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F ree fatty acid receptors (FFARs) are G protein-coupled agonists and antagonists of GPR84 will provide useful tools for
receptors (GPCRs) activated by free fatty acids (FFAs). investigating the physiological roles of GPR84.

FFARs are categorized according to the chain length of FFA GPR84 can be activated by MCFAs with carbon chain
ligands.'® GPR84 belongs to the rhodopsin-like family of lengths of 9—14. Capric acid (C10:0), undecanoic acid
GPCRs and was originally identified by the expressed sequence (C11:0), and lauric acid (C12:0, Figure 1) are the most potent
tag (EST) data mining strategy.” GPR84 is expressed mainly in endogenous agonists of GPR84 reported so far.” Diindolyl-
hematopoietic tissue, such as bone marrow and peripheral methane (DIM) (Figure 1) has also been discovered to have an

leukocytes.” Under physiological conditions, the expression of
GPR84 is low, but it can be remarkably increased in i
monocytes/macrophages upon activation by lipopolysacchar- o fJ\NH

ide.’” Medium-chain fatty acids (MCFA) can amplify lip- W oH NN N/&o
opolysaccharide stimulated production of the proinflammatory H H
cytokine interleukin-12 p40 (IL-12 p40) by activating GPR84.”

Deficiency of GPR84 in T cells results in increased IL-4 Ho 0

production in response to CD3 cross-linking, indicating a novel

role of GPR84 in regulating early IL-4 gene expression.” Several HN I \ NH OH
0

lauric acid (C12:0) 6-n-octylaminouracil (6-OAU)

recent studies also showed that GPR84 plays a significant role diindolylmethane (DIM) Embelin

in inflammation.””"" GPR84 has been reported to be involved

in many diseases such as Alzheimer’s disease,'* neuropathic Figure 1. Structures of known GPR84 agonists and modulator.
pain,13 acute myeloid leukemia,"* reflux esophagitis,15 and

inflammatory bowel disease.'® In addition, GPR84 is necessary Received: January 18, 2016

for proper development of the retina in Xenopus laevis."” Accepted: March 30, 2016
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agonistic activity on GPR84,” possibly via a positive allosteric
mechanism.'® Moreover, Suzuki et al. reported that 2- or 3-
position hydroxylated MCFAs are slightly more potent than
nonhydroxylated MCFAs. They also discovered that 6-n-
octylaminouracil (6-OAU, Figure 1) is a surrogate agonist of
GPR84 with an ECj, value of 512 nM.'® In addition, embelin
(Figure 1) reported by Yaronet al. is also a GPR84 agonist with
moderate potency.'”

The lack of highly potent and selective ligands for GPR84
has hindered the study of its physiological functions and the
development of potential clinical applications. Therefore, we
carried out a high-throughput screening of 160,000 small-
molecule compounds using a calcium mobilization assay in
HEK293 cells expressing GPR84.”" The screening resulted in
the identification of 2-(hexylthio)pyrimidine-4,6-diol (1) as a
GPR84 agonist with an ECy, of 139 nM (Figure 2), which is $-
fold more potent than the reported agonist 6-OAU (ECs, =
653 + 58 nM in our system).
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Figure 2. Structure and activity of HTS hit 1 and the strategy for the
SAR study.

HTS hit 1 shares some structural similarities with 6-OAU.
Both compounds have a pyrimidine ring and an alkyl side chain.
The only differences between the structures are the orientation
of the pyrimidine ring and the minor variation in the side chain,
which result in a significant activity difference, indicating that
the activity of this scaffold is susceptible to structural
modification. Considering the potential for activity improve-
ment, a structure optimization was carried out in four areas
(Figure 2) to elucidate the structure—activity relationship
(SAR) of this scaffold: (A) length of the alkyl chain, (B)
substitutions on the pyrimidine ring, (C) type of the linker
group, and (D) replacement of the pyrimidine ring.

As GPR84 is sensitive to FFAs with carbon chain lengths of
9—14, we first designed compounds 5—23 by retaining the
pyrimidine-4,6-diol core structure while changing the carbon
chain with diversified substitutions. These compounds were
prepared by the alkylation of commercially available 2-
mercaptopyrimidine-4,6-diol with various alkyl tosylates or
alkyl bromides under basic conditions (Scheme 1).

As demonstrated in Table 1, the carbon chain length has a
significant influence on the activity of these compounds. The

Scheme 1. Synthesis of Compounds 1 and 5-23

OH R-OTs KOH OH
NN . 3 EtOH / H,0 N
)I\ _ or reflux R. )I\ _

HS”™ "N” "OH R—Br 5%-58% S” 'N” "OH

2 4 1,5-23

Table 1. In Vitro GPR84 Agonistic Activities of 5—23

OH
NI N
Ris">N"oH

compd R ECyy (uM)“ % max™?
1 CH,(CH,)s— 0.139 + 0.009 100 + 1
s CH,(CH,),— 248 +£019 834 +£25
6 (CH,),CH(CH,);~ 0.641 + 0058 112 + 4
7 CH,(CH,)4— 0231 0058 115+ 4
8 CH,(CH,),— 0264 + 0019 272 + 8.1
9 CH,(CH,),,— 116 + 035 343 + 4.1
10 CH,(CH,) 5~ 257 + 35 184 + 3.7
11 CH,(CH,),s— 113 + 15 524 + 8.8
12 HC=C(CH,),~ 8.85 + 096  80.0 + 2.7
13 HC=C(CH,),~ 216 + 89 263 + 47
14 C,H,C=C(CH,),~ 0653 + 0019 92.0 + 1.1
15 (2)-C,H,CH=CH(CH,),—~ 0938 + 0.105  69.3 + 1.7
16 “BuCH,— 434 + 164 79.8 +23
17 NC(CH,),~ >100 552 + 3.6
18 HO(CH,)s— >100 248 + 036
19 C¢H(CH,),~ 386 + 046 529 + 47
20 CeHy(CH,)4— 0.573 + 0074 404 + 2.3
21 CoH.(CH,)— 0435 + 0209 672+ 16
2 CeH,(CH,)s— 108 + 015 286+ 11
23 p-C,H~C(H,CH,~ 0271 + 0011 707 + 3.8

“Data are means + SEM (n = 3). “Max response vs Ctrl (1).

activity of these compounds improved while increasing the
chain length and reached a maximum with the hexyl chain (hit
1). Further lengthening of the carbon chain reduced the
activity. Other groups such as alkynyl (12—14), alkenyl (15),
cyclobutyl (16), and aryl (19—23) reduced the activity to
different degrees, while the introduction of cyano (17) and
hydroxyl (18) groups resulted in a loss of agonist activity
(Table 1). Comparing § and 6, it is reasonable to conclude that
the agonistic activity could be improved by adding a side chain
to the terminal end of the carbon chain.

We then synthesized compounds 24—32 (Table 2; for the
synthesis see Supporting Information) with different sub-
stituents on the pyrimidine ring to evaluate their contribution
to agonistic activity. It was interesting to find none of these

Table 2. In Vitro GPR84 Agonistic Activities of 24—30

0o R3
vy D
/\Ms)\\ N~ OR, S*N/ Rs
24-27 28-32
ECq,
compd R, R, Ry Ry Ry (M)*

24 H CeH,— >100
25 H HO(CH,),— >100
26  CH, H >100
27  CH,CH,- H >100
28 NH, H OH  >100
29 NH, H NH, >100
30 CH, H OH  >100
31 CF, H OH  >100
32 OH CH, OH  >100

“Data are means + SEM (n = 3).
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compounds showed any activity, indicating that the hydroxyl
groups on the pyrimidine ring are indispensable. Replacement
of hydroxyl groups on the pyrimidine ring with hexyloxy (24),
hydroxyalkyloxy (25), one or two amino groups (28, 29),
methyl (30), or trifluoromethyl (31) resulted in a loss of
agonistic activity. In addition, capping the nitrogen on the
pyrimidine ring with a methyl (26) or benzyl group (27) also
eliminated activity. The S-methyl pyrimidine derivative (32)
lost agonist activity, indicating that substitutions on the
pyrimidine ring were also not tolerated. These results indicate
that the hydroxyl groups on the pyrimidine ring are essential
and cannot be replaced.

We then fixed the 4,6-dihydroxypyrimidine moiety and
replaced sulfur with carbon to yield compounds 35—42. These
compounds were prepared by the condensation of malondia-
mide 33 with various esters 34 under reflux conditions
employing sodium ethoxide as the base (Scheme 2).

Scheme 2. Synthesis of Compounds 35—42

OH
6 o o NaOEt / EtOH
+ —_— N
HZNJJ\/LkNH2 R)J\O/\ reflux )|\ _
19%-44% N

33

34 35-42

Compounds 35, 36, and 37 (Table 3) with a five or six
carbon side chain in this series displayed low to moderate

Table 3. In Vitro GPR84 Agonistic Activities of 35—42

OH
N| X
R/I\N/ OH

compd R ECyy (M) % max™?
35 CH,(CH,),— 3669 + 411 849 + 1.1
36 (CH,),CH(CH,), 2105 + 124 85.6 + 0.8
37 CH,(CH,);— 454 + 27 99.7 + 2.4
38 CH,(CH,)— 127 + 1.3 103 + 1
39 CH,(CH,),— 114 + 1.5 110 + §
40 CH,(CH,)g— 487 + 03 84.1 + 3.4
41 CH,(CH,)s(CH,)CH— 299 + 10 103 + 1
2 p-C,Hs—C¢H,(CH,),— 88.1 + 13.3 97.4 + 1.8

“Data are means + SEM (n = 3). *Max response vs Ctrl (1).

potency in activating GPR84. Considering the larger size of
sulfur compared to carbon, we decided to increase the length of
the alkyl chain, which led to 38. Pleasantly surprised, we found
that 38 is 10-fold more potent than hit 1 (Table 1).

Furthermore, 42 is 3-fold more potent than 23 (Table 1),
indicating that carbon is the preferred linker atom. Similarly, we
studied the chain length and the influence of terminal side
chain and found that the trends are consistent with Table 1.
Compound 39 with an eight carbon side chain was the most
potent agonist in these series of compounds (Table 3), with an
ECs, of 11.4 nM, which is approximately a 13-fold improve-
ment over hit 1.

To further understand the SAR of the novel 4,6-
dihydroxylprimidine analogues on GPR84 agonism, we
reorganized the key moiety of compound 39 and the known
agonist 6-OAU, which generated compounds 43 with an
octylamino group in the 2-position of pyrimidine-4,6-diol and
44 with an octyl group in the 6-position of pyrimidine-2,4-diol
(Table 4; for the synthesis see Supporting Information).
Compound 43 showed a similar level of potency as compound
39, while compound 44 showed a significant reduction in
potency.

We then turned to varying the pyrimidine ring while fixing
the carbon chain, and compounds 49—51 were synthesized as
shown in Scheme 3.”" Ethyl acetoacetate was treated with NaH

Scheme 3. Synthesis of Compounds 49—51

0 o (i) NaH, THF, 0 o
"BuLi, 0°C CDI, THF

- —_— —_—

R-Br +Mo/\ (ii) NaOH, EtOH RMOH rt,

I HyO, 1t 15%-17%
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OH O OH
N R 90% sto4 _NHyH0 N
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49-51

and n-BuLi then reacted with bromides to get the S-oxo
carboxylic esters, which was followed by hydrolysis to f-oxo
carboxylic acid 46. Cyclization of 46 using carbonyldiimidazole
in THF afforded the acylpyrone skeleton 47, then deacylation
of 47 by heating at 130 °C in 90% H,SO, gave compound 48,
which was refluxed in ammonia to give 49—51.

As shown in Table 4, compound 50, in which carbon
replaced one nitrogen in the pyrimidine ring, showed
significantly increased potency compared to compound 39,
with an ECsj of 1.34 nM. Compound 49 with a shorter carbon
chain showed similar potency compared to compound 50.

However, compound 51, containing a longer chain with one
more carbon, showed a dramatic increase in the agonist
potency, with an ECsy of 0.189 nM, which is approximately
730-fold more potent than hit 1 and 3400-fold more potent

Table 4. In Vitro GPR84 Agonistic Activities of 43, 44, and 49—51

OH

X
|
R*N/)\OH

compd R X
43 CH,(CH,),NH- N
44 CH,(CH,),— CH
49 CH,(CH,)s— CH
50 CH,(CH,),— CH
s1 CH,(CH,)— CH

“Data are means + SEM (n = 3). "Max response vs Ctrl (1).
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ab

Y ECsy (nM)“ % max
CH 6.14 + 1.21 91.8 + 0.3
N 811 + 127 912 + 1.8
CH 1.26 + 0.05 87.8 £ 29
CH 1.34 + 0.08 82.6 + 4.9
CH 0.189 + 0.039 107 + 1

DOI: 10.1021/acsmedchemlett.6b00025
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than 6-OAU. The significant left-shift of the dose—response
curve of 51 compared to those of hit 1 and 6-OAU is shown in
Figure 3A.

- 6-0OAU ECgy= 653 nM
& Cpd 1 ECgo=139 nM

o - Cpd 51 ECy=0.189 nM

< 120
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Figure 3. Compound 51 shows excellent agonistic activity in both
calcium mobilization assay (A) and cAMP assay (B).

Since GPR84 couples endogenously with Gai/o proteins,
which decrease intracellular cAMP level upon activation,” we
tested 1 and 51 in a cAMP assay. As shown in Figure 3B, both
compounds induced a dose-dependent reduction of forskolin-
stimulated cAMP accumulation in HEK293 cells expressing
GPR84 with ECs, values very similar to those obtained in the
calcium mobilization assay.

FFARs may share the same endogenous ligands. GPR40 and
GPR120 are both activated by medium- to long-chain FFAs,
while GPR41 and GPR43 are activated by short-chain FFAs.
We tested the most potent compound 51 on several FFARs
and were pleased to find that 51 did not activate other FFARs
at concentrations up to 100 yM. In contrast, these FFARs
could be activated by reported ligands (Table S).

Table 5. Selectivity of 51 on Free Fatty Acid Receptors

calcium assay [ECgy (#M)]

receptor agonists agonists compd 51
GPR84 6-OAU 0.653 + 0.058 0.000189 =+ 0.000039
GPR40  DHA" 117 £23 NR®

GPR41 sodium butyrate 10.1 £ 0.5 NR
GPR119 PSN632408 S.13 + 0.62 NR
GPR120 TUG891 0471 = 0.024 NR

“Data are means + SEM (n = 3). ’DHA, docosahexaenoic acid. °NR,
no response at concentrations up to 100 M.

In preliminary pharmacokinetic studies, compound $1
showed acceptable pharmacokinetic profiles for in vivo efficacy
study characterized by C,,, (229 + 24.3 ng/mL) and AUC,,
(399 + 91.4 h-ng/mL) and a moderate absolute bioavailability
(F% = 24.3%) in ICR mice (10 mg/kg, P.O. Table SI,
Supporting Information).

In summary, starting from the HTS hit 2-(hexylthio)-
pyrimidine-4,6-diol, we performed a systematic SAR study and
found that the length of side chain, the type of linker group,

582

and the orientation of the pyrimidine ring influence the agonist
activity of GPR84. Finally, we identified 6-nonylpyridine-2,4-
diol as a potent and selective GPR84 agonist, with an ECg, of
0.189 nM. To the best of our knowledge, this compound is the
most potent GPR84 agonist reported so far. Such GPR84
agonists with a novel chemical structure would be valuable tools
for the study of the physiological functions of GPR84.
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