross-tolerance effects of morphine and compound 1. The time–response 
curve of acute morphine (4 mg/kg) or compound 1 (20 mg/kg) was determined by testing the radiant heat tail-flick latency before 
the chronic treatment of vehicle, morphine, or compound 1. For subchronic treatment, mice were then injected intravenously 
with vehicle or drugs (morphine: 10 mg/kg; compound 1: 20 mg/kg; twice daily for 5 days) to generate morphine- or compound 
1–tolerant mice, and time–response curves of morphine (4 mg/kg) or compound 1 (20 mg/kg) were then determined once more. 
(C, E) The antinociceptive effects of compound 1 (C) or morphine (E) after each treatment were determined by using the tail-flick 
test. *P < 0.001 versus pretest group. †P < 0.01. ‡P < 0.001 versus posttest (subchronic vehicle) group, two-way ANOVA with 
appropriate post hoc tests. Data in C and E, n = 6 per group. (D, F) Quantitative results from C and E are represented as the area 
under the curve (AUC). *P < 0.001 versus pretest group. †P < 0.01. ‡P < 0.001 versus posttest (subchronic vehicle), one-way 
ANOVA with appropriate post hoc tests. Data in D and F, n = 6 to 7 per group. The values indicate the mean ± SD.
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F2,12 = 22.6, min F3,36 = 78.2, interaction F6,36 = 6.3; all  
P < 0.001; two-way ANOVA). The AUC was 293 ± 15 
(min × s) before subchronic morphine treatment and 
131 ± 24 (min × s) thereafter (fig. 6D; F2,23 = 18.9; P < 
0.001; one-way ANOVA). Furthermore, morphine anti-
nociception was also decreased after subchronic treat-
ment with compound 1 as compared to its efficacy before 
the treatment, indicating that there was no asymmetric 
cross-tolerance between morphine and compound 1. The 

magnitude of morphine in time–response curves indicated 
that there were significant differences between the groups 
(fig. 6E; treatment F2,12 = 377.3, min F3,36 = 200.5, inter-
action F6,36 = 49.4; all P < 0.001; two-way ANOVA). The 
AUC before subchronic morphine treatment was 575 ± 13 
(min × s) and 79 ± 29 (min × s) after treatment (fig. 6F;  
F2,21 = 106.3; P < 0.001; one-way ANOVA). Thus, these 
results indicated that cross-tolerance exists between com-
pound 1 and morphine in mice.

Fig. 7. Effect of morphine and compound 1 on the mechanical allodynia in the cancer-induced pain animal model. (A) Flowchart 
of experiments to determine the effects of morphine or compound 1 on mechanical allodynia. (B, C) Mice were injected with 
phosphate-buffered saline (sham) or an intraplantar implantation of mouse B16-F1 melanoma cells to induce tumor growth. Me-
chanical allodynia with each treatment on postinoculation day (PID) 0 (B) or PID 18 (C) is presented in grams. *P < 0.001 versus 
sham-control group, Student’s t test. Data in B and C are based on n = 5 per group. (D) To test the effect of morphine or com-
pound 1 on cancer-induced pain, mechanical allodynia was evaluated in melanoma cells–implanted mice at the indicated time 
points (30, 60, and 120 min after drug injection) on PID 19. *P < 0.001 versus vehicle group. †P < 0.05 versus morphine group, 
two-way ANOVA with appropriate post hoc tests. n = 5 per group. Data are presented as the mean ± SD.
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Compound 1 Relieves Sensory Allodynia Associated with 
Cancer-induced Pain
Opioids are widely used to manage cancer-related pain. We 
therefore investigated compound 1 antinociception in a 
mouse skin cancer pain model (fig. 7A). Sensory allodynia 
was almost maximal 2 weeks after intraplantar implantation 
of melanoma cells. The threshold of mechanical allodynia in 
melanoma cell–implanted mice was decreased significantly 
on postinoculation day 18 as compared to sham-treated 
mice (fig. 7B; P > 0.05; fig. 7C; P < 0.001; Student’s t test), 
and we therefore used this treatment paradigm. Mice were 
injected with phosphate-buffered saline, compound 1, or 
morphine on postinoculation day 19 with an equi-antino-
ciceptive dose, and sensory allodynia was measured using 
the von Frey test to examine the antinociceptive effects of 
each treatment. Although both compound 1 and morphine 
exerted similar antinociceptive effects 30 min after treat-
ment, the antinociceptive effect of compound 1 was stronger 
than that of morphine 60 min after treatment in melanoma 
cell–implanted mice (fig. 7D; treatment F2,12 = 14, min 
F3,36 = 27.2, interaction F6,36 = 9.5; all P < 0.001; two-way 
ANOVA). These results suggest that compound 1 produced 
a better antinociceptive effect than morphine in a model of 
cancer-induced pain.

Discussion
In this study, we investigated the potential therapeutic 
benefits and disadvantages of compound 1 as compared to 
those of morphine. As with morphine, compound 1 dem-
onstrated the highest binding affinity to μ-opioid recep-
tor rather than to δ-opioid receptor or κ-opioid receptor 
(table 1). Compound 1 acted as a full agonist of all G 
protein pathways in all μ-opioid, δ-opioid, and κ-opioid 
receptor–expressing cells (figs. 2A and 3, A and B). How-
ever, the antinociceptive effects of both morphine and 
compound 1 were dependent on μ-opioid receptor activa-
tion because only μ-opioid receptor–selective antagonist 
blocked the effect (fig. 5F), and no antinociceptive effect 
was induced in μ-opioid receptor knockout mice (fig. 4I). 
Previous studies have also indicated that δ-opioid recep-
tor activation contributes to opioid tolerance.19–21 Indeed, 
antinociceptive tolerance was still induced by subchronic 
compound 1, although the tolerance to compound 1 

developed relatively more slowly than that for morphine 
(fig. 6A). On the other hand, β-arrestin signaling path-
way might be responsible for most of the adverse effects 
of morphine. Some side effects of morphine, including 
respiratory depression and tolerance, were diminished in 
β-arrestin knockout mice,22,23 and two G-protein–biased 
ligands, TRV130 and PZM21, which had potent anal-
gesic effects while causing less gastrointestinal dysfunc-
tion and respiratory suppression, were discovered.18,24 
Unlike morphine, compound 1 acted as a full agonist of 
β-arrestin-2 recruitment in μ-opioid and δ-opioid recep-
tor–expressing cells (figs. 2, C and E, and 3C); however, 
the gastrointestinal motility effects of compound 1 were 
less pronounced than those of morphine, in both acute 
and subchronic treatments. This cannot be explained 
by the previous hypothesis that opioids have fewer side 
effects when they fail to activate β-arrestin pathways.22,23 
Indeed, β-arrestin-2 plays different roles in small intestine 
and colon,25,26 and opioids may activate different μ-opioid 
receptor isoforms at central and peripheral sites.27 Fur-
thermore, the inhibition of K+ and Ca2+ channels by opi-
oids also contribute to gut motility.28,29 Thus, β-arrestin 
recruitment may not be necessary to generate side effects 
for all opioids, and molecular mechanisms of compound 1 
on gastrointestinal function should be evaluated by further 
studies in pharmacology, electrophysiology, and molecu-
lar biology. On the other hand, the inability of morphine 
to promote μ-opioid receptor endocytosis has also been 
implicated in morphine tolerance and withdrawal.30 These 
studies led to the adoption of new strategies, including the 
use of cocktails of opioids designed to promote μ-opioid 
receptor endocytosis31,32 or biased to activate G protein 
pathways rather than β-arrestin pathways18 to enhance the 
analgesic effect and diminish side effects. However, recent 
studies have suggested that endocytosis may not be a dom-
inant consideration in the development of tolerance to 
every opioid.33 Compound 1 induced significant μ-opioid 
receptor endocytosis; however, side effects, including tol-
erance, remained, although they were less marked than 
those resulting from morphine treatment (fig. 6). This 
warrants further investigation of the role of μ-opioid 
receptor endocytosis in tolerance to compound 1.

Some questions about compound 1–induced antinoci-
ception remain. First, in contrast to morphine, which is a 
full agonist of G protein pathways but only a partial agonist 
of β-arrestin-2 recruitment and μ-opioid receptor endo-
cytosis, compound 1 is a full agonist of all these μ-opioid 
receptor signaling pathways. On the other hand, spinal 
G-protein–coupled inwardly rectifying potassium chan-
nel activation plays a critical role in the analgesia evoked 
by μ-opioid and δ-opioid receptor–selective agonists, 
including morphine.34 Compound 1, however, seems to 
activate G-protein–coupled inwardly rectifying potassium 
channels only slightly in comparison to morphine, sug-
gesting that non-G-protein–coupled inwardly rectifying 

Table 3. Plasma and Brain Concentration Profiles of 
Compound 1

 
Brain Concentration,  

μg/g
Plasma Concentration,  

μg/ml

5 min 3.3 ± 0.8 1.6 ± 0.4
60 min 0.2 ± 0.1 0.1 ± 0.1

Samples from the plasma and brain of each mouse were collected at 
the indicated time points (5 and 60 min) after a single dose of compound 
1 (20 mg/kg; intravenously injected). No abnormal clinical observations 
were found during the experiment. n = 5 per group. The values indicate 
the mean ± SD.
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potassium channel activation mechanisms were involved 
in the analgesic effects of compound 1, much like another 
opioid, methadone.35 Furthermore, other opioid receptor–
dependent signaling, including the inhibition of calcium 
influx,36 phosphorylation of opioid receptors,37,38 extracel-
lular signal-regulated kinase 1/2,39 c-Jun N-terminal kinase 
2,40 and signal transducer and activator of transcription 
3,41 still needs to be evaluated to expand the opioid signal-
ing spectrum of compound 1. Second, both morphine and 
methadone have been reported to regulate antinociception 
through nonopioid receptors, including the N-methyl-D-
aspartic acid receptor,42 Toll-like receptor 4,43 and TWIK-1 
related K+ channel.44 It is worth determining whether com-
pound 1 exerts binding affinity to these receptors. A G-pro-
tein–coupled receptor profile of compound 1 will also help 
determine its specificity. Third, as compound 1 markedly 
accumulated in the brain after 5 min of treatment, it would 
be interesting to evaluate whether compound 1 crosses the 
blood–brain barrier through lipid-mediated free diffusion 
or carrier-mediated transport systems,45 as well as the effect 
of compound 1 on p-glycoprotein.46,47 Furthermore, the 
half-life of compound 1 seems less than 30 min (table 3); 
however, the antinociception of compound 1 was sustained 
for at least 3 h (fig. 5C), raising the possibility that active 
metabolites contributed to the antinociception. The com-
plete pharmacokinetics and metabolic studies should facili-
tate an understanding of the structure–activity relationship 
and structure–property relationship of compound 1 and 
exploring the potential metabolites that are more stable 
or potent than compound 1. Fourth, the antinociceptive 
effect of compound 1 in animal models of acute thermal 
pain hypersensitivity was weaker than that of morphine (fig. 
5A–D); however, this is in contrast with the results obtained 
from the acute mechanical pain hypersensitivity and cancer-
induced pain tests (figs. 5E and 7D). It is worth exploring 
the potential indications for compound 1 in future.

In conclusion, our findings demonstrated that compound 
1 acts as a μ-opioid receptor agonist to produce analgesia. Its 
novel chemical structure provides new insights into opioid-
managed pain. Although compound 1 still produces toler-
ance to analgesia, it causes less constipation than morphine. 
Further modification of the chemical structure and discovery 
of the regulatory mechanisms of compound 1 would likely 
facilitate the discovery of new opioids with fewer adverse 
effects.
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