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Novel selective κ agonists SLL-039 and SLL-1206 produce
potent antinociception with fewer sedation and aversion
Yuan-yuan Wei1,2, Yan Ma2, Song-yu Yao2,3, Ling-hui Kong4, Xiao Liu4, Jing-rui Chai2, Jing Chen2, Wei Li4, Yu-jun Wang2,
Li-ming Shao4 and Jing-gen Liu1,2,3

SLL-039 (N-cyclopropylmethyl-7α−4′-(N’-benzoyl) amino-phenyl-6,14-endoethano-tetrahydronorthebaine) and SLL-1206 (N-
cyclopropylmethyl-7α−3′-(p-methoxybenzyl) amino-phenyl-6,14-endoethano-tetrahydronorthebaine) are two 4,5-
epoxymorphinan-based high selective κ receptor agonists that we recently discovered. In the present study we characterized their
pharmacological properties in comparison with arylacetamide-based typical κ agonist U50,488H. We showed that both SLL-039 and
SLL-1206 produced potent and long-lasting antinociceptive actions in three different rodent models of pain via activation of κ
opioid receptor. In hot-plate assay, the antinociceptive potency of SLL-039 and SLL-1206 increased about 11-and 17.3-fold
compared to U50,488H and morphine, respectively, with ED50 values of 0.4 mg/kg. Following repeated administration, SLL-1206,
SLL-039, and U50,488H all developed analgesic tolerance tested in hot-plate assay. U50,488H and SLL-039 produced antipruritic
effects in a dose-dependent manner, whereas SLL-1206 displayed some antipruritic effects only at very low doses. In addition, SLL-
1206 was capable of decreasing morphine-induced physical dependence. More importantly, SLL-039 and SLL-1206 at effective
analgesic doses did not cause sedation and conditioned place aversion (CPA), whereas U50,488H did. In comparison with SLL-039,
SLL-1206 caused similar antinociceptive responses, but fewer sedation and CPA. In conclusion, our results suggest that SLL-039 and
SLL-1206 have potential to be developed as novel analgesic agents, and 4,5-expoxymorphinan scaffold is an attractive structure for
the development of selective κ agonists with fewer side effects.
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INTRODUCTION
Classified opioid receptors are mainly categorized into three
types: μ-, κ-, and δ-opioid receptors [1]. The most prescribed
opioids such as morphine, fentanyl and codeine mainly bind to μ-
opioid receptor to promote potent analgesia, but also cause
severe addiction risk [2], respiratory depression [3, 4] and
constipation [5]. The prevalence of these opioids use and abuse
has led to a serious national crisis and is generally known as the
opioid epidemic. It has been long recognized that like μ-opioid
receptor, activation of κ-opioid receptor (KOR) also produces
analgesic effects, but with low abuse potential [6]. In addition to
providing potent pain-relieving effects, activation of KOR also
produces anti-rewards effects as well. Both nonhuman primates
and rats studies demonstrate that κ agonists can effectively
attenuate morphine or cocaine-induced tolerance [7], condi-
tioned place preference [8], self-administration [9], and relapse
[10]. Therefore, KOR emerged as an attractive target for
development of safer pain therapeutics, and much effort was
devoted. U50,488H was the first synthetic arylacetamide as high
selective KOR agonist [11, 12]. After that, several arylacetamides

including enadoline [13, 14] and spiradoline [15] were synthe-
sized and entered into clinical trials for the treatment of pain.
However, the clinical developments were failed at phase II trials
due to their severe psychotomimetic effects, sedation, and
dysphoria [14, 16]. Salvinorin A, a neoclerdane diterpene selective
KOR agonist, was structurally different from U50,488H. But like
U50,488H, salvinorin A produced antinociceptive [17] and anti-
addiction effects [18, 19] and also elicited severe depressive-like
effects [20]. Nalfurafine (TRK820), a 4,5-epoxymorphinan deriva-
tive, was identified as a potent and centrally acting KOR agonist
[21–23]. Preclinical pain studies showed that nalfurafine produced
potent antinociception similar to other KOR agonists [24, 25].
Interestingly, unlike U50,488H and salvinorin A, nalfurafine did
not induce aversion or dysphoria at therapeutic doses [26–30],
but still caused the incidence of sedation [24]. Nalfurafine was
finally approved in 2009 in Japan for the treatment of uremic
pruritis [27–29], and was currently the only selective κ agonist in
clinical use.
Nalfurafine’s properties that maintain appropriate analgesia but

produce fewer side effects encourage us to pursue further
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investigation for the development of KOR agonists with nalfur-
afine similar structures as novel analgesic drugs. Based on
extensive structure–activity relationship analysis and molecular
modeling, our researches have led to a series of KOR ligands with
nalfurafine 4,5-epoxymorphinan scaffold [31–36] navigated by the
Message-Address Concept. We originally synthesized orvinol
analogs from thebaine and obtained SLL-004C (7α−4′-Amino-
phenyl-6α,14α-endo-etheno-tetrahydrothebaine), which produced
weak affinity and efficacy to κ opioid receptor with Ki value of 7.89
μM [36]. Then, with 7α-phenyl-6,14-endoetheno-tetrahydrothe-
baine as a precursor, the morphinan scaffold was optimized, and
we identified SLL-039 (N-cyclopropylmethyl-7α−4′-(N’-benzoyl)
amino-phenyl-6,14-endoethano-tetrahydronorthebaine) and SLL-
1206 (N-cyclopropylmethyl-7α−3′-(p-methoxybenzyl) amino-phe-
nyl-6,14-endoethano-tetrahydronorthebaine) as high selective
potent κ receptor agonists. In vitro studies showed that SLL-039
exhibited high selective binding affinity at the KOR with Ki value of
0.47 nM (κ/μ= 683, κ/δ= 284) and agonistic activity with EC50 of
2.0 nM [34]. In comparison with SLL-039, SLL-1206 showed similar
binding affinity (Ki= 7.1 nM) and agonistic potency (EC50= 4.3 nM)
at the KOR (Qian He, Wei Li and Li-ming Shao, Department
of Medicinal Chemistry, School of Pharmacy, Fudan University),
but relatively lower selectivity (κ/μ= 264, κ/δ= 62). The pharma-
cological characterization of these compounds are not fully
identified yet. Therefore, we aimed to determine SLL-039 and
SLL-1206 for in vivo behavioral properties, while also assessed
whether such 4,5-expoxymorphinan scaffold-based compounds
might serve as promising candidates for pain management with
fewer adverse effects as compared with conventional KOR agonist
U50,488H.

MATERIALS AND METHODS
Chemicals
SLL-1206 and SLL-039 were prepared by Department of Medicinal
Chemistry, School of Pharmacy, Fudan University. Nor-
binaltorphimine (nor-BNI) was purchased from Abcam
(Ab120078, Cambridge, MA, USA). β-funaltrexamine hydrochloride
(β-FNA) was purchased from Tocris Bioscience (0926, Bristol, UK).
(±)-U-50488 hydrochloride (U50,488H) was purchased from Tocris
Bioscience (0495, Bristol, UK). Naloxone hydrochloride was
purchased from Tocris Bioscience (0599, Bristol, UK). Chloroquine
diphosphate salt was purchased from Sigma (C6628, Louis, MO,
USA). Morphine hydrochloride was purchased from Northeast
Pharmaceutical Group Shenyang No.1 Pharmaceutical Co. Ltd.
(181102-2, Shenyang, China).

Apparatus
The intelligent hot plate instrument was purchased from
Shandong Academy of Medical Sciences (YLS-6B, Jinan, Shandong,
China). The rotorod system was purchased from Sumtor (JLBehv-
RRTG-5, Wuxi, Jiangsu, China). The CPA and CPP equipment were
purchased from Jiliang (JLBehv-CPPg-4, Shanghai, China)

Animals
CD1 strain mice (male, 30–35 g) were obtained from Beijing
Weitonglihua Laboratory Animal Technology Co., Ltd. C57BL/6J
mice, ICR and Kunming strain mice (18–20 g) were obtained from
Beijing Huafukang Biotechnology Co., Ltd. Animals were housed in
Laboratory Animal Center, Shanghai Institute of Materia Medica,
Chinese Academy of Sciences (Shanghai, China). Five mice per
cage were housed in a temperature-controlled room (24 ± 2 °C) on
a 12 h light/12 h dark cycle. Mice were free for food and water. All
animal treatments were strictly in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals, and were approved by the Bioethics Committee of the
Shanghai Institute of Materia Medica (Approval No. 2019-12-LJG-
46, 2019-12-LJG-47, 2018-08-LJG-38).

Hot plate test
The experiment was carried out according to our previous study
[6] to assess thermal pain with C57BL/6 J and ICR mice. The YLS-6B
intelligent hot plate instrument was equipped with automatic
recording system. The hot plate temperature was set at 55 °C to
record the latency time (the time to licking of the hind paw or to
an escape jump). Before drug administration, sensitivity and
stability of mice for nociceptive response were measured for three
times. The mice with latency time of less than 5 s or more than 30
s were removed from further studies. The cut-off time of 60 s was
set to minimize tissue damage. Vehicle, U50,488H (7.0 mg/kg, i.p.),
SLL-039 (0.2–1.0 mg/kg, i.p.) or SLL-1206 (0.125–2.0 mg/kg, i.p.)
was administered and the latency time was measured. Analgesia
rate was calculated as:

Antinociception %ð Þ ¼ 100 ´
test latency time� predrug latency time

60� predrug latency time

The antinociceptive ED50 value was obtained as the dose that
produced 50% analgesia.

Formalin test
The experiment was carried out according to our previous study
[37] to assess acute chemical pain (phase I) and inflammatory pain
(phase II) with C57BL/6J and ICR mice. After acclimation, mice
were injected with 20 μL 1.0% formaldehyde solution into the
plantar of right hind paw. The mice were observed for 1 h after
injection, the first 10 min was phase I, and the last 50min was
phase II. The time each mouse licked the formalin injected paw
was recorded during phase I and phase II, respectively. Vehicle,
SLL-039 (0.2–2.0 mg/kg, i.p.) or SLL-1206 (0.03125–1.0 mg/kg, i.p.)
was administered 2 or 3 h before the plantar injection. Analgesia
rate was calculated as:

Antinociception %ð Þ ¼ 100 ´
basal licking time� licking time after drug treatment

basal licking time

The antinociceptive ED50 value was obtained as the dose that
produced 50% analgesia.

Abdominal constriction test
The experiment was carried out according to our previous study
[6] to assess visceral pain with C57BL/6J and ICR mice. The
abdominal constriction was defined as a wave of contraction of
the abdominal musculature followed by extension of the hind
limbs. Abdominal constriction was induced by 0.6% acetic acid
(10 mL/kg body weight, i.p.), and the number of writhing was
recorded for 20 min. Vehicle, SLL-039 (0.05–0.3 mg/kg, i.p.) or SLL-
1206 (0.0625–1.0 mg/kg, i.p.) was administered 2 or 3 h before the
test. Analgesia rate was calculated as:

Antinociception %ð Þ ¼ 100 ´
basal writhes number� writhes number after drug treatment

basal writhes number

The antinociceptive ED50 value was obtained as the dose that
produced 50% analgesia.

Agonist effects of SLL-1206
The experiment was carried out according to our previous study [34]
with ICR mice. The κ opioid receptor antagonist (nor-BNI, 10mg/kg,
i.p., −24 h), μ opioid receptor antagonist (β-FNA, 10mg/kg, i.p., −24
h) or saline was pretreated to determine the opioid receptor profile
of SLL-1206 in vivo. Then, mice received SLL-1206 (1.0mg/kg, i.p.) or
saline administration. The antinociception was assessed 3 h after
SLL-1206 injection using the abdominal constriction test.

Antinociceptive tolerance assay
The experiment was carried out according to our previous study
[7] with C57BL/6J and ICR mice. Briefly, a 3-day consecutive
administration paradigm was applied to induce antinociceptive
tolerance. U50,488H (2.0–8.0 mg/kg, i.p.), SLL-039 (0.25–1.0 mg/kg,
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i.p.) or SLL-1206 (0.125–2.0 mg/kg, i.p.) was administered twice on
day 1 and 2 with 7 h interval, and once on day 3. The
antinociceptive tolerance was evaluated on day 4 using hot plate
test. Measurements were performed 15min or 4 h after admin-
istration of U50,488H, SLL-039, or SLL-1206 respectively. The dose
which produced near 80% antinociceptive efficacy was chosen for
vehicle-treat and test. Thus, the dose of U50,488H, SLL-039 and
SLL-1206 was 8.0 mg/kg, 1.0 mg/kg and 2.0 mg/kg, respectively.
Tolerant ED50 values were the dose that results in 50% reduction
of the antinociceptive efficacy compared with the vehicle
pretreated mice.

Scratching test
The experiment was carried out according to our previous study
[38] with C57BL/6 J and ICR mice. Mice were habituated to clear
acrylic testing boxes for 1 h prior to the start of the experiment.
Mice were injected with U50,488H (0.5–3.0 mg/kg, i.p., −15min),
SLL-039 (0.1–1.0 mg/kg, i.p., −2 h) or SLL-1206 (0.001–1.0 mg/kg, i.
p., −3 h), then received chloroquine diphosphate (4 mL/kg, 50 μL,
s.c. neck) injection to induce acute pruritus. Immediately after that,
the number of scratching bouts are recorded for 30min. One bout
of scratching was defined as a lifting of either hind paw to scratch
the injection region of body and then replacing it back to the
floor. The relative % reduction of scratching was calculated as:

Anti� scratching %ð Þ
¼100 ´

basal scratches number� scratches number after drug treatment
basal scratches number

The anti-scratching ED50 value was obtained as the dose that
produced 50% anti-scratching effect.

Rotorod test
The experiment was carried out according to our previous study
[39] to assess sedation effects with ICR mice. The rotorod system
was equipped with automatic recording system (the test time and
acceleration time was 240 s; the minimum rotation speed was 4 r/
min; the maximum rotation speed was 40 r/min). The mice were
trained and screened to maintain on the rotorod system for more
than 200 s. Prior to drug administration, the mice were tested
three times and the average of the results was used as the basal
level. Vehicle, SLL-039 (0.5–4.0 mg/kg, i.p.) or SLL-1206 (0.5–32.0
mg/kg, i.p.) was administered 2 or 3 h before rotorod test.
U50,488H (5.0 mg/kg, i.p.) was administered 15min before the
test. The time duration for each mouse to fall was recorded.

Conditioned place aversion (CPA) test
CPA is a rodent model of dysphoria. The experiment was carried
out according to the study [40] with CD1 mice. The CPA
equipment was equipped with computerized automonitoring
system (Jiliang, Shanghai, China), with dividing into two parts by
partition (18.0 cm × 14.5 cm × 13.5 cm each). The right side is
white with red light and the left side is plaid with blue light. The
process consisted three stages: pre-test, conditioning, post-test.
Pre-test: Mice were allowed to move freely between the two sides
of the apparatus for 15 min, and the time spent in each side was
recorded. The preference of mice to both sides of the apparatus
was analyzed. Mice that showed a strong preference for one side
(>80% of the session, 720 s) were eliminated. Conditioning: This
stage lasted for 6 days, during which the mice were injected with
saline (10 mL/kg, i.p.) in the morning and placed in the non-
preferred side for 30 min. After 5 h, the mice which were injected
with saline (10 mL/kg, i.p.), U50,488H (5.0 mg/kg, i.p.), SLL-039
(0.5–2.0 mg/kg, i.p.) or SLL-1206 (0.4–16.0 mg/kg, i.p.) were placed
in the preferred side for 30min. Vehicle, SLL-039 or SLL-1206 was
administered 2 or 3 h in advance. U50,488H was administered 15
min in advance. Post-test: The effect of the compounds on
dysphoria in mice was detected on the post-test day. At this stage,

the mice were allowed to move freely between the two sides of
the apparatus for 15min, and the time on each side was recorded.
The preference of mice to both sides of the apparatus was
analyzed, and compared with pretest state.

The CPA score ¼ post time in preferred side

�pre time in preferred side

Physical dependence assay
The experiment was carried out according to our previous study
[6] with Kunming mice. Morphine was administered twice a day
(10 mL/kg, s.c.) with 6 h interval. Morphine dose was increased
progressively from 20 to 100mg/kg over a period of 7 days, i.e.,
1st (20 and 40mg/kg, s.c.), 2nd (60 and 80mg, s.c.), and remained
a dose of 100mg/kg from 3rd to 7th. Four hours after the last
morphine injection, mice were given naloxone (3.0 mg/kg, s.c.) to
induce physical dependence withdrawal reaction. The number of
jump, diarrhea, teeth chattering, paw tremor of mice in each
group was recorded within 30 min. Body weight was measured
before and 60min after naloxone administration. To investigate
the effects of SLL-1206 on morphine-induced physical depen-
dence, vehicle or SLL-1206 (0.4–3.8 mg/kg, i.p.) was administered
3 h before daily morphine administration.

Morphine-induced conditioned place preference (CPP)
The experiment was carried out according to our previous study
[8] with Kunming mice. The CPP equipment was equipped with
computerized automonitoring system (Jiliang, Shanghai, China).
The equipment was divided into two parts by partition (30 cm ×
30 cm × 40 cm each) with sides painted black and white, and both
sides have the same brightness of red light. The process consisted
three stages: pre-test, conditioning, post-test. Pre-test: On day 1-3,
mice were allowed to move freely between the two sides of the
apparatus for 15 min, and the time spent in each side was
recorded. The preference of mice to both sides of the apparatus
was analyzed. Mice that showed a strong preference for one side
(>80% of the session, 720 s) were eliminated. Conditioning: This
stage lasted for 6 days, during which the mice were injected with
saline (10 mL/kg, i.p.) in the morning and placed in the preferred
side for 50 min. After 5 h, the mice were injected with morphine
(4.0 mg/kg, i.p.) or saline (10 mL/kg, i.p.) and placed in the non-
preferred side for 50 min. To detect the effect of SLL-1206 on
morphine-induced CPP, mice were injected with SLL-1206
(2.0–7.0 mg/kg, i.p.) or saline (10 mL/kg, i.p.) 3 h before daily
morphine administration during the conditioning session. Post-
test: The effect of SLL-1206 on morphine-induced CPP was
detected on the post-test day. The mice were allowed to move
freely between the two sides of the apparatus for 15min, the time
spent in each side was recorded. The preference of mice to both
sides of the apparatus was analyzed, and compared with pre-test
state.

The CPP score ¼ post time in nonpreferred side

�pre time in nonpreferred side

Statistical analysis
Data were analyzed by GraphPad Prism 6.0, and presented as
mean ± SEM. Significance was determined by using one-way
ANOVA followed by Bonferoni post-hoc test. P < 0.05 was
considered significant.

RESULTS
The antinociceptive effects of SLL-039 and SLL-1206
Fig. 1 depicts the structure of SLL-039, SLL-1206, and U50,488H.
SLL-039 and SLL-1206 are 4,5-expoxymorphinan based κ agonists,
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Fig. 1 Chemical structures of SLL-039, SLL-1206, and U50,488H. The molecular formula of SLL-039 is C37H40N2O4 (Molecular weight: 576),
the molecular formula of SLL-1206 is C38H44N2O4 (Molecular weight: 592). SLL-039 and SLL-1206 are 4,5-expoxymorphinan based κ agonist,
and U50, 488H is arylacetamide based κ agonist

Fig. 2 The antinociceptive effects of SLL-039 and SLL-1206 were evaluated in three models. The anti-thermal pain effects of SLL-039 and
SLL-1206 were evaluated in the hot plate test. After injected with various doses of SLL-039 (a) or SLL-1206 (b), the latency time was measured
4 h later, and the antinociception (%) was calculated. SLL-039 (a) and SLL-1206 (b) dose-dependently induced anti-thermal pain effects in hot
plate test. The anti-visceral pain effects of SLL-039 and SLL-1206 were evaluated in the acid writhing test. After injected with various doses of
SLL-039 (−2 h) or SLL-1206 (−3 h), 0.6% acetic acid was injected (10 mL/kg body weight, i.p.). The number of writhes was counted for 20min
and the antinociception (%) was calculated. SLL-039 (c) and SLL-1206 (d) dose-dependently induced anti-visceral pain effects in acid writhing
test. The anti-chemical pain and anti-inflammatory pain activities of SLL-039 and SLL-1206 were evaluated in the formalin test. After injected
with various doses of SLL-039 (e) or SLL-1206 (f), 2 or 3 h later mice were injected with 20 μL 1.0% formaldehyde solution into the plantar of
right hind paw and the licking time was measured for 60 min, and the antinociception (%) was calculated. SLL-039 and SLL-1206 dose-
dependently induced anti-inflammatory pain in phase II. Data were analyzed by one-way ANOVA followed by Bonferoni post-hoc test. Data are
presented as mean ± SEM from at least six mice. *P < 0.05, **P < 0.01 vs. saline
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and U50,488H is arylacetamide based κ agonist. The antinocicep-
tive properties were characterized by three different pain models,
including the hot-plate test, the abdominal constriction test, and
the formalin test. A traditional graded dose–responses procedures
were conducted to obtain the antinociceptive ED50 values. The
results were presented in Fig. 2 and Table 1. The hot-plate test was
applied to evaluate thermal pain, and we found that both SLL-039
and SLL-1206 dose-dependently increased withdrawal latency and
produced antinociceptive effects (Fig. 2a and b) with ED50 values
of 0.4 mg/kg, which increased 11.0-fold compared to U50,488H
and 17.3-fold compared to morphine (Table 1). Abdominal
constriction test was applied to evaluate visceral pain. In the
abdominal constriction test, SLL-039 and SLL-1206 dose-depen-
dently reduced acetic acid-induced writhing behavior and
produced antinociceptive effects (Fig. 2c and d) with ED50 values
of 0.1 mg/kg and 0.2 mg/kg, respectively. The antinociceptive
potency of SLL-039 increased 9.0-fold compared to U50,488H and
8.0-fold compared to morphine, and SLL-1206 increased 4.5-fold
compared to U50,488H and 4.0-fold compared to morphine
(Table 1). Formalin test was applied to evaluate chemical pain
(phase I) and inflammatory pain (phase II). As shown in Fig. 2e and
f, in initial acute phase I of the formalin test, both SLL-039 and SLL-
1206 did not have significant analgesic effects. In phase II, SLL-039
and SLL-1206 dose-dependently decreased licking time
and produced antinociceptive effects in inflammatory pain
with ED50 values of 0.6 mg/kg and 0.1 mg/kg, respectively. The

Table 1. ED50 values of the antinociception produced by intraperitoneal injection of SLL-039 or SLL-1206 in hot plate test, abdominal constriction
test, and formalin test

Compound Antinociception ED50 (mg/kg, i.p.)

Hot plate test Abdominal constriction test Formalin test

Phase I Phase II

SLL-039 0.4 (0.4–0.5) 0.1 (0.1–0.1) – 0.6 (0.5–0.9)

SLL-1206 0.4 (0.3–0.5) 0.2 (0.2–0.3) – 0.1 (0.1–0.1)

U50,488H 4.4 (2.5–7.8)a 0.9 (0.5–1.4)a – 0.4 (0.3–0.6)b

Morphine 6.9 (5.7–8.5)a 0.8 (0.6–1.3)a 5.1 (4.3–5.9)b 3.1 (2.9–3.3)b

The antinociceptive ED50 value of the compounds was calculated from data obtained at the corresponding time after drug administration as the dose that
produced 50% analgesia
aThe U50,488H data were cited from our previous data [6, 37]. The 95% confidence limits are in parentheses
bThe morphine data were cited from our previous data [6, 37]. The 95% confidence limits are in parentheses
– means no significant analgesic effects.

Fig. 3 The time courses for the antinociceptive effects of SLL-039 and SLL-1206 (i.p.) in the hot plate test. After injected with U50,488H
(7.0 mg/kg), SLL-039 (1.0 mg/kg) (a) or SLL-1206 (2.0 mg/kg) (b), the antinociceptive effect was measured at various time. Both SLL-039 (a) and
SLL-1206 (b) produced a longer duration. Data were presented as mean ± SEM from at least eight mice

Fig. 4 Effects of nor-BNI and β-FNA on SLL-1206-induced
antinociception in the abdominal constriction test. Mice were
pretreated with κ antagonist nor-BNI (10mg/kg) or μ antagonist β-
FNA (10 mg/kg) for 24 h, then injected with SLL-1206. After 3 h,
the acetic acid was injected and the number of writhes was counted
for 20min, and the antinociception (%) was calculated. Nor-BNI
and β-FNA did not influence basal pain threshold. Nor-BNI, but not
β-FNA significantly inhibited SLL-1206-produced antinociception.
Data were analyzed by one-way ANOVA followed by Bonferroni post-
hoc test. Data are presented as mean ± SEM from at least eight mice.
**P < 0.01 vs control. ##P < 0.01 vs SLL-1206
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Fig. 5 Development of tolerance to U50,488H, SLL-039 and SLL-1206 -induced antinociception in the hot-plate test. Mice were
administered various indicated doses of the compounds or vehicle for 3 days. On day 4, the antinociceptive actions were measured as an
injection of U50,488H (8.0 mg/kg, i.p.) (a), SLL-039 (1.0 mg/kg, i.p.) (b) or SLL-1206 (2.0 mg/kg, i.p.) (c). All three compounds-induced analgesia
tolerance dose dependently. Data were analyzed by one-way ANOVA followed by Bonferoni post-hoc test. Each value represents the mean ±
SEM from at least seven mice. **P < 0.01 vs. repeated vehicle+ U50,488H. #P < 0.05, ##P < 0.01 vs repeated vehicle+ SLL-039. &P < 0.05 vs
repeated vehicle+ SLL-1206

Fig. 6 The anti-scratching effects of U50,488H, SLL-039 and SLL-1206 in response to administration of chloroquine diphosphate. Animals
were injected with U50,488H (−15min, a), SLL-039 (−2 h, b) or SLL-1206 (−3 h, c), then administered chloroquine diphosphate (4.0 mg/mL, 50
μL, s.c., neck). The bouts of scratching were counted for 30min, and the anti-scratch effects were calculated. U50,488H and SLL-039 dose-
dependently inhibited chloroquine diphosphate-induced scratching behavior, SLL-1206 obtained a bell shaped dose-response curve. Data
were analyzed by one-way ANOVA followed by Bonferroni post-hoc test. Data are presented as mean ± SEM from at least six mice. **P < 0.01
vs saline
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antinociceptive potency of SLL-039 increased 5.2-fold compared
to morphine, SLL-1206 increased 4.0-fold compared to U50,488H
and 31.0-fold compared to morphine (Table 1).

The antinociceptive duration of SLL-039 and SLL-1206
The duration of action was determined by the hot-plate test.
Doses for near 80% analgesic rate were chosen: SLL-039 1.0 mg/
kg, SLL-1206 2.0 mg/kg, and U50,488H 7.0 mg/kg. As shown in
Fig. 3a and b, both SLL-039 and SLL-1206 produced a longer
duration (near 24 h), with the action peaked at 2–4 h. In contrast,
the duration of U50,488H at 7.0 mg/kg was about 2 h.

Agonist effects of SLL-1206
Our recent in vitro binding assay showed that SLL-1206 exerted
high κ receptor binding affinity with Ki value of 7.1 nM and κ
agonist activity with EC50 value of 4.3 nM. To identify whether the
antinociception of SLL-1206 was mediated by KOR, animals were
pretreated with selective opioid receptor antagonists including
KOR antagonist nor-BNI (10 mg/kg) and μ antagonist β-FNA (10
mg/kg). We found that nor-BNI, but not β-FNA significantly
inhibited SLL-1206-produced antinociception (P < 0.01) (Fig. 4). We
previously demonstrated that nor-BNI significantly suppressed
SLL-039-induced antinociceptive effects [34]. Taken together, both
SLL-039 and SLL-1206 induced potent and long lasting anti-
nociceptive action, and both effects were mediated by activation
of KOR.

Antinociceptive tolerance potential of SLL-039, SLL-1206, and
U50,488H
We examined the potential ability of U50,488H, SLL-039 and SLL-
1206 to develop analgesia tolerance. As shown in Fig. 5, after

treated with various doses of U50,488H (2.0–8.0 mg/kg), SLL-039
(0.25–1.0 mg/kg) and SLL-1206 (0.125–2.0 mg/kg), all three
compounds-induced analgesic effects were decreased, indicative
of developing analgesia tolerance. The ratios of the ED50 of
tolerance to that of antinociception were calculated, and the
larger ratio means less potential to develop tolerance. The ratios
were as follows: SLL-039, 1.8; SLL-1206, 1.8; U50,488H, 1.6 (Table 2),
which suggest that SLL-039 and SLL-1206 have similar or relative
less potential to develop tolerance in comparison with U50,488H.

The anti-itch effects of SLL-039, SLL-1206, and U50,488H
Itch is defined as an unpleasant sensation that elicits scratching
behaviors. Activation of KOR exhibits anti-itch effects in both
animals and humans [41, 42]. Thus we examined the anti-itch
effects of U50,488H, SLL-039, and SLL-1206. As shown in Fig. 6,
U50,488H and SLL-039 dose-dependently inhibited chloroquine
diphosphate-induced scratching behavior with ED50 values of 1.2
mg/kg and 0.3 mg/kg, respectively. Whereas, SLL-1206 showed
low anti-scratching behaviors with maximal effects of 52% at
0.016mg/kg (Fig. 6c).

The sedative effects of SLL-039 and SLL-1206
Kappa agonists always produce undesirable side effects such as
sedation, which limits the therapeutic use for pain management
[14, 16]. Rotorod test was performed to study the sedative deficits
of SLL-039 and SLL-1206 in comparison with U50,488H, which has
been demonstrated to produce sedation at the doses producing
analgesic effects. As shown in Fig. 7, U50,488H at a dose of 5.0 mg/
kg (near antinociceptive ED50) produced significant sedation (P <
0.01), whereas, both SLL-039 and SLL-1206 at 0.5 mg/kg (near
antinociceptive ED50) did not. Furthermore, SLL-039 at a dose of
1.0 mg/kg (2.5× antinociceptive ED50) did not produce significant
sedation (Fig. 7a). SLL-1206, at 16.0 mg/kg (40× antinociceptive
ED50) still did not produce sedation (Fig. 7b). The sedative side
effects were ranked as follows: U50,488H > SLL-039 > SLL-1206.

The dysphoric effects of SLL-039 and SLL-1206
Dysphoric effect is another undesirable side effect produced by
activation of KOR [43], and it can be measured by conditioned
place aversion (CPA), a Pavlovian conditioning paradigm. The
experimental timeline was presented in Fig. 8a. As shown in
Fig. 8b and c, U50,488H at 5.0 mg/kg (near antinociceptive ED50)
produced significant CPA behavior in mice (P < 0.01). However,
both SLL-039 and SLL-1206 at 0.4–0.5 mg/kg (near antinociceptive
ED50) did not. SLL-039 at a dose of 2.0 mg/kg (5× antinociceptive
ED50) produced CPA behavior (P < 0.01) (Fig. 8b). SLL-1206 at 16.0
mg/kg (40× antinociceptive ED50) did not cause significant CPA
behaviors (Fig. 8c). Although SLL-1206 exhibited a trend of CPA, it
did not reach statistical significance. The side effects of dysphoria
were ranked as follows: U50,488H > SLL-039 > SLL-1206.

Table 2. The tolerance to antinociceptive effects produced by
intraperitoneal injection of SLL-039, SLL-1206 or U50,488H in hot
plate test

Compound ED50 (mg/kg, i.p.)

Tolerance Antinociception Ratio (tolerance/
antinociception)

SLL-039 0.7 (0.5–1.0) 0.4 (0.4–0.5) 1.8

SLL-1206 0.7 (0.4–1.0) 0.4 (0.3–0.5) 1.8

U50,488H 7 (5.9–8.3) 4.4 (2.5–7.8)a 1.6

The antinociceptive or tolerance ED50 value of SLL-039 and SLL-1206 was
calculated from data obtained at 4 h after drug administration as the dose
that produced 50% analgesia or tolerance.
aThe U50,488H data were cited from our previous data [6]. The 95%
confidence limits are in parentheses.

Fig. 7 The sedative effects of SLL-039, SLL-1206 and U50,488H in the rotorod test. Mice were injected with saline or various doses of SLL-
039 (−2 h), SLL-1206 (−3 h), or U50,488H (−15min), and put on the rotorod apparatus. The time of each mice stayed on the rotorod was
recorded. Data were analyzed by one-way ANOVA followed by Bonferroni’s post-poc test. Data are presented as mean ± SEM from at least nine
mice. *P < 0.05, **P < 0.01 vs saline
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Fig. 8 SLL-039, SLL-1206, or U50, 488H produced conditioned place aversion (CPA). a The schedule of the test. On day 1, mice were
subjected for pre-test. On day 2–7, mice were injected with saline or various doses of b SLL-039 (−2 h), c SLL-1206 (−3 h) or U50,488H (−15
min) before each 30-min conditioning. On day 8, the time spending in each side was recorded and the CPA score was calculated. Data were
analyzed by one-way ANOVA followed by Bonferroni post hoc test. Value data were presented as mean ± SEM from at least ten mice. **P < 0.01
vs saline

Fig. 9 Effects of SLL-1206 on naloxone-precipitated physical dependence induced by chronic morphine application. Mice were treated
with SLL-1206 (0.4–3.8 mg/kg, i.p.) or saline (10mL/kg, i.p.) 3 h prior progressively increasing doses of morphine treatment for 7 days.
Morphine withdrawal reactions were precipitated by naloxone (3.0 mg/kg, s.c.). Body weight loss was measured initially and 60min after the
naloxone injection (a). The number of jumping (b), teeth chattering (c), diarrhea (d), paw tremor (e) was measured for 30min after naloxone
injection. SLL-1206 decreased the physical dependence induced by chronic morphine application. Data were analyzed by one-way ANOVA
followed by Bonferroni post hoc test. Data were presented as the mean ± SEM from at least eight animals. *P < 0.05, **P < 0.01 vs control. #P <
0.05, ##P < 0.01 vs morphine
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Effects of SLL-1206 on morphine-induced physical dependence
and conditioned place preference (CPP) behavior
Kappa agonists have known anti-addiction effects [44, 45], we
further determine the inhibitory effects of SLL-1206 on morphine-
induced physical dependence and CPP behaviors. As shown in
Fig. 9, the withdrawal reactions were precipitated by injection of
naloxone after continuous treatment with morphine. SLL-1206
significantly decreased withdrawal symptoms including body
weight loss (Fig. 9a), jump (Fig. 9b), teeth chattering (Fig. 9c),
diarrhea (Fig. 9d) and paw tremor (Fig. 9e). However, SLL-1206 was
not able to significantly decrease morphine-induced CPP behavior
(Fig. 10).

DISCUSSION
The present study was undertaken to study the pharmacology of
SLL-039 and SLL-1206, and compared with that of typical KOR
agonist U50,488H. The major finding of this study was that both
SLL-039 and SLL-1206 produced more potent antinociceptive
effects but much lower sedation and aversion than U50,488H. SLL-
039 and SLL-1206 show a separation of analgesia from classic
psychoactive effects of KOR activation, suggesting that SLL-039
and SLL-1206 have potential to be developed as novel therapeutic
agents for the treatment of pain.
SLL-039 and SLL-1206 selectively bind to KOR with Ki value of

0.5 nM, 7.1 nM respectively, and stimulated [35S]GTPγS binding
with EC50 value of 2.0 nM, 4.3 nM, respectively [34] (Qian He, Wei Li
and Li-ming Shao, Department of Medicinal Chemistry, School of
Pharmacy, Fudan University). In the present study, we found that
SLL-039 and SLL-1206 produced similar degree of antinociceptive
activities with long duration, which were much more potent than
U50,488H and morphine. Both SLL-039- and SLL-1206-produced
antinociception was via κ specific manner [34]. The data
suggested a correlation between the potency of SLL-039 and
SLL-1206 in vitro [35S]GTPγS binding assay and in vivo

antinociceptive studies, and our observations were consistent
with prior findings [6, 7, 37] that activation of KOR produced
antinociceptive effects. Previous studies also revealed that KOR
activation induced potent anti-scratching effects, and there is a
strong correlation between the potency of antinociceptive effects
and anti-scratching behaviors. However, this correlation was
maintained in this study only for U50,488H and SLL-039, but not
for SLL-1206. SLL-1206 produced potent antinociception, but
showed low activity in countering chloroquine diphosphate-
induced scratching at unusual low doses. Thus, SLL-039 and SLL-
1206 showed similar antinociceptive activity, but had different
anti-scratching effects. Similar to U50,488H, SLL-039 and SLL-1206
had potential to develop antinociceptive tolerance [46, 47]. SLL-
1206 also showed activity to decrease morphine withdrawal-
induced physical dependence, which was in accord with previous
study of Tao et al. [6], supporting that κ agonist might have
therapeutic benefits for attenuating abuse-related behaviors,
which might be achieved by suppressing dopamine release
[44, 48]. Thus, like classical arylacetamides U50,488H, morphinan-
based κ agonists SLL-039 and SLL-1206 exhibited similar
pharmacological properties including antinociception and toler-
ance, but low in anti-scratching profile.
A growing body of evidence suggests that KOR agonists are

effective analgesics with low abuse potential, but can cause severe
sedation and dysphoric side effects [14, 16, 43]. By applying
rotorod test and CPA test, we found that at the effective analgesia
doses, both SLL-039 and SLL-1206 did not cause sedation and
aversion. U50,488H, at antinociceptive ED50 value, caused
significant sedation and dysphoric effect, and the adverse effect
of U50,488H was consistent with published reports [40]. These
data indicate that SLL-039 and SLL-1206 produced much lower
side effects than U50,488H, and there is dose separation
between analgesia and sedation/aversion for SLL-039 and SLL-
1206. We further found that SLL-039 induced sedation and
aversion when increasing dose up to 2.0 mg/kg (5× analgesic
ED50), while SLL-1206 did not even at 16.0 mg/kg (40× analgesic
ED50). Thus, in contrast to SLL-039, SLL-1206 elicited less adverse
effects. When exposed to increasing doses or long-term
treatment of SLL-1206, sedation or aversion may still exist.
Nalfurafine is another 4,5-expoxymorphinan derivate. It was
found that nalfurafine, at the dose of 20 μg/kg (3.4× analgesic
ED50), did not cause aversion, but produced sedation [25].
Compound 42B, a 3-dehydroxy analog of nalfurafine, at the
effective analgesic dose ranges, did not produce aversion, but
caused sedation [25]. The data indicate that the pharmacological
profiles of morphinan-based compounds SLL-039, SLL-1206,
nalfurafine and 42B are different from that of arylaceta-
mide U50,488H, with less side effects, suggesting that 4,5-
expoxymorphinan scaffold is a promising scaffold for novel
analgesic drugs discovery. On the other hand, these different
morphinan-based compounds also show individual differences,
specifically individual’s inability to dissociate analgesia from
sedation. It is believed that G protein-mediated signaling
pathway mediated KOR-induced analgesic effects, anti-scratch
effects and CPA, but β-arrestin 2-mediated signaling is involved
in sedation/motor incoordination [49]. Nalfurafine and 42B are G
protein-biased ligands acting as full KOR agonists, whether SLL-
039 and SLL-1206 show similar G protein biases needs further
investigation. However, it should be noted that recent studies
demonstrated that bias factors in vitro could not fully predict
in vivo pharmacological properties [25]. In addition, there was
evidence in the literature indicating that mTOR and p38 MAPK
signaling pathways were implicated in KOR-mediated aversion.
We found that U50,488H, SLL-039 and SLL-1206 showed
differential ability to cause CPA. It would be interesting to study
the signaling pathways differentially impacted to identify the
underlying mechanism by which the compounds lack of
aversion.

Fig. 10 The effects of SLL-1206 on chronic morphine induced
conditioned place preference (CPP). a The schedule of the test. b
On day 1–3, mice were subjected for pre-test. On day 4–9, mice were
treated with SLL-1206 (2.0–7.0mg/kg, i.p.) or saline (10mL/kg, i.p.) 3 h
prior morphine (4.0 mg/kg, i.p.) before each 50-min conditioning. On
day 11, The residence time of the mice in both sides of the apparatus
was recorded, and the CPP score was calculated. Morphine induces
significant CPP. SLL-1206 had no antagonistic effect on morphine
induced CPP (b). Data were analyzed by one-way ANOVA followed by
Bonferroni post hoc test. Data were presented as the mean ± SEM
from at least eight animals. **P < 0.01 vs control
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