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Aim: The aim of this study was to identify k-opioid receptor (KOR) agonists from a library of 80 000 small-molecule compounds and
provide the experimental basis for the development of new analgesic candidates.

Methods: The cell-based, high-throughput screen for human KOR agonists was based on the LANCE™ cAMP assay. Preliminary
structure-activity relationship (SAR) analysis was applied according to the compounds’ structures. An acetic acid twisting experiment

was used to verify the pharmacodynamics.

Results: In total, 31 compounds were identified as KOR agonists after preliminary and secondary screening. Of these compounds, five
demonstrated significant KOR-stimulating activity that was comparable to U-50,488, a selective KOR agonist. The ECs, values for I-7,
I-8, I-10, II-5, and 1I-8 were 13.34+1.65, 14.01+1.84, 9.57+0.19, 14.94+0.64, and 8.74+0.72 nmol/L, respectively. Based on SAR
studies, the stimulating activity of compounds with 5-phenyl-7-(trifluoromethyl)-4,5,6,7-tetrahydropyrazolo [1, 5-a] pyrimidine (group )
and 3,4-dimethoxy-N-(2-oxoethyl)-N-p-tolylbenzenesulfonamide (group Il) parent structures were higher than the compound with a
5-hydroxy-2-methylbenzofuran-3-carboxylic acid (group lll) parent structure. Pharmacodynamic experiments indicated that 20-40
pg/kg ip of compounds I-10 and II-8 significantly decreased the number of writhes induced by acetic acid; this finding is consistent with
the SAR studies. Furthermore, the analgesic effects of compounds I-10 and II-8 were significantly antagonized in the presence of the

selective KOR antagonist nor-BNI.

Conclusion: These findings collectively indicate that compounds I-10 and 1I-8 exhibit significant analgesic activities, providing evidence,

at least in part, for their clinical application as new analgesic drugs.
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Introduction

G protein-coupled receptors (GPCRs) represent the largest
family of membrane proteins in the human genome and the
richest source of targets for the pharmaceutical industry!™.
GPCRs are divided into the following five families based on
their physico-chemical properties: rhodopsin-like, secretin-
like, metabotropic glutamate, fungal pheromone and cAMP
receptors®. The peptidergic opioid receptors (ORs) belong
to the rhodopsin-like family. ORs are classified into the
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following three subtypes based on detailed investigations of
the pharmacological effects using selective ligands: the mu-
opioid receptor (MOR), the delta-opioid receptor (DOR) and
the kappa-opioid receptor (KOR)?. Among the three opioid
receptor genes, the KOR gene is the first to exhibit its gene
activity (mRNA expression) during development. KOR
expression then increases in the nervous system throughout
the later stages of development when active neuritogenesis
occurs!.

Various GPCRs, including KOR, synthesize adenylyl
cyclase (AC)-catalyzed cAMP (from ATP) within their path-
ways. KOR is coupled with the a inhibitory subunit (Gai)
of the G-protein that downregulates AC activity upon acti-
vation. Consequently, cAMP production inhibits protein
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kinase A (PKA)P\. Thus, it is possible to assess the activity of
KOR agonists by quantitatively detecting intracellular cAMP
concentrations. In this study, we used the LANCE™ cAMP
assay, a homogeneous time-resolved fluorescence resonance
energy transfer (TR-FRET)-based assay, to screen 80000 small-
molecule compounds for potential KOR agonists. These assay
reactions are stable for at least 20 h at room temperature with
minimal loss in sensitivity. The sensitivity and robustness of
the LANCE™ cAMP assay makes it ideal for HTS screening
campaigns.

KOR is widely distributed in the central and peripheral
nervous system and predominantly localized in the cerebral
cortex, nucleus accumbens, claustrum and hypothalamus.
KOR stimulation produces various physiological functions,
such as analgesia, antipruritic activity, diuresis, stress, depres-
sion, drug abuse, anxiety and psychotic behaviors'®®. There-
fore, KOR is rapidly emerging as an important target for the
treatment of a variety of human disorders. At present, KOR
agonists have attracted considerable attention because of their
abilities to exert potent analgesic effects without high abuse
liability™ ' and to minimize serious MOR-mediated side
effects, including respiratory depression and dependence lia-
bility" . Delta opioid receptor (DOR) agonists can produce
analgesia, but these compounds also have serious side effects,
most notably convulsions™, that limit their therapeutic devel-
opment. By contrast, new potential therapeutic applications
have recently been recognized for KOR agonists, underscoring
the clinical value of the development of agents for this recep-
tor. Opioid analgesics produce antinociception through their
action on the peripheral and central opioid receptors in acute
and chronic pain states. Studies in animal models describe
a number of peripheral and central pathophysiological pro-
cesses after nerve injury that serve as underlying neuropathic
pain mechanisms!.

Here, we investigated the antinociceptive effects and phar-
macological activity of the KOR agonists using the acid-
induced writhing test. This well-established nociceptive
method employs a chemical stimulus and is more sensitive
than other tests that use thermal, mechanical or electrical stim-
uli. Compounds I-10 and II-8 displayed significant analgesic
effects. These experimental data support the development of
new analgesic candidates.

Materials and methods

Chemicals and reagents

Ham’s F12 medium and fetal bovine serum (FBS) were
purchased from Invitrogen (Carlsbad, CA, USA). Ethyl-
enediamine tetraacetic acid (EDTA) and dimethyl sulfoxide
(DMSO) were obtained from Sigma (St Louis, MO, USA).
Forskolin, 3-isobutyl-1-methylxanthine (IBMX) and bovine
serum albumin (BSA) were obtained from Calbiochem (San
Diego, CA). U-50488 hydrochloride [trans-(+)-3,4-dichloro-N-
methyl-N-[2-(1-pyrrolidinyl) cyclohexyl] benzeneacetamide
hydrochloride] and nor-binaltorphimine dihydrochloride
[17,17’-(dicyclopropylmethyl)-6,6’,7,7'-6,6’-imino-7,7 -binorph-
inan-3,4’,14,14’-tetrol dihydrochloride] were purchased from
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Tocris (Ellisville, MO, USA). Chinese hamster ovary cells
were stably transfected with the human KOR (CHO-OP, cell
line). LANCE™ cAMP 384 kit, 384-well white optiplates and
TopSeal-A 384 were obtained from PerkinElmer (Waltham,
MA, USA). The 96-well clear round bottom microplates
were purchased from Corning (Corning, NY, USA). The
tested compounds were obtained from ChemDiv, Inc (San
Diego, CA, USA). Hank’s balanced salt solution (HBSS) and
phosphate-buffered saline (PBS) were made from our own
laboratory stocks. Stimulation buffer (SB) was prepared from
HBSS containing 10 mmol/L HEPES, 0.2% BSA and 1 mmol/L
IBMX (pH 7.4). Forskolin (50 mmol/L), U-50488 (25 mmol/L),
nor-binaltorphimine dihydrochloride (25 mmol/L) and com-
pounds (10 mg/mL) stock solutions were prepared in DMSO.
All stocks were stored at -20°C and diluted to certain concen-
tration with HBSS prior to use. All stocks used on animals
were dissolved in saline. Acetic acid and normal saline (NS)
were from our own laboratory stocks. All other chemicals
were of analytic grade and commercially available.

Experimental animals

Eighty adult male and female Kunming mice (20-30 g) from
the medical animal center of Yangzhou University were
used in this study. The animals were housed in controlled
environmental conditions (24+2°C temperature, 60%-70%
relative humidity, 12 h light/dark cycle) and were provided
a standard pellet diet and water ad libitum. All procedures
were conducted in accordance with the Guidelines on the Care
and Use of Laboratory Animals (Chinese Council on Animal
Research and the Guidelines of Animal Care). The study was
approved by the Ethical Committee of China Pharmaceutical
University. Each mouse was used for a single treatment, and
each group consisted of ten animals.

Cell culture

CHO-OP,; cell line was purchased from PerkinElmer company,
which expressed kappa-opioid receptor specifically. They
were maintained at approximately 85% confluence in Ham'’s
F12 medium supplemented with 10% FBS, 100 IU/mL penicil-
lin, 100 pg/mL streptomycin, 5 pg/mL blasticidin at 37°C in
a 5% CO, humidified environment. The cells were harvested
using PBS containing 0.5 mmol/L EDTA. Then, the cells were
washed with HBSS before being suspended in SB for assay
use.

Establishment of screening model

Optimization of the LANCE™ cAMP assay

To establish a stable and reliable cell-based, high-throughput
screening system to identify potential KOR agonists, several
parameters were optimized, including cell density, stimula-
tion time and forskolin concentration in the LANCE™ cAMP
assay. In brief, CHO-OP, cells were processed as described
above. The Countness™ automated cell counter (Invitrogen,
Carlsbad, CA) was used to count cells, and the cell density
was adjusted to 300, 600, and 1200 cells/pL with SB containing
1% Alexa Fluor® 647 anti-cAMP antibody (supplied with the
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LANCE™ cAMP assay kit). Next, 5 pL aliquots of the cell sus-
pensions of various concentrations were added to wells in the
384-well white optiplate with a Multidrop (Thermo Electron
Corp, Waltham, MA) followed by the addition of 5 pL of for-
skolin from a dilution series (final concentration ranged from
1.69 to 3703.7 nmol/L to generate a forskolin dose-response
curve). To optimize the experiment, various cell suspension
densities and the forskolin dilution series were incubated for
0 to 60 min at room temperature (RT) with a 15-min interval,
and 4 time points were generated. The forskolin stock solution
dilution and the dilution series transfer were performed by the
Janus automated workstation (PerkinElmer, Waltham, MA,
USA). cAMP standard curves were prepared in parallel using
various cell densities with the same stimulation time. Then, 10
pL of the detection mix was added using the Janus automated
workstation, and the plate was incubated for 1 h. The final
assay volume was 20 pL. To control for assay reagent evapo-
ration during processing, a plate cover and TopSeal-A 384
was used during incubations. The signals (ratio of fluorescent
values at 665 nm to 615 nm) were analyzed using the Envision
(PerkinElmer, Waltham, MA, USA) multilabel reader accord-
ing to the manufacturer’s instruction.

To determine the optimal cell density, forskolin dose-
response curves under the same stimulation time were com-
pared with corresponding cAMP standard curves. In addition,
the signal to background ratio (S/B, equals the ratio of the
maximal signal to the minimal signal in a curve) of all curves
and the optimal forskolin concentration were calculated. The
optimization assay was performed via three experiments con-
ducted in triplicate.

Verification of positive drug assay

CHO-OP; cells were collected as previously mentioned and
modulated to the optimal cell density. For these experiments,
5 pL aliquots of the cell suspension were seeded into a 384-
well white optiplate using the Multidrop, and the cells were
stimulated with 2.5 pL of the U-50488 dilution series (final
concentration ranged from 0.005 to 10 pmol/L to generate
agonist dose-response curves) for 15 min. U-50488 stock
solution dilutions and transfers were performed by the Janus
automated workstation. Then, 2.5 pL pf forskolin in the
optimal concentration was dispensed into each well using
the Flexdrop (PerkinElmer, Waltham, MA, USA). The plate
was incubated for the optimized stimulation time. A cAMP
standard curve was generated in parallel. Then, 10 pL of the
detection mix was added to each well. After 1 h, the signals
were analyzed using the Envision multilabel reader. All incu-
bations were conducted at RT. To assess assay sensitivity
and robustness, the minimal compound stimulating activity
control (0% control, cells exposed to HBSS containing an opti-
mized concentration of forskolin) and the maximal compound
stimulating activity control (100% control, cells exposed to
HBSS only) were prepared to calculate the Z” factor value, a
measure of assay quality for high-throughput screening (HTS)
applications that is calculated according to Zhang et al, 1999,
Compared with the cAMP standard curve, intracellular cAMP

concentrations were quantitatively determined, and the half
maximal effective concentration (ECs,) of U-50488 was calcu-
lated.

High-throughput screening of potential KOR agonists

Preliminary screening

The compound library used for the screening was composed
of 80000 compounds. The final concentration of compounds
was 10 pg/mL in 1%, DMSO (the DMSO concentration did
not affect the performance of the assay). Briefly, 0.5 pL of the
compound stock solution was added to each well of a 96-well
clear round bottom microplate. Then, the Janus automated
workstation was used to dilute the solutions 250 times and
transfer 2.5 pL of the dilution to the 384-well white opti-
plates. Columns No 1 and No 24 were reserved to define the
0% and 100% controls. Cell dispensing was performed as
previously described. The following steps were conducted
sequentially as previously mentioned: 15 min preincubation,
45 min stimulation with 2.5 pL of forskolin stimulation, an
additional 1 h incubation following the addition of 10 pL of
the detection mix, and signal detection. The stimulating activ-
ity of compounds at KOR was calculated as Eq (1): Stimulation
%=(Signal.ompound=Signalav 0% conrol) X100% / (Signalay 100% contro=
Signalay o4 contro), Where AV represents the average value of
the signals. The raw data were saved in the Envision Data-
base and further processed using ActivityBase Suite (IDBS,
Guildford, UK). ActivityBase provides relatively complete
information about the compounds, including the stimulation
percentages. Compounds causing greater than 80% stimulat-
ing activity were selected for secondary screening to calculate
their ECs, values. Moreover, the Z’ factor value of each plate
was calculated to estimate the efficacy of this assay in adapta-
tion to HTS.

Secondary screening

Compounds that exhibited stimulation percentages greater
than 80% in the preliminary screening were chosen for further
experiments to assess their ability to stimulate KOR. In total,
4-fold serial dilutions from the compound stock solutions to
prepare eight dilution series (final concentration ranged from
4 pg/mL to 0.25 ng/mL), and then the dilution series were
transferred from 96-well clear round bottom microplates to
384-well white optiplates (2.5 pL/well) in triplicate using
the Janus automated workstation. After cell dispensing, the
following steps were performed sequentially as previously
mentioned. All incubations were conducted at RT. U-50488
was included as positive control, and 0% and 100% controls
were prepared to calculate the Z’ factor value. The ECs, values
of the tested compounds and U-50488 were calculated using
comparisons with the corresponding cAMP standard curve
in the same plate. SAR studies were further conducted after
obtaining secondary screening results.

Identification of in vivo analgesic function
The animals were transported to the behavioral testing room
one day prior to testing. The mice were acclimated in the
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observation cage at least 1 h before the experiments.

The animals were divided into seventeen groups of ten ani-
mals each as follows: the normal control group, the positive
control group (40 pg/kg U-50488), and three dosing groups
for each compound (I-7, I-8, I-10, II-5, and II-8; each compound
dosed at 10, 20, and 40 pg/kg). The doses were selected based
on the observations of our preliminary study (unpublished
data).

The mice were injected intraperitoneally (ip) with normal
saline, U-50488, or compound 1-7, I-8, I-10, II-5, and II-8. After
30 min, each animal was injected ip with a 0.7% (v/v) acetic
acid solution (10 mL/kg of body weight) as an irritant stimu-
lus and placed in an individual plastic cage for observation.
After a 5-min period, the number of writhes was recorded for
20 min, and latency was also recorded. A writhe was defined
as stretching of the hind limbs accompanied by a contraction
of the abdominal muscles. For the writhing test, the number
of abdominal constrictions in each test period was normalized
to the mean calculated from the control group as percent inhi-
bition of writhing (% inhibition) based on the formula in Eq
(2): % inhibition=(C-T)/Cx100%, where C is the mean num-
ber of writhes in the control animals and T is the number of
writhes in the drug-treated mice.

Antagonist studies

To assess the possible involvement of the KOR system in
the analgesia effects of compounds in the acetic acid stretch-
ing experiment, an additional series of experiments were
conducted. The positive group and the high dose groups of
compounds I-10 and II-8 were pretreated with the selective
K-opioid receptor antagonist nor-binaltorphimine (nor-BNI,
200 pg/kg, ip). Fifteen hours after nor-BNI administration, the
mice were administered U-50488 or compounds 1-10 or II-8 (40
pg/kg, ip). After 30 min, each animal was injected ip with a
0.7% (v/v) acetic acid solution (10 mL/kg of body weight) and
subjected to the acetic acid-induced writhing test.

Statistical analysis

All data are displayed as the mean+SEM, unless otherwise
specified. The screening model and secondary screening
experiments were performed in triplicate and repeated thrice.
Preliminary screening was performed in a single well. Data
were analyzed with GraphPad Prism 5.0 (GraphPad Software,
San Diego, CA, USA). Nonlinear regression analyses were
performed to generate dose-response curves and calculate ECs,
values. For the pharmacodynamic studies, statistical analyses
were performed using one-way ANOVA followed by Tukey’s
multiple comparison test to determine the source of significant
differences where appropriate; P<0.01 were considered statis-
tically significant. GraphPad Prism 5.0 software was used for
statistics and plotting.

Results

Optimization of the LANCE™ cAMP assay

To achieve the most reproducible and sensitive assay, several
parameters were defined. The influence of various cell densi-
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ties on forskolin dose-response curves is presented in Figure
1. The standard curves were performed in parallel, and the
forskolin dose-response curve using 600 cells/pL covered the
most linear region of the corresponding cAMP standard curve
at various stimulation times. Thus, 600 cells/pL was selected
as the optimal cell density. With regard to the influence of
incubation time in the 600 cells/pL forskolin dose-response
curve, the 45-min stimulation time revealed the highest S/B
ratio (Figure 2). Similarly, the optimal forskolin concentration
was calculated using the 600 cells/pL forskolin dose-response
curve at 45-min stimulation time, and this value equaled 11.5
pmol/L, which induced 90% of its maximal effect (ECy) (Fig-
ure 1C). Therefore, the following optimized parameters were
used in subsequent assays: 600 cells/pL cell density, 45-min
stimulation time, and 11.5 pmol/L forskolin concentration.

Verification of the positive drug assay

The agonist U-50488 decreased forskolin-stimulated cAMP
accumulation in a concentration-dependent manner. The ECs,
of U-50488 calculated from Figure 3 was 1.572+0.41 nmol/L.
This result is similar to the data previously reported by Berg et
al, 2011"). The average Z’ factor value from three experiments
was 0.79 (data not shown), which indicates an optimal assay
because the value was greater than 0.5. Therefore, the above
data indicate that our system is a stable and reliable cell-based,
high-throughput screening system for identifying potential
KOR agonists.

Preliminary screening

Preliminary screening was accomplished in 228 384-well white
optiplates. We screened 80000 compounds at a concentration
of 10 pg/mL using this optimized system. The average Z’ fac-
tor and S/B values for this screen were 0.65 and 4.06, respec-
tively (Figure 4A), indicating that the assay was adequately
adapted for HTS. Upon preliminary screening, 137 com-
pounds demonstrating stimulation percentages greater than
80% were selected and further validated by secondary screen-
ing (1.7% hit rate).

Secondary screening

In total, 137 compounds were screened in 35 384-well white
optiplates. The average Z' value was 0.64, whereas the S/B
ratio was 4.23 (Figure 4B). The average ECs, value for U-50488
was 1.61+0.64 nmol/L (Figure 5A), consistent with previ-
ous observations. The ECs, values of 137 compounds were
determined from eight-point dose-response curves. In total,
31 compounds displayed obvious dose-response activities
(0.39% hit rate) (Table 1). Among these compounds, five com-
pounds displayed significant stimulating activity compared
with U-50488; these dose-response curves are presented in
Figure 5B. The ECs, values of I-7, I-8, I-10, II-5, and II-8 were
13.34+1.65, 14.01+1.84, 9.5740.19, 14.94+0.64, and 8.74+0.72
nmol/L, respectively. Furthermore, the 31 compounds could
be divided into three groups based on their structures (Fig-
ure 6). SAR studies demonstrated that the compounds with
an amide group in the R1 group and a halogen atom in the
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Figure 1. Forskolin dose-response curves using various cell densities stimulation times. The optimal cell density was set as 600 cells/pL given that its
curve covers the majority of the linear region of the cAMP standard curve at 15 (A), 30 (B), 45 (C), and 60 (D) min of stimulation. The values were best-
fit using nonlinear regression. The points represent the mean+SEM of three independent experiments performed in triplicate. The compounds in the

X-axis title represent forskolin and cAMP.
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Figure 2. S/B ratios of cCAMP standard curves and forskolin dose-response
curves using various cell densities and stimulation times. In the 600
cells/uL forskolin dose-response curve, a 45 min forskolin stimulation
time exhibited the highest S/B ratio. These ratios were generated by two-
way ANOVA. The values represent the mean+SEM of three independent
experiments performed in triplicate.

R3 group display better stimulating activities in group I. In
group II, the compounds with a small phenylamine group in
the R group and an alkyl group are more potent stimulators.
In group III, the compounds with a small ester group in the
R1 group with a bromine atom in the R3 group are superior
stimulators.

20 U-50488

ECs0=1.572 nmol/L
Hill slope=0.07238
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[
o
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T T 1
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Figure 3. U-50488 dose-response curve generated under the optimal
assay conditions. The total amount of cAMP accumulation was
determined by interpolation of the signals obtained with various U-50488
doses on a cAMP standard curve. The values were best-fit to a log (agonist)
vs response stimulation. The ECs, of U-50488 was 1.572+0.41 nmol/L.
The points represent the mean+SEM of three independent experiments
performed in triplicate.

In vivo analgesic function identification
In this study, compounds I-10 and II-8 displayed significant
analgesic effects, whereas compounds I-7, I-8, and II-5 dis-
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Figure 4. (A) Z' factor values of 228 plates from preliminary screening (B)
Z' factor values of 35 plates from secondary screening.

Table 1. Kappa opioid receptor stimulating activity of 31 compounds.
The values represent the mean+SEM of three independent experiments
performed in triplicate.
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Figure 5. Dose-response curves of compounds that displayed potent KOR
stimulation compared with U-50488. Total amount of CAMP accumulation
was determined by interpolation of the signals obtained with various
compound doses on a cCAMP standard curve. Values were best-fit to a log
(agonist) vs response stimulation. The points represent the mean+SEM
of three independent experiments performed in triplicate.

Table 2. The effects of U-50488 and compounds I-10 and 1I-8 on acetic
acid-induced abdominal writhing in the presence and absence of nor-BNI.
Mean+SEM. n=10. The symbols report significance level. °P<0.01 vs

ECso (nmol/L)

Compound Group | Group Il Group Il
1 75.18+2.67 125.78+0.68 92.79+1.05
2 93.35+£1.71 113.4+0.96 115.2+2.8
3 93.87+2.32 94.37+0.75 93.54+1.15
4 65.34£3.72 53.92+2.33 76.79+2.7
5 36.49+2.43 14.94+0.64 74.35+2.26
6 35.79+1.37 82.96+1.59 56.99+1.29
7 13.34+1.65 60.04+2.31 63.21+1.27
8 14.01+1.84 8.74+0.72 77.13+2.44
9 55.15+1.65 70.68+1.05 75.39+1.58

10 9.57+0.19 36.29+2.8 53.86+£1.13
11 65.68+£1.24

ECs, is expressed as the KOR stimulating activity, which was calculated in

Prism using nonlinear regression fit.

played minimal effects. The antinociceptive effects induced
by U-50488 and various doses of compounds I-10 and II-8 in
the mouse writhing test are displayed in Table 2. The U-50488
group significantly reduced the writhing response compared
with the control (P<0.01). Compounds I-10 and II-8 (20-40
prg/kg, ip) also significantly reduced the number of writhes
induced by acetic acid [0.7% (v/v)] in mice (P<0.01). The effect
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control group. 'P<0.01 the 40 pg/kg drug dose group in the presence vs

absence of nor-BNI.

Drug & doses Number of Latency Percent
(ng/kg) writhings (min)  inhibition
(%)

Control 39.4+2.8 4.8+1.6

U-50488 (40) 8.8+1.0° 11.2+1.4 777
U-50488 (40)+nor-BNI (200) 34.1+3.3f 4.7+11 135
Compound I-10 (10) 442+3.1 5.7+1.1 0
Compound I-10 (20) 25.0+2.6° 9.1+2.4 36.5
Compound I-10 (40) 19.8+3.0° 10.8+2.2  49.7
Compound I-10 (40)+nor-BNI (200)  39.2+2.4° 4.2+15 0.5
Compound I -8 (10) 35.4+4.2 6.3+2.3 10.2
Compound II-8 (20) 26.2+5.0° 7.2+1.5 33.5
Compound II-8 (40) 14.8+1.9° 13.5+2.8 624
Compound [I-8 (40)+nor-BNI (200) 30.3+3.6 45+1.2 231

ECs, is expressed as the KOR stimulating activity, which was calculated in

Prism using nonlinear regression fit.
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of compound I-10 was weaker than II-8; the maximum percent
suppression produced by compounds I-10 (40 pg/kg, ip) and
11-8 (40 ng/kg, ip) was 49.7% and 62.4%, respectively.

Antagonist studies

Compounds I-7, 1-8, and II-5 displayed minimal effects;
therefore, we only conducted the antagonist studies with
compounds I-10 and II-8. The analgesic effects of the co-
administration of the KOR agonist standard U-50488 or com-
pounds I-10 and II-8 with nor-BNI on the writhing test in mice
are presented in Table 2. U-50488 and compounds I-10 and
11-8 (40 pg/kg, ip) significantly reduced the number of writhes
(P<0.01) when administered individually. The co-adminis-
tration of the selective KOR antagonist nor-BNI (200 pg/kg,
ip) notably antagonized the analgesic effects of U-50488 and
compounds I-10 and II-8 and increased the number of writhes
approximately four- and two-fold, respectively, with a compa-
rable reduction in percent inhibition.

Discussion

It has been well documented that KOR agonists, such as Sal-
vinorin A, U-69593, and U-50488, mediate the majority of the
pharmacological effects linked to opioid receptor activation,
such as cardiac hypertrophy, myocardial fibrosis, arrhythmia,

mood disorders and neuralgia® ***

. Among these agents,
U-50488 has been used as a highly selective kappa opioid
agonist given that it displays a 30- to 54-fold increased affinity
for the kappa subtype than the mu and delta subtypes"” > *,
U-50488 produces less morphine-type physical dependence
than other reputed KOR agonists™.

effects of 80000 compounds to discover potential KOR ago-

Therefore, we test the

nists and used U-50488 as the positive control in this assay.

A sensitive and robust assay is critical to ensure a success-
ful HTS study. A search for KOR stimulants also requires an
assay that maximizes the chance of identifying possible ago-
nists. In this study, we performed a LANCE™ cAMP assay
to monitor intracellular cAMP levels. To measure the assay
sensitivity, we performed optimization experiments (Figure 1)
that examined the signal produced from various reagent con-
centrations and cell densities. The Z’ factor calculated from
the positive drug verification experiment was greater than 0.7
(data not shown). These results clearly demonstrate that a
condition could be selected from the screening model experi-
ment to ensure assay sensitivity and robustness. Owing to
its high sensitivity, the assay is widely used in HTS, which is
based on TR-FRET approach®. The entire procedure occurs
in a single well of a 384-well microplate with no transfer, sepa-
ration, or wash steps; this feature guarantees experiment reli-
ability. The assay performance is ideal for adaptation to the
HTS environment in terms of the speed of analysis, precision,
and detection limits for cCAMP quantification. These attributes
suggest that this assay can accurately assess potential KOR
agonists™.

An HTS campaign of 80000 compounds was performed
under the optimal conditions. In preliminary screening, 137
compounds with stimulation percentage values greater than
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80% were identified for further screening. However, the
results indicate that only 31 compounds display dose-response
activities. The high false positive ratio (77.4%) was initially
attributed to cell number inconsistency in each well caused by
the Multidrop dispenser. Later in the preliminary screening,
we discovered that a large amount of cells were adhered to
the instrument tubing. However, the average Z’ factor value
obtained from preliminary screening assuaged this concern
and demonstrated the reliability of the compounds’ stimula-
tion percentage values.

Overall, 31 compounds displayed obvious dose-response
activity in secondary screens. The compounds were divided
into three groups based on structure (group I, group II,
and group III). Each group had different parent structures,
whereas compounds in the same group shared a common par-
ent structure (Figure 6). The ECs, values of compounds from
the same group were different, and some values were similar
to the ECs, value of U-50488. Thus, structurally distinct com-
pounds can stimulate KOR with varying potencies.

In group I, the compounds with an amide group in the R1
group and a halogen atom in the R3 group displayed increased
KOR stimulating activity (Figure 6I). This increased activity
may be attributed to the existence of an amide group in the R1
group, which forces the compounds to alter their spatial struc-
tures. This alteration contributes to the binding of compounds
to the KOR binding sites. In addition, the amide group could
form strong hydrogen bonds, which may promote priority
binding with KOR™!. The amide group in the R1 group is
an essential pharmacophore that allows compounds to exert
their efficacy. The ECs, values of compounds I-5 and I-7 are
36.49+2.43 and 13.34+1.65 nmol/L, respectively. The substitu-
ent in the R3 group is different for these compounds. Com-
pound I-7 has a fluorine atom in the R3 group and displays
increased potency. This structure-activity relationship is
reflected in the ECs, values for compound I-6 (EC5=35.79+1.37
nmol/L), compound I-8 (EC5=14.01+1.84 nmol/L) and com-
pound I-10 (EC5,=9.57£0.19 nmol/L). This phenomenon is
potentially explained by the existence of a halogen atom that
reduces the electron density on the benzene ring given its elec-
tron-withdrawing property and further promotes the interac-
tion between the compounds and the receptor amino acid resi-
dues, thereby increasing the KOR stimulation action™. SAR
studies indicate that the small size of the amide group in the
R1 group and a halogen atom in the R3 group are essential for
KOR stimulation in this group.

In group II, the compounds with a phenylamine in the R
group exhibited increased activity compared with the aliphatic
amine at KOR (Figure 6II). This activity may be attributed
to the conjugate structure of the benzene ring and the amide
bond, whether in space or electron density, which facilitates
formation of intermolecular interactions with the receptor
binding sites. Thus, the affinity of the compounds and recep-
tor is enhanced”). This structure-activity relationship is also
reflected in the ECs, values of compound 1I-6 (ECs, =82.96+1.59
nmol/L) and II-9 (EC5=70.68£1.05 nmol/L). The ECs, values
of compound II-5 and II-8 are 14.94+0.64 nmol/L and 8.74+0.72
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nmol/L, respectively. The substitution of an alkyl on the
benzene ring may contribute to the enhanced stimulation abil-
ity. Alkyl residues, which are considered electron-donating
groups, improve receptor and molecule binding by increasing
the electron density of the benzene ring!®!.
groups, chlorine atoms, which serve as electron-withdrawing

Contrary to alkyl

groups, display the opposite effect™. Based on the SAR stud-
ies, the phenylamine with an alkyl group in the R group of
group II compounds plays a definitive role in KOR stimula-
tion. Based on this premise, the compounds display enhanced
stimulation.

In group III, the compounds with an ester in the R1 group
and a bromine atom in the R3 group display enhanced KOR
stimulation compared with those compounds with a ketone in
the R1 group (Figure 6III). This finding may result from the
existence of a conjugate structure between the carbonyl and
oxygen atom, which could reduce the electron density of the
lone pair of oxygen electrons and further affect molecular and
receptor binding!™!
beneficial to the compound’s stimulating activity than the

. The ester in the R1 group may be more

ketone group. SAR studies of two subgroups of compounds
in group III (compound III-1 and III-7; compound III-3 and III-
8) reveal that analogs with a bromine atom in the R3 group
exhibit relatively high activity. We hypothesize that the bro-
mine atom promotes the interaction between the compounds
and the receptor by reducing the electron density on the
benzene ring™. According to the SAR studies, the ester and
bromine atom in group III compounds play definitive roles in
KOR stimulation.

The acetic acid-induced writhing test demonstrated that
compound II-8 more potently inhibits acetic acid-induced
writhing than compound 1I-10. The EC5, of compound II-8 was
reduced compared with compound I-10, which is consistent
with the SAR studies. Furthermore, the analgesic effects of
compounds I-10 and II-8 were significantly antagonized in the
presence of the selective KOR antagonist nor-BNI, which indi-
cates that compounds I-10 and II-8 are potential KOR agonists.

In summary, dose-response activity was observed with ten
compounds from group I, ten in group II and eleven in group
III. In group I, three compounds displayed ECs, values similar
to U-50488, and two compounds from group II had similar
values. The values were greater than those from group III
These findings indicate that the compounds with parent struc-
tures I or II may be considered with priority in drug design as
potential KOR agonists rather than compounds with parent
structure IIL

In addition, although our study provided detailed data for
the design and development of potent KOR agonists and iden-
tified five compounds with potent KOR stimulation, the KOR
selectivity of these compounds remains unknown. Given
the lack of CHO-OP1 and CHO-OP3 cell lines, the stimulat-
ing activity of the 31 compounds was not tested on MOR and
DOR. The compounds we identified may be non-selective
KOR agonist, similar to Dynorphin A or Dynorphin B!,
We did not perform behavioral experiments in animals and
mechanism of action studies for these compounds; therefore,

we are unable to evaluate the degree of their addiction and
dependence. In this aspect, further investigation of these com-
pounds using more detailed selectivity studies is needed.
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