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Abstract: The paradigm of ligand-receptor interactions postulated as “one compound—one target”
has been evolving; a multi-target, pleiotropic approach is now considered to be realistic. Novel series
of 1,4,5,6,7,8-hexahydro-5-oxoquinolines, pyranopyrimidines and S-alkyl derivatives of pyranopy-
rimidines have been synthesized in order to characterise their pleiotropic, multitarget activity on
the FFA3/GPR41, FFA2/GPR43, and HCA2/GPR109A receptors. Hexahydroquinoline derivatives
have been known to exhibit characteristic activity as FFA3/GPR41 ligands, but during this study
we observed their impact on FFA2/GPR43 and HCA2/GPR109A receptors as well as their electron-
donating activity. Oxopyranopyrimidine and thioxopyranopyrimidine type compounds have been
studied as ligands of the HCA2/GPR109A receptor; nevertheless, they exhibited equal or higher
activity towards FFA3/GPR41 and FFA2/GPR43 receptors. S-Alkyl derivatives of pyranopyrimidines
that have not yet been studied as ligands of GPCRs were more active towards HCA2/GPR109A and
FFA3/GPR41 receptors than towards FFA2/GPR43. Representative compounds from each synthe-
sized series were able to decrease the lipopolysaccharide-induced gene expression and secretion
of proinflammatory cytokines (IL-6, TNF-«) and of a chemokine (MCP-1) in THP-1 macrophages,
resembling the effect of HCA2/GPR109A ligand niacin and the endogenous ligand propionate. This
study revealed groups of compounds possessing multitarget activity towards several receptors. The
obtained data could be useful for further development of multitarget ligands.

Keywords: G-protein-coupled receptors; multi-target ligands; FFA3/GPR41; FFA2/GPR43;
HCA2/GPR109A; electron-donating compounds

1. Introduction

The paradigm of ligand-receptor interactions postulated as “one compound—one tar-
get” has been transformed over the years by the recognition that a multi-target, pleiotropic
approach can also be remarkably productive or even preferable [1].

G-protein-coupled receptors (GPCRs) provide attractive targets for investigating the
putative pleiotropy of ligands. GPCRs, with more than 800 members, constitute the largest
family of membrane proteins that are widely expressed in the human body and are involved
in the regulation of most physiological functions through the modulation of cell signaling
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pathways via G-proteins or 3-arrestin. Consequently, GPCRs are important targets of many
synthetic ligands. At least 108 GPCRs serve as targets for 475 (34%) of the drugs approved
by United States Food and Drug Administration, and 68 potentially novel receptors are
targeted by 320 (20%) of the drug candidates that are in clinical trials [2]. At the same time,
the overwhelming majority of GPCRs (~220) still have not been successfully targeted by
such small molecules as ligands.

The free fatty acid receptors 2 and 3 (FFA2/GPR43 and FFA3/GPR41) and the hydroxy-
carboxylic acid receptor 2 (HCA2/GPR109A) belong to the class of GPCRs that are activated
by the products of dietary fiber digestion: metabolic intermediates such as short-chain fatty
acids (acetate, propionate, butyrate) and hydroxylated carboxylic acids [34].

The FFA and HCA receptors are coupled to the pertussis toxin-sensitive, G;/,-alpha
family of G- proteins, and FFA2 is also coupled to the G4 family. Their activation results in
the inhibition of intracellular cAMP accumulation and mobilisation of intracellular calcium,
respectively. These receptors are coexpressed in intestinal epithelial cells, pancreatic (3-
cells, adipocytes, and immune cells such as neutrophils, monocytes, and intestinal Treg
cells, and exhibit some overlap in agonist (butyrate) specificity [5,6]. They are involved
in multiple regulatory pathways affecting several important biological processes, such as
gastrointestinal and immune functions and the regulation of energy homeostasis.

The FFA2/GPR43 and FFA3/GPR41 receptors are involved in energy homeostasis via
the modulation of hormones, such as glucagon-like peptide 1, gastric inhibitory peptide,
and peptide YY, affecting secretion from intestinal endocrine cells, suppression of fat
accumulation in adipose tissue, and leading to increased insulin sensitivity [5,7]. The
FFA3/GPR41 receptor also enhances insulin sensitivity through the gut-brain neural circuit,
involving the activation of peripheral nerves [8]. The protective effects of propionate
on the blood-brain barrier have been shown to occur by binding to FFA3/GPR41 on the
surface of human brain endothelial cells, leading to a reduction in inflammatory and
oxidative processes [9]. The FFA2/GPR43, FFA3/GPR41, and HCA2/GPR109A ligands
reduce colonic inflammation by regulating the production of cytokines and chemokines by
immune system cells. This mechanism has been shown to affect inflammatory responses in
models of asthma, colitis, and arthritis [10-12].

Therefore, FFARs are regarded as novel drug targets for the treatment of metabolic
disorders such as obesity, type 2 diabetes, gastrointestinal disorders, colorectal cancer, and
diseases of the immune system [13-15].

There have been numerous attempts to approach the problem of obtaining selec-
tive and effective ligands for modulating biochemical pathways that involve metabolite
GPCRs [2,16-22]. According to our knowledge, there has been no comparative study of the
activities of putative ligands on these three GPCRs, namely, the free fatty acid receptors
FFA2/GPR43 and FFA3/GPR41 and the hydroxycarboxylic acid receptor HCA2/GPR109A.
A multitarget, pleiotropic approach can in principle enable the discovery of pharmaceu-
tical agents combining the therapeutic effects of two or three separate drugs. Such an
achievement could reduce the range of side effects, lower the costs of drug development
and manufacturing, and possibly shorten drug development times. Already, 33% (156) of
approved drugs targeting GPCRs have more than one therapeutic indication [23,24].

Rationally designed polypharmacological studies using a set of ligands or multi-target
directed ligands have been proposed as the only approach that can confront the complexity
of multifactorial diseases, e.g., Alzheimer’s disease [25-29].

The aim of this study was to determine the selectivity and multitarget characteristics
of synthetic ligands for free fatty acid receptors (such as FFA2 /GPR43 and FFA3/GPR41)
and hydroxycarboxylic acid receptors.

It would be useful to test the activity of hydroxycarboxylic acid receptor ligands on the
free fatty acid receptors FFA3/GPR41 and FFA2 /GPR43 and, vice versa, the activity of short-
chain fatty acid receptor ligands on the hydroxycarboxylic acid receptor HCA2/GPR109A.
As a result of this cross-examination, common structural patterns of hydroxycarboxylic
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acid receptor ligands and short-chain fatty acid receptor ligands may be revealed, leading
to a broader scope of applications for such compounds.

Therefore, we synthesized and studied three groups of compounds (Figure 1): 5-oxo-
4-(aryl, heteryl)-1,4,5,6,7,8-hexahydroquinolines (1,4,5,6,7,8-hexahydro-5-oxoquinolines,
HHQ), (1) as known ligands of the FFA3/GPR41 and FFA2/GPR43 receptors, in order
to characterise their impact on the HCA2/GPR109A receptor; (2) pyranopyrimidinetri-
ones and thioxopyranopyrimidinediones (pyranopyrimidines), as known ligands of the
HCA2/GPR109A receptor, in order to characterise their activity on the FFA3/GPR41 and
FFA2/GPR43 receptors; and (3) 2-alkylthiopyranopyrimidinediones (S-alkyl derivatives of
pyranopyrimidines), as potential ligands of all three aforementioned receptors.
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Figure 1. General structures of studied groups of compounds.

The HCA2/GPR109A, FFAR3/GPR41, and FFA2 / GPR43 receptors are co-expressed in
different types of immune cells, such as monocytes, macrophages, and neutrophils, where
they reduce inflammatory function by inhibiting proinflammatory cytokine secretion and
chemotaxis [30,31]. Therefore, we studied putative effects of compounds belonging to the
groups 1, 2 and 3 on the proinflammatory cytokine levels in macrophages.

The in vivo biological activity of many compounds is associated with their partici-
pation in and the effect on free radical reactions. Therefore, we evaluated the electron-
donating properties of our synthesized compounds by their electro-oxidation potentials.

The FFA receptor ligands mediate their protective effect on human brain endothelial
cells through targeting the blood-brain barrier. For this reason, we calculated the topological
polar surface area (TPSA) which helped us to predict the blood-brain barrier penetration
ability for each compound [32]. We used calculated log p values to evaluate the lipophilicity
of the studied compounds.

Our study has allowed us to characterise the similarity in the action by test compounds
on the short-chain fatty acid receptors FFA2/GPR43, FFA3/GPR41, and to provide a
comparison of their activity towards the hydroxycarboxylic acid receptor HCA2/GPR109A.
Hexahydroquinoline derivatives were mainly selective and active on the FFA3/GPR41
receptor in the low micromolar range, but weaker activity towards the FFA2/GPR43
and/or HCA2/GPR109A receptors can also be manifested. The investigated oxo- and
thioxopyranopyrimidines not only served as HCA2/GPR109A ligands but also stimulated
the FFA3/GPR41 receptor, as well as the FFA2 /GPR43 receptor with lower potency.

The studied compounds showed anti-inflammatory properties in macrophages by
reducing the proinflammatory cytokine and chemokine levels; thus, an additional argument
can be made that these ligands could possess pharmacological multitarget properties to
treat such complex medical conditions as cancer, Alzheimer’s disease, Parkinson’s disease,
and diabetes.

2. Results and Discussion
2.1. Synthesis of Compounds—Putative Ligands
2.1.1. The Synthesis of 2-Methyl-5-oxo-4-(Aryl, Heteryl)-1,4,5,6,7,8-Hexahydroquinoline
(HHQ) Derivatives 1-1-1-14

The HHQ derivatives were prepared by three- or four- component Hantzsch-type
cyclocondensation reactions according to the paths A, B or C (Scheme 1), using cyclohexane-
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1,3-dione or 3-aminocyclohex-2-en-1-one, aryl- or heterocyclic carbaldehydes, and the
appropriate 3-oxo-alkanoates or 3-oxo-carboxamides, or anilides.

Path A

[¢]
[e] (o] [e]
. + CH,COONH,
+ H a;b
R —
o) X /
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Scheme 1. General methods for the synthesis of oxo-hexahydroquinoline derivatives. 1. Reagents and conditions. Path A:
(a) Heating without solvent at 155-160 °C, 10 min; (b) EtOH, cat. AcOH, 24 h, rt. Path B: MeOH, 24 h, rt. Path C: EtOH, 7 h,
60°C, 24 h, rt.

2.1.2. The Synthesis of 5-(4-Chlorobutyl)-1H-Pyrano[2,3-d]Pyrimidine-2,4,7-Triones
(Pyranopyrimidinetriones) 2-5 and 2-7, 5-Alkyl-2-Thioxo-2,3-Dihydro-4H-Pyrano|[2,3-d]
Pyrimidine-4,7(1H)Diones (Thioxopyranopyrimidinediones) 2-3, 2-4, 2-6 and 2(Substituted
thio)-5-Alkyl-4H-Pyrano|[2,3-d]Pyrimidine(1H)-Diones
(2-Alkylthiopyranopyrimidinediones) 3-1-3-7

Pyranopyrimidinetrione 2-5 was prepared according to a published method [19] by
the condensation of barbituric acid with 4-alkyl-3-oxo-carboxylic acid esters. Known
thioxopyranopyrimidines 2-1 and 2-2 were synthesized according to another reported
procedure [20] using thiobarbituric acid instead of barbituric acid, as in the aforementioned
method. The synthetic routes for compounds 2 and 3 are presented in Scheme 2.

Further alkylation of 2-thioxopyranopyrimidines 2 (X = S) was achieved through the
piperidinium salts of compound 2 as non-isolated intermediates, using alkyl bromides as
alkylating agents.
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Scheme 2. The synthetic route for obtaining pyranopyrimidines 2 and S-alkyl derivatives of pyranopyrimidines 3. Reagents
and conditions: (a) 3-oxoalkanoate (1.3 eq), glacial AcOH, 115 °C, 27 h; (b) Piperidine (1.01 eq), EtOH, reflux, 10 min; (c)
Alkyl bromide (1 eq), reflux 10 min, overnight at rt.

2.2. The Impact of Oxo-Hexahydroquinolines on HCA2/GPR109A, FFA3/GPR41, and
FFA2/GPR43 Receptors

The first group of compounds studied as potential ligands of the HCA2/GPR109A,
FFA3/GPR41, and FFA2 /GPR43 receptors were the hexahydroquinoline (HHQ) derivatives
1. For a long time, the data regarding HHQ derivatives as FFA3/GPR41 agonists and
antagonists has been very limited [20,21]. Recently, a new paper has been published
about structure-activity relationship studies of tetrahydroquinolones as FFA3 modulators,
mainly focused on 4-alkyl- and 4-heteryl-HHQ 3-carboxamides [22]. Compound 1-3
(Table 1) has been synthesized by Arena Pharmaceuticals, evaluated as a selective agonist
of the FFA3/GPR41 receptor [21,22], and proposed as a potential therapeutic agent for
hepatocellular carcinoma. In order to compare our compounds to literature data, we
re-synthesized three previously reported compounds (1-1, 1-2, 1-3) according to published
procedures [21,22], motivated by the reported experimental data regarding their activity
against one receptor (FFA3/GPR41). There are no data on these compounds regarding
the FFA2/GPR43 and HCA2/GPR109A receptors. The HHQ derivatives 1-11, 1-12, and
1-14 are known compounds that have been synthesized as putative tools for inducing the
degradation of transforming growth factor-beta receptor type II [33] (thus, a quite different
type of biological activity) and were obtained according to the described procedures.

Compound 1-13 was synthesized as one of several early examples of HHQ deriva-
tives [34], without any data on biological activity. Thus, practically no comparative data
are available about the biological activity of HHQ derivatives as potential ligands of the
free fatty acid receptors FFA3/GPR41 and FFA2/GPR43 and the hydroxycarboxylic acid
receptor HCA2/GPR109A.

All of our synthesized compounds were evaluated in forskolin-stimulated cAMP accu-
mulation assay using Flp-In-293 cells stably expressing human FFA2/GPR43, FFA3/GPR41
or HCA2/GPR109A receptors (Tables 1-3; Figure 2). The activity was described as ECs val-
ues for high potency compounds and as inhibition (%) of forskolin-stimulated intracellular
accumulation of cAMP by 50 uM of tested compounds in cases of lower potency.



Pharmaceuticals 2021, 14, 987 6 of 28

Table 1. The calculated physicochemical properties of oxo-hexahydroquinolines and their impact on the HCA2/GPR109A, FFA3/GPR41, and FFA2/GPR43 receptors- inhibition of
forskolin-stimulated cAMP level.

HCA2/GPR109A, % of ~ [TAYGPRALECs) gy o/GPRA3 % of . . . Ref.
No Structural Formula e b uM ? or % of e b logP TPSA El.ox. pot., V .
Inhibition Inhibition b Emax.%¢ Inhibition (for Synthesis)
2.11
a
1-1 NA 179 iO.Ci NA 2.65 58.20 119 [22]
96 +3 [20] 1 1.64
1.69
a
1-2 NA 061+ O'ch NA 2.18 67.43 1.19 [21]
93+5 [22] 1 1.99
2.71
a
1-3 NA 0'3929104(15 NA 2.90 67.43 [21]
[22] d1
0.23+0.07 % 1.24
1-4 NA 86+ 7¢ NA 2.71 67.43 167 M
1-5 NA 45+9° NA 251 58.20 M
a
1-6 NA 14£0.17 NA 3.13 58.20 M

82+7°¢
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Table 1. Cont.
HCA2/GPR109A, % of ~ [TAYGPRALECs)  ppyn/GPRA3 % of . . . Ref.
No Structural Formula e b uM ? or % of i b logP TPSA El.ox. pot., V .
Inhibition .. b o ¢ Inhibition (for Synthesis)
Inhibition °; Emax,%
1-7 NA NA 49+ 8 1.35 70.56 M
1-8 NA 28 +2P NA 0.06 58.64 M
19+04° 1.18
19 NA 91 4 6¢ 40+2 0.97 81.70 168 M
b 1.18
1-10 60+5 49+15 31+4 2.54 72.01 168 M
1-11 52+5 51+6P 55+6 543 81.70 [33]
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Table 1. Cont.

HCA2/GPR109A, % of ~ [TAYGPRALECs)  ppyn/GPRA3 % of . . . Ref.
No Structural Formula e b uM ? or % of i b logP TPSA El.ox. pot., V .
Inhibition .. b o ¢ Inhibition (for Synthesis)
Inhibition °; Emax,%
1-12 16 £4 16 +8P 21+ 4 4.35 49.41 [33]
1-13 26+ 8 30+9P 32+7 4.35 63.68 [34]
1-14 NA NA NA 4.70 92.70 [33]

NA—Not active up to the 50 uM concentration tested. M—Synthesis described in this publication. *—ECs value (uM). b __Inhibition (%) of forskolin-stimulated intracellular accumulation of cAMP by 50 uM of
the tested compound; forskolin-stimulated cAMP levels were set to 100%. “—Maximal inhibition (%) of forskolin-stimulated cAMP. P ¢—Each value represents the mean + SD calculated from at least three
experiments, each performed in duplicate. —Calculated with Chem3D Ultra 19. 4! —Calculated with ChemDraw Professional Version 16. *—Electrooxidation potential, V vs. Ag/Ag".
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Inhibition of forskolin-stimulated cAMP production in cells expressing the HCA2/GPR109A (A) and

FFAR3/GPR41 (B) receptors. Compounds were added at the indicated concentrations to measure their inhibition of

forskolin-stimulated cAMP production. The curve represents the mean + SD from two independent experiments performed

in triplicate.

As shown in Table 1, the group of 5-ox0-1,4,5,6,7,8-hexahydroquinoline derivatives
showed selectivity towards the FFA3/GPR41 receptor; however, structural variations led to
significant changes in the activity of the compounds. For example, 2,4-dichloroanilide 1-4
showed similar potency (ECsp = 0.23 £+ 0.07 uM) to the 2,5-dichloroanilide 1-3
(ECs9 = 0.32 £ 0.05 pM), while 4-chloroanilide 1-5 exhibited decreased activity, and for 2-
pyridylamide 1-7 the activity towards FFA3/GPR41 was lost in the cAMP assay. Moreover,
compound 1-7 showed activity towards FFA2/GPR43 (Table 1). In contrast, the
5-oxo0-4-thienyl-1,4,5,6,7,8-hexahydroquinoline ester derivative 1-9 retained potency
(ECs0 = 1.9 £ 0.4 uM) for the FFA3/GPR41, but also was able to inhibit forskolin- stim-
ulated cAMP through FFA2/GPR43, albeit with lower potency. At the same time, 4-i-
butylhexahydroquinoline methyl ester described in the literature (compound 28 in [22])
showed no activity in the cAMP assay. The observed potencies of compounds 1-1 and 1-2
matched the published data [22], but there was a difference in the case of compound 1-3.

According to [22], esters have lower activities than amides towards FFA3/GPR41;
nevertheless, we demonstrated significant activity of ester 1-9. Furthermore, in the case of
the already known compounds 1-11, 1-12, and 1-14 the activity towards the novel receptors
HCA2/GPR109A, FFA3/GPR41, and FFA2/GPR43 was tested.

Modified compounds 1-11 and 1-14, featuring carboxylate ester groups at position
3, had low to no activity towards the FFA3/GPR41 receptor. Compound 1-8, possessing
a morpholide group, showed a low impact on FFA3/GPR41 and lacked activity towards
the FFA2/GPR43 and HCA2/GPR109A receptors. Compound 1-12, with an N-alkyl
lactam ring instead of an alkylamide group, had low activity towards all three studied
receptors. Thus, several compounds exhibited comparable activities towards all three
receptors, such as compound 1-11 (having a propylaminomethyl group at position 2
of the hexahydroquinoline system), as well as compounds 1-12 and 1-13. Compound
1-14 (featuring a carboxyl group at position 2 of the HHQ system) completely lacked
activity towards all three receptors. All three compounds (1-11, 1-12, 1-14) had a biphenyl
system at position 4; the same system is also part of compounds 5 and 7 [22], and the
combination of a biphenyl substituent with o-toluidide functionality led to the highest
activity for the FFA3/GPR41 receptor in the studied set of compounds. At the same time,
hexahydroquinoline-3-carboxylic acid anilide (compound 1-1) lacked activity towards
FFA2/GPR43. On the other hand, hexahydroquinoline-3-carboxylic acid esters (compounds
1-9 and 1-11) showed activity towards FFA2/GPR43 and HCA2/GPR109A. Compound
1-10 had reduced activity towards FFA3/GPR41 compared to compound 1-9 due to the
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additional phenyl group, but it had additional low activity towards the HCA2/GPR109A
receptor.

The calculated logP values showed moderate lipophilicity. Almost all compounds
had logP values below five (similarly to [22]) and TPSA less than 90: see comp. 1-1 and
4 [22]; comp. 1-2 and 1 [22]; comp. 1-3 and 16 [22].

Some tetrahydroquinolone compounds have been described as allosteric modulators
of the FFA3/GPR41 receptor that can increase or decrease the potency of endogenous
ligand propionate [22]. Therefore, the ability of compounds 1-1, 1-2, 1-3, and 1-4 to decrease
forskolin-stimulated cAMP levels was tested in the presence or absence of 5 uM propionate.
The potency of compound 1-2 in the absence or presence of propionate was the same
(EC59 = 0.61 = 0.09 uM and ECsg = 0.58 £ 0.03 uM, respectively), which was in a good
agreement with the potency reported by Ulven et al. [22] for compound 1 (ECsg = 0.52 uM
and ECsp = 0.54 uM, respectively). The potency of compound 1-1 (EC5p = 1.79 & 0.3 uM)
was slightly increased in the presence of propionate (ECsy = 0.64 £ 0.2 uM), with values
close to those reported for compound 4 [23]. The potencies of compounds 1-3 (ECsp = 0.32
£ 0.05 uM) and 1-4 (ECsp = 0.23 £ 0.07 uM) were increased in the presence of propionate
(EC50 =0.10 £ 0.02 uM and ECsp = 0.081+ 0.04 uM, respectively). These results suggest
that compounds 1-1, 1-3, and 1-4 could stimulate the FFA3/GPR41 receptor as agonists
and potentiate the activity of propionate.

2.3. The Effects of Pyranopyrimidine Derivatives on HCA2/GPR109A, FFA2/GPR43, and
FFA3/GPR41 Receptors

Pyranopyrimidines have been tested so far only as HCA2/GPR109A receptor lig-
ands [19,20]. We studied the possible activities of pyranopyrimidines towards three
GPCRs: HCA2/GPR109A, FFA2 /GPR43, and FFA3/GPR41. Besides the newly synthesized
compounds, we studied two known compounds (2-2 and 2-5) for which literature data
were available concerning their activity towards one receptor (HCA2/GPR109A). Some
structure—activity relationships of the studied compounds (Table 2) have been identified.
We observed two main types of ligand-receptor potency patterns.

1.  High potency for HCA2/GPR109A, low potencies for FFA3/GPR41 and FFA2 /GPR43:
compounds 2-3 and 2-5 (5-n-propyl-2-thioxo and 5-n-butyl-2-oxo derivatives of pyra-
nopyrimidines).

2. High and comparable potencies towards all three studied receptors: compounds 2-1,
2-2,2-4, 2-6, and 2-7, representing 2-thioxo- and 2-oxopyranopyrimidines.

This activity pattern can be divided into subtypes: in four cases, the compounds
were more active towards HCA2/GPR109A, but in one case compound 2-4 (a deriva-
tive of 2-thioxo-5-butylpyranopyrimidine) was more active towards FFA3/GPR41 than
HCA2/GPR109A.

Thus, in principle, either multitarget or selectively active compounds possessing
different selectivity could be designed. The prolongation of the alkyl chain (propyl —
butyl) enhanced activity towards all studied receptors (according to the comparison of
compounds 2-3 and 2-4). We added a novel 2-oxopyranopyrimidine derivative to the group
of compounds described by Palani et al. [18,19,35]: 5-chlorobutyl-2-oxopyranopyrimidine
(compound 2-7). It had the same activity on the HCA2/GPR109A receptor as its butyl
analogue, but the impact on FFA3/GPR41 and FFA2/GPR43 was significantly increased
compared to the 5-butyl compound 2-5.

The potency trends were different in the group of 2-thioxopyranopyrimidines. The
5-chlorobutyl derivative 2-6 was more potent towards HCA2/GPR109A receptor, but
less potent towards FFA3/GPR41 and FFA2/GPR43 receptors, compared to the 5-butyl
derivative 2-4.

Compound 2-7 (possessing chlorobutyl substituent) had the highest activity (in the
group of compounds 2-3, 2-4, 2-6, and 2-7) in inhibition of forskolin-stimulated cAMP
production (Figure 2A). Compound 2-7 was also the most active compound compared
with the hexahydroquinoline type compounds 1-1, 1-2, 1-4, and 1-9.
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Evidently, compounds of this type provide an appropriate platform for further opti-
mization in the most preferable direction.

The observed potency of compound 2-3 matched literature data [19], but there was a
difference in the case of compound 2-5 [18].

2.4. The Impact of S—Alkylpyranopyrimidine Derivatives on HCA2/GPR109A, FFA3/GPR41, and
FFA2/GPR43 Receptors

S-Alkylpyranopyrimidine derivatives had not yet been studied as ligands of short-
chain fatty acid or hydroxycarboxylic acid receptors. Remarkably, the aforementioned com-
pounds were shown to have activity towards all three receptors, especially the FFA3/GPR41
and HCA2/GPR109A receptors (Table 3).

2-Ethoxycarbonylmethyl derivatives 3-1 and 3-2: increased potency towards FFA3/GPR41,
less potency towards HCA2/GPR109A, and the least activity towards FFA2/GPR43.

2-Benzyloxycarbonylmethyl derivative 3-3: phenyl group instead of methyl group (comp.
3-2) led to a decrease of activity towards FFA3/GPR41, no change in activity towards
FFA2/GPR43, but an increase in potency towards HCA2/GPR109A.

2-Benzyloxybenzoylethyl derivative 3-4: a compound possessing two phenyl rings and
a ketone carbonyl group instead of an ester group had the highest potency towards
FFA3/GPR41, but lower activities towards FFA2/GPR43 and HCA2/GPR109A.

Carbamoylmethyl derivatives 3-5-3-7: these compounds in general had a similar or
weaker impact on all three receptors compared to the ester or ketone carbonyl compounds
3-1-3-4. This trend was especially pronounced for potencies towards FFA3/GPR41; ECsg
was substantially increased (compounds 3-6 and 3-7 versus compounds 3-2 and 3-4).

The studied compounds had a remarkable potency (ECsy from 0.38 to 8.2 pM for
selected compounds) towards FFA3/GPR41 albeit not reaching the high potencies of the
aforementioned oxo- or thioxopyranopyrimidines (Table 2), but exceeding their potency
towards HCA2/GPR109A (ECsj from 17 to 75 uM or even lower concentration). In the
case of activity towards the FFA2/GPR43 r, it was not possible to determine ECs5), which
was in some cases also true for FFA3/GPR41.

It can be concluded that S-alkylpyranopyrimidines are more selective for the FFA3/
GPR41 and HCA2/GPR109A receptors than for the FFA2 /GPR43 receptor.

The activity of oxo- and thioxopyranopyrimidines towards the studied receptors
was different (Table 2), as the mentioned ligands preferentially had more impact on
HCA2/GPR109A receptor, but S-alkylpyranopyrimidines preferentially had more im-
pact on FFA3/GPR41 receptor (Table 3). Such knowledge could be useful for further
development of specific and multitarget ligands.

Compounds that were not able to change the forskolin-stimulated cAMP level were
tested for their antagonist activity in the presence of the respective receptor agonist. None
of these compounds were able to change the agonist activity (data not shown).

In general, it is possible to obtain compounds possessing high potencies on one, two
or three receptors, or high selective activity on one out of three receptors.
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Table 2. The calculated physicochemical properties of 2-oxo and 2-thioxopyranopyrimidines and their impact on HCA2/GPR109A, FFA3/GPR41, and FFA2/GPR43 inhibition of

forskolin-stimulated cAMP level.

(0]
"
O N X
H
X=0,S
FFA3/GPR41 FFA2/GPR43 ECs,
Compound R X HCAZ/GPRIOQ% ECso, uM 2, or % of uM 3, or % of LogP 4 TPSA 4 El.ox. pot., V € Ref. .
ECsg, uM 2; Emax,% ¢ & (for Synthesis)
! ! ! Inhibition P; Emax,% ¢  Inhibition ?; Emax,% ¢
710+131¢@ 48 +0362 19+682
2-1 CH; S 06 45 c 99 & ¢ 74 ge 0.10 67.43 [36]
0.49 + 0.06 @ 0.37 + 0.08 @9 0.92 +0.04°
2-2 C,Hs S 90 45 ¢ 65 o144 0.57 67.43 [19]
a
2-3 CsH; S 0‘887 610?;13 38 £2b 29 £3Pb 112 67.43 M
0.55+0.042 0.19 +0.03 2 0.74 +0.08 2
2-4 C4Hy S o7 44 o5 4 5 03 46 1.67 67.43 M
a
2-5 C4Ho 0 0'05913 ioiof) 7 28 +4Pb NA 1.25 84.50 1.94 [18]
0.35 +0.022 0.34 £ 0.052 25+0472
2-6 C4HgCl S 94+ 4c 89 1 3¢ 83 19c 1.36 67.43 M
a a a
27 C4HgCl ¢ 0‘05948103'206 0‘2;9105.(13 0'358107‘26 0.94 84.50 1.94 M

NA—Not active up to the 50 uM concentration tested. M—Synthesis described in this publication. >—ECs( value (1M). b__Inhibition (%) of forskolin-stimulated intracellular accumulation of cAMP by 50 uM of
the tested compound; forskolin-stimulated cAMP levels were set to 100%. “—Maximal inhibition (%) of forskolin-stimulated cAMP. % bic__Fach value represents the mean =+ SD calculated from at least three

experiments, each performed in duplicate. 4—Calculated with Chem3D Ultra 19. *—Electrooxidation potential, V vs. Ag/Ag".
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Table 3. The electro-oxidation potentials and calculated physicochemical properties of S-alkylpyranopyrimidines and their impact on HCA2/GPR109A, FFA2/GPR43, and FFA3/GPR41
inhibition of forskolin- stimulated cAMP level.

R O
= | N
|
0”0 NJ\SR]
H
HCA2/ GPR109A EC5,  FFA3/ GPR41 EC59, uM FFA2/
Com-pound R Ry uM 2 or % of 2 or % of Inhibition b; GPR43v% of logP ¢ TPSA 4 ElL ox.pot., V € Ref.
Inhibition ?; Emax, % ¢ Emax, % © Inhibition P

75 4+ 112 1.6+ 0.52
3-1 C4Hy CH,CO,C,Hs 93 + &¢ 95 + 3¢ 65+1 1.81 97.74 1.97 M

43 +82 1.7+ 0.22
3-2 C,4HgCl CH,CO,C,Hs 80 & 4° ol & o 64 +2 1.50 97.74 M

a
3-3 C4HgCl CH,CO,CH,Ph 8157ffoc 72 4 2b 66 £ 6 2.79 97.74 M
o

a

3-4 C4HgCl THCPhOCHz 33 + 16P 0358123 49 £2 4.62 97.74 1.98 M
CH;
62+ 10 b

3-5 C,HgCl CH,CONH, %7+ 6 20+ 4 4242 0.02 114.53 1.93 M

o a
3-6 C4HgCl CHM{%} 48 + 8° 8'829117'5’ 6243 2.24 126.84 M

0“0 ™
O

I . 464062

3-7 C,HgCl CHzﬁNHC6H4COH 30+6 o7 4 o 52+ 10 2.70 134.16 M

NA—Not active up to the 50 uM concentration tested. M—Synthesis described in this publication. *—ECsy value (uM). b__Inhibition (%) of forskolin-stimulated intracellular accumulation of cAMP by 50 uM of
the tested compound; forskolin-stimulated cAMP levels were set to 100%. “—Maximal inhibition (%) of forskolin-stimulated cAMP. & bic__Each value represents the mean + SD calculated from at least three
experiments, each performed in duplicate. “—Calculated with Chem3D Ultra 19. d__Electrooxidation potential, V vs. Ag/Ag*.
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2.5. Electron-Donating Properties of Hexahydroquinolines and Pyranopyrimidines

The electron-donating properties of the studied series of compounds were characterised
by their electrochemical oxidation potentials. Derivatives of 1,4,5,6,7,8-hexahydroquinoline
are bicyclic analogs of 1,4-dihydropyridines, well-known partially hydrogenated hetero-
cyclic compounds, which in turn are analogs of 1,4-dihydronicotinamides and can be used
as model compounds of the redox coenzyme NAD(P)H. 1,4-Dihydropyridines have shown
antiradical and antioxidant activity [37-40].

4-Aryl(hetaryl) derivatives of 3,5-dialkoxycarbonyl-1,4-DHP are well-known Ca?*
channel antagonists. Several Ca?* antagonists (such as nitrendipine, amlodipine, nifedipine,
felodipine) possess antioxidant activity [41]. DHP derivatives nisoldipine and amlodipine
diminish superoxide formation [42].

The antioxidant activity of dihydropyridines was subsequently correlated with differ-
ent biological and pharmacological properties of these compounds [43,44]. The antioxidant
activity of DHP derivatives was characterised using electrochemical methods [45].

The antioxidant activity of fatty hexahydroquinolines, as well as hexahydroquinoline
derivatives has been described [46—-48].

Compounds containing fatty chains as substituents at the positions 2 or 3 and an aryl
moiety at position 4 have good antioxidant activity, approaching even that of the classic
antioxidants BHT (butylated hydroxytoluene) and vitamin E.

The electron-donating properties of the studied types of compounds were revealed by
electrochemical methods. The hexahydroquinoline derivatives 1-1, 1-2, 1-4, 1-9 and 1-10
had electrooxidation potentials at 1.18 V-1.24 V and 1.68 V-1.99 V (Table 1). The lower
electrooxidation potentials correspond to electron donor property.

Pyranopyrimidines 2-5 and 2-7 had electrooxidation potentials of 1.94 V (for both
compounds (Table 2). The electrooxidation potentials of S-alkylpyranopyrimidines were at
1.93 V-1.98 V (Table 3). These compounds lack electron donor properties.

2.6. Lipophilicity and Polar Surface Area of Studied Compounds

The lipophilicity and polar surface area of the three studied groups of compounds
were calculated as basic molecular characteristics pertaining to the potential medicinal use
of these compounds.

Almost all of the synthesized and studied compounds had acceptable lipophilicity
for peroral bioavailability (logP < 5) [49]. According to the calculated values, even lower
lipophilicity was observed, thus a broader range of functionalities could be included in
similar compounds during further structural optimization in order to design potential
drug molecules for injectable final dosage forms [50].

Short-chain fatty acids have strong effects on neuronal physiology. The free fatty
acid receptors FFA2/GPR43 and FFA/GPR41 are expressed in the brain [51,52] and
play a significant role in human health conditions. The TPSA (topological polar sur-
face area, A2) values characterise the ability of molecules to cross the blood-brain bar-
rier. The calculated TPSA values for derivatives of hexahydroquinoline, oxopyranopy-
rimidines, and thioxopyranopyrimidines were estimated to mostly be lower than 90 A2
(Tables 1 and 2), while the calculated TPSA values for alkylmercaptopyranopyrimidines
ranged from 97 to 127 A2 or even 135 A2 (Table 3), making these compounds in general
appropriate for transport through cell membranes, and in most cases also through the
blood-brain barrier [53].

2.7. Ligands of HCA2/GPR109A, FFA3/GPR41, and FEA2/GPR43 Receptors Suppress Gene
Expression and Secretion of Inflammatory Cytokines in THP-1 Macrophages

Besides the studies focused on the activity of compounds on the free fatty acid receptors
FFA3/GPR41 and FFA2/GPR43 and the hydroxycarboxylic acid receptor HCA2/GPR109A
we took into consideration the co-expression of HCA2/GPR109A, FFA3/GPR41, and
FFA2/GPR43 in immune cells (monocytes, macrophages, neutrophils), where they reduce
proinflammatory function [54]. In order to investigate the biological activities of com-
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pounds 1, 2, 3, we stimulated human THP-1 macrophages with the test compounds at
10 uM and 50 uM concentrations, 50 uM of the HCA2/GPR109A selective ligand niacin,
as well as 0.1 mM and 1 mM of the FFA2/GPR43 and FFAR3/GPR41 ligand propionate.
Compounds 1-1, 1-2 and 1-4 were tested as FFA3/GPR41 selective compounds, while
compounds 2-7, 3-3, and 3-4 were tested as compounds lacking selectivity for that receptor.
Compounds 1-1 and 1-2 are well-known representatives of the hexahydroquinoline group
of FFAR3/GPR41 ligands, having an o-toluidide side chain at position 3 and 4-thienyl or
4-furyl group at position 4, and compound 1-4 is a novel active ligand of FFAR3/GPR41,
possessing a 2,4-dichloroanilide substituent at position 3, representing an isomer of the
known 2,5-dichloroanilide compound 1-3. Concerning the derivatives of pyranopyrim-
idines, we studied interesting 5-chlorobutyl derivatives: compound 2-7 as a representative
of 2-oxopyranopyrimidines and two S-alkylthiopyranopyrimidines, 3-3 and 3-4, bearing
ester and benzoylethyl moieties. First, we examined the gene expression of all three re-
ceptors in unstimulated and 4 h LPS-stimulated human THP-1 macrophages. Figure 3
shows that all three receptors were expressed in THP-1 cells, with higher HCA2/GPR109A
levels than FFA2 /GPR43 and FFA3/GPR41. LPS stimulation of cells markedly increased
the gene expression for all three receptors compared to unstimulated cells. Niacin signif-
icantly reduced LPS upregulation of the HCA2/GPR109A (p < 0.01), but did not affect
the expression of FFA2/GPR43 and FFA3/GPR41 genes. Compounds 2-7, 3-3 and 3-4
at 50 uM concentration also significantly reduced the LPS-stimulated HCA2/GPR109A
mRNA levels (p < 0.05), resembling the effect of niacin. In contrast, the LPS-upregulated
FFA2/GPR43 and FFA3/GPR41 gene expression was slightly increased by the addition
of ImM propionate and some of the compounds; however, this effect was not statistically
significant compared to the LPS-stimulated cells (p > 0.05) (Figure 3). Propionate at 1 mM
and compounds 1-1, 1-2, 2-7 and 3-3 at 50 uM concentrations significantly increased the
LPS-stimulated FFA3/GPR41 mRNA levels (p < 0.05).

BHCA2 ®@FFA2 @©FFA3

Figure 3. The effect of LPS and test compounds on gene expression for the HCA2/GPR109A, FFAR3/GPR41, and
FFA2/GPR43 receptors in THP-1 macrophages. The cells were treated for 4 h with LPS (1 ug/mL) in the presence or absence
of test compounds at various concentrations. The gene expression for the receptors was analysed by real-time PCR and is
reported relative to the value from untreated control cells, which was defined as 1. The data were normalized to RPS29
and the values were calculated using the comparative (2~2t) method. The results are given as the mean + SD from three

independent experiments. * p < 0.05, ** p < 0.01 are significantly different from LPS-stimulated cells.
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Further, we quantified the gene expression levels of the pro-inflammatory cytokines
IL-6 and TNF-x and the chemokine-MCP-1 in untreated, LPS-treate