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11 polar heteroaromatics were designed and synthesized to improve the lipophilicity and liver
toxicity of TAK-875.
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The free fatty acid receptor 1 (FFA1/GPR40) hasaetitd interest as a novel target for the
treatment of type 2 diabetes. Several series of1FB§onists including TAK-875, the most
advanced compound terminated in phase Il studiestal concerns about liver toxicity, have been
hampered by relatively high molecular weight ambiihilicity. Aiming to develop potent FFA1
agonists with low risk of liver toxicity by decreag the lipophilicity, the middle phenyl of
TAK-875 was replaced by 11 polar five-membered toet@matics. Subsequently, systematic
exploration of SAR and application of molecular relinly, leads to the identification of

compound44, which was an excellent FFAL1 agonist with robustjypoglycemic effect both in
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normal and type 2 diabetic mice, low risks of hylgogmia and liver toxicity even at the twice
molar dose of TAK-875. Meanwhile, two importantdings were noted. First, the methyl group
in our thiazole series occupied a small hydrophahibpocketwhich had no interactions with
TAK-875. Furthermore, the agonistic activity revahla good correlation with the dihedral angle
between thiazole core and the terminal benzene Tihgse results promote the understanding of

ligand-binding pocket and might help to design nan@mising FFA1 agonists.

Keywords: FFAL1 agonist, GPR40, Liver toxicity, Type 2 diabetes,tddearomatics, Dihedral

angle.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a global epidensharacterized by impaired glucose
homeostasis due to insulin deficiency and tissgéstance to insulin-stimulated glucose uptake
and utilization.[1, 2]Despite an inspiring array of pharmacotherapiesI2ibM, most of current
hypoglycemic agents are associated with undesisatieeffects such as body weight gain, risk of
hypoglycemia, and gastric symptoms.[3-6] Hence, okehdrug with increased safety and
durability in controlling blood glucose levels tillsan urgent need for T2DM.[7, 8]

The G protein-coupled receptor 40 (GPR40)/freg/ fatid receptor 1 (FFAL), the prominent
ones of novel antidiabetic targets in the last decaplay a key role in amplifying
glucose-stimulated insulin secretion (GSIS) on peeuic B-cells without the associated risk of
hypoglycemia.[9-12] The mechanism of action of FR&1mainly couples with the G protein
a-subunit of the Gqg family, which activates phospbede C, leading to the production of inositol
triphosphate and release of intracellular®’C&rom the endoplasmic reticulum, which are
associated with enhanced insulin secretion in ecgle concentration-dependent manner.[13, 14]

Recentlya variety of synthetic FFA1 agonists that contaiitia moieties have been reported
(Figure 1),[15-23] of which the compounds TAK-875, AMG-83caLY 2881835 have reached to
clinical trials. However, the known FFAL ligandpoeted in the literature to date have been often
hampered by relatively high molecular weight angofihilicity even beyond the scope of
“Rule-of-Five” (red mark inFigure 1), which is associated with poor water-solubilityetabolic

instability, toxicity, high promiscuity, and coregés with a higher risk of attrition in clinical
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trials.[24-28] Therefore, researches have suggebkttctlogP values should not exceed #-fhe
optimization process.[24, 29] At present, a lotlafssic strategies have been extensively adopted
to decrease the lipophilicity such as introductidrnydrophilic group and scaffold hopping with
polar skeleton.[25, 30-32] With this perspectivemind, our research was focused on decreasing
the lipophilicity of the most advanced compound F8K5, which was terminated in phase Il
studies due to concerns about liver toxicity in &aber 2013.[33-35] Our previous study also
identified a series of phenoxyacetic acid derivegias a more hydrophilic acidic moiety compared
with the dihydrobenzofuran of TAK-875.[36] In thssudy, we envisioned that replacement of the
middle benzene ring of TAK-875 with a polar fivedmieered heteroaromatics was a worthy
approach for the decrease of clogP value, to patgnteduce the risk of liver toxicity. Hence, 11
heteroaromatics with the combination of differeateroatom number and location were designed
and synthesized to explore theature of ligand-binding pocket and select an ogitim
heteroaromatics for further SAR studidsglre 2). Among them,compound26, with robust
FFA1 agonistic activity (77.3 nM), was selected to repléhe terminal benzene ring with a series
of heterocycles in order to expand the SAR studiémn, various substituents in the terminal
benzene ring 026 were also introduced to optimize the FFAdonistic activity. Based on the
molecular modeling study and analysis of the SAR digcovered that the methyl group?éf the
most important fragment in our thiazole seriesjcihtly occupied a small hydrophobic
subpocketvhich had no interactions with TAK-875. Furthermdiee agonistic activity revealed a
good correlation with the dihedral angle betweeazible core and the terminal benzene ring. Of
all the synthesized compounds, compodddwith excellent FFA1 agonistic activity (48.7 nM)
and antihyperglycemic effect, revealed a low rigshypoglycemia and liver toxicity, was

considered to be a promising drug candidate watHyrther investigation.

Put Figure 1 and Figure 2 here

2. Results and Discussion
2.1. Chemistry

The synthetic routes of intermediata-g are summarized irscheme 1 The commercially



starting material benzoylhydrazidewas treated with chloroacetyl chloride to affore thesired
product?2, which was further converted to intermedi@gor 2b by dehydrating with POgIn
acetonitrile at reflux for 4 hrs or cyclizing wittawesson’s reagent, respectively.[37, 38] Similar
conditions to2a or 2b provided the intermediat2c or 2d from the common intermediaié
formed from commercially available 2-Aminoacetopbiea3 treated with chloroacetyl chloride.
Cyclization of the starting material 2-Bromoacetepbne with ethyl thiooxamate generated the
desired estella, which was followed by reduction using NaBEnd methanol,[39] and further
chloridized to yield the desired intermedi&& The synthesis of the intermedidte was started
from the intermolecular cyclization between phegglitazine and ethyl 2, 4-dioxopentanoate.[40]
While the intermediatelc was prepared by ring-closure reaction using hydeorine
hydrochloride and ethyl 2,4-dioxo-4-phenylbutanodt®, which was easily obtained in
oxaloylation of acetophenone by Claisen condensatith diethyl oxalate in the presence of
NaOEt.[41, 42] The obtained estdb or 1c was subsequently converted to compou2ider 2g
according to the method for the synthesi@ef

The chlorinated intermediate8h-i and 14a-u were synthesized starting from various
benzamidella-u as shown inScheme 2 The ethyl 2-chloroacetoacetate was condensed with
benzamidella or various thiobenzamid&2a-u to form the oxazoldd or substituted thiazole
13a-u[43] The thiazolele was obtained from the intermolecular cyclizationwsen ethyl
bromopyruvate and thiobenzamide, which wafforded from benzamide by treatment with
Lawesson’s reagent in high yield.[44] Next, theaiied estetld-e or 13a-u was reduced with
NaBH, in the presence of methanol, followed by treatintp thionyl chloride catalyzed by DMF,
generated the chlorinated intermedidths and14a-u

The synthesis of the target compound® to 50 is depicted in Scheme 3 The
dihydrobenzofuran intermediafis was synthesizesia published procedures.[18]ondensation
of the obtained chlorinated intermediat2a-i or 14a-u with 15 by using Williamson ether
synthesis, followed by basic hydrolysis, affordbd tlesired carboxylic acid®® to 27 and29 to
50. The synthesis of triazole coreda8 was accomplished by classical click chemistry mefd&]
The starting materiall5 was treated with 3-bromoprop-1-yne in acetonehat presence of
potassium carbonate to gil® in high yield. Azidobenzenel8 was obtained by treating aniline

with NaNG, followed by NaN in 50% acetic acid. The intermediate® reacted smoothly with
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azidobenzen&8 at ambient temperature in the presence of catadytiount of copper sulfate and

sodium ascorbate in 80 % methanol, followed bydhgdrolysis, giving the target compou@

Put Scheme 1, 2 and 3 here

2.2. Biological activities and discussion

2.2.1. FFA1 agonistic activity and SAR study

In order to explore an optimal polar heteroarometticeplace the middle phenyl of TAK-875, the
agonistic activities of the synthesized 11 hetemgetic compounds with relative lower molecular
weight and clogP values were investigated by ardionetric imaging plate reader (FLIPR) assay
in Chinese hamster ovary (CHO) cells expressingartuRFA1 Table 1). The oxdiazole core2()
with lowest clogP value (clogP = 1.705) was inifialesigned to decrease the lipophilicity, but the
agonistic activities 020 far more deviated the desired effect (6.31% agjorastivity at 300 nM).
An approximately 2-fold increase in potency ovee ttompound20 was obtained only by
replacing the oxygen atom @O with sulphur atom in compoun®l. We speculated that the
improvement of the activity was associated with wger hydrophobic effect and electronic
distribution of sulphur atom than oxygen atom.[20$imilar improvement in potency was also
observed by converting compour&? to compound23, which was intended to increase the
hydrophobic interaction with Gly, and Vag, by removing the left-hand nitrogen 21, and this
design strategy was directly inspired by the ctystaucture of FFA1 bound to TAK-875.[46]
However, position exchange of sulphur and nitrogéom in 23 to afford 24 resulted in a
significant drop of activity, attributed to theistrelectrical interaction in the binding pocket of
FFAL.On the basis of the above analysis, we replacedghthand nitrogen with methyl B0 to
further explore thelectrical and hydrophobic effect with ligand-bingipocket, and the obtained
compound25 showed a 3-fold increase in potency compared with parent compounéo.
Consistent with before-mentioned findings, replagetrof the oxygen atom i85 with sulphur
atom gave compoung6, a superior agonist with a 67.41% agonistic agtigt 300 nM, showed
the great potential for further optimization. Imstingly, switched the sites of sulphur and

nitrogen atom and removed the methyl26 to afford 27 appeared to diminish thi vitro



agonistic activity. Meanwhile, other combinatiorfsheteroatoms such as triazolB), parazole
(29) and isoxazole30) were designed to decrease the lipophilicity, tute of them showed the
desired potency, further confirming that the impode of electrical and hydrophobic effect in

ligand.

Put Table 1 here

To better understand the robustly agonistic agtioit26 and the SAR for FFA1 agonists, a
molecular modeling study based on the recently nedocrystal structure of FFAIPDB
accession code: 4PHU) was performed by using thkeddtar Operating Environment (MOE)
(Figure 3). As shown inFigure 3A, the interaction mode of compou2é was nearly perfect
overlap with TAK-875, and the carboxylate moietytoém showed the same hydrogen bonding
interactions with Ty, Argigz and Argosgin FFAL. Interestingly, the methyl group &6 occupied
a small hydrophobic subpocketigure 3) which had no interactions with TAK-875. It was
suggested that this hydrophobic interaction wasiatdor the robustly agonistic activity &6

rather than other five-membered heteroaromatic cumgs evaluated above.

Put Figure 3 here

Based on these results above, we therefore selttedcaffold 0f26 as our starting point
for further modification. Our optimized efforts veedirected to replace the terminal benzene ring
with a series of heterocycles in order to exparel MR studiesTable 2). Gratifyingly, the
bioisosteres 3-thiophene derivati®2 with lower lipophilicity, exhibited a slight impr@ment on
potency in comparison with the par@@ However, the agonistic activity 8fL was significantly
lower than32 only by moving the sulphur atom from the 3-posititm the 2-position of the
thiophene core. Concerns about potential metalgsgices associated with the thiophene ring led
us to introduce electron-withdrawing chlorine inofthene ring to affor®3 while appeared to
diminish the agonistic activity.[47] The bulkierteeocycles such as benzofuran and naphthalene

have been reported to improve the agonistic agtiwitTAK-875 series,[17] however, a similar



optimization in34 and35 exhibited a markedly reduced agonistic activityur thiazole system.
One possible rational explanation is that étectron donors including oxygen and nitrogen atoms
are available for interaction with low-lying* orbitals of the C-S bond, and the noncovalent
sulfur interaction could restrict conformationaibility of a molecule just as the intramolecular
hydrogen-bonding interaction.[30, 48, 49] As shawirigure 4, the thiophene ring3Q) and the
benzofuran §4) tend to be coplanar with the middle thiazole cawhich might hindered the

hydrophobic interaction highlighted Figure 3 owing to deviating the favorable conformation.

Put Table 2 and Figure 4 here

In order to select a suitable lead compound foth&r modification, the most potent
compound®6 and32 were used to evaluate the oral glucose tolerastd®GTT) in normal ICR
mice Figure 6A). Although thein vitro activity of 32 had more potential tha26, the
hypoglycemic effect 082 was significantly lower tha@6. We speculated that the weakewnivo
effect of32 may be attributable to a faster metabolism fosghine ring 082.[47, 50]

These results prompted a comprehensive evaluatiovadous substituents in the terminal
benzene ring of26, an orally bioavailable FFA1l agonist. As shown Table 3, for the
ortho-substituted compounds, the agonistic activity26f(2-H, 1.20 A) > 42 (2-F, 1.47 A) >
39 (2-Cl, 1.75 A) > 36 (2-Me, 1.80 A) > 45 (2-CF;, 2.20 A) suggested that the stegftect
(Van der Waals radius) in the 2-position might uefice agonistic activity of FFA1.[51] This
phenomenon also appeared in the naphthalene 3®)g geen as cyclic analogue of 2-methyl
benzene36). These results further demonstrated the SAR@ptlesent series was different from
the TAK-875 series which obtained the best actibgyintroducing substituents in the 2-position
of terminal benzene ring.[16-18, 52] Given the dita angle between thiazole core and the
terminal benzene ring with substituents in the dipmn << 3-position < 2-position Table 3),
which revealed a good correlation with FFA1 agaaistctivity: the agonistic activity of the
para-substituted compound8g, 41, 44 and47) > meta-substituted compound87, 40, 43 and
46) > ortho-substituted compound8, 39, 42 and 45), respectively Therefore, the abnormal

SAR could be attributed to the larger space rdgirnianduced by the larger dihedral angle, which



changed the favorable conformation especially dckhe hydrophobic interaction of methyl
group on thiazole. With this beneficial experierfoe avoid substitution abrtho-position, the
3,5-disubstituted49) and 3,4,5-trisubstituted methoxy grougf) were introduced to increase the
solvation effects with the water molecules whicle @xposed outside the receptor, but the
agonistic activity of them was inferior &8 (4-methoxy group), implying that the polysubstiuit
methoxy groups may introduce an unfavorable siataraction with the surface of FFAAfter
evaluation of SAR in all the previously describectas, a clear SAR picture and the key

pharmacophore of this chemical scaffold were deaedcand summarized Figure 5.

Put Table 3 and Figure 5 here

2.2.2. Oral Glucose Tolerance Test evaluated in the normal mice

Based on these results above, the optimized condsdd®) 41, 43 and 44 were selected to
evaluate thdn vivo hypoglycemic effects in normal ICR mice by OGTTheTtime-dependent
changes of blood glucose and the area under tlve ¢AtUC, o) of the plasma glucose levels are
shown in Figure 6. All of the selected compounds showed good hypmghic activity in
accordance witln vitro agonistic activity. Among them, the hypoglycemfieet of compoundi4
was in close proximity to the positive control TAYZ5, the most advanced compound once in

phase Il studies.

Put Figure 6 here

2.2.3. Dose-response relationship of 44 explored in normal ICR mice

On the basis of thin vivo hypoglycemic effects, the most potent compodrdd10, 30 and 60
mg/kg) was further investigated for the dose-resparlationship of lowering blood glucose level
in normal mice. As shown iRigure 7A, compound44 demonstrated a dose-proportional decrease
in blood glucose levels with comparable efficacd@tmg/kg compared to TAK-875 at 20 mg/kg
during an OGTT. Furthermore, the plasma glucoseecof 44 tended to flat after 60 min at the

dose of 60 mg/kg. This result might be at leastpart rationalized by the low risk of



hypoglycemia showed 4.

Put Figure 7 here

2.2.4. Effects of 44 on the risk of hypoglycemia

Obtaining a positive result in pharmacological gtutie risk of hypoglycemia was subsequently
assessed in fasting normal ICR mice by oral adtnating a high dose af4 in comparison with
glibenclamide to further confirm the above spedofatAs shown inFigure 7B, glibenclamide
(15 mg/kg) lowered plasma sugar levels far belownad fasting levels. In contrast, compouil
even at the high dose of 60 mg/kg, only slightigueed fasting glucose levels in ICR mice, and
the change of plasma glucose levels was much ganthbe that caused by administration of
glibenclamide. Thus, our results indicated that poumd44 revealed a low risk of hypoglycemia,
a serious adverse effect to sulfonylureas, whiehvadely used as one of the first-line drugs for

the treatment of T2DM.

2.2.5. Hypoglycemic effects of 44 explored in type 2 diabetic C57BL/6 mice

To further assess antihyperglycemic effectd4in the diabetic state, STZ-induced type 2 diabetic
C57BL/6 mice were used to evaluate the OGTT44f the most potent agonist among our
synthetic compounds. As shown kigure 8, the compoundi4 was significantly improved the
hyperglycemia state of diabetic mice as TAK-875e Thsults demonstrated that compoddd

with a low risk of hypoglycemia, hasgreat potential for improving the diabetic state.

Put Figure 8 here

2.2.6. Effects of 44 on therisk of liver toxicity

For evaluating the risk of liver toxicity, a 30 daghronic study was subsequently carried out in
normal ICR mice. In this study, vehicle, TAK-873(thg/kg, 38 mmol/kg) and4 (30 mg/kg, 75
mmol/kg) was orally administered to normal mice emtaily for 30 days. At the end of study,

several parameters indicative of liver functionliiiing alanine aminotransferase (ALT), aspartate



transaminase (AST) and total bilirubin (TBIL) inrge were measured. As shownTable 4, the
ALT and AST, the main biomarkers of liver injuryag/significantly increased in TAK-875 group
compared with vehicle group, the result demondraterelatively high risk of liver toxicity
observed in TAK-875. Gratifyingly, the compoudd group, even at the twice molar dose of
TAK-875, showed comparable values of ALT and AShikir to that of vehicle group. These
results suggested that compoubt] with lower molecular weight and lipophilicity, stessfully

reduced the risk of liver toxicity compared to TAKS.

Furthermore, in this chronié4 treatment study, no particular side effects wdrseoved at
the compound4 group, indicating the possibility that minimizeff-target pharmacology and

metabolic toxicity.

Put Table 4 here

3. Conclusion

With the aim of developing potent FFAL agonistshwiduced lipophilicity to decrease the risk of
liver toxicity, we have identified a new series thfiazole FFA1 agonists by comprehensive
evaluating 11 heteroaromatics with the combinatibdifferentheteroatom number and location.
Subsequently, the optimal lead compo@tdwas selected to replace the terminal benzene ring
with a series of heterocycles, and various sulesiteiin the terminal phenyl &6 were also
introduced to optimize the agonistic activity. Angothem, the preferred compoudd exhibits
potent agonistic activity on FFA1 and producestastly hypoglycemic effect both in normal and
type 2 diabetic mice. Besides, compoul] even at the high dose of 60 mg/kg, revealed a low
risk of hypoglycemia. In further studies, a 30 dakisonic44 treatment study was carried out in
normal mice, even at the twice molar dose of TAK.8ievealed a lower risk of liver toxicity
compared with TAK-875, and no particular side efewere observed at compoudd treated
group. All of these results demonstrated that camgo44 was meaningful for further
investigation, and the information obtained frora AR studies in our thiazole series might help

to design more active FFA1 agonists that are stratty related.

4. Experimental section
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4.1. General chemistry
All starting materials, reagents and solvents wabtained from commercial sources and used
without further purification unless otherwise inalied. Purifications by column chromatography
were carried out over silica gel (200-300 mesh) amhitored by thin layer chromatography
performed on GF/UV 254 plates and were visualizeédgiUV light at 254 and 365 nm. Melting
points were taken on a RY-1 melting-point apparatog were uncorrected. NMR spectra were
recorded on a Bruker ACF-300Q instrument (300 MbtZzH NMR and 75 MHz for*C NMR
spectra), chemical shifts are expressed as vadlasve to tetramethylsilane as internal standard,
and coupling constantgd galues) were given in hertz (Hz). LC/MS spectraeveecorded on a
Waters liquid chromatography-mass spectrometeresys{ESI). Elemental analyses were
performed by the Heraeus CHN-O-Rapid analyzer. BYI%- was synthesized as previously
reported.[15]

The physical characteristicdd NMR, **C NMR, MS and elemental analysis data for all

intermediates and target molecules, were repontdéiuel supporting information.

4.2. Molecular modeling

Docking simulations were performed using MOE (wvamsR008.10, The Chemical Computing
Group, Montreal, Canada). The crystal structurefek1 (PDB ID: 4PHU) was downloaded from
the Protein Data Bank (PDB). Prior to ligand dogkithe structure was prepared with Protonate
3D and a Gaussian Contact surface was draw ardweninding site. Subsequently, the active site
was isolated and the backbone was removed. Thedigases was filtered using Pharmacophore
Query Editor. The compound structures were plaoetthe site with Pharmacophore method and
then ranked with the London dG scoring functionr i@ energy minimization in the pocket,

MOE Forcefield Refinement was used and ranked thigh_.ondon dG scoring function.

4.3. Biological methods

4.3.1. Ca*" influx activity of CHO cells expressing human FFAL (FLIPR Assay)

CHO cells stably expressing human FFAL1 (accessioiNivM_005303) were seeded into 96-well
plates at a density of 15K cells/well and incubatédh in 5% CQ at 37 °C. After, the culture

medium in the wells was removed and washed with {ll0@f Hank’s Balanced Salt Solution.
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Then, cells were incubated in loading buffer (comite 2.5ug/mL fluorescent calcium indicator
Fluo 4-AM, 2.5 mmol/L probenecid and 0.1% fatty cafiee BSA) for 1 h at 37 °C. Various
concentrations of test compoundsydinolenic acid (Sigma) were added into the celtsl ahe
intracellular calcium flux signals were monitored BLIPR Tetra system (Molecular Devices).
The agonistic activities of test compounds on hufiéil were expressed as [(A-B)/(C-B)]x100
(increase of the intracellular €aconcentration (A) in the test compounds-treatdis emd (B) in
vehicle-treated cells, and (C) in 1M y-linolenic acid-treated cells). Egvalue of selected

compound was obtained with Prism 5 software (GraphP

4.3.2. Animals and Statistical Analysis of the Data
Male ICR mice (18-22 g) and male C57BL/6 mice (B8¢) were purchased from Comparative
Medicine Centre of Yangzhou University (Jiangsujn@p acclimatized for 1 week before the
experiments. The animal room was maintained undeorstant 12 h light/black cycle with
temperature at 23 = 2 °C and relative humidity 5@026 throughout the experimental period.
Mice were allowed ad libitum access to standartefsednd water unless otherwise stated, and the
vehicle used for drug administration was 0.5% swdaalt of Caboxy Methyl Cellulose aqueous
solution for all animal studies. All animal expeénts were performed in compliance with the
relevant laws and institutional guidelines, and experiments have been approved by the
institutional committee of China Pharmaceutical\uénsity.

Statistical analyses were performed using spesiitware (GraphPad InStat version 5.00,
GraphPad software, San Diego, CA, USA). Unpairethgarisons were analyzed using the

two-tailed Student’s t-test, unless otherwise dtate

4.3.3. Oral Glucose Tolerance Test in male ICR mice

Normal ICR mice 10 weeks old were fasted overn{d@th), weighted, blegia the tail tip, and
randomized into 8 groups (n = 6). Mice were admiiated orally with a single doses of vehicle,
TAK-875 (10 mL-kg; 20 mg-kg; 38 mmol-kg), or selected compounds (10 mL'kg38
mmol-kg") and subsequently dosed orally with 30% glucoseags solution (3 g- K after half
an hour. Blood samples were collected immediatefpie drug administration (-30 min), before

glucose challenge (0 min), and at 15, 30, 45, & X0 min post-dose. The blood glucose was
12



measured by blood glucose test strips (SanNuo GrengChina).

4.3.4. Dose-response relationship of 44 explored in male ICR mice

To investigate dose-response relationshipd4f normal ICR mice 10 weeks old were fasted
overnight (12 h), weighted, bleda the tail tip, and randomized into 5 groups (n =Nice were
administrated orally with a single doses of vehicl&K-875 (10 mL-kg; 20 mg-kd), or
compound44 (10 mg-kg, 30 mg-kg, 60 mg-kg) and subsequently dosed orally with 30%
glucose aqueous solution (3 g”kafter half an hour. Blood samples were colledtedhediately
before drug administration (-30 min), before gleasallenge (0 min), and at 15, 30, 45, 60 and
120 min post-dose. The blood glucose was measuyetlldnd glucose test strips (SanNuo

ChangSha, China).

4.3.5. Effects of 44 on the risk of hypoglycemia

10 weeks old male normal ICR mice were fasted aghtrand randomized into 3 groups (n = 6).
Compound44 (60 mg-kd), glibenclamide (15 mg-Kj, or vehicle was orally administered, and
blood was collected from tail vein immediately bef@administration (0 h) and at 30, 60, 90, 120

and 180 min after administration and measure bilodose as described above.

4.3.6. Hypoglycemic effects of 44 explored in type 2 diabetic mice
Male C57BL/6 mice after 1 week adaptation werewidtth high-fat diet (45% calories from fat,
from Mediscience Ltd., Yangzhou, China) ad libitfon 4 weeks to induce insulin resistance and
then injected intraperitoneally (i.p.) with low @osf STZ (10 mL-kd; 80 mg-kd). The mice
were fed with high-fat-diet for another 4 weeksd dne development of diabetes was confirmed
by measuring blood glucose levels. The mice wittiigg blood glucose level 11.1 mmol/L or
higher were considered to be diabetic and were irsélde experiment as type 2 diabetic mice
model.[53, 54]

Type 2 diabetic C57BL/6 mice were fasted overnigt h), weighted, bled via the tail tip,
and randomized into 3 groups (n = 6), another gafupormal fasting C57BL/6 mice was added
as negative control. Mice were administrated oralith a single doses of vehicle, TAK-875 (10

mL-kg®; 20 mg-kd"), or compoundi4 (10 mL-kg"; 30 mg-kg) and subsequently dosed orally
13



with 20% glucose aqueous solution (2 g'kagfter half an hour. Blood samples were collected
immediately before drug administration (-30 mirgfdre glucose challenge (0 min), and at 15, 30,
45, 60 and 120 min post-dose. The blood glucose measured by blood glucose test strips

(SanNuo ChangSha, China).

4.3.7. Risk of liver toxicity of 44 evaluated in normal ICR mice

Normal ICR mice were dosed daily with the vehicl&K-875 (10 mL-kg; 20 mg-kd) or
compound44 (10 mL-kg"; 30 mg-kd) by gavage administration for 30 days. The bodights
were measured every 5 days and the dosage wadeadjiscording to the most recent body
weight. All animals were observed daily and anyabral state were recorded. At the end of
treatment, mice were fasted overnight (12 h), bl®asnples were drawn from orbit and
centrifuged at 3500 rpm/min for 10 min to sepasdsum. ALT, AST and TBIL in serum were

measured using automatic biochemical analyzer (BackCoulter, AU5811, Tokyo, Japan).
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Table 1:In vitro activities and select physicochemical propertieklcheteroaromatic20 to 30

O,

compd Het Act%(300nM) Act%(100nM¥ Mw clogP
TAK-875 76.01 65.32 524.63 4.697
20 N 6.31 1.54 352.35 1.705
o™
21 N-N 13.65 3.36 368.41 2.507
P
22 \([R‘ 10.15 2.34 351.36 2.932
o
23 N 19.76 5.26 367.42 3.597
S
S
24 \/[ /)\(! 0.23 0.16 367.42 3.597
N
25 N&\f 21.17 7.15 365.39 3.403
|
Y(o
26 N&\{ 67.41 54.81 381.45 4.298
|
\/ks

S
27 \ 5.67 0.15 367.42 3.597
\(L\}\/

N=N 0.89 0.76 351.36 2.702

A
29 m 1.23 0.98 364.40 3.73
b

0-N
30 M 1.67 0.84 351.36 3.232

28

& Agonist activities mean values at a screening aunaton of 300 nM were obtained from three
independent experiments.
® Agonist activities mean values at a screening aunation of 100 nM were obtained from three
independent experiments.

¢ clogP values were estimated with ChemDraw Ulteasion 12.0.
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Table 2:Invitro activities and physicochemical properties of destgcompound31to 35

20

1\ 0

s
COOH

compd Het Act%(100nM)  hFFAL EGo(nM)° Mw clogP
TAK-875 65.32 29.6 524.63 4.697
26 @/\ 54.81 773 381.45 4.298
31 @\; 35.15 ND 387.47 4.189
S
32 (f 56.47 68.5 387.47 3.979
S
33 I\ 8.34 ND 421.91 4.923
Cl
34 % 14.78 ND 421.47 5.068
35 8.53 ND 431.51 5.472

ND = Not determined.

&Agonist activities mean values at a screening aunaton of 100 nM were obtained from three

independent experiments.

b ECso values for FFAL activities represent the mearhdd determinations.

¢ clogP values were estimated with ChemDraw Ultession 12.0.
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Table 3:Invitro activities and dihedral angle of designed comps&do 50

32 N

4@48\ (o] (o]

Doy
COOH

compd R Act% (100nMf  hFFAL EGo(nM)” Calcd dihedral angle (degy
TAK-875 65.32 29.6 89.6
26 H 54.81 77.3 4.9
36 2-Me 10.68 ND 50.4
37 3-Me 47.16 118.5 12.6
38 4-Me 54.85 735 3.2
39 2-Cl 12.36 ND 46.7
40 3-Cl 42.97 137.5 13.3
41 4-Cl 53.35 85.6 7.8
42 2-F 25.76 ND 36.5
43 3-F 56.90 64.8 10.6
44 4-F 61.63 48.7 7.4
45 2-CF; 7.76 ND 58.6
46 3-CR 35.68 ND 15.3
47 4-CF 50.35 96.7 4.8
48 4-OMe 46.78 123.4 4.3
49 3,5-diOMe 17.53 ND 6.3
50 3,4,5-triOMe 7.47 ND 16.6

ND = Not determined.

#Agonist activities mean values at a screening aunaton of 100 nM were obtained from three
independent experiments.

b ECso values for FFA1 activities represent the mearhidd determinations.

“Dihedral angle between thiazole core and the texhiienzene ring was calculated by Dihedral

Plot in MOE, version 2008.10.
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Table 4: Effects of44 on the values of AST, ALT and TBIL

Groups ALT (IU/L) AST (IU/L) TBIL (IU/L)

Vehicle 35.0+4.3 133.1+13.1 4.140.4
TAK-875 (20 mg/kg) 48.3+477 181.1+15.3 4.0+0.8
44(30 mg/kg) 37.5+4.1 141.8+14.8 4.0+0.5

Results are expressed as mean + SD for six mieadh group”p<<0.05 compared to vehicle

group by Student’s t-test. $0.05 compared to TAK-875 group by Student’s t-test.
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ECsp: 14nM ECs: 25nM ECso: 13nM
Mw: 524.63 Mw: 347.41 Mw: 438.45
CLogP: 4.697 ClogP: 4.948 ClLogP: 6.81
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Figure 1: Selected examples of synthetic GPR40 agonistgPclhalues are calculated with

ChembDraw Ultra 12.0 using the “clogP” option.
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Figure 2: Our strategy to decrease the lipophilicity of TAK-87% ieplacing the middle benzene

ring with 11 heteroaromatics.
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Figure 3: The interaction mode of compou@6 bound to FFAL. Key residues are labeled in red,
and hydrogen bonding interactions are represeniedetiow dashed lines. (A) Overlay of

TAK-875 (green) an@6 (blue) bound to FFAL. (B) Compoudé bound to FFA1.
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Figure 4: Presumed conformational preference based on tamgiion between the lone pair (O

and N) and C-%* orbitals (noncovalent N- - - S interaction and Oint&action).

26



Area B Area C Pharmacophore E

' ‘ N
@ & Y 0 Optimization ’ \; [o) 0
Area A coon COOH

Pharmacophore D Pharmacophore D

Area A: Other than the bulkier heterocycles, certain heterocycles are tolerated in this area. The kinds and
location of heteroatom have a significant influence on the activity mediated by the noncovalent sulfur
interaction. Among various heterocycles, 3-thiophene showed the strongest activity.

Area B: This area have a strict requirement for electrical distribution and hydrophobicity. Those properties
were crucial for interactions around this area, even affect the interactions of terminal carboxyl with
receptor by conformation "cross-talk". After a comprehensive evaluation on various heterocycles,
thiazole with a methyl group in 4-position showed the strongest activity.

Area C: Ortho-substituents are not tolerated, as the size increases the potency decreases (H>F > Cl> Me
> CF3). Agonistic activity of a substituent in the R3 > R, > R;. Other than the steric effect, the
electronic nature of substituents don't have a significant effect on the activity. The polysubstituted
bulkier groups were also not tolerated even substituent in the Ry and R,.

Pharmacophore D: The carboxylate moiety, form hydrogen bonding network with receptor, was crucial for
activity. Once the hydrogen bonding network was disturbed by unfavorable conformation, the

agonistic activity will be significantly reduced.

Pharmacophore E: The methyl group, the most important fragment in the thiazole core, specitically occupied
a small hydrophobic subpocket which had no interactions with TAK-875.

Figure 5: SARs and the key pharmacophore summary.
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Figure 6: Effects ofcompounds on blood glucose levels during an OGTioimal ICR mice. A,
B and C represent time dependent changes of plgtmase levels. D shows the Alg, of
blood glucose levels. Values are mean + SEM (n.Z®B}0.05, *p<<0.01 compared to vehicle

normal mice by Student’s t-test.
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Figure 7: (A) Dose—response relationship 4f explored in normal ICR mice. (B) Effects 4
on fasting plasma glucose in normal mice. Valueseapressed as mean + SEM for six animals in

each group. *p<0.05, *p<0.01 compared to vehicle normal mice by Studertst “p<<0.05,

#b<0.01 compared td4 treated mice by Student’s t-test.
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Figure 8: Effects of 44 on blood glucose levels during an OGTT in fastigget 2 diabetic
C57BL/6 mice. Values are mean + SEM (n = 6)<@®5 compared to vehicle diabetic mice by

Student’s t test.
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Scheme 1.Synthesis of intermediatéza-g Reagents and conditions: (a) Choroacetyl chloride
NaOH, 0°C, 1 h, 68.2%; (b) POChcetonitrile, reflux, 4 h, 66.5-76.1%; (c) Lawas's reagent,
THF, reflux, 4 h, 60.3-75.7%; (d) Choroacetyl cider, trimethylamine, O-rt, 16 h, 62.3%; (e)
EtOH, reflux, 6 h, 74.3%; (f) (1) NaBFHiMeOH, THF, reflux; (2) SOG) CH.Cl,, DMF, 40 °C, 4h;
(g) EtOH, reflux, 2 h, 40.3%; (h) Diethyl oxalatdaOEt, O-rt, 18 h, 76.7%; (i) Hydroxylamine

hydrochloride, EtOH, reflux, 2 h; 60.7%.
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Scheme 2.Synthesis of intermediate®h-i and 14a-u Reagents and conditions: (a) ethyl

2-chloroacetoacetate, EtOH, reflux, 16 h, 42.1%;L@wesson’s reagent, THF, reflux, 4 h; (c)

ethyl bromopyruvate, EtOH, reflux, 4 h, 76.7%; éhyl 2-chloroacetoacetate, EtOH, reflux, 6 h,

61.5 - 92.3%: (e) (1) NaBKHMeOH, THF, reflux; (2) SOG) CH,Cl,, DMF, 40 °C, 4 h.
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Scheme 3Synthesis of target compoun®8 to 50. Reagents and conditions: (a)30s, acetone,
Kl, 45 °C, 12 h; (b) LiOH- KO, THF/MeOH/HO, rt, 4 h; (c) 3-bromoprop-1-yne ,&O;, acetone,
reflux, 8 h; (d) NaN@ 50% acetic acid, then NgND-5 °C, 84.2%; (e) ascorbate sodium, CySO

80% MeOH, rt, 20 h, 89.5%.
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11 heterocycles were synthesized to improve the lipophilicity of TAK-875.

The methyl group in our thiazole core occupied a crucial hydrophobic subpocket.
The agonistic activity revealed a good correlation with the dihedral angle.

44 revealed lower risk of liver toxicity compared with TAK-875.

44 showed lower risk of hypoglycemia compared to first-line drug glibenclamide.



