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Abstract

Nalfurafine has been used clinically in Japan for treatment of itch in kidney
dialysis patients and in patients with chronic liver diseases. A one-year post-
marketing study showed nalfurafine to be safe and efficacious without producing
side effects of typical KOR agonists such as anhedonia and psychotomimesis. In
this chapter, we summarize in vitro characterization and in vivo preclinical
studies on nalfurafine. In vitro, nalfurafine is a highly potent and moderately
selective KOR full agonist; however, whether it is a biased KOR agonist is a
matter of debate. In animals, nalfurafine produced anti-pruritic effects in a dose
range lower than that caused side effects, including conditioned place aversion
(CPA), hypolocomotion, motor incoordination, consistent with the human data.
In addition, nalfurafine showed antinociceptive effects in several pain models at
doses that did not cause the side effects mentioned above. It appears to be
effective against inflammatory pain and mechanical pain, but less so against
thermal pain, particularly high-intensity thermal pain. U50,488H and nalfurafine
differentially modulated several signaling pathways in a brain region-specific
manners. Notably, U50,488H, but not nalfurafine, activated the mTOR pathway,
which contributed to U50,488H-induced CPA. Because of its lack of side effects
associated with typical KOR agonists, nalfurafine has been investigated as a
combination therapy with an MOR ligand for pain treatment and for its effects
on opioid use disorder and alcohol use disorder, and results indicate potential
usefulness for these indications. Thus, although in vitro data regarding
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uniqueness of nalfurafine in terms of signaling at the KOR are somewhat equivo-
cal, in vivo results support the assertion that nalfurafine is an atypical KOR
agonist with a significantly improved side-effect profile relative to typical KOR
agonists.

Keywords

Abuse deterrence · Alcohol use disorder · Analgesia · Antipruritic effect ·
Aversion · Opioid use disorder

1 Introduction

Activation of kappa opioid receptor (KOR) produce analgesic and antipruritic
effects; however, clinical development of these compounds has been limited by
side effects such as psychotomimesis, dysphoria, and sedation (Pande et al. 1996;
Pfeiffer et al. 1986; Wadenberg 2003; Walsh et al. 2001). One exception is
nalfurafine (TRK-820 in early literature). Nalfurafine (Remitch™),
17-cyclopropylmethyl-3, 14 beta-dihydroxy-4,5 alpha-epoxy-6 beta-[N-methyl-
trans-3-(3-furyl) acrylamido]-morphinan, has been used in Japan for treatment of
itch in patients undergoing hemodialysis and in those with chronic liver diseases
(Kozono et al. 2018; Kumagai et al. 2010, 2012; Nakao and Mochizuki 2009a).
Clinical reports have shown that, at therapeutic doses, nalfurafine does not produce
dysphoria or psychotomimetic effects, which sets it apart from prototyipcal KOR
agonists that have been tested in humans (Kozono et al. 2018; Kumagai et al. 2010,
2012). It should be noted, however, that nalfurafine did not receive approval by the
European Medicines Agency because of lack of efficacy.

Nalfurafine was first synthesized by Nagase et al. (1998) and found to be a highly
potent and moderately selective KOR full agonist. A unique structural feature of
TRK-820 is the 4,5-epoxymorphinan structure with a tyrosine-glycine moiety of
endogenous opioid peptides, which is different from other nonpeptide KOR agonists
such as U50,488H and salvinorin A.

In this chapter, we summarize preclinical studies on nalfurafine, including in vitro
characterization and in vivo pharmacology in laboratory animals, as well as its
potential use as an adjunct for pain treatment, and as a deterrent/treatment for drug
and alcohol abuse. We also review studies that examine what makes nalfurafine
different from other KOR agonists, which may provide some insights into develop-
ment of KOR agonists with fewer side effects.

In the earlier literature, it was named TRK-820, whereas in the more recent
literature, it was called nalfurafine. In this chapter, both terms will be used to be
consistent with the original literature.
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2 In Vitro Pharmacological Characterization of Nalfurafine

2.1 Bioassays

Nagase et al. (1998) reported that TRK-820 inhibited electrically stimulated con-
traction of guinea pig ileum (GPI) with an IC50 value of 4.8 pM and KOR/MOR
selectivity of 279. TRK-820 attenuated mouse vas deferens (MVD) contraction with
an IC50 value of 36 pM and KOR/MOR selectivity of 104 and KOR/DOR selectivity
of 135. TRK-820 was 4,000-fold more potent than morphine in both preparations
and 200 and 70 times more potent than U50,488H in the GPI and MVD,
respectively.

2.2 Binding Affinity and Selectivity Profile of Nalfurafine at MOR,
DOR, KOR and NOR

Several groups determined affinities of nalfurafine for each receptor by competitive
inhibition of radioligand binding (Table 1), yielding different results. Its Ki values
for the KOR ranged from 0.075 to 3.5 nM, those for the MOR 0.43–53 nM and those
for the DOR 51–1,200 nM. Its binding to the NOR was negligible. The differences in
its Ki value for a given receptor are likely due to differences in the radioligand,
tissues and binding conditions used (Table 1). Its KOR/MOR selectivity ratios

Table 1 Ki values (in nM) of nalfurafine reported in the literature

Reference MOR KOR DOR NOR
MOR/
KOR

DOR/
KOR

Seki et al.
(1999)a

53 � 12 3.5 � 0.9 1,200 � 300 380 � 50 15.1 343

Wang et al.
(2005)b

5.2 � 0.8 0.075 � 0.007 161 � 42 N.A. 69.3 214

Nagase and
Fujii (2013)c

0.431 0.178 51.3 – 2.42 288

Che et al.
(2018)d

4.20 � 0.21 0.32 � 0.02 – – 13.1 –

N.A. did not bind at 1 μM
– not determined
aInhibition of [3H]bremazocine binding to KOR, MOR and DOR stably expressed in CHO cells,
inhibition of [3H]nociceptin binding to NOR stably expressed in CHO cells. Data are expressed as
mean � SEM (N ¼ 3)
bInhibition of [3H]diprenorphine binding to KOR and MOR stably expressed in CHO cells,
inhibition of [3H]nociceptin binding to NOR stably expressed in CHO cells. Data are expressed
as mean � SEM (N ¼ 3)
cInhibition of [3H]U69,593 binding to KOR in guinea pig cerebellum membranes, inhibition of [3H]
DAMGO binding to MOR in mouse brain membranes, inhibition of [3H]DPDPE binding to DOR in
mouse brain membranes. Data are expressed as mean (N ¼ 3)
dInhibition of [3H]diprenorphine binding to KOR and MOR stably expressed in Sf9 cells. Data are
expressed as mean � SEM (N ¼ 3)
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ranged from 2.4 to 69 and those of KOR/DOR � 280. Overall, these data indicate
that nalfurafine is moderately selective for the KOR over the MOR and highly
selective for the KOR over the DOR.

2.3 No Significant Binding to Targets Other Than Opioid
Receptors

Nalfurafine at 10 μMdid not bind significantly to 45 pharmacological targets (Nakao
and Mochizuki 2009b), including histamine, neurokinin, bombesin, CGRP, somato-
statin, ionotropic glutamate, dopamine, adrenergic, muscarinic, adenosine, IL-1β,
IL-8, CCR1, CCR2, CCK, GABAA, and VIP receptors and L-type Ca++ channel.
The only target for which it exhibited a moderate affinity was the M1 muscarinic
receptor with a Ki value of 1.7 μM. Nalfurafine did not affect release of several
inflammatory mediators (histamine, tumor necrosis factor, interleukin-1β and -6, and
prostaglandins D2 and E2), nor did it influence activities of constitutive and induc-
ible nitric oxide synthetase (Nakao and Mochizuki 2009b).

2.4 Efficacies and Potencies of Nalfurafine in Activating MOR,
DOR, KOR and NOR: Inhibition of Adenylate Cyclase
and Enhancement of [35S]GTPgS Binding

Seki et al. (1999) evaluated agonistic activity of TRK-820 by inhibition of forskolin
(10 μM)-stimulated cAMP accumulation in CHO cells stably transfected with cloned
MOR, KOR or DOR. The IC50 and Imax values for MOR, KOR and DOR are shown
in Table 2. The data indicate that compared with the reference full agonists,
nalfurafine is a potent full agonist at the KOR and high-efficacy partial agonist at
the MOR and has a KOR/MOR selectivity factor of 55.

Nalfurafine was also examined for its potency and efficacy in enhancing [35S]
GTPγS binding via the MOR, DOR, KOR and NOR. Data are shown in Table 3.
Nalfurafine is a high-potency KOR full agonist with an EC50 value below 0.1 nM,
and has partial agonist activities at the MOR, DOR and NOR with much lower

Table 2 Potency and efficacy of nalfurafine in inhibiting forskolin-stimulated adenylyl cyclase in
CHO cells stably transfected with cloned MOR, KOR or DOR

MOR KOR DOR

IC50

(nM) Imax IC50 (nM) Imax

IC50

(nM) Imax

Nalfurafine 8.3 � 1.4 69 � 3%a 0.15 � 0.08 81 � 3% >1,000 –
b

Reference full
agonist

DAMGO U69,593 DPDPE

5.0 � 1.1 88 � 1% 16 � 6 72 � 5%, 5.4 � 1.7 78 � 3%

Data are expressed as mean � sem (N ¼ 3)
aP < 0.01 in Student’s t-test, compared with that of the reference full agonist DAMGO
bDid not reach maximum at 10 μM
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potency. Its KOR/MOR selectivity is 32 or 128; KOR/DOR or KOR/NOR selectiv-
ity factors are much higher. Therefore, nalfurafine is considered as a moderately
selective KOR full agonist.

Potency and efficacy of nalfurafine were also examined using several other
functional endpoints for G protein- and β-arrestin-mediated signaling, which are
discussed in Sect. 2.5.

2.5 Functional Selectivity of Nalfurafine in KOR-Mediated
Activation of G Proteins and b-Arrestins

Studies on functional selectivity of nalfurafine for G proteins or β-arrestins have
yielded different results, demonstrating nalfurafine to be G protein-biased (Cao et al.
2020; Kaski et al. 2019; Schattauer et al. 2017), un-biased (Liu et al. 2019) and
β-arrestin-biased (Dunn et al. 2019). The cell lines, functional endpoints and refer-
ence compounds used, and the calculated agonist biases are summarized in Table 4.
The discrepancy may be attributed to differences in cell line, end point, assay method
for the same end point, receptor expression level and the reference balanced agonist
used. Gillis et al. (2020) recently reported that responses having amplification factors
and higher receptor reserves tend to enhance potency and efficacy of an agonist, thus
confounding agonist bias calculation. The cAMP response has a high signal ampli-
fication, whereas [35S]GTPγS binding and β-arrestin recruitment do not, which may
contribute to the findings of nalfurafine as G protein-biased agonist in the study of
Cao et al. (2020); Kaski et al. (2019), but as a unbiased agonist in Liu et al. (2019).

2.6 KOR Internalization and Down-Regulation

Wang et al. (2005) reported that TRK-820 (1 nM, 30 min, 37�C) caused internaliza-
tion of FLAG-hKOR stably transfected into HEK 293 cells, similar to U50,488H
(1 μM). Following incubation of CHO-FLAG-hKOR cells for 4 h, TRK-820 (1 nM,
37�C) induced down-regulation of the human KOR to the same extent as U50,488H
(1 μM).

3 In Vivo Pharmacological Effects of Nalfurafine

Nalfurafine has been demonstrated to have anti-pruritic effects against several
pruritogens and in disease models of itch, antinociceptive effects in various pain
models, and water diuretic effects. In addition, nalfurafine has been examined for
many KOR-mediated side effects, such as hypolocomotion, CPA, and motor inco-
ordination. In general, nalfurafine produces antinociceptive and anti-pruritic effects
in dose ranges that are below those causing hypolocomotion, CPA and motor
incoordination. This is a unique feature that separates nalfurafine from typical
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KOR agonists, such as U50,488H. U50,488H produces the side effects in the dose
ranges that induce anti-nociceptive and anti-pruritic effects.

3.1 Antipruritic Effects

In a pioneering study, Cowan and Gmerek (1986) showed that the KOR agonists
tifluadom and U50,488 attenuated bombesin-induced scratching and grooming in
rats. Subsequent publications confirmed the antipruritic activities of KOR agonists,
which ultimately led to the approval of nalfurafine in Japan as an antipruritic drug for
treatment of itch in patients undergoing hemodialysis or with chronic liver diseases.

Togashi et al. (2002) were the first to report anti-pruritic activity of nalfurafine in
rodents. They demonstrated that in male ICR mice, TRK-820 (p.o., �30 min)

Table 4 Determination of agonist biases of nalfurafine

References
G protein signaling cells
used β-arrestin signaling

Agonist bias
(reference
compound)

Schattauer
et al.
(2017)

ERK1/2 phosphorylation
HEK293 cells stably
expressing rat KOR-GFP

P38 MAPK phosphorylation
HEK293 cells stably
expressing rat KOR-GFP

G protein-
biased, 7.2
(U50,488H)

Schattauer
et al.
(2017)

ERK1/2 phosphorylation
HEK293 cells stably
expressing FLAG-human
KOR

P38 MAPK phosphorylation
HEK293 cells stably
Expressing FLAG-human
KOR

G protein-
biased,
300 (U50,488H)

Liu et al.
(2019)

[35S]GTPγS binding
neuro2A cells stably
expressing mouse KOR

β-Galactosidase fragment
complementation
HEK cells stably expressing
mouse KOR-donor and
β-arrestin1 or 2-acceptor

Unbiased
(U50,488H)

Dunn et al.
(2019)

[35S]GTPγS binding
Human KOR-expressing
U2OS cells (PathHunter,
DiscoverX)

β-Galactosidase fragment
complementation
Human KOR-expressing
U2OS cells (PathHunter,
DiscoverX)

β-Arrestin-
biased
(U69,593)

Kaski et al.
(2019)

GloSensor (cAMP)
HEK293T cells transiently
transfected with 3 � HA-
hKOR and pGloSensor-22F
cAMP biosensor

Tango luciferase-based assay
HTLA cells transiently
transfected with human
KOR-V2-TEV-tTA

G protein-
biased, 7.7
(U50,488)

Cao et al.
(2020)

GloSensor (cAMP)
HEK293-T cells stably
expressing human KOR
were transfected with
GloSensor for cAMP

Tango β-arrestin2
recruitment
HEK293 cells stably
expressing a tTA-dependent
luciferase reporter and a
β-arrestin2-TEV fusion gene
were transfected with the
human KOR

G protein-
biased, 2.85
(U50,488H)
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reduced scratching induced by substance P or histamine, with A50 values of 19.6 and
7.3 μg/kg, respectively, which was antagonized by pretreatment with norBNI (s.c.,
overnight), indicating a KOR-mediated effect. No obvious suppression of the spon-
taneous locomotor activity was observed at the doses used. TRK-820 suppressed
running activity at much higher doses with an A50 of 102.8 μg/kg.

Subsequently, nalfurafine (s.c) was shown to have inhibitory effects on scratch
induced by several pruritogens in a dose-dependent manner in mice, including the
malaria drug chloroquine (Inan and Cowan 2004; Snyder et al. 2018), the histamine
releasing agent compound 48/80 (Liu et al. 2019; Wang et al. 2005), the KOR
antagonist 5’-GNTI (Inan et al. 2009a), the protease-activating receptor 2 agonist
SLIGRL, histamine and serotonin (Kardon et al. 2014). The A50 values were in the
range of 6.6–10 μg/kg and nalfurafine did not affect motor activity up to 30 μg/kg or
produce conditioned place aversion (CPA) up to 20 μg/kg in these studies. Snyder
et al. (2018) showed that the inhibitory effect of nalfurafine against chloroquine-
induced scratching was absent in KOR�/� mice. In addition, Inan et al. (2009a)
reported that nalfurafine was also effective as a post treatment in attenuating
scratching induced by compound 48/80 and 5’-GNTI. Remarkably, mice treated
once/day with 20 μg/kg nalfurafine for 10 days did not develop tolerance to the
inhibitory effect of nalfurafine against scratch induced by 5’-GNTI (Inan et al.
2009a). Compound 48/80 and 5’-GNTI enhanced c-fos expression in the dorsal
horn of mouse spinal cord, which was inhibited by nalfurafine (Inan et al. 2009a).
Umeuchi et al. (2003) found that the anti-scratching activity of TRK-820 (s.c) was
antagonized by intracerebroventricular administration of norBNI, indicating an
important role of brain KOR in TRK-820 effects. Lastly, nalfurafine (0.01–0.1 mg/
kg; i.p.) reduced scratching induced by intradermal injections of serotonin in male
Sprague-Dawley rats (Lazenka et al. 2018). However, nalfurafine failed to block
itch-induced suppression of responding for intracranial self-stimulation (ICSS) in
this same report.

Nalfurafine has also been studied in disease models of itch in rodents. Umeuchi
et al. (2005) demonstrated that aged MRL/lpr mice may be used as a model of
pruritus related to human autoimmune diseases and found that nalfurafine (p.o.)
inhibited the scratching behavior in these mice without causing gross behavioral
changes. Inan and Cowan (2006) generated a rat model of pruritus associated with
cholestasis by repeated injection with ethynylestradiol and showed that nalfurafine
(s.c.) suppressed whole-body scratching with an A50 value of 13 μg/kg. Nalfurafine
(p.o.) was effective in reducing scratching behaviors in NC/Nga mice, a model of
atopic dermatitis (Nakao et al. 2008). Nalfurafine inhibited scratching related to
experimentally induced dry skin in mice (Akiyama et al. 2015; Kardon et al. 2014).
Topical application of nalfurafine inhibited scratching in an oxazolone-induced
murine model of atopic dermatitis (Elliott et al. 2016).
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3.2 Anti-nociceptive Effects

KOR agonists have long been established to have antinociceptive effects in labora-
tory animals (von Voigtlander et al. 1983). Nalfurafine has been found to have
antinociceptive effects in rodents and nonhuman primates. Nalfurafine is more active
against inflammatory pain and mechanical pain.

Mice Endoh et al. (1999) conducted comprehensive studies in mice. They reported
that in male ddY mice TRK-820 given s.c. or p.o. was 351-fold and 796-fold more
potent than U50,488H in the acetic acid-induced abdominal constriction test with
A50 values of 3.3 μg/kg (s.c.) and 32 μg/kg (p.o.), respectively. The effect reached a
peak at 30 min and returned to baseline in 120–180 min. Its duration of the
antinociceptive effect was longer than that of morphine or other KOR agonists
(U50,488H, CI-977, ICI199,441 and PD117302). TRK-820 was also more readily
absorbed following oral adminstration than these KOR agonists. The antinociceptive
effects produced by TRK-820 in the abdominal constriction test were was
antagonized by norBNI, but not by the selective DOR anatagonist naltrindole or a
low dose of naloxone that was selective for the MOR, indicating KOR-mediated
effect. In addition, in four other antinociceptive assays, 51�C hot plate, thermal tail
flick, mechanical tail pressure and tail pinch tests, TRK-820 (s.c.) had A50 values of
129, 62, 9 and 35 μg/kg, respectively, and was 68-fold to 328-fold more potent than
U50,488H, and 41-fold to 349-fold more potent than morphine in producing
antinociception. However, TRK-820 was inactive in inhibiting the high temperature
(55�C) hot plate response. These results are consistent with those of Nagase et al.
(1998) in a communication report.

Liu et al. (2019) demonstrated that in CD-1 mice nalfurafine (s.c.) produced dose-
dependent antinociception in the late phase of the formalin test with an A50 value of
8.3 μg/kg, which is 70x more potent than U50,488H.

Snyder et al. (2018) demonstrated following an intraplantar (IPL) injection of
capsaicin or acetic acid into a hind paw, mice treated with nalfurafine or the
peripherally restricted agonists ICI204,448 or FE200665 showed a significant
decrease in the time spent licking the injected hind paw, compared to control
mice, indicating antinociceptive effects. In mice, none of the KOR agonists had
any effects on paw withdrawal threshold to the application of von Frey filaments
(mechanical threshold). In contrast, nalfurafine, but not ICI204,448 or FE200665,
significantly increased paw withdrawal latency (PWL) as measured by the
Hargreaves assay (thermal threshold). Following acute incision of the hind paw,
all the three KOR agonists inhibited mechanical hypersensitivity in the Brennan
model, however only nalfurafine, but not the peripherally restricted agonists,
inhibited thermal hypersensitivity. Thus, nalfurafine acts both centrally and
peripherally to produce antinociceptive effects against thermal and mechanical
pain via the KOR.

Kaski et al. (2019) observed that in the tail withdrawal assay (a model for spinal
nociception) in C57BL/6 mice, nalfurafine induced significant dose-dependent anti-
nociception at all doses tested (15, 30 and 60 μg/kg). U50,488 also elicited spinal
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anti-nociception at 1.25 mg/kg and at 5.00 mg/kg (but not at 2.50 mg/kg). The
highest tested dose of nalfurafine (60 μg/kg) was significantly more anti-nociceptive
than was the highest dose of U50,488 (5.00 mg/kg).

By single-unit electrophysiological recordings of colonic nociceptive afferents,
Snyder et al. (2018) found that inflammatory mediators (histamine, bradykinin,
prostaglandin E2, and serotonin) increased the number of action potentials in
response to stretch and nalfurafine significantly reduced this sensitization, which
was abolished in KOR�/� mice.

Rats Endoh et al. (2000) reported that TRK-820 produced a potent dose-dependent
and KOR-mediated antinociceptive effect in the paw pressure test in male Wistar rats
with A50 values of 64 μg/kg (s.c.) and 75 μg/kg (i.m.). Nalfurafine displayed similar
potency in normal rats and adjuvant-induced arthritic rats in the paw pressure test. In
the second phase of the formalin test, TRK-820 had a potent antinociceptive effect
with an A50 value of 9.6 μg/kg (s.c.), similar to mice.

Townsend et al. (2017) reported that nalfurafine (i.v.) produced dose-dependent
thermal antinociception using the hot plate test in male Sprague-Dawley rats. More
recently, nalfurafine was reported to reverse writhing behavior in rats induced by
i.p. administration of lactic acid (Lazenka et al. 2018). However, in this same report,
nalfurafine failed to reverse acid-induced suppression of ICSS. Notably, nalfurafine
also reduced ICSS in rats in the absence of acid injections, which precludes the
ability to make firm conclusions regarding antinociception in this procedure.

Non-human Primates Endoh et al. (2001) demonstrated that in cynomolgus
monkeys, TRK-820 (i.m.) produced a potent antinociceptive effect that was
295-fold and 495-fold more potent than morphine in the 50�C and 55�C hot-water
tail-withdrawal tests, respectively, and 40-fold more potent than U50,488H and
1,000-fold more potent than pentazocine in the 50�C hot-water test. The duration
of antinociceptive effects of TRK-820 (10 and 30 μg/kg, i.m.) was >6 h, much
longer than that of U50,488H. The antinociception induced by a lower dose of
TRK-820 (10 μg/kg, i.m.) was inhibited by norBNI (10 mg/kg, s.c.), indicating
KOR-mediated actions, whereas that produced by a higher dose of TRK-820 (30 μg/
kg, i.m.) was not antagonized by norBNI (3.2 and 10 mg/kg, s.c.) or by naloxone
(0.1 mg/kg, s.c.), which effectively inhibited the antinociception induced by
U50,488H (1.0 mg/kg, i.m.) and morphine (10 mg/kg, i.m.), respectively, suggesting
that there may be other targets at 30 μg/kg of nalfurafine.

3.3 Anti-allodynic and Anti-hyperalgesic Effects

Takasaki et al. (2004) used a mouse model of acute herpetic pain in which percuta-
neous inoculation with herpes simplex virus type-1 induced tactile allodynia and
mechanical hyperalgesia in the hind paw on the inoculated side. In female BALB/c
mice, TRK-820 (10–100 μg/kg, p.o.) inhibited the allodynia and hyperalgesia in a
dose-dependent manner, similar to morphine (5–20 mg/kg) and the KOR agonist
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enadoline (1–10 mg/kg). Interestingly, in the effective dose ranges, enadoline greatly
reduced spontaneous locomotor activity, but TRK-820 did not. The effects of
TRK-820 were blocked by pretreatment with norBNI, but not by a low dose of
naltrexone, which antagonized the effects of morphine. Repeated administration of
TRK-820 did not attenuate its anti-allodynic and anti-hyperalgesic effects, indicating
no tolerance. Intrathecal and intracerebroventricular, but not intraplantar, injections
of TRK-820 also inhibited the allodynia and hyperalgesia. Snyder et al. (2018)
reported that following surgical incision injury of the hind paw, hypersensitivity to
mechanical and thermal stimuli developed. Nalfurafine and peripherally acting KOR
agonists ICI204,488 and FE200665 inhibited mechanical hypersensitivity. In con-
trast, only nalfurafine inhibited thermal hypersensitivity. Thus, the anti-allodynic
and anti-hyperalgesic effects of TRK-820 are mediated by the KOR at the spinal and
supraspinal levels, an at peripheral sites.

3.4 Inhibition of Neurogenic Inflammation

Snyder et al. (2018) reported that in C57BL/6 mice an IPL injection of capsaicin
caused plasma extravasation and an increase in paw temperature, a model of
neurogenic inflammation. Nalfurafine or the peripherally restricted KOR agonist
ICI204,488 or FE200665 significantly reduced these two reactions. Nalfurafine-
induced inhibition of neurogenic inflammation was eliminated by KOR deletion.
Similar results were obtained when neurogenic inflammation was induced with a
mixture of bradykinin and prostaglandin E2. Thus, activation of KOR in the
periphery is sufficient to inhibit neurogenic inflammation.

3.5 Aversive Effects or Lack Thereof

KOR agonists were first shown to produce conditioned place aversion (CPA) in mice
and rats in the 1980s (Mucha and Herz 1985; Shippenberg 1986). In both mice and
rats, whether nalfurafine causes CPA depends on the dose used. The results in the
literature support the notion that at the doses effective in the antinociceptive and anti-
scratching tests, nalfurafine did not produce CPA; however, nalfurafine did cause
CPA at higher doses. For example, Liu et al. (2019) reported that in CD-1 mice, the
A50 values of nalfurafine-induced antinociception in the formalin test and in the anti-
scratch test were 5.8 and 8.3 μg/kg, respectively, and that nalfurafine (5–20 μg/kg, s.
c.) did not cause CPA or CPP.

Mice Tsuji et al. (2001) reported that TRK-820 (3–30 μg/kg, s.c.) did not produce a
significant CPP or CPA in mice. Liu et al. (2019) demonstrated that in CD-1 mice,
nalfurafine (5–20 μg/kg, s.c.) did not cause CPA or CPP. Zhou and Kreek (2019b)
also found that nalfurafine at 10 μg/kg (i.p.) did not produce CPA in C57BL/6 J
mice. In addition, Liu et al. (2019) found that nalfurafine (10 μg/kg, s.c.) did not
induce CPA in MOR�/� mice, ruling out the possibility that nalfurafine did not
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produce CPA because it acted on both the MOR and KOR. Kaski et al. (2019)
showed that in C57BL/6 J mice, nalfurafine at 30 μg/kg produced CPA, but not at
15 or 60 μg/kg, whereas U50,488 was aversive at three doses tested (1.25–5.00 mg/
kg). The reason for this inverted U-shaped dose-response relationship is not clear.

Rats Mori et al. (2002) reported that in male Fischer 344 rats, TRK-820 at 10, 20,
40 μg/kg did not induce CPA or CPP, but at 80 μg/kg it did cause significant CPA.
However, a recent study in male Sprague-Dawley rats reported that 0.18 mg/kg
nalfurafine (s.c.) did not produce a significant CPA (Zamarripa et al. 2020b).

3.6 Effects on Locomotor Activity and Motor Coordination

The locomotor-suppressing actions of KOR agonists in rodents have long been
recognized (Iwamoto 1981; von Voigtlander et al. 1983). Locomotor activity has
commonly been assessed with the rotarod test (Iwamoto 1981), measurement with
circular actophotometer cages (von Voigtlander et al. 1983) or rectangular locomotor
activity chambers (Liu et al. 2019; White et al. 2015) or the wheel running test
(Togashi et al. 2002).

The hypolocomotion induced by KOR agonists generally occurs in the dose
ranges that produce antinociceptive and anti-pruritic effects (for example,
U50,488H in von Voigtlander et al. 1983; Liu et al. 2019; Kaski et al. 2019,
methoxysalvinorin B in Liu et al. 2019). The unique feature of nalfurafine is that
in the dose ranges effective for antinociceptive and anti-pruritic effects, nalfurafine
either did not cause a hypolocomotor effect (Liu et al. 2019) or produced a small (�
25%) but significant effect (Kaski et al. 2019). For example, Liu et al. (2019)
reported that the A50 values of nalfurafine-induced antinociception in the formalin
test and in the anti-scratch test were 5.8 and 8.3 μg/kg, respectively and at 20 μg/kg,
it did not affect total distance traveled and slightly impaired rotarod performance.
Zhou and Kreek (2019b) also found that nalfurafine at 10 μg/kg (i.p.) had no effect
on spontaneous locomotor activity in C57BL/6 J mice.

In some studies, TRK-820 did produce sedation, but at doses which were higher
than those producing antinociception (Endoh et al. 1999; Togashi et al. 2002).
Endoh et al. (1999) demonstrated that in male ddY mice TRK-820 (s.c.) produced
antinociceptive effect in the acetic acid-induced abdominal constriction assay and
impaired rotarod performance with A50 values of 3.3 μg/kg and 27 μg/kg, respec-
tively. Togashi et al. (2002) reported that in male ICR mice TRK-820 (p.o., at
�30 min) inhibited histamine-induced scratching and suppressed running activity
with A50 values of 7.3 μg/kg and 102.8 μg/kg, respectively. Kaski et al. (2019) found
that the inhibitory effect of nalfurafine at 15 and 30 μg/kg on novelty-induced
locomotor activity was slight (by �25%) but significant, whereas at 60 μg/kg, the
drug impaired locomotor activity by >50%.

Mori et al. (2002) reported that in a cocaine drug discrimination test using male
Fisher 344 rats, 10–40 μg/kg TRK-820 did not affect the response rates, but at 80 μg/
kg significantly decreased the response rates.
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3.7 Water Diuretic Effects

Inan et al. (2009b) observed that nalfurafine (5–20 μg/kg, s.c.) caused water diuresis
in a dose-dependent manner in male rats, similar to U50,488H and methoxymethyl
salvinorin B (MOM-SalB). Nalfurafine, like U50,488H and MOM-SalB, increased
urine volume and free water clearance and lowered urine osmolality, without
excreting sodium ion. The effect of nalfurafine was blocked by the KOR antagonist
50-guanidinonaltrindole, indicating KOR-mediated effect. Tolerance did not develop
following repeated injection of nalfurafine (once/day, 20 μg/kg, s.c.) for 7 days.

3.8 Nalfurafine and U50,488H Induced Different
Phosphoproteomic Changes in Mouse Brains

Liu et al. (2019) observed that in CD-1 mice both U50,488H and nalfurafine
produced antinociceptive and anti-scratch effects in a dose-dependent manner.
However, in the dose ranges effective in both effects, U50,488H, but not nalfurafine,
caused CPA, inhibition of novelty-induced hyperlocomotion and motor incoordina-
tion. Phosphoproteomics studies on brains of mice revealed that U50,488H and
nalfurafine imparted phosphorylation changes to proteins in different cellular
compartments and signaling pathways in different brain regions. Notably,
U50,488H, but not nalfurafine, activated the mammalian target of rapamycin
(mTOR) pathway in the striatum and cortex. Inhibition of the mTOR pathway by
rapamycin abolished U50,488H-induced CPA, without affecting analgesic, anti-
scratch, and sedative effects and motor incoordination. The results indicate that the
mTOR pathway is involved in KOR agonist-induced aversion. Recently, Zhou et al.
(2020) reported that excessive alcohol drinking enhanced gene expression of
molecules in the mTORC1 pathway in the mouse ventral striatum, and U50,488H
(but not nalfurafine)-induced increases in alcohol intake were attenuated by
rapamycin pretreatment, suggesting the mTOR pathway is also involved in KOR
activation-induced drug taking behavior. In addition, several pathways were differ-
entially regulated (Liu et al. 2019). For example, U50,488H, but not nalfurafine,
activated the Wnt signaling pathway in the cortex and hippocampus, but nalfurafine,
not U50,488H, activated pathways involved in tight junction and inositol phosphate
metabolism in the cortex. How these pathways are involved in the different phar-
macological effects of the two agonists remains to be investigated.

3.9 Effect of Nalfurafine on Pharmacological Actions of Morphine

3.9.1 Effects on Morphine-Induced Itch
Morphine-induced itch is a significant clinical issue. In mice, Umeuchi et al. (2003)
showed that intracisternal morphine-induced scratching was significantly and dose-
dependently inhibited by TRK-820 (s.c.). Nalfurafine is also active via the intrathe-
cal (i.t.) route. Sakakihara et al. (2016) reported that in mice nalfurafine (i.t.)
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produced an antipruritic effect against i.t. morphine-induced scratching without
affecting sedation scores, and the effect of TRK-820 was blocked by pretreatment
with norBNI (i.p.). In rhesus monkeys, TRK-820 (i.v. or p.o.) inhibited systemic
skin scratching induced by i.v. or i.t. morphine (Ko and Husbands 2009; Wakasa
et al. 2004) without affecting morphine-induced analgesia and respiratory
depression.

3.9.2 Effect on Morphine-Induced Antinociception
Endoh et al. (1999) reported that co-administration of TRK-820 (10 or 30 μg/kg, s.c.)
with morphine (10 mg/kg) slightly enhanced morphine-induced antinociception in
the 55�C hot plate test in male ddY mice. In contrast, pentazocine (3 or 10 mg/kg, s.
c.) reduced morphine-induced antinociception.

Co-injection of TRK-820 with morphine (both i.t.) significantly enhanced ther-
mal antinociceptive effects of morphine in mice (Sakakihara et al. 2016).

Kaski et al. (2019) showed that nalfurafine (15 μg/kg, s.c.) co-administered with
morphine (5 mg/kg, i.p.) significantly augmented the spinal anti-nociceptive effect
of morphine in the 55�C warm water tail withdrawal assay, similar to U50,488H
(5 mg/kg, i.p.). In addition, nalfurafine (15, 30, 60 μg/kg, s.c.) significantly increased
(~3x) supraspinal anti-nociceptive effect of morphine (5 mg/kg, i.p.) in the 53�C hot
plate test (Kaski et al. 2019). A similar augmentation was seen only with 5 mg/
kg U50,488H, but not with 1.25 or 2.50 mg/kg.

3.9.3 Effects on Rewarding Properties of Morphine and Oxycodone
Tsuji et al. (2001) found that in ddY mice, an outbred strain, TRK-820 (10 and
30 μg/kg, s.c.) co-injected with morphine (5 mg/kg, s.c.) significantly suppressed
morphine-induced CPP, and this effect was antagonized by pretreatment with
nor-BNI. TRK-820 alone did not produce CPP or CPA. A similar result was recently
reported in male Sprague-Dawley rats with a combination of nalfurafine (0.18 mg/
kg; s.c.) and oxycodone (3.2 mg/kg; s.c.) (Zamarripa et al. 2020b). Using C57BL/6 J
mice, an inbred strain, Kaski et al. (2019) reported that co-administration of
nalfurafine (s.c.) at 15 or 60 μg/kg, but not 30 μg/kg, significantly reduced morphine
(5 mg/kg)-elicited CPP. For comparison, U50,488H at 1.25, 2.50 or 5.0 mg/kg
inhibited morphine CPP. Nalfurafine alone caused CPA at 30 μg/kg, but not at
15 or 60 μg/kg. The differences between the two studies may be due to genetic
backgrounds of the mice. Recently Zhang and Kreek (2020) reported that C57BL/6J
mice nalfurafine caused a dose-dependent reduction of oxycodone self-
administration and CPP at doses up to 40 μg/kg and the effects of nalfurafine were
blocked by pretreatment with nor-BNI.

3.9.4 Effects on Morphine-Induced Tolerance and Dependence
Tsuji et al. (2000b) showed that in mice antinociceptive tolerance to morphine in the
51�C warm plate test following daily injection of morphine (10 mg/kg, s.c.) was
suppressed by co-administration of U50,488H (1–10 mg/kg, s.c.) dose-dependently,
but not by co-administration of TRK-820 (3–30 μg/kg, s.c.). Tsuji et al. (2000a) also
found that co-treatment of mice with nalfurafine (3–30 μg/kg, s.c.) during chronic
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treatment with escalating doses of morphine blocked naloxone-precipitated with-
drawal syndromes, whereas co-treatment with U50,488H (1–10 mg/kg, s.c.) did not.
Thus, co-administration of TRK-820 with morphine prevented naloxone-
precipitated withdrawal, but had no effect on morphine tolerance.

3.9.5 Effects on Morphine-Induced Hyperlocomotion
Tsuji et al. (2001) reported that in ddY mice, TRK-820 (10, 30 μg/kg, s.c.)
suppressed morphine-induced hyperlocomotion, and this suppression was blocked
by nor-BNI. Kaski et al. (2019) found that in C57BL/6J mice nalfurafine (15, 30,
60 μg/kg, s.c.) had similar effects in a dose-dependent manner. In comparison,
U50,488 significantly reduced morphine-stimulated locomotor activity only at
5 mg/kg (Kaski et al. 2019).

4 Nalfurafine as an Abuse-Deterring Agent for Prescription
Opioid Abuse

4.1 Translational Significance of Contingent vs. Non-contingent
Administration of KOR Agonists

As indicated above, treating experimental subjects with KOR agonists has been
shown to reduce the reinforcing effects of a number of drugs and nondrug reinforcers
in the self-administration design (Cosgrove and Carroll 2002; Mello and Negus
1998; Morani et al. 2009; Simonson et al. 2015). From a translational perspective,
studies in which the administration of KOR agonists are not contingent on the
behavior of the organism are generally focused on the development of treatments
for Substance Use Disorder (SUD) because the administration of the test compound
is independent of the seeking and taking of the drug reinforcer (as would be the case
with a maintenance therapy). An alternative approach is to study the effects of
contingently administered KOR agonists on self-administration of a drug of abuse.
Under this experimental arrangement, the animal self-administers a drug reinforcer,
and each injection of that drug results in the co-administration of a dose of a KOR
agonist. Thus, the effects of the KOR agonist are only experienced when the drug
reinforcer is self-administered.

The translational focus of this “yoked” arrangement of drug delivery is the
development of abuse-deterrent formulations for therapeutics. That is, self-
administering the drugs together models the circumstance in which a pill containing
a combined formulation of the therapeutic molecule and the KOR agonist would be
taken. Contingent administration of prototypical KOR agonists such as salvinorin A
and U69,593 has been demonstrated to reduce self-administration of the MOR
agonists, fentanyl and remifentanil, and the stimulant, cocaine, in nonhuman
primates (Freeman et al. 2014; Negus et al. 2008), providing evidence that
MOR/KOR agonist combinations have less abuse potential than MOR agonists
alone.
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4.2 Behavioral Pharmacology of Nalfurafine/Oxycodone
Combinations

4.2.1 Studies in Rats
The “mild” side-effect profile of nalfurafine increases the feasibility of using a KOR
agonist as a combination therapy with a MOR agonist because of its potential to
reduce the abuse-related effects of MOR agonists without producing KOR-typical
side effects. Townsend et al. (2017) reported that nalfurafine (0.32, 1, or 3.2 μg/kg/
injection), when co-administered with a highly-reinforcing dose of oxycodone
(0.056 mg/kg/injection; i.v.) in male Sprague-Dawley rats, decreased oxycodone
self-administration in a dose-dependent manner under a progressive-ratio schedule
of reinforcement. The corresponding oxycodone/nalfurafine ratios were 175:1, 56:1,
and 18:1, respectively. At 18:1 ratio, oxycodon no longer had reinforcing effect. In
addition, combinations of oxycodone and nalfurafine produced additive thermal
antinociception, suggesting that nalfurafine may enable a dose-sparing approach
for oxycodone as a combined formulation. Moreover, when a dose of oxycodone
that produced significant respiratory depression was compared to an equi-analgesic
dose combination of oxycodone and nalfurafine, the drug combination produced no
significant respiratory depression. Lastly, Zamarripa et al. (2020b) recently reported
that a mixture of nalfurafine and oxycodone blocked acquisition of oxycodone self-
administration and oxycodone-induced CPP in male Sprague-Dawley rats. Thus,
select combinations of oxycodone and nalfurafine have been shown to produce
thermal antinociception equivalent to oxycodone alone without producing abuse-
related and respiratory-depressant effects.

4.2.2 Studies in Nonhuman Primates
Zamarripa et al. (2020a) reported that nalfurafine, combined with oxycodone,
reduced self-administration of oxycodone under a progressive-ratio schedule of
reinforcement in male rhesus monkeys. A notable difference between the self-
administration results in rats (Townsend et al. 2017) and rhesus monkeys was the
dose ratio of nalfurafine:oxycodone required to reduce self-administration to saline
levels. The asymptotic dose of oxycodone under a progressive-ratio schedule of
reinforcement is approximately 0.05 mg/kg/inj in both species (Townsend et al.
2017; Zamarripa et al. 2020a). However, the dose of nalfurafine required to reduce
self-administration of this asymptotic dose of oxycodone to saline levels is ~3 times
higher in rats (0.32, 1, or 3.2 μg/kg/injection) than in monkeys (0.1, 0.18 or 0.32 μg/
kg/injection), suggesting that species differences affect the potency of nalfurafine to
reduce the abuse-related effects of MOR agonists.

A complementary study was recently conducted to investigate the unconditioned
behavioral effects of prototypical and atypical KOR agonists, alone and following
oxycodone administration, in male rhesus monkeys (Huskinson et al. 2020). The
prototypical KOR agonists, salvinorin A and U50,488H, produced KOR-typical
effects including disruption of species-typical activity and “lip droop”, a proxy for
muscle relaxation. Generally, nalfurafine produced effects that were comparable to
the typical KOR agonists at sufficient doses, but the lowest dose required to disrupt
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species-typical behaviors in rhesus monkeys was three times higher than the dose
required to reduce oxycodone self-administration to saline levels in this species
(Zamarripa et al. 2020a) and oxycodone-induced scratching (Huskinson et al. 2020),
suggesting that the potency of nalfurafine to produce certain therapeutic effects is
greater than its potency to produce side effects. Notably, time course assessments
revealed a relatively late onset for some of the behavioral effects of nalfurafine when
compared to other KOR agonists. As such, it is important when studying nalfurafine
to ensure that adequate time is allowed to capture the potential occurrence of late
onset of behavioral effects.

5 Effects of Nalfurafine on Alcohol Drinking

5.1 The Dynorphins/KOR System in Alcohol-Related Behaviors

Dynorphins/KOR activation has been found to be associated with the negative
reinforcement aspects of alcohol addictions. It has been demonstrated that selective
blockade of KOR attenuates excessive drinking and stress- or cue-induced alcohol-
seeking in rodents [see (Anderson and Becker 2017) for a recent review]. These
findings provide support for a critical role of the dynorphins/KOR system in alcohol
addiction, although the literature is not very consistent. Microdialysis studies have
revealed that acute alcohol increases extracellular dynorphin A levels in the CeA and
NAc (Lam and Gianoulakis 2011). As the CeA is one of critical brain regions
involved in depression- and anxiety-like behaviors (Koob 2021), it is a likely site
for potential interaction of alcohol with the dynorphins/KOR system. In fact, in
Sardinian alcohol-preferring rats, an increase in prodynorphin mRNA levels is found
in the CeA after drinking a large amount of alcohol, suggesting that the dynorphins/
KOR system in brain regions related to stress responsivity (e.g., CeA) is activated
after excessive alcohol consumption (Zhou et al. 2013). It has been confirmed that
there are increases in dynorphin peptide levels and KOR signaling in the CeA in
alcohol-dependent Wistar rats after chronic intermittent alcohol vapor exposure
(D’Addario et al. 2013; Kissler et al. 2014). Together, the enhanced dynorphins/
KOR activity in the CeA may present a homeostatic adaptation of the CNS after
chronic alcohol exposure or in the negative affective state during alcohol withdrawal
(Haun et al. 2020).

5.2 Development of Nalfurafine as a Potential Therapeutic Agent
for Alcoholism

Early work revealed that “classic” KOR agonists decreased alcohol drinking and
alcohol reward (Lindholm et al. 2001), but they also produced sedation and dyspho-
ria - side effects that limited their potentials for clinical use as discussed in Introduc-
tion. Therefore, the development of novel KOR agonists with reduced side effects
may produce useful compounds for the treatment of alcoholism.

154 Y. Zhou et al.



As mentioned in the Introduction, nalfurafine is the first KOR agonist approved
for clinical use as an anti-pruritus medicine in Japan with few side effects (Kozono
et al. 2018). Zhou and Kreek (2019b) thus investigated whether nalfurafine alone or
in combination with the MOR antagonist naltrexone (having partial KOR agonist
activity) would change excessive alcohol drinking in mice. Both male and female
C57BL/6J mice subjected to a chronic intermittent-access drinking paradigm
(2-bottle choice, 24-h access every other day) for 3 weeks. On the test day, a single
administration of nalfurafine (1–10 μg/kg) decreased excessive alcohol intake and
alcohol preference in a dose-dependent manner via a KOR-mediated mechanism. In
contrast, nalfurafine does not alter sucrose (caloric reinforcer) or saccharin
(non-caloric reinforcer) consumption. Of interest and significance, repeated daily
nalfurafine administrations for 10 days decreased alcohol consumption without
showing any blunted effects, suggesting tolerance did not develop to nalfurafine.
Lack of tolerance to nalfurafine effect is similar to the finding that in humans,
tolerance to its antipruritic effects is not observed after treatment of patients for
1 year, and also with no evidence of physical or psychological dependency reported
(Kozono et al. 2018). Zhou and Kreek (2019b) demonstrated that nalfurafine at
10 μg/kg did not cause any sedation (spontaneous locomotor activity), anhedonia-
like (sucrose preference test), anxiety-like (elevated plus maze test), or dysphoria-
like (conditioned place aversion test) behaviors, consistent with the rodent literature
(e.g. (Liu et al. 2019)), suggesting that nalfurafine had few side effects at clinically
relevant doses. In addition, Zhou and Kreek (2019b) found that combinations of
nalfurafine and naltrexone, at doses lower than individual effective doses, pro-
foundly decreased excessive alcohol intake in both sexes of mice. Further, acute
administration of nalfurafine alone or in combination with low-dose naltrexone
significantly reduced relapse-like drinking in an alcohol deprivation effect model
(Zhou and Kreek 2019a). Finally, nalmefene (a clinically utilized KOR partial
agonist with MOR antagonism) (Bart et al. 2005) combined with nalfurafine also
reduced relapse-like drinking in mice of either sex (Zhou and Kreek 2019a).
Together, these in vivo results suggest that nalfurafine alone or combined with
naloxone or nalmefene may offer a novel approach to treat alcoholism without the
dysphoric properties of classic KOR agonists.

Using different chronic alcohol exposure models, several groups have found that
classic KOR agonists increase alcohol intake in mice after excessive alcohol drink-
ing (Rose et al. 2016; Zhou et al. 2020), and trigger alcohol-seeking and relapse-like
drinking (Anderson and Becker 2017). Therefore, the data of Zhou and Kreek
(2019a, b) that the KOR full agonist nalfurafine decreases, rather than increases,
excessive or relapse-like drinking may present a different situation. After chronic
excessive alcohol consumption, the endogenous dynorphin peptides (G-protein- and
β-arrestin-dependent agonists) and KOR system are activated in several brain
regions, including the CeA (Bloodgood et al. 2020; D’Addario et al. 2013; Kissler
et al. 2014; Zhou et al. 2013). Activation of mTORC1 or β-arrestin/p38 mitogen-
activated protein kinase pathway by stress-related dynorphins/KOR stimulation is
associated with aversion, dysphoria, anxiety- and depression-like behaviors
(Bruchas et al. 2007; Liu et al. 2018, 2019) that can drive excessive and relapse
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drinking (Koob 2021; Zhou et al. 2020). As discussed above, nalfurafine at doses
that produced antinociceptive and anti-pruritic effects, caused fewer side effects
(sedation, anhedonia, aversion, dysphoria, anxiety- or depression-like behavior) in
mice and monkeys (Huskinson et al. 2020; Liu et al. 2019; Zhou and Kreek 2019b).
Thus, nalfurafine, a potent KOR agonist, may compete with the released dynorphins
to bind the KOR, thereby reducing undesired effects induced by KOR activation,
perhaps by reducing mTORC1 or β-arrestin/p38 mitogen-activated protein kinase
signaling pathway (Zhou and Kreek 2019a, b; Zhou et al. 2020). This may be
responsible, at least in part, for reducing excessive alcohol intake, as nalfurafine
may attenuate the dynorphin-induced dysphoria and anxiety- or depression-like
behavior after chronic alcohol exposure or during alcohol withdrawal. Taken
together, these studies support the notion that nalfurafine may exhibit different
molecular, cellular, and behavioral properties than classic KOR agonists and provide
support for development of nalfurafine as an anti-addiction medication.

6 Effect of Nalfurafine on CPP and Discriminative Stimulus
Effects of Cocaine

Rats: Pretreatment of male Fischer 344 rats with 20 and 40 μg/kg TRK-820, which
itself did not produce CPP or CPA, significantly attenuated cocaine-induced CPP
and these effects of TRK-820 were reversed by nor-BNI (Hasebe et al. 2004; Mori
et al. 2002).

In drug discrimination test in rats, cocaine produced a dose-related increase in
cocaine appropriate responses. Pretreatment with 10 and 20 μg/kg TRK-820 signifi-
cantly shifted the dose-response curve for cocaine to the right without changing the
response rate (Mori et al. 2002).

Mice: Pretreatment of C57BL/6 mice with nalfurafine (3 and 10 μg/kg) and
U50,488 (3 mg/kg) for 15 min blocked cocaine CPP, but did not cause sedation in
the rotarod assay or aversion in a place-conditioning assay (Dunn et al. 2020).
Pretreatment of mice with 10 μg/kg nalfurafine and 3 mg/kg U50,488 immediately
before test potentiated cocaine self-administration. Further 10 μg/kg nalfurafine also
increased progressive ratio break point, indicating enhanced cocaine-seeking behav-
ior (Dunn et al. 2020).

7 Other Effects

TRK-820 attenuated the mecamylamine-precipitated nicotine-withdrawal aversion
in a CPP paradigm (Hasebe et al. 2004).

Dunn et al. (2020) reported that serum prolactin levels increased following both
nalfurafine (3 and 10 μg/kg) and U50,488 (3 mg/kg).
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8 Conclusion

In humans, nalfurafine produces anti-pruritic effects without causing dysphoria or
psychotomimesis, side effects associated with typical KOR agonists. Different labs
reported different results as to whether in vitro nalfurafine is a biased KOR agonist,
depending on the functional end points and assay conditions used. In animal studies,
nalfurafine induces anti-scratch effects at doses lower than those producing CPA,
hypolocomotion, and motor incoordination, consistent with human data. Thus, it
provides a cautionary tale about correlating in vitro biased agonism and in vivo
pharmacological effects. Because of its unique side effect profile, nalfurafine may be
useful for other clinical uses. Nalfurafine produces antinociceptive effects in experi-
mental animals; however, whether KOR agonists are sufficiently efficacious
analgesics in humans is a matter of debate. Nalfurafine may be useful as an adjunct
for prescription MOR agonists, which at certain ratios of the two drugs, increases
analgesic effects while reducing abuse liability. In addition, nalfurafine may be
useful for treatment of opioid and alcohol abuse disorders. Besides being a clinically
useful drug, nalfurafine is a very unique experimental tool for elucidating signaling
properties underlying KOR-mediated side effects.
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