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ABSTRACT: Analgesia is commonly mediated through the mu or kappa opioid receptor agonism.
Unfortunately, selective mu or kappa receptor agonists often cause harmful side effects. Recently,
ligands exhibiting dual agonism to the opioid receptors, such as to mu and kappa, or to mu and delta,
have been suggested to temper undesirable adverse effects while retaining analgesic activity. Herein we
report an introduction of various 6,5-fused rings to C2 of the salvinorin scaffold via an ester linker. In
vitro studies showed that some of these compounds have dual agonism on kappa and mu opioid
receptors, while some have triple agonism on kappa, mu, and delta. In vivo studies on the lead dual
kappa and mu opioid receptor agonist, compound 10, showed that it produced analgesic activity while
avoiding anxiogenic effects in murine models, thus providing further strong evidence for the therapeutic
advantages of dual opioid receptor agonists over selective opioid receptor agonists.
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The Centers for Disease Control (CDC) has
estimated that one in five Americans suffers from
chronic pain, and one in six American adults
suffers from a mental health disorder. Studies
have indicated these disorders share a neural
network and thus have a bidirectional
relationship.! ~ Therefore,  discovery  and
development of new analgesics that exert efficacy
for pain and mental health disorders are vital.
Historically, selective agonists of classical opioid
receptors, including kappa (x, KOR), mu (u,
MOR), and delta opioid receptor (5, DOR), are
commonly used and clinically efficacious against
a number of anxiety, depression, and chronic pain

states.!  Unfortunately, these compounds often
result in many serious and harmful adverse
effects, such as addiction, dysphoria, reduced
bowel motility, tolerance, convulsions, and
overdose.®* The opioid epidemic has thus sparked
an urgent need to develop effective pain
management therapeutics devoid of such adverse
effects.> Recently, compounds exhibiting dual
agonism to the opioid receptors, such as to MOR
and KOR,*® or to MOR and DOR,’ have been
suggested to temper undesirable adverse effects
while retaining analgesic activity.
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Figure 2: Introduction of various 6,5-fused rings to C2 of the salvinorin scaffold via an ester linker:

structures of compounds 1-14.

Salvinorin A (Figure 1) is the main active
ingredient in the hallucinogenic plant Salvia
divinorum. It is one of the most potent, naturally
occurring opioid agonists with high selectivity
and affinity for KOR.® It has the potential to be
beneficial in therapy of various central nervous
system (CNS) disorders. Salvinorin A induces
analgesic and anti-inflammatory effects, but
uniquely does not present affinity to other
receptors associated with perceptual alterations,
such as dopamine, serotonin, or glutamate
receptors.? Due to its strong hallucinating effects,
salvinorin A has never advanced to clinical trials,’
but has been used as an important prototype for
the development of related drug candidates,
especially salvinorin analogs that exert therapeutic

effects while being devoid of the hallucinatory
side effects of KOR agonists.'®*?

Recently, salvinorin analogs with aromatic or
heteroaromatic moieties at C2 have been shown to
exhibit significant changes in pharmacological
profile, associated with a change in the affinity
from KOR to MOR.*® Two representative
molecules of this change are PR-38 and
salvindolin (Figure 1), both of which display dual
affinity to KOR and MOR.>® PR-38 had roughly a
five-fold preference towards KOR, while
salvindolin displayed a 100-fold preference
towards MOR.
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Scheme 1: Synthesis of compounds 1-10 (A), 11-12 (B), and 13-14 (C)

To study the mechanism for the switch to dual
affinity and the effects of novel moieties at C2,
we introduced a series of 6,5-fused rings to C2 via
an ester linker (Figure 2), including the indene
(which is non-nitrogenous, compounds 1 and 2),
the indane (which is non-aromatic, compound 3),
and several bicyclic heterocycles (other
compounds). We planned to use these synthetic
salvinorin analogs to study the structure-activity

relationship between variation of the 6,5-fused
rings and the KOR, MOR, and DOR.

Compounds 1-10 were synthesized via an
ester coupling reaction between commercially
available salvinorin B and the corresponding
carboxylic acids, which were also commercially
available, using EDC and DMAP," in various
yields (Scheme 1A).



Table 1. Ki and ECs values of compounds 1-14 towards KOR, MOR, and DOR

Compound C(2) substituent KM ECy, nM K, nM (MOR) ECq, "M K. M ECq, M
(KOR) (KOR) (MOR) (DOR) (DOR)

Naloxone 9.98+1.69 4.39+0.68 2.09+0.32

U69,593 - 126.3£12.9° - -

DPDPE -

Morphine -- -- 416.1 -

Cebranopadol 3.77+£0.67 NT 3.77+0.67 NT NT

Nalbuphine 4.02+0.64 NT 4.02+0.64 NT NT

Naltrexone - 12.9£2.26 NT 12.9+£2.26 NT NT

Salvindolin 1H-Indole-2- 1005+169° NT 10.49+1.79¢ 187¢

1 1H-Indene-3- 62.3+12.6 1570+643¢ 531.4+219.3 >10,000° N

2 1H-Indene-2- 49.7+15.5 853+230° 538.1+113.3 49,5+5,65° 35.25+5.7 2347+845°

3 1H-Indane-2- 1265+269 2998+1868° 3015+1342 >10,OOOb Nda Nda

4 Benzo[d]oxazole-2- Nda Nda Nda Nda Nda

5 1H-indazole-3- Nd Nd 207+61.0 >10,000° Nd Nd

6 1H-benzimidazole-2- Nd Nd 83.16+13.8 >10,000° Nd Nd

7 4-fluoro-1H-indole-2- 57.3+15.3 877+174° 13.13+2.8 211+86° Nda Nda

8 5-fluoro-1H-indole-2- | 97.8+12.8 1110+411° Nd Nd? Nd Nd

9 6-fluoro-1H-indole-2- 17.0+3.1 419+102° 39.7+14.6 972+417.9¢ Nda Nda

10 7-fluoro-1H-indole-2- | 53.8+9.8 36.6+21.5° 58.4+19.3 132454¢ N Nd

11 Benzo[d]thiazole-2- 91.7+16.5 294+65° N ND N Nd

12 Indolizine-2- 18.4+2.0 1563+1006° 1392+345 200+43° 353.1+66.4 742+343°

13 (R)-1-H-indoline-2- 129.8+37.3 360.6+80.4¢ 9.04+1.46 840+180° Nda Nda

14 (S)-1-H-indoline-2- 3214838 2258+507° 77.3+33.2 >10,000° Nd Nd

NT Not tested

Nda Not determined; initial screening resulted in an out-of-range value and therefore wasn’t tested further

’ ECs values assays were carried out and the values were above the upper limit of the range (10,000 nM)

°Full agonist

4 partial agonist

¢ Literature values ®

The corresponding carboxylic acids for
compounds 11-14 were not commercially
available, so we synthesized them in our lab. A
base hydrolysis of the ethyl ester in commercially
available 15 using lithium hydroxide provided
carboxylic acid 16 in a 57% vyield (Scheme 1B).
An ester coupling reaction between salvinorin B
and 16 gave compound 11 in 71% vyield. A
literature  3-step  procedure®® to  synthesize
carboxylic acid 20 from commercially available
17 was followed, and the overall yield of the three
steps was 22% (Scheme 1B). An ester coupling
reaction between salvinorin B and 17 gave
compound 12 in 49% yield.

A direct ester coupling reaction between
salvinorin B and commercially available
carboxylic acid 21 did not yield 13. Therefore, the
free indoline amino group of 21 was then first
protected using the fluorenylmethyloxycarbonyl
(Fmoc) group to provide 22 in a 90% vyield
(Scheme 1C). An ester coupling reaction between

salvinorin B and 17 gave Fmoc-protected ester 23
in 89% vyield. A subsequent Fmoc deprotection
using 20% piperidine in DMF = gave compound
13 in 84% vyield. In a similar fashion, an ester
coupling reaction between salvinorin B and
commercially available Fmoc-protected
carboxylic acid 24, followed by Fmoc
deprotection, gave compound 14 in a 53% vyield
over two steps (Scheme 1C).

Compounds 1-14 were subjected to in vitro
evaluation to determine their affinity, efficacy,
and functionality on classical opioid receptors. A
competitive binding assay'® was utilized to screen
the receptor binding and determine the K; values
of each compound against KOR, MOR, and DOR.
These K; values are shown in Table 1. A GTPyS
assay was also completed to determine the
functionality and potency of selected compounds
of interest. All of these compounds were shown to
be agonists of the opioid receptors, and their ECs
values are shown in Table 1.
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Figure 3: Structure-activity relationship of 6,5-fused rings on the binding affinity towards opioid
receptors: (A) non-nitrogenous 6,5-fused rings; (B) 6,5-fused rings that have an additional heteroatom

besides nitrogen; (C) fluorine substitutions
geometry of carbon 2 on the indole ring

It has been hypothesized from the studies of
herkinorin, PR-38, and salvindolin that the
introduction of an aromatic moiety to C2 of the
salvinorin scaffold substantially changed the
pharmacological profile of the compounds from
mono affinity (KOR) to dual affinity (KOR and
MOR),>? and that the nitrogen on the indole ring
of salvindolin was responsible for the affinity
change to MOR by interacting with nearby
residues (coming from a molecular modeling
study).® However, our results showed that
compounds 3, 13, and 14 do not have an aromatic
moiety to C2 of the salvinorin scaffold and yet
exhibited dual activity on KOR and MOR, as well
as compounds 1 and 2 lacking of the nitrogen in
the 6,5-fused ring, but still exhibited dual affinity
to KOR and MOR. Our results have disproved the
aforementioned hypotheses and suggested that the
mechanism for the switch from mono affinity
(KOR) to dual affinity (KOR and MOR) is more
complicated than currently thought.

In fact, it is not easy to make a general trend
of structure-activity relationship that goes through
all the variations of the 6,5-fused rings for each of

on the indole ring; (D) breaking the trigonal planar

the opioid receptors. We think it is more suitable
and appropriate to put them into groups and make
the trends of structure-activity relationship within
each group (Figure 3). With non-nitrogenous 6,5-
fused rings, breaking the trigonal planar geometry
of carbon 2 on the 6,5-fused ring, such as in the
indane 3, diminished the affinity towards KOR
(Figure 3A). The indene-2- 2 exhibited triple
affinity towards KOR, MOR, and DOR, while the
indene-3- 1 exhibited dual affinity towards KOR
and MOR.

6,5-Fused rings that have an additional
heteroatom besides nitrogen, such as 4, 6, and 11,
displayed significant difference in opioid receptor
affinity and selectivity from one another (Figure
3B). While the benzoxazole 4 exhibited no
affinity to any of the opioid receptors, the
benzimidazole 6 exhibited selective affinity
towards MOR and the benzothiazole 11 exhibited
selective affinity towards KOR. Meanwhile, the
6,5-fused ring with a nitrogen at the bridge
location, indolizine 12, exhibited triple affinity
towards KOR, MOR, and DOR.



A fluorine substitution at the positions 4, 6,
and 7 on the indole, such as in the cases of
compounds 7, 9, and 10, significantly enhanced
the binding affinity to both KOR and MOR
(Figure 3C). Meanwhile, a fluorine substitution at
the position 5 on the indole, such as in the case of
compound 8, led to a loss of binding affinity to
MOR.

The geometry of carbon 2 on the indole had a
significant impact on the binding affinity of the
compounds to KOR and MOR. With the trigonal
planar geometry of carbon 2 on the indole in the
case of salvindolin, MOR affinity was 100-fold
more favorable; meanwhile, breaking the trigonal
planar geometry of carbon 2 on the indole, in case
of compounds 13 and 14, brought the KOR and
MOR affinities to a more even ground (Figure
3D). The (R) indoline isomer 13 had a 14-fold
preference towards MOR, while the (S) indoline
isomer 14 had a 2-fold preference towards KOR.

As mentioned earlier, compounds exhibiting
dual agonism to the opioid receptors, such as to
MOR and KOR,>® or to MOR and DOR,’ have
been suggested to temper undesirable adverse
effects while retaining analgesic activity;
therefore, we decided to focus our in vivo studies
on the compounds that possessed dual or triple
activity on the opioid receptors. Some of these
compounds had higher binding affinities to a
receptor than others but resulted in diminished
ECso values, such as compound 9 at KOR and
MOR. Meanwhile, some other compounds that
had higher binding affinities to a receptor than
others retained good ECs, values, such as
compound 10 at KOR and MOR. A higher
binding affinity to a receptor does not always
translate to a better potency as potency also
depends on efficacy, which is the intrinsic activity
of the drug-receptor complex to produce a
maximum functional response. Therefore, we
chose our lead compounds for in vivo studies
based on both their dual or triple activities of the
compounds and the potencies of compounds at the
opioid receptors. Compound 2 is one of the only
two compounds that had triple activity on KOR,
MOR, and DOR (compound 12 is the other one),
but unlike 12, compound 2 retained a good ECsy
value at MOR, so 2 was chosen for in vivo
studies. Compound 10 is one of a few compounds
that had dual activity on KOR and MOR, but

unlike others, compound 10 retained good ECsg
values at both KOR and MOR, so 10 was also
chosen for in vivo studies.
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Figure 4: Effects of compounds 2 and 10 in
the hot plate and tail flick thermal anti-
nociception assays. Average latency to hind paw
lick or flutter in the hot plate assay (A) or latency
to remove tail in the tail flick assay (B) following
dosing with vehicle (n=5), 5mg/kg oxycodone
(n=5), 5mg/kg morphine (n=5), or 2mg/kg
compound 2 (n=8). Similarly, average latency to
hind paw lick or flutter in the hot plate assay (C)
or latency to remove tail in the tail flick assay (D)
following dosing with vehicle (n=10), morphine
(n=10), 2.5mg/kg salvinorin A (n=10), or
2.5mg/kg compound 10 (n=10). All data were
analyzed with a One-Way ANOVA post-hoc
Fisher’s LSD, with significant differences denoted
* when p<0.05.

The anti-nociceptive effects of the two lead
compounds, 2 and 10, against acute pain were
assessed in male C57BL/6 mice (Figure 4). In the
hot plate assay, which examines supraspinally-
mediated nociception, mice treated with
oxycodone showed a significant increase in hot
plate response latencies compared to vehicle
treated mice. Mice treated with compound 2 did
not show an increase in hot plate response latency
and were not significantly different than vehicle-
treated mice. Consistent with these findings, a
significant main effect for treatment for was found
(p<0.05), prompting post hoc analysis. Pair-wise
comparisons on these data compared to vehicle-



treated mice showed oxycodone produced a
significant increase in hot plate response latencies
(p=0.002), while 2 did not (p=0.484) (Figure 4A).
In the spinally mediated thermal tail-flick
nociception assay, mice treated with morphine
showed a significant increase in tail-flick latencies
while compound 2 did not. Consistent with these
findings, a significant main effect for treatment
for was found (p<0.05), prompting post hoc
analysis.  Pair-wise  comparisons  revealed
morphine-treated mice had significant higher tail-
flick withdrawal latencies compared to vehicle-
treated mice (p<0.001), while withdrawal
latencies for compound 2 were not statistically
significant (p=0.194) (Figure 4B).

A separate cohort of mice was utilized to
assess compound 10. Mice treated with morphine
and compound 10 showed a significant increase in
hot plate response latencies at 30 minutes post-
treatment compared to vehicle-treated mice, but
not at 15 minutes post-treatment. Consistent with
these findings, a significant main effect for
treatment for was found (p<0.05), prompting post
hoc analysis. Pair-wise comparisons revealed
significant increase in response latencies in
morphine treated mice (p<0.001) (Figure
4C). A significant increase in response latencies
in  mice treated with 25 mg/kg of
compound 10 was observed at 30 minutes (p<0.05)
(Figure 4C) but not at 15 minutes post-treatment
(p=0.136). These data suggest this anti-
nociceptive effect is not immediate upon
administration. The effects of salvinorin A and
compound 10 were not statistically different from
each other in either the hot plate or tail-flick assay
(p>0.05), as both only exhibited anti-nociceptive
effects on the hot plate (Figure 4C-D).

These results highlighted that compound 10
exerted significant anti-nociceptive effects in the
hot plate test but not in the tail-flick test,
suggesting the anti-nociceptive effect of 10 was
mediated supraspinally. While the extent of their
effects did not meet the level of our controls
oxycodone and morphine, the doses of these
control compounds were higher, especially when
one considers their in vitro affinity and potency.
This difference may also be related to the receptor

selectivity. We used a smaller dose for compound
10 because its solubility was limited at higher
doses in the vehicles traditionally used to
administer test compounds to mice. While
salvinorin A was soluble at higher doses, we
elected to maintain consistent doses of salvinorin
A and compound 10 to allow for direct
comparisons. It is likely that salvinorin A would
have had more pronounced effects across all
assays at higher doses, as several other
publications have indicated pronounced anti-
nociceptive and anxiogenic effects of salvinorin A.
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Figure 5: Anxiogenic/Anxiolytic Effects of
compound 10 in the elevated plus maze test. A)
The average ratio of time spent in the open arms
for groups of male mice treated with vehicle
(n=10), 3mg/kg diazepam (n=9), 2.5mg/kg
salvinorin A (n=10), and 2.5mg/kg compound 10
(n=10). The ratio was calculated using this
formula: total duration in open arms / (total
duration in closed + open arms). B) The average
ratio of total entrances into open arms for the
same groups in A. This ratio was calculated using
this formula: total number of entrances into open
arms / (total number of entrances into closed +
open arms). Means +/- SEM were compared with
a One-Way ANOVA post-hoc Dunnett’s test vs.
vehicle control, with significant differences
denoted * when p<0.05.



The anxiolytic and/or anxiogenic effects of
compound 10 was assessed in the elevated plus
maze 30 minutes following intraperitoneal
administration. No significant differences were
observed in mice treated with compound 10 in the
cumulative duration spent in the open arms, the
ratio of time spent in the open arms, or the ratio of
total entrances into the open arms (Figure 5A-B)
(p=0.82, 0.74, and 0.34 respectively). Diazepam
control significantly increased the percent of
entrances into the open arms (p=0.034); however,
this dose of diazepam was sedative because a
significant reduction in the overall locomotor
activity and velocity of movements in the maze
was observed (both p<0.001; Supporting
Information Table 1S). No differences in any of
these parameters were noted with compound 10 or
salvinorin A (p= 0.22 and 0.66, p=0.43 and 0.34,
respectively).

These results highlighted that compound 10
did not cause anxiogenic or anxiolytic effects in
the elevated plus maze, thus providing further
strong evidence that dual KOR and MOR agonists
can temper undesirable adverse effects while
retaining analgesic activity. One limitation of our
in vivo studies was the exclusion of female
cohorts of mice. As sex-specific differences in
nociceptive assays have been reported, it would
be important to include sex as a biological
variable in follow-up studies related to salvinorin-
based compounds.

We have reported an introduction of various
6,5-fused rings to C2 of the salvinorin scaffold via
an ester linker. The compounds were subjected to
in vitro evaluation to determine their affinity,
efficacy, and functionality on classical opioid
receptors. The results showed that some of these
compounds have dual agonism on KOR and MOR,
while some have triple agonism on KOR, MOR,
and DOR. The compounds were categorized into
groups and the trends of structure-activity
relationship within each group were identified.
The trends disproved two current hypotheses on
the structure-activity relationship of salvinorin-
based, dual KOR and MOR agonists. As selective
mu or kappa receptor agonists often cause harmful
side effects such as addiction, dysphoria, reduced

bowel motility, tolerance, convulsions, and
overdose, and dual agonism to the opioid
receptors, such as to MOR and KOR, or to MOR
and DOR, have been suggested to temper
undesirable adverse effects while retaining
analgesic activity, two lead compounds, 2 and 10,
which possessed triple agonism on KOR, MOR,
and DOR, and dual agonism on KOR and MOR,
respectively, were selected for in vivo studies. The
results showed that 10 exerted significant anti-
nociceptive effects in the hot plate test but not in
the tail-flick test, suggesting the anti-nociceptive
effect of 10 was mediated supraspinally. The anti-
nociceptive effect of 10 was not immediate upon
administration. In addition, compound 10 did not
cause anxiogenic or anxiolytic effects in the
elevated plus maze, thus providing further strong
evidence that dual KOR and MOR agonists have
therapeutic advantages over selective opioid
receptor agonists.
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