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TAK-875

Free Fatty Acid Receptor FFAT Agonist
Insulin Secretagogue
Treatment of Type 2 Diabetes

2-[6-[2',6'-Dimethyl-4'-[3-(methylsulfonyl)propoxy]biphenyl-3-ylmethoxy]-2,3-dihydro-1-benzofuran-3(S)-yl]acetic acid hydrate

INChl: 1S/C29H3207S.H20/c1-19-12-25(34-10-5-11-37(3,32)33)13-20(2)29(19)22-7-4-6-21(14-22)17-35-24-8-9-26-23(15-28(30)31)18-36-
27(26)16-24;/h4,6-9,12-14,16,23H,5,10-11,15,17-18H2,1-3H3,(H,30,31);,1H2/t23-;/m1./s1

H,0

CooH340g5
Mol wt: 542.64
EN: 642642

SUMMARY

TAK-875 is a free fatty acid receptor 1 (FFAIR/GPR40) agonist, the
first in this novel class of antidiabetic agents to enter clinical develop-
ment. It is a glucose-dependent insulinotropic agent, with a mecha-
nism of action that is novel among insulinotropic drugs, including
sulfonylureas, incretins and meglitinides. Single oral doses of TAK-875
stimulate enhanced glucose-dependent insulin secretion and improve
postprandial and fasting hyperglycemia, with a low risk of hypo-
glycemia and no evidence of beta cell toxicity, in preclinical testing. It
is well tolerated and has demonstrated efficacy in phase | and Il clini-
cal trials, with rapid and effective improvements in postprandial and
fasting hyperglycemia, glycosylated hemoglobin-lowering activity,
and a low risk of hypoglycemia in patients with type 2 diabetes. TAK-
875 is currently undergoing phase Il testing in Japan and phase Il
testing in the U.S. and Europe.

J. de Lartigue, PhD. 16 Maultway Crescent, Camberley, Surrey GU15 1PN, UK. E-mail:
jdelartigue@gmail.com.

*Synthesis prepared by R. Castafer, C. Estivill, J. Bolos. Thomson Reuters, Provenca
398, 08025 Barcelona, Spain.

SYNTHESIS*

Suzuki coupling of 4-bromo-3,5-dimethylphenol () with
3-formylphenylboronic acid (ll) in the presence of POI(PF’h)3 and
Na,CO, in EtOH/toluene at 80 °C affords 4'-hydroxy-2',6'-dimethyl-
biphenyl-3-carbaldehyde (lll), which is then condensed with
3-(methylsulfonyl)propyl tosylate (IV) by means of K,CO, at 90 °Cin
DMF to give 2',6'-dimethyl-4'-[3-(methylsulfonyl)propoxy]biphenyl-
3-carbaldehyde (V). Reduction of aldehyde (V) with NaBH, in
MeOH/THF at O °C produces the corresponding alcohol (VI), which
upon Mitsunobu condensation with methyl [6-hydroxy-2,3-dihydro-
1-benzofuran-3(S)-yl]acetate (VII) in the presence of Bu,P and ADDP
in toluene yields the corresponding ether (VIII). Finally, ester (VIII) is
hydrolyzed with NaOH in MeOH/THF/H,0 at 50 °C (1, 2). Scheme 1.

3-(Methylsulfonyl)propyl tosylate (IV) is prepared by sulfonylation of
3-(methylsulfanyl)-1-propanol (IX) using TsCl in the presence
of TMHDA and Et,N in toluene to produce the corresponding tosy-
late (X), which is finally oxidized with oxone in MeOH/H.O (1, 2).
Scheme 1.

Methyl [6-hydroxy-2,3-dihydro-1-benzofuran-3(S)-yl]lacetate (VII) is
synthesized as follows:

Cyclization of resorcinol (XI) with ethyl 4-chloroacetoacetate (XII) by
means of H,SO, gives 4-(chloromethyl)-7-hydroxychromen-2-one
(XI11), which by treatment with NaOH at reflux affords (6-hydroxy-
benzofuran-3-yl)acetic acid (XIV). Esterification of carboxylic acid
(XIV) with MeOH in the presence of H,SO, at reflux yields the corre-
sponding methyl ester (XV), which is hydrogenated over Pd/C in
MeOH to provide (+)-methyl (6-hydroxy-2,3-dihydro-1-benzofuran-
3-yl)acetate (XVI) (1, 2). Finally, the (S)-enantiomer (VII) is isolated by
preparative HPLC (1). Scheme 2.

Alternatively, intermediate (XV) can be reduced by H, in the pres-
ence of bis(1,5-cyclooctadiene)rhodium trifluoromethanesulfonate
and (S,S)-Et-ferrotane in the presence of NaOMe in MeOH (2).
Scheme 2.

BACKGROUND

Type 2 diabetes (T2D) is a progressively debilitating disorder of
increasing worldwide prevalence that is characterized by insulin
resistance or reduced insulin sensitivity, combined with reduced
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Scheme 1. Synthesis of TAK-875
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Scheme 2. Synthesis of Compound (VII)
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insulin secretion from pancreatic beta cells. Achieving optimal
glycemic control is a priority for the effective management of T2D in
order to minimize the risk of long-term macro- and microvascular
complications, which are associated with serious morbidity and mor-
tality. Current treatment regimens, including insulin secretagogues
such as sulfonylureas, carry an inherent risk of hypoglycemia, which
may accelerate loss of pancreatic beta cell function (3), and cardio-
vascular side effects (4-6). There is therefore a need for new thera-
pies with novel mechanisms of action that offer effective glycemic
control with minimal adverse events (AEs) and also allow the poten-
tial for optimal combination therapy with existing treatments.

Recent advances have heralded the development of new secreta-
gogue drug targets with a unique mechanism of action, including
dipeptidyl peptidase 4 (DPP IV) inhibitors and glucagon-like peptide
1 (GLP-1) analogues (7). In theory, these drugs, which amplify glu-
cose-stimulated insulin secretion (GSIS) and thereby have a glu-
cose-lowering activity that is dependent on plasma glucose levels,
could overcome some of the side effects associated with current
therapies. GSIS from pancreatic beta cells is also prompted by nutri-
ents, including free fatty acids (FFAs), which are both an important
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energy source and also act as signaling molecules in the cell (8, 9).
Aberrant FFA-mediated functions could plausibly lead to increased
insulin resistance and beta cell dysfunction.

The human genome encodes for 865 G-protein coupled receptors
(GPCRs), which have historically been a prime target for drug discov-
ery. Over 100 of these receptors are “orphan”, with as yet unidenti-
fied ligands and functions (10, 11). Recently, several GPCRs were
deorphanized, including GPR40, which was identified as a receptor
for medium- (C6-C12) and long-chain (C14-C24) fatty acids (12).

GPR40 belongs to a family of GPCRs that include GPR40, GPR47,
GPR43 and GPRI120. It is highly and predominantly expressed in the
pancreas, particularly in pancreatic islets, with comparable expression
levels to the GLP-1 and sulfonylurea receptors. In pancreatic beta cell
lines (MIN-6 and INS-1E), siRNA targeting GPR40 prevented FFA-
stimulated insulin secretion, confirming that GPR40 is involved in
stimulation of acute GSIS (12, 13). Several studies suggest that GPR40
couples mainly with the G protein alpha subunit of the Gg family
(Goug), activating Goug signaling, leading to release of calcium from the
endoplasmic reticulum, upregulation of calcium influx through L-type
calcium channels and, ultimately, enhanced insulin secretion in a glu-
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cose-dependent manner (12-14). Potent and selective FFAT receptor
agonists could function as glucose-dependent insulin secretagogues
and may prove to be effective antidiabetic drugs with a novel mecha-
nism of action and little or no risk of hypoglycemia.

Several FFAT receptor agonists have been identified in recent years
(15). The most advanced agonist in the R&D pipeline is TAK-875
(Takeda Pharmaceutical Co., Ltd.), which is currently in phase Il tri-
als in Japan and phase Il trials in the U.S. and Europe. In October
2011, Takeda announced its intention to progress to phase Il clinical
testing of TAK-875 in the U.S. and Europe.

PRECLINICAL PHARMACOLOGY

Takeda identified a range of potential synthetic FFAT receptor ago-
nists using ligand-based drug design and an arylalkanoic acid scaf-
fold, and screened for activity using a fluorometric imaging plate
reader (FLIPR) assay. Benzyloxyphenylpropanoic acids were select-
ed as a promising lead series. A medicinal chemistry approach was
employed to suppress metabolism and reduce lipophilicity. Cycliza-
tion of the phenylpropanoic acid moiety of the lead compound pro-
duced fused phenylalkanoic acids that had favorable in vitro agonist
activity and pharmacokinetic profiles. Further optimization ultimate-
ly led to the discovery of TAK-875 (1).

Preclinical studies of TAK-875 have shown that it has high selectivi-
ty and binding affinity for the human FFAT receptor over other close-
ly related GPCRs; the half-maximal effective concentration (EC50) of
TAK-875 for the human FFAT receptor was 0.014 uM, compared
to values above 10 uM for the other receptors, while the K. was
0.038 uM. This specificity was reportedly achieved in the drug
design process by moving away from the fatty acid structure and
reducing lipophilicity. Several modeling studies verified the interac-
tion between TAK-875 and the FFAT receptor, in which three groups
of interactions were observed through which TAK-875 is thought to
exert its FFAT receptor agonist activity (1).

A number of studies using both primary cells and pancreatic cell lines
have examined the in vitro pharmacological effects of TAK-875 on
insulin secretion and beta cell function. Acute stimulation with TAK-
875 was compared to the sulfonylurea glibenclamide in primary rat
islets and an INS-1833/15 insulinoma cell line (a model of pancreat-
ic beta cells). Both TAK-875 and glibenclamide caused an increase in
insulin secretion; however, unlike glibenclamide, the insulinotropic
action of TAK-875 was found to be dependent on the glucose concen-
tration. Examination of the EC,, for inositol monophosphate (IP) pro-
duction in Chinese hamster ovary (CHO) cells expressing human FFAT
demonstrated that stimulation with TAK-875 leads to an increase in
intracellular IP and calcium concentrations. This is consistent with
activation of the Ga.q signaling pathway, the proposed mechanism of
action of FFA stimulation of GSIS. The agonist action of TAK-875 was
400-fold more potent than the endogenous FFA ligand, oleic acid,
requiring much lower concentrations to activate the receptor. This
was reflected in the respective EC,, for IP, which was 0.072 uM for
TAK-875 and 29.2 uM for oleic acid (16, 17).

The in vivo pharmacological effects of TAK-875 on glucose tolerance
and insulin secretion have been examined in a variety of animal mod-
els. An oral glucose tolerance test (OGTT) in a diabetic rat model (Wis-
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tar fatty rats, which develop obesity and obesity-related features such
as impaired glucose tolerance, hyperinsulinemia and hyperlipidemia)
demonstrated that administration of a single oral dose of TAK-875
prior to oral glucose challenge decreased blood glucose excursions
and increased insulin secretion, with a minimum effective dose of 1
mg/kg (1). In type 2 diabetic N-STZ-1.5 rats with impaired postprandi-
al glucose tolerance, there was a dose-dependent improvement in
glucose tolerance and increase in insulin secretion upon administra-
tion of a single oral dose of TAK-875 (1-10 mg/kg) (17).

The glucose-dependent insulinotropic effects of TAK-875 demon-
strated in vitro were confirmed in in vivo studies using male Zucker
diabetic fatty (ZDF) rats as a model of hyperglycemia and normal
Sprague—-Dawley rats as a model of fasting normoglycemia. While
TAK-875 (10 mg/kg) increased plasma insulin levels and decreased
fasting plasma glucose levels in the ZDF rats, it did not alter fasting
glucose levels in the normal Sprague—-Dawley rats, even at concen-
trations as high as 30 mg/kg, demonstrating that TAK-875 exerts its
effects on insulin secretion only when blood glucose levels are
increased. In contrast, the sulfonylurea glibenclamide, although
leading to a significant increase in plasma insulin levels, also caused
a decrease in plasma glucose levels to below normal fasting levels.
Furthermore, single oral administration of TAK-875 in ZDF rats
resulted in more potent improvement of fasting hyperglycemia than
glibenclamide and the meglitinide nateglinide (17).

FFAs have pleiotropic effects on beta cells, with evidence suggesting
that while acute exposure promotes GSIS, chronic exposure leads to
lipotoxicity and impairs beta cell function and secretory capacity. Itis
unclear whether the chronic effects of FFAs are mediated by GPR40,
but it raises concerns as to whether prolonged treatment with ago-
nists, such as TAK-875, may lead to lipotoxicity. Thus, the effects of
chronic stimulation, over a 72-hour period, of TAK-875 on beta cell
function and apoptosis were also examined in preclinical studies. At
pharmacologically active concentrations in the cytokine-sensitive
INS-1823/13 insulinoma cell line, TAK-875 had no prolonged effect
on insulin secretion or insulin content and did not affect caspase-3/7
activity, demonstrating that chronic exposure does not cause beta
cell dysfunction or apoptosis. Similar exposure to the FFA palmitic
acid, on the other hand, did cause increased insulin secretion, insulin
content and caspase-3/7 activity (16). The metabolic effects of
chronic administration (72 hours) of TAK-875 were also examined in
vivo in female Wistar fatty rats. A dose-dependent decrease in glyco-
sylated hemoglobin (HbAlc) levels was observed, with no effects on
body weight or pancreatic insulin content.

These preclinical studies suggested that TAK-875 acts directly on
pancreatic beta cells to increase GSIS when blood glucose levels are
elevated, improving both postprandial and fasting hyperglycemia,
with no evidence of prolonged effects on beta cell function. The
binding of TAK-875 to the human FFAT receptor was shown to be
stronger than for the rat receptor (K = 0.038 uM vs. 0.14 uM), sug-
gesting that these promising preclinical findings in rat models may
translate into a potential treatment for T2D, with a novel mechanism
of action that could be added to existing treatment regimens to
allow optimal combination therapy. Indeed, one study examined the
effects of a combination of TAK-875 with the oral antidiabetic agent
metformin in ZDF rats. A combination of TAK-875 (3 mg/kg) and
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metformin (50 mg/kg) additively decreased fasting plasma glucose
compared to either monotherapy. In a subsequent multiple-dose
study a combination of twice-daily TAK-875 and once-daily met-
formin additively decreased HbATc levels and fasting plasma insulin
compared to monotherapy with either TAK-875 or metformin, while
pancreatic insulin remained the same as in control rats, suggesting
that a combination of TAK-875 and metformin has the potential to
effectively treat diabetes and improve beta cell function (18).

PHARMACOKINETICS AND METABOLISM

Preclinical studies of the pharmacokinetics (PK) and metabolism of
TAK-875 demonstrated an excellent PK profile in rats and dogs. It
exhibited a low plasma clearance (CL) of 34.16 mL/h/kg in rats and
29.79 mL/h/kg in dogs, and a low volume of distribution of 208.49
and 224.67 mL/kg, respectively, resulting in a sustained half-life
(tvz = 4.7 and 5.9 hours, respectively). Oral administration exhibited
rapid absorption, witha 't of Tand 2 hours, respectively, high C_

and plasma exposure, and high bioavailability (29.45%) (1).

Several clinical studies in healthy human subjects have examined
the PK characteristics of TAK-875 following single oral ascending
doses and multiple daily dosing. A randomized, double-blind phase
| trial of single ascending oral doses of TAK-875 (25, 50, 100, 200,
400 or 800 mg) compared to placebo in 60 healthy male and
female volunteers demonstrated that TAK-875 is eliminated slowly,
with a tvz for TAK-875 and its principal metabolite, M-I, of 28-37
hours (19, 20), suggesting that TAK-875 is suitable for once-daily
dosing. Mean oral clearance ranged from 0.88 to 1.70 L/h, with only
a fraction of the dose excreted as TAK-875 (< 0.32%). Systemic expo-
sure exhibited a dose-proportional increase up to doses of 200 mg,
with a slight deviation from dose-proportional increases at higher
doses. However, this deviation is unlikely to be clinically relevant
given that these doses are outside the therapeutic range. Only a
fraction of TAK-875 and the M-I metabolite were excreted into the
urine intact, suggesting that nonrenal clearance, including hepatic
metabolism, is the predominant route of clearance. This could offer
a potential advantage for T2D patients with renal insufficiency,
although further investigation is required to confirm this. Using a
double-blind, randomized, crossover design, a preliminary food
effect assessment was conducted on a 200-mg dose following a 7-
day washout. There was no substantial change in systemic exposure
to TAK-875 in response to a high-fat meal, suggesting that TAK-875
could be administered with or without a meal.

Two randomized, double-blind, placebo-controlled phase | trials
assessed single oral ascending doses of TAK-875 (25, 50, 100, 200,
400 or 800 mg; n = 9/group) under fasting conditions, and multiple
dosing of 200 and 400 mg of TAK-875 administered once daily over
a 14-day period in healthy male Japanese subjects. In the single-
dose study there was an approximately dose-proportional increase
in AUCand C__, withat _ of 3-4hoursand at,, of 21-28 hours.
The multiple-dose study demonstrated a 1.7-fold increase in AUC
and C__ to almost steady-state levels, suggesting no time-depend-
ent PK for TAK-875 (21). These studies also confirmed that there was
no change in systemic exposure upon feeding and negligible renal
excretion of TAK-875.
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SAFETY

The safety and tolerability of TAK-875 were also reported in clinical
testing and it was generally found to be well tolerated, with an excel-
lent safety profile. Of particular note was the low incidence of hypo-
glycemic events, which adds further support to the hypothesis that
the novel glucose-dependent mechanism of TAK-875 may help to
mitigate the hypoglycemic risks observed with other T2D treatments.

In phase I trials no serious AEs were reported and AEs were general-
ly mild and transient, exhibiting no dose-dependent pattern (19).
Both single and multiple doses of TAK-875 were well tolerated, with
no hypoglycemic events reported (21).

A phase Il trial of once-daily dosing of TAK-875 (200 or 400 mg)
over a 2-week period also reported no serious AEs and mild AEs that
were not dose-dependent. In the larger, dose-ranging phase Il study
of TAK-875 (6.25-200 mg) over 12 weeks, there were few discontin-
uations as a result of AEs related to TAK-875. Furthermore, treat-
ment-related AEs were lower compared to glimepiride. Importantly,
the number of hypoglycemic episodes was significantly less in the
TAK-875-treated group compared to the glimepiride-treated group,
and was comparable to placebo (2.3 vs. 16 vs. 3.3) (22).

CLINICAL STUDIES

The phase | trials previously mentioned also examined the effects of
TAK-875 on insulin secretion and blood glucose levels in healthy
patients. Consistent with the hypothesis that TAK-875 only exerts its
insulinotropic effects when blood glucose levels are elevated, there
was no glucose-lowering effect and no increase in insulin or C-pep-
tide secretion in healthy volunteers upon administration of a single
oral dose of TAK-875, and the frequency of blood glucose concentra-
tions < 70 mg/dL was comparable between the TAK-875- and place-
bo-treated groups. This supports the preclinical findings relating to
the mechanism of action of TAK-875 and further suggests that TAK-
875 would likely pose a low risk of hypoglycemia in T2D patients (19).

A randomized, double-blind, placebo-controlled phase Il study
examined the effect of once-daily dosing of TAK-875 100 or 400 mg
over 2 weeks in Japanese patients with T2D. TAK-875 was observed
to rapidly and effectively improve both postprandial and fasting
hyperglycemia. Following a 75-g OGTT, there was a significant
decrease in plasma glucose, fasting plasma glucose and
AUC, ,, of plasma glucose in the TAK-875-treated groups, with a
larger effect in the 400-mg group compared to the 200-mg group.
There was also a dose-dependent increase in the AUC,, .. of insulin
in the TAK-875 group (23).

0-3h

A second randomized, double-blind, placebo- and active-controlled,
dose-ranging phase Il study examined the effects of TAK-875 (6.25-
200 mg) once daily in 426 T2D patients over 12 weeks in comparison
to the sulfonylurea glimepiride. All doses of TAK-875 were found to
reduce HbATc levels at week 12 comparable to doses of > 50 mg
glimepiride. Compared to placebo, twice as many patients treated
with TAK-875 doses of > 25 mg achieved an HbAlc < 7% at week 12,
similar to glimepiride (22).

DRUG INTERACTIONS

Interactions of TAK-875 with other antidiabetic agents or other
medications have yet to be investigated. This will be an important
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future area of study, especially if TAK-875 is to be used in combina-
tion with other antidiabetic agents in the effective treatment of
patients with T2D.

SOURCE
Takeda Pharmaceutical Co., Ltd. (JP).
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