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Niacin is an effective drug for raising HDL cholesterol and reducing coronary risks, but patients show low
compliance with treatment due to severe facial flushing upon taking the drug. A series of bicyclic pyra-
zole carboxylic acids were synthesized and tested for their ability to activate the niacin receptor. One
analog, 23, showed improved potency and lacked flushing at doses that effectively altered the lipid profile

© 2009 Elsevier Ltd. All rights reserved.

Elevated levels of LDL cholesterol and reduced HDL cholesterol
are both strong risk factors for the development of atherosclerotic
coronary heart disease. Statins can effectively lower LDL, but they
have shown only modest effects on HDL (5-15%)." Even when LDL
levels are successfully lowered, patients with low HDL still face an
increased risk of mortality relative to patients with high HDL.
Therefore, the next generation of treatments for dyslipidemia must
address the issue of HDL cholesterol levels.

Niacin (1, Fig. 1) has been used for over 40 years for the treatment
of dyslipidemia. Niacin therapy leads to lowered free fatty acids (20-
40%), triglycerides (20-40%), lipoprotein A (30-40%), and LDL cho-
lesterol (20-40%), but also to a significant elevation of HDL choles-
terol (20-35%).2 In addition, long term studies have demonstrated
that niacin therapy reduces mortality from coronary heart disease.’
This profile has made niacin an attractive treatment for low HDL cho-
lesterol, but side effects of the drug have limited its use. Most pa-
tients experience an intense and painful facial flushing after taking
the drug.? In addition, niacin shows hepatotoxicity and reduces glu-
cose tolerance, which limits its use in prediabetic patients.*

Early efforts to improve upon niacin proved challenging be-
cause its mechanism of action was not known. Renewed interest
in HDL raising drugs spurred efforts to identify niacin’s cellular tar-
get, and a G; coupled GPCR, GPR109A, in fat cells, also referred to as
HM74A, or 19CD, was identified. This receptor showed a high affin-
ity for niacin.” In addition, knockout mice of GPR109A did not show
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the decrease in free fatty acids upon niacin treatment that is seen
in wild type mice, making this the likely target of niacin. Unfortu-
nately, niacin receptor knockout mice failed to show a niacin in-
duced flush, indicating that flushing was in fact mediated
through the niacin receptor. Thus, the development of a flush free
niacin receptor agonist represents a significant challenge.

The niacin receptor agonist 2 (Fig. 1) was developed twenty
years ago® and was recently reinvestigated using niacin receptor
binding and functional assays. Further modifications of 2 led to
the discovery of compounds that were partial agonists’ with
equivalent or improved activity compared to niacin. Among them,
compound 3 was of interest to us because it was equipotent to
compound 2 and seemed amenable to rapid modifications. We
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Figure 1. Structure of niacin and lead structures.
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Scheme 1. Synthesis of pyrazole acids. Reagents and conditions: (a) LDA, diethy-
loxalate, THF, —78 °C; (b) hydrazine hydrate, AcOH/EtOH, 65 °C, 68%; (c) 3 N HCI,
THF/EtOH, 62%; (d) NaH, TsCl, THF, 0 °C, 71%; (e) LDA, Comins’ reagent, THF, —78 °C,
77%; (f) Ar-B(OH),, Na,COs(aq), Pd(PPhs)s, THF, 63-100%; (g) Pd/C, formic acid,
ammonium formate, MeOH/THF; (h) LiOH, MeOH/THF/H,0, 10-30%.

sought to restrict the conformation of the aromatic ring in 3 by
appending a 6-membered ring onto the pyrazole. Thus, we under-
took the synthesis of a series of aryl cyclohexyl pyrazole acids (4).
Compounds described herein were synthesized using two different
routes (Schemes 1 and 2). Commercially available compound 1,4-
dioxaspiro[4.5]decan-8-one (5) was acylated with diethyloxalate
in the presence of LDA at —78 °C to afford 6. Cyclization with
hydrazine afforded the pyrazole 7. Removal of the ketal protecting
group, followed by treatment with sodium hydride and tosyl chlo-
ride afforded 9. Treatment of 9 with LDA at —78 °C followed by Co-
mins’ reagent gave vinyl triflate 10 as a single regioisomer.® The
vinyl triflate 10 was coupled with a variety of boronic acids using
standard Suzuki reaction conditions. Finally, hydrogenation of the
double bond, followed by tosyl deprotection, and ester hydrolysis
gave the final pyrazole acids.

Compound 16 was synthesized using the route described in
Scheme 2. Commercially available 3-ethoxy-2-cyclohexen-1-one
(13) when treated with phenyl magnesium chloride followed by
an acidic workup afforded 14. Deprotonation of 14 with LDA at
—78°C followed by treatment with diethyloxlate provided an
o,B-unsaturated ketone that was hydrogenated to give 15. Com-
pound 15 was subsequently cyclized to the pyrazole with hydra-
zine hydrate under acidic conditions. Finally, hydrolysis of the
ester gave the final compound 16.

All compounds were evaluated in a binding assay and a func-
tional assay. For the binding assay, membrane preparations were
made from CHO-KI cells stably expressing the niacin receptor. Dis-
placement of radiolabelled niacin from the membrane preparation
was measured in the absence and presence of human serum. For
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the functional assay, the same membrane preparations were incu-
bated with compound and then [*2S]GTPyS. Retention of
[32S]GTPYS on the membrane preparation was measured to deter-
mine activation of the G proteins coupled to the niacin receptor.

We first synthesized the cyclohexyl compound 17, which
showed no activity at 25 uM (Table 1). Next, we examined the ef-
fect of an aryl substituent at the C5 and C6 position. Towards this
end, compounds 16 and 18 were synthesized. Compound 16 was
inactive. Interestingly, compound 18 showed weak activity in the
functional assay. Encouraged by this result, we decided to explore
the SAR of this series further. We first examined the effect of plac-
ing a fluorine atom in the ortho, meta, and para positions. The meta-
and para-fluorophenyl compounds had modest activity (data not
shown). However, the ortho-fluoro compound 19 showed a sixfold
improvement in activity compared to 18. Next the effect of meth-
oxy, methyl, and chloro groups on the phenyl ring was investi-
gated. Among them, only the ortho-chloro substituents, 20, had
activity similar to 19. Based on this data, we focused on fluoro sub-
stitution. A series of di- and trisubstituted fluorine compounds was
synthesized. The 2,6-difluoro compound 21 showed poor activity,
indicating that only one ortho position could be substituted. The
2,5-difluoro phenyl compound 22 had similar activity compared
to 19 in the binding assay, but showed a threefold improvement
in the functional assay. The 2,3,5-trifluoro compound 25 showed
further enhancement in in vitro activity compared to 19 (threefold
improvement in the binding assay; a fourfold improvement in the
functional assay). Furthermore, 22 and 25 showed a 25-fold in-
crease in functional activity compared to the unsubstituted phenyl
18. Compound 22 was selected for evaluation in pharmacokinetic
studies in mice. It showed a good half-life and low clearance with
oral bioavailability of 53% (Table 2).

The compounds described thus far were racemic mixtures.
Compound 22 was resolved to provide 23 and 24. Compound 23
showed a twofold improvement in the binding assay compared
to the racemic mixture, while the other enantiomer, 24, showed
weak activity. Compound 23 represented an improvement on com-
pound 18 of over 250-fold in the binding assay and 25-fold
improvement in the functional assay.

The fluoro compounds were active in the binding and functional
assays in the absence of serum. However, in the presence of serum
the activity decreased 5-6-fold. As this was a concern, we sought
to replace the phenyl ring with more polar groups with the goal
of reducing serum shift (Table 3). Towards this end, we examined
substituted pyridines. Two fluoropyridine compounds, 26 and 27,
were synthesized. Compound 27 had good binding activity compa-
rable to compound 19 and this activity was retained in the pres-
ence of serum (Table 3). Compound 27 when dosed in mice
showed threefold higher clearance than compound 22 with a sim-
ilar half-life (2.6 h) and oral bioavailability (47%) (Table 2).

All compounds synthesized thus far were full agonists. Previous
work had indicated that replacing the carboxylic acid with a tetra-
zole resulted in compounds that were partial agonists and did not
cause flushing in a mouse.® Therefore, we synthesized the corre-
sponding tetrazole analogs of 22 and 27 (30 and 31). Compounds
30 and 31 were synthesized in a similar fashion to compound

OH

Y

~

Iz

16

Scheme 2. Synthesis and reagents. Reagents and conditions: (a) PhMgCl, THF, —78 °C to rt 70%; (b) Pd/C, H,, MeOH; (c) LDA, THF, —78 °C then diethyloxalate 90%; (d)

hydrazine hydrate AcOH:EtOH (1:10), 65 °C 72%; (e) LiOH, MeOH/THF/H,0 90%.
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Table 1
Binding and functional activity of compounds for niacin receptor
Compounds h-3H-niacin ICso (uM) h->H-niacin with hGTPYS
5% serum ICsp (LLM) ECso (UM)
0.14 0.14 1.0

17

16

18

19

20

21

22 rac
23 end A
24 end B

25

F
0
OH
A\
F INN
H
F
o)
F A
| 'N
F N
H

No activtiy at 25 uM

63% at 25 uM

19% at 25 pM

0.46

>25.0

0.22
0.09
56% at 25 UM

0.067

35% at 25 pM

18% at 25 uM

20% at 25 pM

>25.0

1.4 (sixfold serum shift)

0.4
84% at 25 UM

0.37 (fivefold serum shift)

No activtiy at 100 uM

No activtiy at 100 uM

28

4.4 (100%)

2.5 (100%)

30% at 100 uM

1.3 (90%)
1.1 (90%)

1.1 (100%)

Binding to niacin receptor determined by displacement of [*H]niacin in the presence or absence of 5% human serum. Functional assays were run using binding of hGTPYS to
membrane preparations. Number in parentheses represents curve height as a percentage of the niacin curve height. Data are an average of two independent titrations having
calculated standard errors below 15%. The assay-to-assay variation was generally + twofold. See Ref. 11 for assay protocols. All compounds containing a chiral center are
racemic unless otherwise indicated.

18.'° Tetrazole compounds 30 and 31 showed activity similar to
the carboxylic acid analogs.

We next sought to test compound 23 in vivo. Free fatty acid lev-

els in the blood decrease in rats upon treatment with niacin. It is
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Table 2
Pharmcokinetics of compounds in mouse
Compound Clp (mL/min/kg) Vass (L/kg) t12 (h) AUC (UM h kg/mg) Cinax (LM) F (%)
22 8.3 1.4 29 7.8 33 53
0,
N/ | OH
27 N | N 21 24 2.6 29 23 47
F N
H

For IV, dose =\ 1 mpk n = 2; For po, dose =2 mpk, n=3.

Table 3
Binding and functional activity of compounds for niacin receptor

Compounds h-*H-niacin ICso (uM)

h-H-niacin with 5% serum ICso (uM) hGTPYS ECso (LM)

NIACIN 0.14

0.14 1.0 (100%)

26 60% at 25 uM 69% at 25 uM 0% at 100 uM
27 rac 0.60 0.85 4.5 (100%)
28 end A 0.20 0.37 2.3 (100%)
29 end B 90% at 25 uM 88% at 25 uM 67% at 25 uM
30 0.15 17% at 25 uM 1.3 (78%)
N=N

y | HN _
31 rac Nx 0.50 1.8 (fourfold serum shift) 3.8 (88%)
32end A | \,N 0.15 0.15 5.5 (92%)
33 end B F ” 40% at 25 uM 75% at 25 pM 28% at 100 pM

See legend of Table 1.

currently postulated that a decrease in free fatty acids leads to the
improved lipid profiles observed in humans.® Hence, a decrease in
free fatty acids was used to measure the effectiveness of our com-
pounds in vivo.

Rats were treated orally with 3, 10, 30, and 100 mpk of 23.
Blood samples were collected at 0 min, 20 min, 1, 2, and 4 h post
dose, and free fatty acid levels were measured. The data are sum-
marized in Figure 2. Compound 23 showed a maximal effect on
free fatty acid levels at 20 min post dose with effects comparable
to niacin at 100 mpk. A comparison of free fatty acid decrease
and drug levels led to a determination that the ECso for 23 was
3 uM. Furthermore, free fatty acid decreases of 50% were seen at
doses as low as 3 mpk (Fig. 2).

For the side effect of facial flushing, a separate experiment in a
rat model was used. Laser Doppler effects were used to test
changes in blood perfusion of the rat’s ear after administration
of compound.!" Compound 23 was dosed in rats subcutaneously
at 3, 10, and 30 mpk. Higher doses could not be achieved in the

=& 100 mpk, n=5
—*— 30 mpk, n=5
10 mpk, n=5
—#— 3 mpk, n=5
—8— Niacin n=4
—8— Vehicle, n=4

FFA

150
Time (min)

Figure 2. Free fatty acid decrease in rats treated with compound 23, niacin, or
vehicle po in 5% methylcellulose. Five rats were used for compound 23. Four
animals were used for niacin and vehicle experiments. Data are an average of two
independent titrations.
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Figure 3. Changes in rat ear blood perfusion when rats were treated with
compound 27, niacin, or vehicle subcuntaneous. in 5% BCD. Five rats were used
for each experiment.
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Figure 4. Free fatty acid changes (solid lines) and drug levels (dashed lines) are
shown for rats treated with compound 23 subcutaneous. Drug and free fatty acid
levels were obtained from 3 animals for early time points (0-35 min) and from 2
different animals for later time points (36-60 min). Data are an average of two
independent titrations.

vehicle used for subcutaneous administration. The flushing of the
rats’ ear was then monitored. No flushing was seen even at the
highest dose of compound 23 (Fig. 3). Drug levels could not be
monitored in the flushing experiment since removal of blood
samples would alter the blood perfusion of the ear, so drug levels
were measured in a separate, identical experiment (Fig. 4). At the
30 mpk dose, 135 uM drug levels were achieved. Thus, at drug
levels 45-fold over the ECsy of the compound, flushing is not
observed.

In summary, we synthesized a series of fused cyclohexylpyraz-
ole niacin receptor agonists and discovered that aryl and hetero-
aryl substitution on the cyclohexyl ring significantly improved
binding and functional activity. Among them, compound 23 was
evaluated in animal models and was shown to be a full agonist that
could separate the free fatty acid effects of the niacin receptor from
the flushing effect with a therapeutic index of greater than 45. This
result indicates that separation of the two effects can be achieved
and this series of compounds represents a promising new class of
niacin receptor agonists. Additionally, insight into the biological
basis for the observed separation of the flushing and free fatty acid
effects may be gained by further study of this class of molecule. It

has recently been reported that a related compound activates the
adenylate cyclase dependent pathway of GPR109A, but not the
MAPK kinase pathway.'? It will be useful to explore whether com-
pound 23 shows the same effects.
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