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ABSTRACT: The discovery of a novel, selective and fully efficacious CB, agonist with satisfactory pharmacokinetic and pharma-
ceutical properties is described. 6 was efficacious in a rat model of osteoarthritis pain following oral administration and, in contrast
to morphine, maintained its analgesic effect throughout a 5-day sub-chronic treatment paradigm. These data were consistent with
our hypothesis that full agonist efficacy is required for efficient internalization and recycling of the CB, receptor to avoid tachyphy-
laxis. Based on its overall favorable preclinical profile, 6 (APD371) was selected for further development for the treatment of pain

Endocannabinoids interact with a receptor system that present-
ly consists of two Class A G-protein coupled receptors
(GPCR), namely CB, and CB,, which regulate a wide range of
pharmacological processes.' More recently, GPR55 has been
proposed as a third member of the family, but this has yet to
be universally accepted. The ability to modulate the endocan-
nabinoid system may offer opportunities to control symptoms
of pain arising from numerous clinical disorders. The CB;
receptor, which is abundantly expressed in the peripheral and
central nervous system,” can elicit multiple actions, but the
therapeutic utility of agonists of this receptor is limited by the
psychotropic effects associated with CB, activation in the cen-
tral nervous system. The cannabinoid receptor type 2 (CB,) is
mainly expressed on the cells of the immune system.” Preclini-
cal studies have consistently demonstrated that activation of
CB, receptors reverses pain responses in a wide range of acute
and chronic pain models.*” A lack of selectivity inherent in
some of the pharmacological tools used in these studies how-
ever, has plagued the field and doubts remain as to the true
potential of selective CB, agonists for pain management. The
precise mechanism of action underlying antinociceptive ef-
fects mediated by CB, receptor activation remains elusive too,
despite several proposed hypotheses.'”"” Importantly though,
this mode of intervention could avoid issues such as tolerance
and addiction as well as some of the severe side effects associ-
ated with current pain therapies. The pharmaceutical industry
has made considerable efforts to identify potent and selective
CB, agonists for the treatment of pain,'* and several compa-
nies have developed CB, selective molecules for evaluation in
human trials, so far without success."’

We recently disclosed a tricyclic 3-5-5-fused pyrazole 3-
carboxamide series (e.g. 1) as a novel CB, receptor chemo-
type.'® Despite the discovery of potent and selective CB, ago-

nists that demonstrated robust acute efficacy in several pain
models in rodents, we failed with this first iteration to identify
a molecule that produced a sustained response upon repeated
dosing. This potential for in vivo desensitization of the CB,
receptor has not previously been critically examined. Whereas
it is often assumed that agonists of GPCRs may induce tachy-
phylaxis, it is known that agonist-induced endocytosis regu-
lates many GPCRs by a specific membrane trafficking path-
way.'” Typically, the rapid recycling of agonist-induced inter-
nalized receptors back to the plasma membrane can facilitate
the maintenance of the cellular response to the agonist during
long term agonist exposure. In the case of the p-opioid recep-
tor for example, activation of the receptor with morphine, a
partial p-opioid receptor agonist, results in desensitization of
the response due to a weak (or partial) internalization re-
sponse. The resultant lack of receptor recycling results in the
receptor being essentially removed from the cell surface and
thus unavailable to the agonist ligand."® In contrast, activation
with the full agonists etorphin or DAMGO allows for efficient
receptor recycling and no desensitization is observed.

Figure 1. SAR approach to the discovery of 6
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Table 1. In vitro ECs, data and Liver Microsomal stability

B-Arrestin, ECsy (nM)*

Cmpd Stereo- R R!/R? LM Stability

chemistry hCB; (Eax) hCB, 1CB; (Eyax) rCB,; (h, r,m)

1 (R.R)- 2.4-difluoro-Ph CH;/ CH; 64 (83) >10,000 70 (46) >10,000 >60, >60, 13

2 (RR)- 2-pyrazinyl CH;/ CH; - - 320 (85) >10,000 >60, >60, >60

3 (R.R)- 2-pyrazinyl (S)-t-butyl / H 26 (104) >10,000 21(78) >10,000 >60, 38,9

4 (8.8)- 2-pyrazinyl (R)-t-butyl / H 560 (78) >10,000 - - -

5 (S,9)- 2-pyrazinyl (S)-t-butyl / H 59 (107) >10,000 53(95) >10,000 >60, >60, 24

6 (S.9)- 4-ox0-2-pyrazinyl (S)-t-butyl / H 6.2 (106) >10,000 7.6 (100) >10,000 >60, >60, >60

R, R' and R? refer to substituents in Fig. 1 for the general structure above the arrow. * ECs, values are the mean of three or more
independent experiments with logSD < 0.4; Intrinsic activity (E,,..) was determined relative to CP-55,940 (100). ® half-life (t12,

min).

The intrinsic efficacy (E,,,) of 1 is significantly attenuated in
both human and rat CB, receptor assays relative to the non-
selective cannabinoid receptor full agonist CP-55,940 (Table
1). In addition, 1 failed to induce the same level of internaliza-
tion of rat CB, receptors compared to CP-55,940, as measured
by time resolved flow cytometry (~68% relative to CP-55,940,
Figure S6). We hypothesized that this inefficient internaliza-
tion by 1 may be responsible for the tachyphylaxis observed in
vivo by limiting the receptor endocytic recycling pathway in a
similar way to the morphine-p-opioid receptor interaction.'
Furthermore, we wanted to investigate whether internalization
efficiency could be improved by increasing agonist efficacy
which could then reduce or eliminate the tachyphylaxis effect.

We therefore focused on identifying a highly selective and
fully efficacious CB, agonist to test our hypothesis. With this
goal in mind we further explored aryl group substitution in our
pyrazole N-1, 3-carboxamide series, as well as stereoisomers
of the tricyclic core (Figure 1) using our previously described
synthetic approaches.16 An additional objective was to im-
prove the drug like properties of our initial series, that was
rather lipophilic and had only marginal solubility, and to iden-
tify compounds that maintained full intrinsic efficacy regard-
less of species. To assess potency and efficacy, we employed a
DiscoverX PathHunter™ p-arrestin assay, which was reported
to exhibit a much more robust signal for CB, ligands than a
homogenous time-resolved fluorescence (HTRF) cyclase as-
say."” Indeed, the B-arrestin assay proved to more discerning
in identifying small differences in intrinsic efficacy of our
novel series than the cAMP assay, although ECjs, values in this
platform were generally five to ten-fold right-shifted. In this
assay (Table 1), 1 appeared even more partial relative to the
full agonist CP-55,940 (rCB, E,.. = 46) than in the cAMP
platform (rCB, E,.. = 80). Incorporation of a pyrazine to give
2, both significantly decreased the lipophilicity of the mole-
cule (cLogP for 1 = 2.1; for 2 = - 0.36) and increased the in-
trinsic efficacy for rat CB, albeit with a loss of potency. Re-
placing the gem-dimethyl feature with a sterically bulky
group, (S)-tert-butyl (3), resulted in dramatically improved
CB, potency without any meaningful change in efficacy rela-
tive to 2. Although the intrinsic efficacy for the human recep-
tor was already at a maximum level, the (S,S) analogue 5 fur-
ther improved intrinsic efficacy at the rat CB, receptor, while
retaining good potency. The stereochemistry of the fert-butyl

group also played a crucial role in engaging the receptor as
demonstrated by the weaker effect of the (R)-fert butyl ana-
logue 4. Finally, an additional modest decrease in lipophilicity
by incorporation of a pyrazine N-oxide into the scaffold pro-
vided the highly potent and fully efficacious CB, agonist 6
(cLogP = - 0.65). To focus further on this promising scaffold,
an additional series of 3-carboxamide analogues (10-21) were
prepared using starting from commercially available and opti-
cally pure (S)-2-(but-3-en-1-yl)oxirane and utilizing the syn-
thetic sequence illustrated in Scheme 1. The significant reduc-
tion in the lipophilicity of the core now allowed for the use of
more lipophilic amines in the exploration of this series while
still maintaining a good balance of physical properties.
(1S,5R)-Bicyclo[3.1.0]hexan-2-one (7) was prepared through a
catalytic intramolecular cyclopropanation of the oxirane, fol-
lowed by a TEMPO/bleach oxidation.”® A facile one-pot two-
step synthesis involving acylation of ketone 7 with diethyl
oxalate followed by condensation with 2-hydrazinylpyrazine
yielded the tricyclic pyrazole core 8.”' The resultant ethyl ester
was hydrolyzed with LiOH to an acid intermediate which was
then selectively oxidized with mCPBA to form the N-oxide
acid 9. We found that hydrolysis of the ester followed by oxi-
dation, provided better control over the regioselectivity of the
oxidation step than using the reverse sequence. 9 was then
converted to the target compounds via a HATU-mediated am-
ide coupling. Screening data for selected examples prepared in
this manner are shown in Table 2.

Scheme 1: General synthesis of tricyclo pyrazole-3-
carboxamides
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Reagents (a) Lithium 2,2,6,6-tetramethylpiperidine, MTBE,

steps (e) LiOH, 100 % (f) MCPBA, 81 % (g) HATU,

1 (b) TEMPO (2.5 mol %), NaOCl, 67% for a and b (c) #-BuOK, NH,CR’R'R?, 67% for 6.

2 diethyl oxalate, (d) 2-hydrazinylpyrazine, EtOH, 73% two

3

4 Table 2. 3-Carboxamide SAR

5 -

6 Crmpd R/ R* RS B-arrestin, ECso, nM* LM stabilityb

7 hCBZ (Emux) hCB1 (Emux) rCBZ (Emax) rCBl (Emax) (ha r)

8 6 (S)-t-butyl / H -CH,OH 6.2 (106) >10,000 7.6 (100) >10,000 >60, >60

9 10 (S)-isopropyl / H -CH,0H 46 (103) >10,000 55(88) >10,000 >60, >60

10 11 (S)-phenyl / H -CH,OH 105 (96) >10,000 60 (72) >10,000 >60, >60

11 12 (8)-CF;/H -CH,OH 17.2 (119) >10,000 35 (107) >10,000 >60, >60

12 13 (R)-CFs/H -CH,OH 280 (98) >10,000 530 (85) >10,000 >60, >60

13 14 -Cyclopentyl-° -CH,OH 5.6 (112) >10,000 6.8 (106) >10,000 >60, >60

14 15 (S)-t-butyl / H -CH,F 1.2 (107) 1100 (105) 1.5 (97) 840 (107) >60, >60

15 16 (S)-isopropyl / H -CH,F 3.8 (98) 6100 (96) 6.4 (87) 2700 (74) >60, >60

16 17 CH; / CH; -CF; 2.3 (108) >10,000 6.3 (98) >10,000 >60, >60

17 18 -Cyclobutyl-* -CF; 1.2 (115) >10,000 1.6 (106) >10,000 >60, >60

18 19 -Cyclopropyl-° -CF3 5.9 (108) >10,000 14.5 (103) >10,000 >60, >60

;g 20 -Cyclopropyl-° -CH3 91 (102) >10,000 290 (81) >10,000 -

2 " ECs, values are the mean (gf three or more indepe}endent Z:xperiments with logSD < 0.4; Intrinsic activity (E,,,,) was determined

2 relative to CP-55,940 (100). ” half-life (t;,, min).” R” and R" are connected to form a carbocycle.

23 In general, the carboxamides maintained excellent stability in efficacy were maintained in all species assessed, and that 6

24 both human and rat liver microsomes (LM), but CB, potency was highly selective for CB, over CB, in both binding and

25 and efficacy were somewhat sensitive to variations in R’, R, functional assays. Furthermore, 6 induced efficient receptor

26 and R’. For example, replacing the zert-butyl with less sterical- internalization (~106% relative to the CB,,, agonist CP55,940,

27 ly hindered groups, including fluoro-alkyl groups (e.g. 10, 12- Figure S6) in CHO cells expressing HA-tagged rat CB, sug-

28 13) or phenyl (11) led to a decrease in CB, potency. Although gesting that, according to our hypothesis, 6 would be able to

29 the stereochemistry of a single substituent had a significant drive agonist-induced receptor recycling.

30 impact on CB, potency (e.g. 12 vs. 13 or 4 vs. 5), achiral ana-

31 logues such as cyclopentane (14) were well tolerated, afford- 6 had a favorable overall ADME profile (see Table S1 for
ing an excellent potency and efficacy profile. However, further parameters). It was stable in mouse, rat, dog, monkey, and

32 characterization of 14 later showed it did not have a signifi- human liver microsomes, and showed moderate plasma pro-

33 cantly improved pharmacokinetic profile in rodents compared tein binding (PPB; ~10 to 20 % unbound fraction) in all five

34 to 6 (Table S4). Isosteric replacement of —OH with —F (e.g. species examined. In vivo pharmacokinetic studies in multiple

35 15-16) resulted in improved potency for CB,, but reduced preclinical species showed that 6 had good plasma exposure,

36 selectivity against CB,. On the other hand, incorporating the moderate systemic clearance, low steady-state volume of dis-

37 lipophilic CF; group into either the gem-dimethyl array (17) or tribution across species, and good oral bioavailability in ro-

38 small ring systems (e,g, 18-19) allowed us to achieve an out- dents and dOgS. 6 had a relatively short half-life in most spe-

39 standing balance of potency and selectivity. 17 showed favor- cigs, something .thgt we regarded as a potential advantage for

40 able rat PK albeit with a somewhat elongated Tmax, (Table pain treatments if it were to tr.ansla.te into humans. The outly-

41 S5) and was selected for evaluation in several in vivo rodent ing species in terms of oral bioavailability, was the .cyno.mol-
pain models. 17 displayed good efficacy in these models after gus monkey. Additional studies to address this species differ-

42 oral administration. ence suggested that cytosolic aldehyde oxidases (AO), which

43 are highly expressed in monkeys,”> were likely responsible for

44 However, 17 had relatively high CNS penetration (b/p ratio = the in vivo biotransformation of the N-oxide to the reduced

45 0.83 following a 3 mg/kg, PO dose, Table S6). Despite this form 5. These data (not shown) were consistent with the high

46 profile 17 was dosed up to 100 mg/kg in rats without inducing concentrations of 5 observed in the plasma of monkeys

47 any change on body temperature and locomotor activity which (AUC,,q ratio 5:6 = 4.89). In contrast, the AUC,,, ratio be-

48 are known to be characteristic of CB; activation. This apparent tween 5 and 6 in rats and dogs were only 0.17 and 0.12 respec-

49 lack of CB, engagement in vivo is consistent with the in vitro tively, after a dose of 10 mg/kg PO, reflecting the much lower

50 data that shows no measurable activity at the rat CB, receptor. expression of cytosolic aldehyde oxidases in these species. We
However, as a further mitigation strategy with respect to po- were concerned that the generation of an active metabolite,

51 tential central CB, activity in the clinic, we focused our further even at low levels, may result in undesirable in vivo activity,

52 efforts on 6, which was equally selective compared to 17 and particularly if it lacked the optimized CB, efficacy, selectivity

53 in CNS partitioning studies had significantly lower brain ex- and partitioning profile of the parent. However, although it

54 posure in the rat. (b/p ratio = 0.04 at 3 mg/kg, PO, Table S3). was a less potent agonist at the CB, receptor, 5 maintained full

55 agonist efficacy, along with high selectivity against CB; and in

56 A more comprehensive in vitro profile of 6 (see Table S10) a broader panel (Table S12). In addition, 5 was largely periph-

57 showed that single digit nanomolar potency and full intrinsic erally restricted in abbreviated CNS studies in the rat (b/p ratio

58

59
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~ 0.1, Table S7). Thus, with a pharmacokinetic and metabolic
profile suitable for in vivo testing, the acute analgesic effect of

Figure 2. (a) Dose-response in the MIA-induced model of
OA pain, (b) Blocking experiments with a CB, antagonist or a
CB, antagonist. Doses: 6 (3 mg/kg, IP), AR401733 (10 mg/kg,
PO) Rimonabant (Rim, 10 mg/kg, PO).

(a) (b)

PWT [g]

Veh 03 3 10 30 ;5
6 (mg/kg, PO)

Rim/6

AR401733
AR401733/6

In this model, knee cartilage damaged by MIA injection into
the joint precipitates osteoarthritis and an associated hyperal-
gesia that can be measured by von Frey hair stimulation.
Eighteen days post-MIA injection, MIA treated rats received
an oral dose of 6 (0.3 - 30 mg/kg). Von Frey paw withdrawal
thresholds were measured 1 h post-dose to assess the analgesic
effect in MIA-induced late phase hypersensitivity. 6 signifi-
cantly increased paw withdrawal thresholds at doses > 3
mg/kg PO (EDsy = 2.3 mg/kg; Figure 2a), an effect that was
not statistically different from that observed with 3 mg/kg IP
of morphine (data not shown). In a separate experiment, a
single dose of 6 (10 mg/kg, PO) inhibited paw withdrawal
threshold for up to 4 hours after administration. Based on the
PK data for this dose, there appeared to be a good correlation
between serum drug concentrations and pharmacological re-
sponse over this time period. Seperately, the analgesic effects
of 6 were shown to be highly likely mediated via activity at
CB; receptors, since the effects were blocked by a novel CB,
inverse agonist AR401733, a much more selective CB, inverse
agonist in the rat than the literature antagonists AM-630 and
SR 144528 (Figure S1), but not by the selective CB; antagonist
rimonabant (Figure 2b). Being from the same scaffold as 6, it
is possible that AR401733 has equal and opposite functional
activity via another target. However, we regard this possibility
as remote as the analgesic effect of 1, with the same tricyclic
core as both AR401733 and 6, was reported to be blocked by
AM-630,'® which while less selective for CB, over CB, has
significant structural differences.

With encouraging acute in vivo data, we investigated the effect
of sub-chronic treatment with 6 in the OA pain model (Figure
3). Because of its short half-life and moderate Cmax after PO
administration 6 was dosed IP twice daily for 5 days. This
route gave greater acute exposure (~ 2-fold higher Cmax and
5-fold higher AUC after dose correction - Table S2) and was
calculated to have the best chance of maintaining receptor
coverage over the dosing period. Reversal of MIA-induced
hypersensitivity was assessed 1 h post-dose following the
morning dose on days 1, 3, and 5. An effect comparable to the
acute drug response was retained over the duration of the
study at each time point tested, suggesting that dosing with 6
does not induce tachyphylaxis in this model at least under this
dosing paradigm. In contrast, animals treated with morphine
using the same dosing regimen exhibited a significant decrease
in drug response after 3 or more days of dosing.

6 was evaluated in the monosodium iodoacetate (MIA) model
of osteoarthritis (0A) pain in the rat.”

Having achieved a good in vivo analgesic effect in our preclin-
ical models, the potential candidate was further profiled. An
X-ray crystal structure showed the absolute stereochemistry
and the position of the N-oxide function to be consistent with
the original assignments from "H-Nmr (Figure $4). Solid form
characterization revealed 6 to have excellent physicochemical
properties, including high aqueous solubility (~2 mg/mL @
pH 2 to 7), a high melting point (164 °C), and excellent stabil-
ity. 6 showed no significant inhibition of major CYP P450
enzymes (i.e., 1A2, 2C9, 2C19, 2D6, 3A4; ICs5, >50 uM) indi-
cating a low risk for drug-drug interactions. 6 had no effect on
the hERG channel in either ["H]-Astemizole binding or patch
clamp assays (ICs, > 30 uM) and showed no cytotoxic poten-
tial in an Essential Cell Function (ECF) panel measuring cellu-
lar parameters in live HepG2 cells up to 1000 pM. It was neg-
ative for mutagenic activity in the Ames bacterial reverse mu-
tation assay in the presence and absence of rat liver S9 frac-
tion. Additionally, both 6 and its predominant metabolite 5,
showed only weak or no off-target activity (at 10 uM) in in
vitro binding assays that cover a broad range of receptors, ion
channels, and transporters (Eurofins/CEREP panel, Tables
S11, S12).

In vivo, 6 did not induce any change in core body temperature
(CBT) up to a dose of 100 mg/kg PO whereas, CP-55940
showed a clear decrease in CBT at 0.3mg/kg (Figure S7). The-
se data are consistent with an absence of measurable function-
al activity at the CNS expressed CB; receptor (ECsy > 30 uM)
and/or the peripheral restriction observed in vivo (b/p ratio =
0.04). A dose-range finding 14-day toxicity study was con-
ducted in male and female Sprague-Dawley rats using 0, 30,
100, and 300 mg/kg (PO) dose groups. 6 was well tolerated at
all doses, and only at the highest dose of 300 mg/kg was tran-
sient lethargy observed on the first day of dosing, which re-
solved with subsequent doses. No treatment related changes in
hematology and histopathological abnormalities were ob-
served.

Figure 3. 5-Day sub-chronic study: 6 (3 mg/kg, BID, IP),
morphine (10 mg/kg, BID, IP)

14 Hokok

Days

In summary, we have discovered a selective, and fully effica-
cious CB, agonist with an overall satisfactory pharmacokinetic
profile, good pharmaceutical properties and that met our pre-
clinical efficacy and safety criteria. 6 was as efficacious as
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morphine in a rat model of OA pain following oral administra-
tion and unlike morphine, maintained its analgesic effect
throughout a sub-chronic treatment paradigm without tachy-
phylaxis. These data are consistent with our developing hy-
pothesis that a full agonist is required for efficient internaliza-
tion and recycling of the CB, receptor which we believe may
be a viable approach to avoiding tachyphylaxis. Based on its
favorable profile, 6 (APD371) was selected for clinical devel-
opment for the treatment of pain. The outcome of further stud-
ies will be disclosed in due course.

Supporting Information

The Supporting Information is available in pdf format free of
charge on the ACS Publications website which includes: chemis-
try methods, full characterization data for APD371, in vitro
screening and in vivo pharmacology methods, additional function-
al and pharmacokinetic data for compounds discussed in the text.
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