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ABSTRACT Nicotinic acid has been used clinically for decades to control serum
lipoproteins. Nicotinic acid lowers very low-density lipoprotein (VLDL)-cholester-
ol, low-density lipoprotein (LDL)-cholesterol, and lipoprotein-a (LPa), and it is also
effective in raising high-density lipoprotein (HDL)-cholesterol. However, nicotinic
acid has several side effects in clinical use. The most notable is intense cutaneous
vasodilation “flushing” on the upper body and face. We discovered a pyranopyr-
imidinedione series to be nicotinic acid receptor agonists. A potent nicotinic acid
receptor agonist from this series {5-(3-cyclopropylpropyl)-2-(difluoromethyl)-3H-
pyrano[2,3-d]pyrimidine-4,7-dione}with reduced flushing side effect in dogs was
identified.
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Nicotinic acid (NA) has been used as a drug to lower
very low-density lipoprotein (VLDL)-cholesterol, low-
density lipoprotein (LDL)-cholesterol, and lipoprotein-a

(LPa), and it is also effective in raising high-density lipopro-
tein (HDL)-cholesterol in plasma.1-7 Studies have demon-
strated that nicotinic acid is able to reduce the rate of
nonfatal myocardial infarction (MI) and decrease total mor-
tality of patientswith a previous history of heart disease.8,9 In
combination with statins, nicotinic acid provided better
therapeutic benefit than taking statins alone.10,11 Despite
all of these encouraging clinical benefits, nicotinic acid is
known to have side effects that limit its clinical use. Themost
notable is a severe cutaneous flushing sensation on the
upper body and face.12,13 Other issues include gastrointest-
inal (GI) side effects14 and hepatotoxicity.15-17 Additionally,
patients need to take large quantities of the drug (grams per
day) due to its short half-life, which also leads to compliance
issues. To alleviate this associated flushing side effect, an
extended release formulation of nicotinic acid (NIASPAN) is
available by prescription.18 More recently, a combination of
extended release nicotinic acid and an antagonist of the
prostaglandin D2 receptor (DP) (Tredaptive) has been intro-
duced in Europe. Studies have shown that patients taking
this combination of drugs experienced reduced flushing
symptoms in comparison with taking nicotinic acid alone.19

Nicotinic acid binds with high affinity to a G-protein-
coupled receptor, GPR109a, expressed in human adipose
tissue. A highly related G-protein-coupled receptor, GPR109b,
that shares 95% identity and is only expressed in human and

chimpanzee, was also identified.20-23 GPR109b is a low
affinity receptor for nicotinic acid. It has been hypothesized
that activation of GPR109a by nicotinic acid decreases
intracellular cAMP levels in adipocytes. As a downstream
effect, protein kinase A activity is reduced, leading to a
decrease in hormone sensitive lipase activity, eventually
causing the reduction of intracellular triglyceride (TG) hydro-
lysis and free fatty acid (FFA) secretion. This decrease of FFA
production from adipocytes results in a substrate shortage
for liver synthesis and secretion of TG and VLDL, which
eventually leads to a decrease of VLDL, LDL, and TG levels in
plasma.24-28 However, themechanism of the nicotinic acid-
induced increase of HDL levels in plasma is not known.29,30

Our goal was to identify a compound with better potency
and pharmacokinetic profile than nicotinic acid but no
flushing side effect. Our structure-activity studies started
from the hit compound 1 (Table 1), a thiobarbituric acid
derivative which was obtained from a high-throughput
screen. It showed moderate in vitro potency as a GPR109a
agonist. In order to improve the in vitro activity of 1, we
decided to explore the SAR of the C-2 region first while
maintaining the ethyl group as the C-5 substituent. A variety
of analogues with different C-2 substituents (R1) were pre-
pared (Table 1). The type of substitution clearly influenced
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the activity. When the thiol group of 1 was changed to a
hydrogen atom (2), alkyl (3-5), cyclopropyl (6), alkenyl (7),
aromatic (8), ester (9), nitrile (10), cycloaminoalkyl (11), or
phenylsulfonylalkyl group (12), the activity was lost. In the
case of 13, when R1 was a hydroxymethyl group, moderate
activity was obtained. However, ether analogues 14 and 15
were 3-fold less potent. On the other hand, the fluoroalkyl
group at R1 displayed an interesting profile. Compound 16
with a trifluoromethyl group showed moderate activity
similar to that of 13. Less fluorinated analogues 17 and 18
weremuchmore potent and exhibited slightly better activity
than hit compound 1. Changing R1 from difluoromethyl (17)
to fluorochloromethyl (19) was detrimental to the activity.

Fluoroalkyl derivatives became less tolerated with increas-
ing steric hindrance (20 and 21). Due to the potential to
produce toxic R-fluoroacetic acid from 18, the difluoro-
methyl group of 17 was chosen to be the optimal R1

substituent for carrying out additional SAR on the C-5 region.
Having identified the difluoromethyl group as the optimal

C-2 substituent, we undertook the SAR of the C-5 region. A
series of analogues with different alkyl substituents as R2

were prepared (Table 2). The activity was very sensitive to
subtle changes in the R2 substituent. Although methyl and
propyl analogues, 22 and 23, weremuch less potent than the
ethyl derivative 17, compounds 24-27 with longer side
chains than propyl retained activity similar to that of 17,

Table 1. Potency of Compounds in the hu-GPR109a cAMPAssay

aData represent an average of multiple determinations (n g 3) ( standard deviation.
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with the pentyl derivative25 being the best. Introduction of a
large cyclohexyl or cyclopentyl group (28 and 29) was not
tolerated. However, compounds with smaller cyclobutyl or
cyclopropyl substituents (30 and 31) showed good activity.

Given the promising data of compound 30, we further
explored the SAR on this interesting entity. Several cyclobu-
tyl derivatives with different linker lengths (32-34) and ring
substituents (35-36) were prepared (Table 3). The cyclobu-
tylethyl group of 30 retained the best in vitro activity.
Increasing or decreasing linker length in the case of 32-34
had a negative effect on activity. Meanwhile, a methyl
substituent on the cyclobutyl ring (35)was 3-fold less potent
than 30. However, the spirocyclobutyl analogue 36 main-
tained similar activity to that of 30. With the above SAR
results we note that potency is very sensitive to subtle
changes and difficult to predict.

Because of the unpredictable nature of the SAR of the C-5
region, we decided to conduct more detailed SAR on com-
pound 31. This could potentially provide the opportunity to
identify compounds with better activity than the cyclobutyl
series. We synthesized a series of cyclopropyl derivatives
with different linker lengths and substituents on the cyclo-
propyl ring. The data in Table 3 again confirms the unpre-
dictable nature of the SAR. When the substituent was
changed from the cyclopropylethyl of 31 to cyclopropyl (37)
or cyclopropylmethyl (38), the activity was lost. Fortunately,
the cyclopropylpropyl derivative 39 {5-(3-cyclopropylpropyl)-
2-(difluoromethyl)-3H-pyrano[2,3-d]pyrimidine-4,7-dione}
showed much improved potency relative to 31 (39; EC50 =
59 nM), but this was not the case for the cyclopropylbutyl
analogue 40. Introduction of a methyl substituent on the

cyclopropyl ring maintained excellent activity (41; EC50 =
49 nM). However, the substitution that is tolerated on the
cyclopropyl ring is very limited, as demonstrated in the cases
of 42-47. Steric hindrance played an important role. SAR
studies of this cyclopropyl series eventually led to the
discovery of compounds 39 and 41 with potent in vitro
activity. Compounds tested active, as GPR109a agonists
are full agonists and showed much weaker binding affinity
for the GPR109b (data not shown). The presence of the NH is
important for GPR109a activity, and the acidic NH bond
mimics the role of nicotinic acid.

The synthesis of compounds is exemplified by that of39 in
Scheme 1. Condensation of malonamide 48 with ethyl
difluoroacetate under basic conditions afforded 49, which
was then cyclized with β-ketoester 51 in acetic acid to
provide39. β-Ketoester 51was prepared fromacid precursor
50 in one step. The rest of the analogueswere synthesized by
methods similar to that of 39.

Although compounds 39 and 41 showed almost identical
in vitro potency (Table 4), they behaved very differently in
vivo. These two compounds were dosed orally in a rat assay
designed to measure reductions in FFA and TG. While 39
demonstrated robust efficacy invivo (rat FFA-77%,TG-49%,
1 h post 1 mg/kg po dosing), analogue 41 was much less
active (rat FFA -14%, TG -23%, 1 h post 1 mg/kg po
dosing). A detailed examination of their pharmacokinetics
revealed that 39 had much better plasma exposure than 41
(39 rat AUC0-6h = 34.1 μg/mL 3 h, 41 AUC0-6h = 3.0 μg/
mL 3 h, 10mg/kg po dosing).31 A head-to-head study between
39 and nicotinic acid demonstrated that 39 also had im-
proved potency compared to nicotinic acid in vitro and in
vivo (see Supporting Information). Compound 39 dose-depen-
dently inhibited rat plasma FFA with an ED50 of 0.2 mg/kg
and a maximally effective dose of 1.0 mg/kg. The ED50 for
nicotinic acid on plasma FFAwas difficult to calculate due to
the steep dose response effect of nicotinic acid in thismodel.
The maximally effective dose for nicotinic acid on plasma
FFAwas 10mg/kg. In addition,39 dose-dependently lowered
plasma triglyceride 1 and 6 h after dosing in rats. In contrast,
nicotinic acid lowered plasma triglyceride in rats 1 h after
dosing but was not active at 6 h, indicating 39 had a longer
duration of action. A time course study of 39 in the rat at 3
mg/kg showed that it significantly reduced plasma triglycer-
ide from 1 to 8 h post dosing. In contrast, the duration of
activity with nicotinic acid at 10 mg/kg treatment did not
extend beyond 2 h after dosing. Compound 39 was
studied for efficacy and flushing profile in fasted male
beagle dogs. Although 39 had very similar in vitro potency
to nicotinic acid at dog GPR109a, it displayed much great-
er in vivo efficacy than nicotinic acid. Compound 39
exhibited dose-dependent inhibition of plasma FFA and
achieved 70% FFA reduction at 3 mg/kg dose. At this dose,
dogs had no overt signs of flushing, as determined by
quantification of changes in cutaneous blood flow (Figure 1)
and/or changes in skin color and behavior. In contrast,
nicotinic acid achieved similar reduction of FFA at 30 mg/
kg dose, but this dose produced a pronounced flushing
response in 9 of 13 dogs, observed as an average of a
5-fold increase in cutaneous blood flow from baseline

Table 2. Potency of Compounds in the hu-GPR109a cAMPAssay

aData represent an average of multiple determinations (n g 3) (
standard deviation.
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(Figure 1) as well as behavioral responses characterized
by head shaking and ear scratching. Overall, 39 was

approximately 10-fold more potent than nicotinic acid in
reducing dog plasma FFA. At the effective dose, both the

Table 3. Potency of Compounds in the hu-GPR109a cAMPAssay

aData represent an average of multiple determinations (n g 3) ( standard deviation.

Scheme 1. Synthesis of Compound 39a

aReagents and conditions: (a) CHF2CO2Et, NaOEt, EtOH, reflux, 70-75%; (b) MeO2CCH2CO2K, CDI, MgCl2, THF, 85-95%; (c) HOAc, 120 �C,
20-25%.
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severity and incidence of flushing were markedly reduced
or absent compared to the case of nicotinic acid. This
compound also demonstrated an acceptable PK profile in
dog (39 dog AUC0-24h=70.2 μg/mL 3 h, 3 mg/kg po dosing).
Compound 39 had no effect on hERG at concentrations up
to 6 μM, was not an inhibitor of human CYPs 1A2, 2C9,
2D6, or 3A4 (IC50> 50 μM), and did not show induction of
CYP3A4 in the human PXR assay up to 10 μM. No sig-
nificant activity was observed for 39 in the Cerep and
GPCR counterscreens. In the radioligand binding experi-
ment, the binding of compound 39 with GPR109a is
competitive with nicotinic acid.

In summary, we have identified a potent nicotinic acid
receptor agonist 39, which demonstrated excellent in vivo
activity in animal models. In addition, the incidence and
magnitude of cutaneous blood flow increases observed with
nicotinic acid in the dog models were not observed with
compound 39, suggesting that it has an improved therapeutic
window to flushing compared to nicotinic acid. This compound
was investigated anddeveloped further for its clinical potential.
These results will be the subject of future publications.

SUPPORTING INFORMATION AVAILABLE Experimental
procedures for assay protocols, in vivo studies, and synthesis and
characterization of compounds 1-47. This information is available
free of charge via the Internet at http://pubs.acs.org.
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