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ABSTRACT

Background: The misuse of opioids has led to an epidemic in recent times. The endothelin A receptor (ETAR) has
recently attracted attention as a novel therapeutic target to enhance opioid analgesia. We hypothesized that
endothelin A receptors may affect pain mechanisms by heterodimerization with p opioid receptors. We examined
the mechanisms of ETAR-mediated pain and the potential therapeutic effects of an ETAR antagonist, Compound-
E, as an agent for analgesia.

Methods: Real-time in vitro effect of Compound-E on morphine response was assessed in HEK293 cells expressing
both endothelin A and p opioid receptors through CellKkey™ and cADDis cAMP assays. Endothelin A/p opioid
receptor dimerization was assessed by immunoprecipitation and live cell imaging. The in vivo effect of
Compound-E was evaluated using a morphine analgesia mouse model that observed escape response behavior,
body temperature, and locomotor activity.

Results: In CellKey™ and cAMP assays, pretreatment of cells with endothelin-1 attenuated morphine-induced
responses. These responses were improved by Compound-E, but not by BQ-123 nor by bosentan, an ETAR and
endothelin B receptor antagonist. Dimerization of ETARs and p opioid receptors was confirmed by Western blot
and total internal reflection fluorescence microscopy in live cells. In vivo, Compound-E potentiated and pro-
longed the analgesic effects of morphine, enhanced hypothermia, and increased locomotor activity compared to
morphine alone.

Conclusion: The results suggest that attenuation by endothelin-1 of morphine analgesia may be caused by
dimerization of Endothelin A/p opioid receptors. The novel ETAR antagonist Compound-E could be an effective
adjunct to reduce opioid use.

Abbreviations: ET-1, endothelin-1; ETAR, endothelin A receptor; ETBR, endothelin B receptor; MOR, p-opioid receptor; DOR, &- opioid receptor; KOR, k-opioid

receptor; GPCR, G protein-coupled receptor; HBSS, Hank’s balanced salt solution; p.o., oral administration; s.c., subcutaneous injection; cAMP, 3',5'-cyclic adenosine
monophosphate; LDS, lithium dodecyl sulfate; DTT, dithiothreitol; HT-488, HaloTag Alexa Fluor 488 ligand; ST-594, SNAP surface 594; TIRF, total internal reflection
fluorescence; CB1R, cannabinoid CB1 receptors.
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1. Introduction

Intractable pain often occurs in cancer patients, and opioid medi-
cations are commonly used to reduce such pain [1]. Opioid agonists for
pain management usually target p- (MOR), 8- (DOR) and «x-opioid re-
ceptors (KOR), and the most commonly used agents such as morphine,
oxycodone, and fentanyl, mainly activate MORs [2]. Although appro-
priate pain-relieving treatments are available, approximately 80% of
patients with advanced cancer still experience moderate to severe pain
[1]. Accordingly, there is an urgent need to develop analgesics for
cancer pain. The addiction and abuse of opioids is a global issue, and this
opioid crisis had led to numerous deaths by opioid overdose, especially
in recent times [3,4]. Novel effective treatments with fewer side-effects
or methods of reducing the opioid dosage are thus needed to solve this
issue [5]. The only drugs currently available to reverse opioid overdose
are naloxone and naltrexone, yet treatment options remain limited.

Endothelin are peptides consisting of 21 amino acids, having iso-
forms such as endothelin-1 (ET-1), ET-2, and ET-3, which were first
discovered as strong vascular endothelium-derived vasoconstrictors [6].
They are involved in numerous pathophysiological conditions such as
pain [7]. Endothelins bind to endothelin A receptor (ETAR) and endo-
thelin B receptor (ETBR), inducing responses that oppose each other [8,
9]; ETAR induces vasoconstriction, while ETBR induces vasodilation [8,
9]. Endothelins have therefore attracted attention as drug targets,
especially for cardiovascular diseases [10,11]. ETAR activation stimu-
lates sensory neurons to cause pain hypersensitivity, while ETBR has
analgesic effects; [12-14] moreover, blocking endothelin receptors
causes pain-related signal suppression [15-17]. Although ETBR antag-
onists have additionally been reported to have some analgesic effects
[18], there are many reports of ETBR antagonists having no analgesic
effect. Drugs targeting ETARs should ideally inhibit ETAR but not ETBR.
Although bosentan, which is clinically used for pulmonary arterial hy-
pertension [19], is known to be an ETAR and ETBR antagonist, there are
no clinically available antagonists that selectively inhibit ETARs.
Consequently, developing drugs targeting ETARs is warranted. In ani-
mal studies, selective ETAR antagonists enhance opioid analgesia,
release endogenous opioids, and improve opioid withdrawal symptoms
[20-22]; the mechanisms by which ETAR antagonists enhance the
analgesic effects of opioids are unclear to date.

Additionally, one way of addressing the concerns regarding opioids
is through the process of heterodimerization. By the heterodimerization
of G protein coupled receptors (GPCRs), GPCRs dimerize with other
GPCRs, leading to signal transduction pathways alternative to the
monomeric GPCRs. The dimeric GPCR are widely studied drug targets
[23-25]. ORs, the targets of morphine-induced analgesia, can hetero-
dimerize with other GPCRs [26,27], and MOR/DOR heterodimers were
demonstrated to play important roles in regulating opioid analgesia, as
shown both in vitro and in vivo [28,29].

As GPCR heterodimers transmit signals differently from GPCR
monomers and alter receptor-ligand signaling sensitivity [26,30], MORs
can dimerize with other GPCRs and alter ligand-induced responses [28,
29]. As per previous studies, GPCRs like cannabinoid CB1 receptors
(CB1R) and MOR heterodimerized on cell membranes and caused
functional responses that were not observed in cells expressing MOR or
CB1R alone [31]. Moreover, the expression of a2A-adrenergic receptors
and MOR enhanced the effects of morphine, which were not detected in
cells expressing MOR alone [32]. Based on these, we hypothesized that
attenuation of morphine-induced analgesic effects by ET-1 occurred
through dimerized ETAR and MOR. The complete understanding of the
heterodimerization mechanism remains elusive despite the recent ad-
vances in technology and further research is warranted.

We hypothesized that ETAR and MOR could dimerize and be
involved in ETAR antagonist-induced opioid analgesia [16]. Therefore,
this study used the novel and most ETAR-selective antagonist available,
Compound-E [33], to determine whether the analgesic potentiation of
opioids by ETAR antagonists is mediated through dimerized
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Fig. 1. Molecular structures of Compound-E.
ETAR/MOR, in in vitro and in vivo models.
2. Materials and methods

2.1. Constructing expression vectors

A Jump-In system compatible bidirectional expression vector car-
rying the hygromycin-resistant gene (pBI-CMV1-IRES-hygro-PhiC31)
was constructed as follows: The internal ribosomal entry site and
hygromycin-resistant gene was PCR-amplified from the pIREShyg2
vector (Takara Bio Inc., Shiga, Japan) and inserted downstream of MCS1
in pBI-CMV1 (Takara Bio Inc.). A PhiC31 sequence was PCR-amplified
from pJTI Fast Dest (Invitrogen, Carlsbad, CA, USA) and inserted
downstream of the SV40 polyA sequence of MCS1 in the same vector.
For SNAP-MOR expression, cDNAs for the IL6 signal sequence, SNAP-
tag, and coding sequence of MOR were amplified from pFN21KSPc-
ORXR (FHC02116, Promega, Madison, WI, USA), pSNAPf (New En-
gland Biolabs Inc., Ipswich, MA, USA), and FL-MORhyg (Invitrogen),
respectively, and ligated in tandem into MCS1 of the above vector using
an infusion reaction. For Halo-ETAR and Halo-ETBR expression,
HaloTag-ETAR and Halo-ETBR were PCR-amplified from pFN21A-
EDNRA (Promega, FHC03517) and pFN21A-EDNRB (Promega,
FHC02116), respectively, and the IL6 signal sequence was PCR-
amplified from pFN21KSPc-ORXR. The PCR fragments were ligated in
tandem into MCS2 of pBI-CMV1-IRES-hygro-PhiC31 using an infusion
reaction. For dual expression of SNAP-MOR and Halo-ETAR, the IL6
signal-SNAP-MOR sequence was excised by Mlul/Notl and inserted into
MCS1 of the Halo-ETAR expression vector.

2.2. Generating stable cells

Halo-ETAR, SNAP-MOR, SNAP-MOR/Halo-ETAR and Halo-ETBR
expression vectors were co-transfected with pJTI PhiC31 (Invitrogen)
into HEK293 cells. The transfected cells were cultured for two weeks in
Dulbecco’s Modified Eagle Medium supplemented with 10% fetal calf
serum, 2 mM glutamine, and 100 pg/mL hygromycin. Several
hygromycin-resistant colonies were tested for protein expression by
western blot (Supplementary Fig. 1) and those with suitable expression
were used for subsequent experiments.

2.3. Cell culture

Cells expressing each vector were cultured in Dulbecco’s Modified
Eagle Medium supplemented with 10% fetal bovine serum, 1% peni-
cillin/streptomycin, and 100 pg/mL hygromycin B solution (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) in a humidified at-
mosphere containing 5% CO- at 37 °C. Cells between passages 3 and 10
were used for the subsequent experiments.

2.4. Drugs

The following reagents were used: forskolin (Sigma-Aldrich, St.
Louis, MO, USA); ET-1, BQ-123 sodium salt, BQ-788 sodium salt (Pep-
tide Institute, Inc., Osaka, Japan), morphine hydrochloride (Takeda
Pharmaceutical Co., Ltd., Tokyo, Japan), Bosentan Monohydrate (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan); and Compound-E (provided
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by Eisai Co., Ltd., Tokyo, Japan, Fig. 1) [33]. ET-1 was diluted in 0.1%
acetic acid. BQ-123 sodium salt, BQ-788 sodium salt, and Compound-E
were diluted in DMSO, while other chemicals were diluted in H5O.

2.5. CellKey™ assay

The CellKey™ assay, a label-free cell-based assay that detects G
protein-coupled receptor activity, was used as described previously [34,
35]. Briefly, cells were seeded at 7.0 x 10* (Halo-ETAR, SNAP-MOR, or
Halo-ETAR/SNAP-MOR) or 5.0 x 10* (HEK293) cells/well in 96-well
microplates, and incubated for 24 h. CellKey™ buffer composed of
Hank’s balanced salt solution (HBSS) (in mM: 1.3 CaCly* 2 H»O, 0.81
MgSOy4, 5.4 KCl, 0.44 KHoPO4, 4.2 NaHCO3, 136.9 NaCl, 0.34 NayHPOy,
and 5.6 p-glucose) containing 20 mM HEPES and 0.1% bovine serum
albumin. The medium was replaced with the assay buffer or pretreat-
ment reagents for 30 min at 28 °C. Impedance current (dZiec) changes
were measured every 10 s for 30 min [34,35]. The magnitude of changes
in dZiec values were defined as AZiec.

2.6. cADDis cAMP assays

Cyclic adenosine monophosphate (cAMP) production in living cells
was measured using the cADDis cAMP assay kit (#U0200G) (Montana
Molecular, Bozeman, MT, USA). Briefly, cells were seeded at 7.0 x 10*
cells/well (SNAP-MOR or Halo-ETAR/SNAP-MOR) on black-walled,
clear flat-bottom 96-well plates with recombinant BacMam virus
expressing the cADDis sensor and 0.6 uM sodium butyrate, and incu-
bated for 24 h at 5% COy at 37 °C. The medium was replaced with
100 pL of Krebs solution or pretreatment reagents. The 96-well plates
were incubated at 28 °C for 30 min in the dark. Cell fluorescence was
measured from the plate bottom using excitation/emission wavelengths
of 485 and 525 nm, respectively, using the FlexStation 3 (Molecular
Devices, LLC., San Jose, CA, USA). Cells were stimulated with 50 uM
forskolin to increase cAMP levels. After 20 min, when the signal pla-
teaued, cells were stimulated with the indicated drugs, and fluorescence
changes in each well were measured every 26 s for 40 min. Data were
transformed to the change in fluorescence over the initial fluorescence
(AF/Fp).

2.7. Pulldown of GPCR heterodimer

Halo-ETAR was precipitated using HaloTag® purification and pull-
down technologies according to the manufacturer’s instructions. Briefly,
Magne HaloTag beads were washed thrice with washing buffer (tris-
buffered saline containing 0.05% Igepal). The cells were lysed at 4 °C for
20 min in RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 25 mM Tris-HCl pH 7.5, 137 mM NacCl, 3 mM KCl, and pro-
tease inhibitor cocktail [Complete, Roche Diagnostics, Mannheim,
Germany]) [36]. Cell lysates (input) were incubated at 25 °C for 90 min
with washed beads with continuous stirring. The supernatants (un-
bound) were incubated at room temperature for 1h with lithium
dodecyl sulfate (LDS) sample buffer with dithiothreitol (DTT). The beads
were washed four times with cold RIPA buffer and incubated with To-
bacco Etch Virus protease at 25 °C for 90 min. The bound proteins
(bound) were eluted at room temperature for 1 h with 2 x LDS sample
buffer with DTT. The bound and unbound proteins were electrophoresed
and immunoblotted.

2.8. Live cell imaging

Cells cultured on p-slide 8-well plates (ibidi, Germany) were incu-
bated with HaloTag Alexa Fluor 488 ligand (HT-488, Promega) and
SNAP surface 594 (ST-594, New England Biolabs Inc.) in HBSS(+)
supplemented with 5 mM HEPES and 0.05% bovine serum albumin at
25 °C for 30 min. For live cell imaging analysis, we used a Leica SP5
confocal laser-scanning microscope equipped with an inverted
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microscope and two hybrid GaAs-detectors (Leica Microsystems, Wet-
zlar, Germany). Multipoint time-lapse images were acquired every 30 s
for 30 min. The pinhole diameter was one airy unit. For multicolor total
internal reflection fluorescence (TIRF) microscopy, we used a Leica AM
TIRF MC custom-equipped by the manufacturer with a 100 x , 1.46
numerical aperture oil-immersion objective, along with 405, 488, 561,
and 635 nm lasers with the EM-CCD camera system (ImagEM; Hama-
matsu Photonics). Time-lapse images were acquired every 1s for
12 min. During imaging, cells were kept in HBSS with 5 mM HEPES and
0.05% bovine serum albumin at 25 °C. Images were acquired and
analyzed with LAS AF (Leica Microsystems), ImageJ/Fuji (National In-
stitutes of Health, Bethesda, Maryland, USA), or MetaMorph software
(Molecular Devices).

We measured the fluorescence intensity and area of intracellular
Halo-ETAR and SNAP-MOR using MetaMorph software. Intracellular
fluorescent puncta were automatically selected from the binary image.
The fluorescence intensity of the cell surface was defined as the back-
ground threshold.

2.9. In vivo experiments

All experiments were performed in accordance with the Ethics
Committee guidelines and were approved by the Committee for Animal
Experimentation of Juntendo University (approval number 310038) and
complied with the “Guide for the Care and Use of Laboratory Animals”
NIH publication No. 86-23, revised 2011. 8-week-old male C57BL6/J
mice (20-27 g; CLEA Japan, Inc., Tokyo, Japan) were used. Food and
water were available ad libitum and animals were housed in a room
maintained at 22 + 1 °C with a 12-h light-dark cycle (light on 8:00 a.m.
to 8:00 p.m.). Mice were randomly divided into six groups (n = 5-8).
Group 1: Compound-E vehicle (0.5 w/v% methyl cellulose (FUJIFILM
Wako Pure Chemical Corporation), p.o.) and vehicle of morphine (sa-
line, s.c.); Group 2: Compound-E (20 mg kg’l, p.o.) and saline, s.c.;
Group 3: 0.5 w/v% Methyl Cellulose, p.o. and morphine hydrochloride
(Daiichi Sankyo Co., Ltd., Tokyo, Japan) (3 mg kg™! or 10 mg kg, s.
c.); Group 4: Compound-E (20 mg kg’l, p.o.) and morphine (3 mg kg’1
or 10 mg kg1, s.c.).

2.10. Randall-Selitto test

The analgesic responses to morphine were assessed using the
Randall-Selitto electronic algesimeter (RODENT PINCHER (For Mice)
BIO-RP-M (Bioseb, Vitrolles, France)). This test involves applying a
uniformly increasing mechanical pressure on the animal paw. The
pressure-induced pain leads to an escape reaction. Before starting the
experiments, the animals acclimated to handling-related stress. They
were then immobilized with the sling suits (Lomir Biomedical Inc.,
Montreal, Canada). The tests were performed before and 1, 1.5, 2, and
3.5h after oral Compound-E administration. Nociceptive threshold
measurements were repeated five times at approximately 5 s intervals.
The five residual values were averaged to determine the threshold.
Measurements were taken from the first observed behavior of vocali-
zation, struggle, or withdrawal. A cutoff value of 600 g was used to
prevent injury to the animal. The changes in withdrawal threshold from
the basal value were plotted with time. The analgesic responses are
presented as mean + standard error of the mean (SEM) changes from the
baseline withdrawal threshold. The analgesic responses in each mouse
were converted into the area under the time-response curve
(AUC0—3.5 h).

2.11. Body temperature and locomotor activities

Body (rectal) temperature was measured using a digital thermistor
(DTM-900, Natsume Seisakusho Co., Ltd., Tokyo, Japan) before and
after (0.5, 1, 1.5, 2, 3.5h) oral Compound-E administration. The
changes in temperature from the basal value were plotted with time.
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Fig. 2. Properties of endothelin-1 (ET-1) or morphine treatment in HEK293 cells expressing Halo-ETAR, SNAP-MOR and Halo-ETAR/SNAP-MOR or HEK293 cells
measured using CellKey™ assay. A-D: Effects of ET-1 (10~'*~107% M) on the impedance activity (AZiec) in (A) HEK293 cells and cells expressing (B) Halo-ETAR, (C)
SNAP-MOR, or (D) Halo-ETAR/SNAP-MOR. E-H: Effects of morphine (107'2-107° M) on AZiec in (E) HEK293 cells and cells expressing (F) Halo-ETAR, (G) SNAP-
MOR or (H) Halo-ETAR/SNAP-MOR. Cells were treated with ET-1 or morphine at the indicated concentrations. All points are presented as means + SEM for 3-4
independent experiments (n = 9-12). MOR, p-opioid receptor; ETAR, endothelin A receptor; ET-1, endothelin-1.

Locomotor activity was measured using the ACTIMO system (Shinfac-
tory, Fukuoka, Japan). The changes in locomotor activity were plotted
over time.

2.12. Statistical analysis

Data are presented as means + SEM for at least three independent
experiments. For the CellKey™ assays, one-way ANOVA followed by
Dunnet tests were performed. Data from cADDis cAMP assays and in
vivo experiments were analyzed with two-way ANOVA followed by the
post hoc Sidak’s multiple comparisons test. Western blot and live cell
imaging were assessed with Student’s t-test to compare two samples
with 95% confidence. P < 0.05 was considered statistically significant.
All analyses were performed using Prism 8 (GraphPad Software, San
Diego, California, USA).

Halo-ETBR

BQ-788
Neman

3. Results

3.1. Characterizing ETAR and MOR in HEK293 cells stably expressing
Halo-ETAR, SNAP-MOR, or Halo-ETAR/SNAP-MOR

We generated HEK293 cells stably expressing Halo-ETAR, SNAP-
MOR, and SNAP-MOR/Halo-ETAR (Supplementary Fig. 1). We used the
CellKey™ system established in our laboratory [34] to measure
whole-cell ETAR and/or MOR activity. ET-1 increased cellular imped-
ance in all cells in a concentration-dependent manner (Fig. 2A-D). Log
half maximal effective concentration (logECso) values of ET-1 in the
HEK293 cells and HEK293 cells stably expressing Halo-ETAR, SNAP--
MOR and Halo-ETAR/SNAP-MOR were —9.67 + 0.12, —9.30 + 0.23,
—8.86 + 0.24 and-9.73 £+ 0.17, respectively (n =9-12 each). Since
ETAR and ETBR are endogenously expressed in host HEK293 cells, we
used the novel ETAR selective antagonist Compound-E and
ETBR-selective antagonist BQ-788, respectively, to compare their re-
sponses. Compound-E suppressed the ET-1 response in HEK293 and
SNAP-MOR cells (Supplementary Fig. 2A and C) but did not completely
suppress in Halo-ETAR or Halo-ETAR/SNAP-MOR cells, possibly due to
ETAR overexpression (Supplementary Fig. 2B and D). BQ-788 almost

Fig. 3. Selectivity of ETR antagonists in
HEK293 cells stably expressing Halo-ETAR or
Halo-ETBR measured using CellKey™ assay. A,
B: Effects of Compound-E, BQ-123, BQ-788, or
bosentan (10°1°-10°® M) on the impedance
activity (AZiec) in HEK293 cells expressing (A)
Halo-ETAR, or (B) Halo-ETBR. Cells were
treated with 107 M ET-1. Concentration-
response curves of each antagonist were
described by calculating AZiec relative to the
data obtained at 107!® M Compound-E treat-
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Fig. 4. Evaluation of p-opioid receptor (MOR) activity by 107® M morphine
and ET-1 with or without endothelin A receptor (ETAR) antagonists using
CellKey™ assay. A, B: Effects of Compound-E, BQ-123 and bosentan on
morphine-induced impedance activity (AZiec) with or without 10% M
endothelin-1 (ET-1) and/or 10~® M ETR antagonists in HEK293 cells expressing
(A) Halo-ETAR/SNAP-MOR and (B) SNAP-MOR. Cells were pretreated with
vehicle, ET-1 (108 M) or ETR antagonists (10~ M). All data are presented as
means =+ standard error of the mean (SEM) of three independent experiments
(n =9)*P < 0.05, **P < 0.01, in comparison to the ET-1 group (one-way
ANOVA followed by the post hoc Dunnet’s multiple comparisons test). MOR,
p-opioid receptor; ETAR, endothelin A receptor; ET-1, endothelin-1; n.s.,
Not significant.

suppressed ET-1-induced responses in HEK293 and SNAP-MOR cells
(Supplementary Fig. 2A and C), and slightly suppressed in Halo-ETAR
and Halo-ETAR/SNAP-MOR cells (Supplementary Fig. 2B and D). Mor-
phine only increased cellular impedance in cells exogenously express-
ing SNAP-MOR (SNAP-MOR and Halo-ETAR/SNAP-MOR) in a
concentration-dependent manner (Fig. 2G and H). However, morphine
did not change impedance in HEK293 and Halo-ETAR cells (Fig. 2E and
F). LogECso values of morphine in HEK293 cells stably expressing
SNAP-MOR and Halo-ETAR/SNAP-MOR were —7.09 +0.12 and
—8.62 + 0.38, respectively (n = 9-12 each).
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3.2. Selectivity of ETR antagonists in HEK293 cells stably expressing
Halo-ETAR or Halo-ETBR

We generated HEK293 cells stably expressing Halo-ETAR, and Halo-
ETBR. We used the CellKey™ system established in our laboratory [34]
to check the selectivity of each ETR antagonist. We used the novel ETAR
selective antagonist Compound-E, conventional ETAR selective antag-
onist BQ-123 and ETBR-selective antagonist BQ-788, respectively, to
compare their responses. ETR antagonists decreased cellular impedance
in each cell in a concentration-dependent manner (Fig. 3A and B). Log
half maximal inhibitory concentration (log ICso) values of Compound-E,
BQ-123, BQ-788, and bosentan in HEK293 cells stably expressing
Halo-ETAR  respectively were —8.06 +0.04, —7.53 +0.09,
—6.55 + 2.71 and —7.57 + 0.09 (n = 3 each). Log ICs5¢ values of them in
HEK293 cells stably expressing Halo-ETBR were —8.10 + 0.26,
—8.25+0.30, —8.28 £0.14 and — 7.54 £ 0.11, respectively. ETAR
antagonists, Compound-E and BQ-123, suppressed the ET-1 response in
Halo-ETAR cells. Furthermore, Compound-E shifted the dose-response
curve of ET-1 to the left. (Fig. 3A). Although, Compound-E and
BQ-123 did not completely suppress in Halo-ETBR cells (Fig. 3B),
BQ-788 suppressed ET-1-induced responses in Halo-ETBR cells (Fig. 3B),
and slightly suppressed in Halo-ETAR cells (Fig. 3A).

3.3. Evaluating augmented MOR activity by ETAR antagonists

Since ET-1 expression increases under pain [37-40], we pretreated
cells with ET-1 to mimic pain in vitro and determined changes in
morphine activity with different ETAR antagonists. We used
Compound-E as a novel and selective ETAR antagonist, BQ-123 as a
typical ETAR antagonist [41], and bosentan as another ETAR/ETBR
antagonist [19]. ET-1 pretreatment in Halo-ETAR/SNAP-MOR cells
overexpressing ETAR attenuated morphine-induced responses [F(8,
194) = 10.04, p < 0.05] (Fig. 4A). However, ET-1 pretreatment did not
change morphine-induced responses in SNAP-MOR cells expressing
lower ETAR levels [F(8, 216) = 30.94, p > 0.05] (Fig. 4B). The antag-
onists did not affect the MOR-induced responses in
Halo-ETAR/SNAP-MOR cells [F(8, 194) =10.04, p > 0.05] and
SNAP-MOR cells [F(8, 216) = 30.94, p > 0.05]. Compound-E signifi-
cantly restored the ET-1-induced attenuation of morphine responses [F
(8, 194) =10.04, p<0.01] (Fig. 4A). Furthermore, Compound-E
increased these effects in a concentration-dependent manner (Supple-
mentary Fig. 3). BQ-123 and bosentan did not restore ET-1 induced
attenuation of morphine responses at low concentrations, however, they
restored this attenuation at high concentrations (Supplementary Fig. 3).

We performed a cAMP assay with cADDis sensors to confirm that
only GPCR signals contribute to the analgesic action [42] as the cAMP
pathway is conducted through the Gi-mediated pathway [34]. ET-1
pretreatment attenuated morphine responses in
Halo-ETAR/SNAP-MOR cells [F(5, 132) = 16.11, P < 0.0001, F(5, 132)
=7.535, P < 0.0001 and F(5, 96) = 14.78, P < 0.0001] (Fig. 5A-C;
left), but not in SNAP-MOR cells [F(5, 96) = 0.2696, P > 0.05, F(5, 96)
=0.02724, P > 0.05 and F(5, 96) = 0.8129, P < 0.05] (Fig. 5A-C;
right). Compound-E [F(5, 132) = 3.546, P < 0.01], but not BQ-123 [F(5,
132) = 0.7532, P > 0.05] and bosentan [F(5, 96) = 1.246, P > 0.05],
improved ET-1-induced attenuation of morphine responses (Fig. 5A-C;
left).

3.4. Co-immunoprecipitation of Halo-ETAR and SNAP-MOR

We performed a co-immunoprecipitation of ETAR and MOR in
HEK293 cells expressing Halo-ETAR, Halo-ETAR/SNAP-MOR, or SNAP-
MOR. Halo-ETAR was detected in the input and unbound of Halo-ETAR
cells and Halo-ETAR/SNAP-MOR cells. Furthermore, ETARs were
detected in Halo-ETAR and Halo-ETAR/SNAP-MOR cell precipitates
(Fig. 6A). In Halo-ETAR/SNAP-MOR cell precipitates, SNAP-MORs were
also detected (Fig. 6B). Quantitative analysis of co-precipitated SNAP-
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Fig. 5. Evaluation of p-opioid receptor (MOR)
activity with endothelin-1 (ET-1) and/or endo-
thelin A receptor (ETAR) antagonists using
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MOR revealed that SNAP-MOR in Halo-ETAR/SNAP-MOR cells clearly
increased compared to SNAP-MOR cells (t = 3.231, P < 0.05) (Fig. 6C).

3.5. Co-localization of ETAR and MOR upon TIRF microscopy in Halo-
ETAR/SNAP-MOR cells

TIRF microscopy showed colocalization of ETAR and MOR in Halo-
ETAR/SNAP-MOR cells (Fig. 7A), suggesting a close interaction be-
tween ETAR and MOR on cell membranes. The 2-min time-lapse showed
that Halo-ETAR and SNAP-MOR were co-transported into the cytosol
(Supplementary Fig. 4).

3.6. ETAR/MOR dimer interactions

Halo-ETAR/SNAP-MOR cells were stimulated with ET-1 (10”7 M)
and the punctae that translocated into the cell were visually quantified
(Fig. 7B; left). ET-1 stimulation significantly increased the number of
puncta in the overlay (yellow) (t = 4.714, P < 0.0001) (Fig. 7B; right).
The 30-min time-lapse showed that the number of puncta of the overlay
increased (Supplementary Fig. 4). However, the number of puncta
stained with HT-488 or ST-549 alone did not change before and after
stimulation (t = 1.155, P > 0.05 and t = 0.5142, P > 0.05) (Fig. 7B;
right). Monomeric or homodimeric ETARs or MORs did not cause ET-1-
induced endocytosis; however, the heterodimerized ETAR/MORs
caused ET-1-induced endocytosis (Fig. 7B; right).

We further stimulated Halo-ETAR/SNAP-MOR cells with ET-1 (10~

log [morphine]

M) and automatically measured the changes in puncta (Fig. 7C; left). ET-
1 stimulation increased the number of puncta (t = 5.480, P < 0.001)
(Fig. 7C; middle). The area of the puncta in cells remained unchanged
(t = 0.4674, P > 0.05) (Fig. 7C; right), indicating early-stage endocy-
tosis without changing the internalized receptor size or shape. There was
no change in fluorescence intensity for Halo-ETAR or SNAP-MOR alone
before and after ET-1 stimulation, suggesting that SNAP-MOR likely
formed ETAR/MOR dimers rather than existing alone (Supplementary
Fig. 5).

3.7. Effect of Compound-E on morphine-induced pain sensitivity in mice

We evaluated the effects of morphine on the analgesic action using
the Randall-Selitto test. Mice were injected with morphine (3 or
10 mg kg™1), the withdrawal threshold was measured, and data were
normalized to those at 0 h. In the control and Compound-E-treated mice,
the withdrawal threshold remained unchanged over 3.5h [F(4, 190)
=0.3262, P > 0.05] (Fig. 8A), indicating that Compound-E treatment
alone did not affect the withdrawal threshold. Morphine elicited anal-
gesia in mice, which persisted for 3 h [F(4, 270) = 12.21, P < 0.0001]
(Fig. 8A). The analgesic action increased, peaked at 30 min, and then
gradually decreased by 43.5% (3 mgkg ') and 38.1% (10 mgkg !
morphine) (Fig. 8A). Compound-E pretreatment significantly increased
the morphine-induced withdrawal threshold as well as the analgesic
effects of morphine [F(4, 350) = 5.394, P < 0.001 and F(4, 350) =
6.898, P < 0.0001] (3 or 10 mg kg’l), which persisted for 3 h (Fig. 8A).
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The analgesic effect of morphine peaked (3 mg kg™'; 198.27 +7.84 g,
10 mg kg~ '; 249.38 £ 10.35 g) at 30 min after administration; it grad-
ually decreased by 26.4% and 36.6% after administration (3 or
10 mg kg’l) at 3 h, respectively (Fig. 8A). The AUC of the withdrawal
threshold was 32.16 + 7.28 g in the control group and 26.35 + 8.60 gin
the Compound-E-treated group. The AUC was 105.52 + 8.33 g and
158.93 + 16.19 g in morphine (3 or 10 mg kg™1)-treated mice, respec-
tively. The AUC for Compound-E + morphine (3 or 10 mg kg~ !)-treated
mice was 208.55+16.88g and 313.76 +19.32g, respectively
(Fig. 8B).

3.8. Effect of Compound-E on morphine-induced changes in body
temperature in mice

The baseline body temperature before drug treatment was
37.79 £+ 0.05 °C. In the control and Compound-E-treated groups, body
temperature did not change over 3.5 h [F(5, 48) = 0.7682, P > 0.05]
(Fig. 9A), demonstrating that Compound-E treatment alone did not
affect body temperature. Morphine (3 mg kg™?, s.c.) induced slight hy-
pothermia, lasting for 1.5 h [F(5, 72) = 2.092, P = 0.0762] (Fig. 9A).
Morphine (10 mg kg™!) also induced significant hypothermia, lasting
for 3h [F(5, 72) = 8.391, P < 0.0001], and Compound-E + morphine
significantly improved the morphine-induced hypothermia, lasting for
over 3 h [F(5, 96) = 3.704, P < 0.01] (Fig. 9A).

3.9. Effect of Compound-E on morphine-induced changes in locomotor
activity

In the control and Compound-E group, locomotor activity remained
unchanged over 3.5h. Morphine (3 or 10 mg kg’l, s.c.) induced
concentration-dependent hyperactivity in mice, lasting for over 3 h.
Morphine (10 mg kg™1) induced significant hyperactivity in mice, last-
ing over 3h. Compound-E pretreatment followed by morphine
augmented the increase in morphine-induced hyperactivity (Fig. 9B).
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Fig. 6. Immunoprecipitation of cell lysates
expressing Halo-ETAR, SNAP-MOR, or Halo-
ETAR/SNAP-MOR. Cell lysates were precipi-
tated with Magnet-based HaloTag beads. The
input control (Input), supernatants (Unbound),
and precipitates (Bound) were electrophoresed
and immunoblotted for antibodies against (A)
Halo-ETAR and ETAR and (B) SNAP-tag. A:
Halo-ETAR was detected in the input and un-
bound of Halo-ETAR cells and Halo-ETAR/
SNAP-MOR cells. ETAR was detected in the
precipitates of Halo-ETAR cells and Halo-
ETAR/SNAP-MOR cells. B: SNAP-MOR was
detected in the precipitate of Halo-ETAR/SNAP-
MOR cells. C: Quantitative analysis of co-
precipitated SNAP-MOR. The precipitated
SNAP-MOR signals were normalized to input
control. Statistical significance was tested by
unpaired t-test. *P < 0.05. Data are mean
+ SEM based on three independent experiments
(n = 3). MOR, p-opioid receptor; ETAR, endo-
thelin A receptor.
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4. Discussion

In our in vitro study, ET-1 attenuated the analgesic effect of
morphine under pain conditions. Furthermore, the novel and highly
ETAR-selective antagonist, Compound-E, restored the ET-1-induced
attenuating effects on morphine. The attenuating effect of ET-1 on
MOR activity was possibly caused by ETAR/MOR heterodimerization.
Our in vivo study demonstrated that Compound-E and morphine co-
administration enhanced the analgesic effect of morphine. These re-
sults suggest that the morphine-induced analgesic effects attenuated by
ET-1 were restored by Compound-E through inhibition of the activity of
dimerized ETAR/MOR.

The analgesic effects of morphine are predominantly mediated by Gi
protein-mediated pathways [43,44]. The CellKey™ assay system mea-
sures most membrane protein responses, including GPCRs, in real-time
[34]. These changes reflect ligand-induced receptor reactions in
whole-cell events, but it may be difficult to identify whether the re-
sponses are from the G protein- or the p arrestin-mediated pathway. To
further clarify the effects, we employed the cADDis cAMP assay system
that solely detects responses by G protein-mediated pathways. We
confirmed that morphine attenuation by ET-1 indeed occurred by sup-
pression of the G protein-mediated signaling pathway. Compound-E
may affect morphine-induced f-arrestin signaling and Gi signaling
separately. Therefore, if it selectively promotes Gi signaling rather than
B-arrestin signaling, Compound-E may be a better drug to promote
analgesia alone; this requires further investigation.

ET-1 and ETAR expression levels increase during pain [37-40]. As
ETAR expression in ETAR/MOR cells were higher than that in
MOR-expressing HEK293 cells endogenously expressing endothelin re-
ceptors, we speculated that pain was reproduced by pretreatment with
ET-1 in ETAR-overexpressed ETAR/MOR cells. We did not observe this
response in SNAP-MOR-expressing cells where endogenous ETAR
expression was lower, suggesting that ET-1 attenuated the effects of
morphine in cells where high levels of ETAR were expressed. Currently,
there are no reports on the role of ET-1 in the analgesic tolerance of
morphine, nor on the involvement of dimerized ETAR/MORs in pain.

Downloaded for Anonymous User (n/a) at Juntendo University from ClinicalKey.jp by Elsevier on December 16, 2021.
For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.



Y. Kuroda et al. Biomedicine & Pharmacotherapy 141 (2021) 111800

A Halo-ETAR SNAP-MOR Overlay

5um
B Treatment with ET-1
Before After (15 min) HT-488 ST-549 Overlay
' 14, 14, 14-
12 12 124
© © ©
5104 B ©T10{ B 510-
{an [ c
32 84 2 84 2 8
‘S 6 ‘© 64 G 64
o 4 & 4 o 4-
Q0 QO o)
€ 2- g 2 £ 2-
2 o 2 0o 2 o
10 um before after before after before after
Halo-ETAR SNAP-MOR
C Puncta number Puncta area
vehicle ET-1 (107 M) . ns
81 Kk 50+
s =
o 2 40
S 2 T
= © 30
= o
== :
15 « 20-
by ©
china S 10-
S o
S oll oll—
10 pm vehicle ET-1 vehicle ET-1

Halo-ETAR SNAP-MOR

Fig. 7. Live cell imaging of cells transfected with Halo-ETAR and SNAP-MOR. Live cells expressing Halo-ETAR and SNAP-MOR were stained with fluorescent-labeled
Halotag and SNAP-tag substrates at 25 °C for 30 min. ETAR was labeled with HaloTag Alexa Fluor 488 ligand (Green, HT-488), and MOR was labeled with SNAP
surface 594 (Red, ST-549). A: Total internal reflection fluorescence microscopic images of Halo-ETAR/SNAP-MOR cells. Scale bar; 5 um. Penetration depth; 90 nm. B:
Fluorescence images of Halo-ETAR/SNAP-MOR cells treated with 1077 M ET-1. Cells were stained with HT-488 (green) and ST-549 (red) ligand and treated with
1077 M ET-1 for 0-15 min at 25 °C (Left). Puncta were labeled with HT-488 only, ST-594 only, or HT-488 and ST-594 (Right). Analyses were performed with
Student’s t-test for matched pairs with 95% confidence. n = 24 cells in six photographs. C: Fluorescence images of Halo-ETAR/SNAP-MOR cells treated with 10~ M
ET-1 or vehicle. Cells were stained with HT-488 (green) and ST-594 (red) ligand for 30 min at 25 °C and were treated with 107 M ET-1 or vehicle for 15 min at 25 °C
(Left). The intracellular HT-ETAR puncta, which has a higher fluorescence intensity than the cell surface, was automatically selected. The number (middle) and area
(right) of puncta were measured by MetaMorph (software). Analyses were performed with Student’s t-test for comparing two samples with 95% confidence.
Quantitative summary data were expressed as means + SEM. n = 6 regions including 45 (vehicle) or 57 (ET-1) cells. MOR, p-opioid receptor; ETAR, endothelin A
receptor; ET-1, endothelin-1. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article)
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Fig. 8. Effect of Compound-E on morphine-induced pain sensitivity. Effects of
Compound-E pretreatment on morphine (3 and 10 mgkg™!, s.c.)-induced
analgesic responses. The withdrawal threshold of each data was normalized
by that of the data at O h (A). Effects of Compound-E pretreatment were
depicted by AUCy_ 351 (B). A: Values are mean + SEM and n = 5-9 per group;
**p < 0.01, ***p <0.001, ****p <0.0001 in comparison to vehicle
+ morphine 3 mg kg~ group, +++p < 0.001, ++++p < 0.0001 in compari-
son to vehicle + morphine 10 mg kg~ group (two-way ANOVA followed by the
post hoc Sidak’s multiple comparisons test). B: Values are mean + SEM and
n = 5-9 per group; *p < 0.05, *p < 0.0001 (one-way ANOVA followed by
the post hoc Tukey’s multiple comparisons test). Veh: Vehicle; n.s.,
Not significant.
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Fig. 9. Effects of Compound-E on the changes of morphine-induced body
temperature and locomotor activity in mice. A: Effects of Compound-E on the
morphine (3 and 10 mg kg7, s.c.)-induced changes in body temperature. The
body temperature of each data was normalized by that of the data at 0 h. B:
Effects of Compound-E on morphine (3 and 10 mg kg ?, s.c.)-induced changes
in locomotor activity. A: Values are mean + SEM and n = 5-9 per group;
**p < 0.01, ***p < 0.001 in comparison to vehicle + morphine 3 mgkg™*
group, +p < 0.05, ++p <0.01, +++p < 0.001 in comparison to vehicle
+ morphine 10 mg kg ™! group (two-way ANOVA followed by the post hoc
Sidak’s multiple comparisons test). B: n = 1-6 per group. Veh, vehicle.
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Live cell imaging also showed that overlays of ETAR and MOR puncta
were increased by ET-1 stimulation. This indicates that once ETAR/MOR
is dimerized and internalized, morphine becomes less effective due to
less MORs on the cell membrane. Our results interestingly suggest that
the presence of ET-1 and the ETAR/MOR heterodimer contribute to the
analgesic tolerance of morphine.

We showed that Compound-E had superior activity on the ET-1-
induced attenuating effect of morphine among the other endothelin
receptor antagonists assessed. In the cAMP assay, only the highly se-
lective ETAR antagonist significantly restored the ET-1-mediated
attenuation [33]. Together, Compound-E may have a higher ameliora-
tive effect than the existing ETAR antagonists on enhancing the anal-
gesic effect by MOR. ETAR and MOR have been reported to co-localize in
the spinal cord, spinal dorsal root ganglia, and peripheral nerves.
Therefore, we assume that a functional interaction between
Compound-E and morphine occurs in the nervous system. In addition,
animal studies showed the enhanced locomotor activity due to the
release of dopamine. Therefore, we assume that Compound-E crosses the
blood brain barrier and enters the central nervous system.

In vivo, we found that Compound-E increased the intensity and
duration of the analgesic effects of morphine. Another ETAR selective
antagonist, BQ-123, can increase the intensity and duration of
morphine-induced analgesia in the tail-flick test [20]. Based on this, the
analgesic potentiation by BQ-123 was possibly not a direct effect on
MORs [20], suggesting that the analgesic potentiation of MORs by ETAR
antagonists may involve ETAR, and possibly the dimerization of
ETAR/MOR. Further investigations are warranted to determine the
involvement of dimerized ETAR/MOR on the ET-1-induced analgesic
attenuation. In addition, other ETAR antagonists, BQ123 and
BMS182874, prevent morphine tolerance and reversed tolerance [45]; it
is possible that Compound-E may also have these effects. We need to
investigate the therapeutic effects of Compound-E by using
morphine-tolerant mice or rats in a future study.

Opioid agonists bind to MOR, DOR, and KOR. MORs are highly
distributed in the brain and mediates most of the analgesic effects. They
are also located in other organs and mediates major side-effects such as
respiratory depression, euphoria, sedation, and dependence. DORs are
predominantly distributed in the extrapyramidal tract and have weak
analgesic effects. They are involved in emotion, causing neurotrans-
mitter inhibition and dependence. KORs are distributed in the hypo-
thalamus and spinal cord. They are responsible for analgesic effects at
the spinal cord level, and are also involved in sedation and discomfort,
not but dependence. Furthermore, the effects of each receptor on
changes in body temperature differ [46]; activation of MOR induces
hyperthermia, whereas activation of DOR and KOR induce hypothermia
[47]. In our study, a relatively low-dose morphine (3 mg kg™ 1) slightly
decreased the body temperature in mice due to the mixed agonistic ef-
fects of each receptor. On the other hand, a high-dose of morphine
(10 mg kg™ 1) caused hypothermia. Although morphine mainly activates
MOR, it also acts on DORs and KORs when administered at a large
concentration, which may decrease the body temperature due to the
DOR and KOR-dominant effect. Co-administration of morphine and
Compound-E alleviates hypothermia; therefore, Compound-E likely
enhances the action of MORs that are involved in hyperthermia to
eventually restore high-dose morphine-induced hypothermia by acti-
vating MOR but not DOR and/or KOR. Although the existence of
dimerized ETAR/MOR in vivo is still uncertain, the changes in body
temperature by Compound-E and morphine suggest that ETARs and
MORs might heterodimerize in vivo, and that Compound-E effectively
augments the effects of MOR via heterodimerized ETAR/MOR.

Morphine suppresses inhibitory gamma-amino butyric acid inter-
neuron activity via MOR activation, which activates the mesolimbic
dopaminergic nervous system. This activation increases locomotor ac-
tivity in mice due to the release of dopamine [48]. Simultaneous
administration of morphine and Compound-E may potentiate the effects
of MOR, which activates the release of dopamine to increase locomotor
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activity. The enhanced locomotor activity by Compound-E and
morphine co-administration observed in this study thus suggests that
ETARs and MORs might be associated in vivo, and that Compound-E
may augment the effects via activation of heterodimerized ETAR/MOR.
Opioids are known to cause side effects such as nausea, vomiting,
constipation, drowsiness, delirium, and respiratory depression by cen-
tral and peripheral opioid action [49]. Nausea and vomiting can cause a
decrease in medication adherence, so preventive administration of
antiemetic drugs is often used. Furthermore, the use of opioids requires
measures against constipation to maintain the quality of life of patients.
We found that Compound-E potentiated the effects of morphine by
specifically reducing the body temperature and increasing in locomotor
behavior; however, we did not examine the effects of Compound-E on
the other side-effects of morphine in this study. It has been reported that
the combination of other ETAR antagonists with morphine does not
increase constipation [50]. In general, the data on the extent or mech-
anism of ETAR inhibition on the side-effects of opioids is so far, limited.
Careful assessment of these effects is warranted in future studies.

5. Conclusions

Our study showed that the ET-1 that is attenuated by morphine’s
effects, may be through the formation of ETAR/MOR heterodimer, and
that Compound-E could be a clinically important candidate for drug
development. However, the clinical development and indications of
Compound-E have not yet been determined. Although further study is
required, one clinical application of Compound-E could be in analgesic
treatment, in conjunction with opioid analgesics. Opioid administration
in combination with ETAR antagonists may reduce the amount of opioid
required for analgesia, and furthermore, may provide appropriate pain
management in patients with an opioid addiction. In conclusion,
Compound-E, a novel ETAR antagonist, may have therapeutic effects on
morphine tolerance under pain. Further studies are warranted to
investigate the usefulness of Compound-E as a therapeutic drug.
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