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Abstract—Modulation of cAMP levels has been linked to insulin secretion in preclinical animal models and in humans. The high
expression of PDE-10A in pancreatic islets suggested that inhibition of this enzyme may provide the necessary modulation to elicit
increased insulin secretion. Using an HTS approach, we have identified quinoline-based PDE-10A inhibitors as insulin secreta-
gogues in vitro. Optimized compounds were evaluated in vivo where improvements in glucose tolerance and increases in insulin

secretion were measured.
© 2007 Elsevier Ltd. All rights reserved.

Analogs of the incretin hormone glucagon-like peptide-1
(GLP-1) including Exenatide, Liraglutide, and Albugon
have recently emerged as an important therapeutic ap-
proach for the treatment of type 2 diabetes.' In pancre-
atic B cells, these peptides activate the GLP-1 receptor,
an adenylate cyclase (AC) coupled GPCR (G-protein
coupled receptor), which elevates the intracellular con-
centration of cyclic adenosine mono-phosphate
(cAMP). Signaling by this second messenger has been
associated with glucose-dependent insulin secretion
(GDIS), stimulation of insulin biosynthesis and increase
in B cell mass. These new GLP-1 peptide agonists are
not orally active but are highly effective when adminis-
tered via subcutaneous injection.
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Efforts to identify orally active small molecules that
mimic the agonistic activity of these 30-40 amino acid
peptides have not been successful. Consequently, the
greatest probability to develop an oral therapy lies in
identifying small molecule targets within this signaling
cascade. One such example is the inhibition of DPP4
(dipeptidyl peptidase-4).”> This protease is the key
enzyme responsible for inactivating endogenously
produced GLP-1 through hydrolysis of the penultimate
alanine peptide bond. DPP4 inhibitors have been shown
to enhance GLP-1 signaling and consequently lower
blood glucose when dosed orally in both animal models
of diabetes and in clinical trials.>

Since GLP-1 signals through AC and cAMP, an alterna-
tive approach to enhance GLP-1 signaling would be to
inhibit the phosphodiesterase(s) (PDE) responsible for
hydrolysis of cAMP and termination of the intracellular
signal. Treatment of islets with PDE-3B inhibitors has
been reported to result in glucose-dependent insulin
secretion.* However, these PDE-3B inhibitors have been
associated with concomitant liver and adipose tissue
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insulin resistance, counterbalancing the effect on insulin
secretion. In addition, we have recently disclosed PDE-
11A inhibitors useful as insulin secretagogues.’

Our search of novel targets for insulin secretion led to
the recent discovery of the high expression of PDE-
10A in pancreatic islets. This finding prompted an exten-
sive effort aimed at ascertaining the ability of PDE-10A
inhibitors to produce GDIS.® Our past research efforts
in the PDE-10A inhibitor field had provided a pyrrolo
dihydroisoquinoline class of compounds (Fig. 1; 1 and
2) that proved to be potent PDE-10A inhibitors (PDE-
10A ICsq 1 =30 nM, 2 =33 nM) that were also highly
selective over other PDEs.” Because the variations of
cAMP levels are small and localized, the measurement
of these changes in a whole cell assay proved difficult.
Instead we profiled the compounds in a functional assay
using dispersed islet cells (D.I. assay),® where com-
pounds 1 and 2 caused significant insulin secretion when
compared to control samples (D.I. fold-over-control:
1=14,2=1.44).

Utilizing a HTS approach, we identified multiple chemi-
cal subclasses of selective PDE-10A inhibitors capable
of causing insulin secretion in vitro, among which quin-
oline scaffold 3 proved to be of high interest (Fig. 2).
Indeed, Kyowa researchers’ had also determined that
similar compounds were PDE-10A inhibitors, targeting
oncology applications. Initial studies allowed us to
determine that a nitrogen atom handle at C4 could be
used to further homologate the carboxylic acid group.

Previous reports® indicated that an ortho-substituent on
the distal aryl ring was beneficial. Our synthesis of com-
pounds'! 4-8 (Table 1) confirmed the preference for
ortho-substituents with our quinoline amino-acid inhib-
itors, and also revealed a very high tolerance to various
steric and electronic properties. From this initial set of
analogs, compound 8 became the starting point of our
chemical optimization effort aimed at improving the
aqueous solubility and CYP inhibition profile, while
achieving good oral exposure.
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Figure 2. Quinoline-based PDE-10A inhibitors from HTS.

Table 1. SAR of substituents of the biphenyl moiety

Compound R® PDE-10"°
ICso (M)

3 n/a 400

4 4-Me 140

5 2-CH,-morpholine 45

6 2-CF; 30

7 2-Et 35

8 2-OEt 35

Before starting our formal optimization work, we
decided to incorporate a fluorine atom at C6 and a
nitrile at C3 (see Table 2, compound 14), which were
found to be favorable in a parallel chemical series. These
changes provided some improvements in the potency,
physicochemical properties, and oral exposure of the
compound class. In addition, the presence of at electron
withdrawing group at C-3 provided the synthetic flexi-
bility of introducing the amino-acid head-group as the
last step of the synthesis.

The general synthetic route allowed for the independent
optimization of the different subunits of the analogs;
Scheme 1 illustrates the late-stage introduction of the
amino acid moiety. It should be noted that the Suzuki
and chlorination—displacement steps can be inverted to
allow for an efficient exploration of the SAR of the
biphenyl fragment. The addition of the sodium anion
of acetonitrile to a bromo benzoate, followed by reac-
tion of the incipient enolate with 5-fluoroisatoic anhy-

Table 2. SAR of the amino acid head-group

CO.H
n(H2C)

R1\N)<§sz

Compound R' R? R®* »n PDE-10
ICso (nM)

13 H H H 0 7

14 H H H 1 2

15 H H H 2 3

16 Me H H 0 4

17 Et H H 0 7

18 Ph H H 0 120

19 H Me H 0 6

20 H Et H 0 5

21 H -CH,CF; H 0 2

22 H  -CH,-Ph H 0 3

23 H  -CH,-(3-Pyr) H 0 03

24 Me Me H 0 10

25 H -CH,-CH,- 0 1

26 H -CH,-CH,-CH, CH,- 0 16

27 H R-Me 0 6

28 H S-Me 0 4

29 H R-Bn 0 22

30 H S-Bn 0 2
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Scheme 1. Reagents and conditions: (a) NaH, MeCN, THF; 9, THF;
(b) 5-fluoroisatoic anhydride, THF; 70% yield (two steps); (c) Ar—
B(OH),, PdCl,(dppb), Na,CO3;, DMF, H,0, 120 °C, 80-90% yield; (d)
POCl;, 120 °C, 95% yield; (e) amino acid, Et;N, DMA, 120 °C, 10—
50% yield; (f) amino ester, Et;N, DMSO; (g) LiOH, EtOH, H,O, THF,
30-75% yield (two steps).

dride, produced the desired quinoline 10 in a one-pot
process (Scheme 1). Subsequent Suzuki-type cross-cou-
pling and chlorination produced advanced intermediate
11. Treatment of 11 with amino acids or to amino esters
followed by hydrolysis, provided target compounds 12.

SAR of the amino acid group revealed a general toler-
ance for groups of various sizes and electronic properties
(Table 2). The length of the spacer between the amino
and acid groups has little effect on the potency of the
compounds (13-15). Because of concerns with the
potential formation of reactive metabolites with the B-
amino acid moiety, we focused on a-amino acids. Fur-
ther alkylation or arylation of the nitrogen (16-18)
decreases the potency, and also decreased the stability
of the compounds in aqueous acids. Branching of substit-
uents on the a-carbon is also well tolerated (19-23). How-
ever, we found that the introduction of large lipophilic
groups at the R*R? positions generally leads to poor
CYP inhibition profile. Disubstitution is also well toler-
ated, as the gem-dimethyl (24), spiro-cyclopropyl (25),
and spiro-cyclopentyl (26) analogs are potent PDE-10A.

Consistent with these findings, we did not measure sig-
nificant eudismic ratios with small substituents (Table
2; 27 and 28), and larger substituents (29 and 30) display
only a slight preference for the (S)-enantiomer. Upon
further profiling of compounds 27 and 28, we measured
a significant difference in the CYP inhibition profile be-
tween the two enantiomers (CYP 2C9 (ICsy) 27,
2000 nM; 28, 66 nM). The SAR exploration was contin-
ued using the R-enantiomer of alanine at C4.

Having better defined the SAR at the C4 position, the
corresponding O-linked and CH,-linked analogs of
compound 13 were synthesized.!! In both cases the mod-
ification caused a significant decrease in potency (100-
and 10-fold, respectively). We then turned our attention
to the other positions of the quinoline, keeping the C2—
C4 positions constant (Table 3).!! The C6 position of
the quinoline proved tolerant to both electron-with-
drawing and -donating groups (27, 32, and 33) similarly

Table 3. SAR of the quinoline ring substituents

CO,H

Compound R* PDE-10A
1Cso (nM)

31 H 2

27 6-F 6

32 6-Cl 18

33 6-MeO 3

34 7-Me 6

35 7-Cl 21

36 8-Me 1900

37 5-F,6-F >4000

38 6-F,7-F 100

to the C7 position (34 and 35) and to 6,7-disubstituted
compounds (38). However, introduction of small groups
at either C5 or C8 (36 and37), as well as 6,7-disubstitu-
tion (38), resulted in significant decreases in potency.

The SAR of the middle aromatic ring of the biphenyl
group was also explored, which revealed an interesting
interplay with the amino acid moiety. Indeed, introduc-
tion of small substituents on the proximal aryl ring is
well tolerated when combined with a y-amino acid at
C4 (39-42), whereas the same substituents caused a sig-
nificant decrease in potency when combined with the
alanine at C4 (43-46) (Table 4).

After further profiling of compounds in functional phys-
iochemical and CYP inhibition assays, two compounds
(27 and 40) were progressed toward in vivo evaluation.
Both compounds are potent and selective PDE-10A
inhibitors, and show strong insulin secretion in the

Table 4. SAR of the amino acid head-group with modifications to the
biphenyl substituents

Compound X R’ PDE-10
ICso (nM)
39 CO,H 3-F 18
40 2-F 4
41 2-Me 120
2 HN 3-Me 34
43 3-F 160
44 COH 2F 79
45 HN 2-Me 4000
46 e 3-Me 1300
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Table 5. In vitro profile of compounds 27 and 40

Compound 27 Compound 40

PDE-10A (nM) 6 4
PDE selectivity'? >1000-fold >100-fold
Disp. Islets (F.O.C.) 1.4 1.9

F.O.C., fold over control.

dispersed islet cell assay (Table 5).® The rat oral expo-
sure of both compounds was evaluated at a dose of
1 mpk, and sustained plasma levels were measured well
past 12 h.

Having identified compounds with suitable in vitro
pharmacology and in vivo pharmacokinetic profiles,
the in vivo efficacy of these PDE-10A inhibitors was
assessed using a rat intraperitoneal glucose tolerance test
(IPGTT),!* where both compounds significantly re-
duced glucose levels at various doses (e.g., Figs. 3 and
4, 27: 20.4% glucose AUC reduction, 40: 22.8% glucose
AUC reduction) following a glucose challenge. Further,
these compounds were shown not to cause hypoglyce-
mia in rats. In addition, compound 27 provided measur-
able increases in insulin secretion in vivo.'* Taken
together, these results suggest that PDE-10A inhibitors
may prove useful agents in the treatment of type 2 dia-
betes through improvements in the insulin secretion
function of B-cells in a glucose-dependent manner.

In summary, we have shown that selective PDE-10A
inhibitors from multiple chemical series are potent
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Figure 3. Evaluation of compound 27 in the rat IPGTT.
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Figure 4. Evaluation of compound 40 in the rat IPGTT.

insulin secretagogues in vitro. Further optimization
allowed us to demonstrate that this activity also trans-
lated into glucose lowering effects in vivo, without signs
of hypoglycemia.
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PDE selectivity assays were performed with PDE-2, PDE-
3, PDE-4, PDE-5, PDE-7, PDE-8, PDE-9, and PDE-11.
In vivo studies. All animals were purchased at 6 weeks of
age and were maintained on standard laboratory rodent
chow ad libitum. Lean rats (male Wistar, 250-300 g) are
fasted overnight and divided into two groups: vehicle and
compound treatment (eight rats per group). Vehicle or
compound is administered via oral gavage (1.5 mL/rat).
Three hours later, a glucose solution (30%, 2 g/kg body
weight) is injected intraperitoneally. Tail blood samples
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used as a positive control in this assay, proving ~20%
decrease in glucose AUC.Statistical analysis. All results
are expressed as means = SEM for the number of animals
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Compound 40 was not tested in the in vivo insulin
secretion assay.
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