
Discovery of (S)-6-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-
1-yl)propanamido)nicotinic Acid as a Hepatoselective Glucokinase
Activator Clinical Candidate for Treating Type 2 Diabetes Mellitus
Jeffrey A. Pfefferkorn,*,† Angel Guzman-Perez,‡ John Litchfield,‡ Robert Aiello,‡ Judith L. Treadway,‡

John Pettersen,‡ Martha L. Minich,‡ Kevin J. Filipski,† Christopher S. Jones,‡ Meihua Tu,† Gary Aspnes,‡

Hud Risley,‡ Jianwei Bian,‡ Benjamin D. Stevens,† Patricia Bourassa,‡ Theresa D’Aquila,‡ Levenia Baker,‡

Nicole Barucci,‡ Alan S. Robertson,‡ Francis Bourbonais,‡ David R. Derksen,‡ Margit MacDougall,‡

Over Cabrera,† Jing Chen,‡ Amanda Lee Lapworth,† James A. Landro,‡ William J. Zavadoski,‡

Karen Atkinson,‡ Nahor Haddish-Berhane,‡ Beijing Tan,‡ Lili Yao,‡ Rachel E. Kosa,‡

Manthena V. Varma,‡ Bo Feng,‡ David B. Duignan,‡ Ayman El-Kattan,‡ Sharad Murdande,‡

Shenping Liu,‡ Mark Ammirati,‡ John Knafels,‡ Paul DaSilva-Jardine,† Laurel Sweet,‡ Spiros Liras,†

and Timothy P. Rolph†

†Cambridge Laboratories, Pfizer Worldwide Research & Development, 620 Memorial Drive, Cambridge, Massachusetts 02139,
United States
‡Groton Laboratories, Pfizer Worldwide Research & Development, Eastern Point Road, Groton, Connecticut 06340, United States

ABSTRACT: Glucokinase is a key regulator of glucose
homeostasis, and small molecule allosteric activators of this
enzyme represent a promising opportunity for the treatment of
type 2 diabetes. Systemically acting glucokinase activators
(liver and pancreas) have been reported to be efficacious but
in many cases present hypoglycaemia risk due to activation of
the enzyme at low glucose levels in the pancreas, leading to
inappropriately excessive insulin secretion. It was therefore postulated that a liver selective activator may offer effective glycemic
control with reduced hypoglycemia risk. Herein, we report structure−activity studies on a carboxylic acid containing series of
glucokinase activators with preferential activity in hepatocytes versus pancreatic β-cells. These activators were designed to have
low passive permeability thereby minimizing distribution into extrahepatic tissues; concurrently, they were also optimized as
substrates for active liver uptake via members of the organic anion transporting polypeptide (OATP) family. These studies lead
to the identification of 19 as a potent glucokinase activator with a greater than 50-fold liver-to-pancreas ratio of tissue distribution
in rodent and non-rodent species. In preclinical diabetic animals, 19 was found to robustly lower fasting and postprandial glucose
with no hypoglycemia, leading to its selection as a clinical development candidate for treating type 2 diabetes.

■ INTRODUCTION
Type 2 diabetes mellitus (T2DM) is a rapidly expanding public
epidemic affecting over 300 million people worldwide.1 This
disease is characterized by elevated fasting plasma glucose
(FPG), insulin resistance, abnormally elevated hepatic glucose
production (HGP), and reduced glucose-stimulated insulin
secretion (GSIS). Moreover, long-term lack of glycemic control
increases risk of complications from neuropathic, microvascular,
and macrovascular diseases. The standard of care for T2DM is
metformin followed by sulfonylureas, dipeptidyl peptidase-4
(DPP-IV) inhibitors, and thiazolidinediones (TZD) as second
line oral therapies.2 As disease progression continues, patients
typically require injectable agents such as glucagon-like peptide-
1 (GLP-1) analogues and, ultimately, insulin to help maintain
glycemic control.2 Despite these current therapies, many
patients still remain unable to safely achieve and maintain
tight glycemic control, placing them at risk of diabetic

complications and highlighting the need for novel therapeutic
options.
Among the potential next generation therapies, small

molecule glucokinase activators offer a promising opportunity
for the treatment of T2DM patients.3 Glucokinase (GK)
converts glucose to glucose 6-phosphate (G-6-P). This enzyme
is unique among the members of the hexokinase family given its
low substrate affinity (Km ≈ 8 mM), positive substrate
cooperativity, and lack of product inhibition.4 Physiologically,
glucokinase functions as a key regulator of glucose homeostasis
in the pancreas, liver, and brain. Specifically, in the β-cells of the
pancreas, glucokinase acts as a glucostat, establishing the
threshold for glucose-stimulated insulin secretion (GSIS).5

Glucokinase is also expressed in the α-cells of the pancreas
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where its role is less well characterized but may be involved in
regulating glucagon secretion.6 In hepatocyctes, glucokinase
represents the rate determining step for hepatic glucose uptake
and plays a central role in both glycogen synthesis and the
regulation of hepatic glucose production.7 In the brain,
glucokinase is expressed in glucose sensing neurons of the
ventromedial hypothalamus where it regulates the counter-
regulatory response (CRR) to hypoglycemia.8 Notably,
glucokinase is also found in the endocrine K and L cells of
the gut as well as certain pituitary cells where its functions are
less well characterized but may be involved in nutrient
sensing.9,10

Evidence for the importance of glucokinase in regulating
glucose metabolism can be found in prominent clinical
phenotypes associated with naturally occurring mutations of
the enzyme.11 As an example, heterozygous loss of function
mutations are associated with maturity-onset diabetes of the
young type 2 (MODY2) while homozygous loss of function
mutations are associated with permanent neonatal diabetes. By
contrast, human gain of function mutations that activate
glucokinase are associated with low blood glucose including
hyperinsulinemic hypoglycemia of infancy.
Considering the central role of glucokinase in glucose

regulation, there has been significant interest in pharmaco-
logical activation of the enzyme as a potential treatment for
T2DM. In 2003, Grimsby and co-workers reported the binding
of small molecule activators to glucokinase, at an allosteric
pocket 20 Å remote from the active site, which influenced the
enzyme’s kinetic profile by modulating both Km for glucose
(also known as S0.5) and Vmax.

12 These efforts resulted in the
identification of a phenylacetamide series of activators including
clinical candidates 1 and 2 (piragliatin).12−14 Since this early
work, a variety of other structurally diverse glucokinase
activators have been reported with representative examples

shown in Figure 1.15−21 These and other small molecule
activators of glucokinase have been recently reviewed.22

Consistent with genetic evidence, multiple glucokinase
activators have advanced to clinical studies and been shown
to lower both fasting and postprandial glucose in healthy
subjects and T2DM patients.23 However, during these same
clinical studies, hypoglycemia has been revealed as the key dose
limiting adverse effect of glucokinase activators.23 Several
clinical strategies have been employed to manage this
hypoglycemia risk including dose titration, dosing with meals,
and dosing multiple times a day (b.i.d., t.i.d., etc.) to minimize
Cmax-driven hypoglycemic events; however, more fundamental
changes to the design of activators are perhaps required to
resolve this risk and to maximize the therapeutic opportunity of
the mechanism.
To overcome the limitations imposed by hypoglycemia risk,

several design strategies have emerged to create glucokinase
activators with reduced potential for inducing hypoglycemia. As
previously reported, one such strategy has been the design of
partial activators that avoid reducing glucokinase’s glucose Km

to inappropriately low levels, thereby retaining increased
dependence of enzymatic activity on physiological glucose
concentrations.24 A second strategy to mitigate hypoglycemia
risk is to restrict enzyme activation to the liver, since the
hypoglycemia risk associated with glucokinase activation is
postulated to result from potentiation of pancreatic insulin
secretion at inappropriately low glucose levels.16,25 While
hypoglycemia risk is mitigated, liver selective activation is still
anticipated to offer efficacy given that >99% of the glucokinase
enzyme is found in the liver and obese diabetics reportedly lose
up to 50% of their hepatic glucokinase activity contributing to
reduced hepatic glycogen synthesis and improper regulation of
hepatic glucose production (HGP).26,27 Many diabetic animal
models similarly experience loss of hepatic glucokinase activity

Figure 1. Representative structures of glucokinase activators.
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with increasing disease severity, and interestingly, normalization
of hepatic glucokinase activity via overexpression reduces
plasma glucose while also normalizing glycogen levels and
restoring regulation of HGP.28 Additionally, both Bödvarsdot́-
tir25 and more recently Bebernitz16 (with compound 4, Figure
1) have reported glucose lowering efficacy of liver specific
glucokinase activators in preclinical diabetes models. Given the
therapeutic opportunity represented by hepatoselective gluco-
kinase activation, herein, we report the discovery of a liver
selective development candidate for the treament of T2DM.

■ HEPATOSELECTIVE GLUCOKINASE ACTIVATORS:
DESIGN STRATEGY AND SCREENING CASCADE

Since the liver and pancreatic forms of glucokinase are
kinetically and enzymatically indistinguishable (differing only
in sequence at the extreme amino terminus),7 we focused on a
hepatoselective tissue distribution strategy to achieve selective
liver activation. Liver selective drug discovery approaches have
been previously reported for various therapeutic classes
including HMG-CoA reductase inhibitors,29 stearoyl-CoA
desaturase inhibitors,30 glucocorticoid antagonists,31 thyroid
hormone receptor agonists,32 hepatitis B and C antivirals,33

caspase inhibitors,34 and nucleoside oncolytics.35 From these
examples, a variety of targeting strategies have been used to
achieve hepatoselectivity, including (a) optimizing molecules
for recognition and active uptake via liver specific transporters
such as the organic anion transporting polypeptide (OATP)
transporters and organic cation transporters (OCT), (b)
synthesizing conjugates with liver targeting motifs such as bile
acids or statins, and (c) designing prodrugs that undergo liver
specific metabolic activation.29−35 Among these options we
elected to pursue OATP-mediated hepatic uptake given the
precedent of preclinical-to-clinical translation with this strategy;
consequently, a screening cascade was built to enable parallel
optimization of molecules as both glucokinase activators and
OATP substrates.
Our testing funnel began with an evaluation of biochemical

glucokinase activation where we sought potent activators (EC50
< 100 nM) that afforded substantial increases in glucokinase
Vmax (β > 1.5) and significant reductions in Km (α < 0.10). This
particular activation profile was targeted as a way to achieve
robust enzyme activation and to restore the levels of hepatic
glucokinase activity lost during progression of diabetes. The
glucokinase activation assay employed recombinant human
glucokinase and monitored the rate of glucose 6-phosphate
formation using G6PDH/NADP coupling. It was performed in
a matrix format wherein dose response determinations for an
activator (at 22 different activator concentrations from 0 to 100
μM) were conducted at 16 different glucose concentrations
(ranging from 0 to 100 mM).24,36 Analyzing this data using a
nonessential activator model enabled determination of an
activator’s maximum fold effect on reducing the glucokinase Km
for glucose defined as α and the maximum fold effect on
altering the enzyme’s Vmax defined as β.37 Values of α ranged
from 0 to 1 with lower values of α representing more
substantial reductions in the enzyme’s glucose Km. β > 1
represented activator induced increases in the enzyme’s Vmax.
For example, β = 1.5 represented a 1.5-fold increase in Vmax.
Activator potency or EC50 was formally defined as the
concentration affording a half-maximal reduction in Km.
Concurrent with optimization of biochemical potency we

also sought to maximize the therapeutic window against
hypoglycemia by achieving enhanced hepatic and impaired

pancreatic tissue distribution. Activators were specifically
optimized along three parameters: (a) recognition by liver
specific OATP transporters for hepatic uptake, (b) low hepatic
oxidative metabolism to maximize residency time and thus
pharmacology, and (c) low passive permeability to minimize
distribution into peripheral tissues that lack liver specific OATP
transporters such as pancreas. Experimentally, evaluation of
molecules for OATP-mediated uptake was accomplished using
transporter transfected cell lines individually expressing either
human or rodent OATP transporters and comparing uptake of
analogues between transfected and wild type cells.38 Oxidative
metabolism was evaluated using human liver microsomes.
Passive permeability was experimentally evaluated using an
RRCK (low efflux MDCK) cell line.39 Additionally, functional
impairment of activators in pancreatic β-cells was evaluated
using a rat insulinoma (INS-1) cell line measuring activator
effects on glucose stimulated insulin secretion. The ratio of this
cellular to rat biochemical potency for a given activator was
taken as a surrogate measure of pancreatic impairment with
higher values suggesting increased impairment. Analogues that
successfully advanced through this screening cascade were then
progressed to in vivo pharmacokinetic, tissue distribution, and
pharmacology studies.

■ SYNTHETIC CHEMISTRY

The synthesis of representative analogues 17 and 19 is
illustrated in Scheme 1. Initially, (R)-methyl oxirane-2-
carboxylate (10) was added to the in situ generated
organocuprate of cyclopentylmagnesium bromide to provide
11 in good yield.40 Hydroxy ester 11 was then alkylated with
inversion of stereochemistry to give 12 using a two-step
procedure of triflate formation followed by addition of 4-
trifluoromethylimidazole which had been premixed with
LiHMDS. The methyl ester of 12 was saponified to the
carboxylic acid 13 which was subsequently converted to the
corresponding acid chloride 14 under standard conditions.
Neutral amides were synthesized by coupling of 14 with
appropriate heteroarylamines as illustrated by coupling with 5-
methyl-2-aminopyridine to afford 17. Separately, the synthesis
of amides bearing acidic moieties was accomplished as
illustrated for the preparation of 19 starting from 6-amino-
nicotinic acid 15 which was first O-benzylated using benzyl
bromide and potassium carbonate to yield 16. Coupling of 16
with acid chloride 14 provided the penultimate benzyl-
protected 18 that underwent hydrogenolysis over catalytic
palladium on carbon to afford 19. By incorporation of
alternative heteroarylamines, this route enabled the synthesis
of all other analogues investigated in the current studies.

■ STRUCTURE−ACTIVITY STUDIES

The starting point for our design efforts was compound 17
(Table 1), which originated from a previous investigation of
other N-heteroarylacetamides as systemically (i.e., liver and
pancreas) acting glucokinase activators.41 As a lead, activator 17
offered acceptable potency (EC50 = 114 nM) and a favorable
biochemical activation profile (α = 0.04, β = 1.53); additionally,
its relatively low molecular weight (MW = 366) made it
amenable to further structural modification. However, 17 was
metabolically unstable (HLM Clint > 120 mL min−1 kg−1), not a
substrate for OATP-mediated uptake (Table 1), and exhibited
high passive permeability measured in the RRCK assay (17.4 ×
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10−6 cm/s) and reflected in a 1.3-fold ratio of cellular activity
(INS-1) to biochemical potency.
Since acids are a common recognition element of OATP

transporters, we envisioned incorporation of a carboxylate into
17 as a strategy to elicit hepatic uptake while concurrently

minimizing passive permeability and oxidative metabolism. To
guide installation of the acid, structural biology studies were
undertaken to understand the binding of 17 to the allosteric
site of human glucokinase. As shown in Figure 2, 17 forms two

hydrogen bonds (donor−acceptor relationship) with the main
chain of Arg63. The cyclopentyl group of the activator is
located in a hydrophobic pocket formed by side chains of
Met210, Ile211, Tyr214, and Met235. Interestingly, the 5-
methyl substituent of the 2-aminopyridine is located at a
solvent-exposed channel lined with the side chain of Arg63,
suggesting that this vector might represent an opportunity to
incorporate polar substituents without compromising ligand−
protein binding interactions.42

To test this hypothesis, the analogue of 17 containing a
carboxylate at the 5-position of the 2-aminopyridine ring (19)
was synthesized as described previously in Scheme 1. As shown
in Table 1, carboxylic acid 19 offered comparable potency and
activation profile to its neutral counterpart 17; moreover, 19
exhibited low oxidative metabolism, improved aqueous
solubility, and reduced passive permeability. This reduced
passive permeability was also reflected by a significant reduction
in INS-1 cellular activity (77-fold cell/enzyme ratio versus 1.3-

Scheme 1. Synthesis of Representative Glucokinase
Activators 17 and 19a

aReagents and conditions: (a) cyclopentylmagnesium bromide,
Li2CuCl4, Et2O, THF, −78 → −50 °C, 30 min, 65−70%; (b) Tf2O,
2,6-lutidine, CH2Cl2, 0 °C, 45 min, 100%; (c) 4-trifluoromethylimi-
dazole, LiHMDS, THF, 23 °C, 2 h, 74%; (d) 6 N HCl, 95 °C, 16 h,
98%; (e) (COCl)2, cat. DMF, CH2Cl2, 23 °C, 90 min, 100%; (f) 5-
methyl-2-aminopyridine, pyridine, CH2Cl2, 23 °C, 16 h, 53%; (g)
benzyl bromide, K2CO3, DMF, 23 °C, 16 h, 65%; (h) pyridine,
CH2Cl2, 23 °C, 16 h, 74%; (i) H2, 10% Pd/C, ethyl acetate, ethanol,
23 °C, 50 psi, 90 min, 71%.

Table 1. Comparison of Neutral (17) and Carboxylate (19) Containing Glucokinase Activators

human GK activationa INS-1 cellular activityc transporter substrated

compd EC50 (nM) α β
HLM Clint

(mL min−1 kg−1)

permeabilityb

RRCK Papp (10
−6

cm/s)

kinetic
solubility
(μM) EC50 (nM)

cell/enzyme
ratio OATP1B1 OATP1B3

17 114 ± 41 0.04 ± 0.01 1.53 ± 0.08 >120 17.4 174 153 ± 0.05 1.3 no no
19 90 ± 45 0.03 ± 0.01 1.65 ± 0.14 <8.0 1.0 524 6900 ± 4090 77 yes yes

aBiochemical assay values reported as the arithmetic mean ± SD of n > 2 independent determinations. bPassive permeability assessed in RRCK
canine kidney cell line. cDetermination of EC50 for stimulation of insulin secretion in INS-1 cells (rat insulinoma line) at 5 mM glucose. EC50 values
reported as the arithmetic mean ± SD of n > 2 independent determinations. Cell/enzyme ratio determined as INS-1 EC50 divided by the EC50 of
biochemical activation for rat glucokinase enzyme. dHuman OATP transporters overexpressed in HEK293 cells. Classified as substrate if fold
difference in uptake relative to the wild type control is >2.

Figure 2. Co-crystal structure of 17 bound to the allosteric site of
human glucokinase. Crystals of glucokinase in complex of glucose were
obtained following published protocols.17 Cocrystals were obtained by
overnight soaking these preformed protein crystals in crystallization
mother liquor containing 1 mM 17 before data collection at 17-ID
beamline at APS at 100 K, and the structure was determined using the
molecular replacement method. Coordinates for this structure have
been deposited into the PDB.
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fold for parent compound 17). When screened in human
OATP1B1 and OATP1B3 transfected cells, 19 was found to be
a substrate for both transporters.
Structural variations of 19 were subsequently explored as

summarized in Table 2 to further characterize the structure−
activity trends in this series. Transposition of the carboxylate
from the 5-position of the aminopyridine (19) to either 6-
position (20) or 4-position (21) resulted in a significant loss of
activity (EC50 > 10 000 nM). Homologation of the carboxylate
motif (i.e., 19 → 22) resulted in 6-fold loss of potency, whereas
replacement with either a sulfonic acid (23) or phosphonic acid
(24) resulted in more substantial potency losses. Interestingly,
conversion of the acid to the tetrazole (25) or oxanilic acid

(26) was reasonably tolerated, EC50 = 284 nM and EC50 = 486

nM, respectively, and both remained OATP1B3 substrates;

however, these isosteres were susceptible to significant

oxidative metabolism and thus discontinued. Replacement of

the pyridine heterocycle of 19 was also explored examining

pyrazole (27) and pyrimidine (28), but these alternative

heterocycles were less active. On the basis of these and other

supporting structure−activity studies, activator 19 was selected

for additional pharmacokinetic and biological profiling given its

favorable balance of properties.

Table 2. Structure−Activity Relationships for Glucokinase Activators 19−28

aBiochemical assay values reported as the arithmetic mean ± SD of n > 2 independent determinations. bPassive permeability assessed in RRCK
canine kidney cell line. cCell/enzyme ratio determined as INS-1 EC50 divided by the EC50 of biochemical activation for rat glucokinase enzyme.
dHuman OATP transporters overexpressed in HEK293 cells. Classified as substrate if fold difference in uptake relative to the wild type control is >2.
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■ GLUCOKINASE ACTIVATOR 19:
PHARMACOKINETICS AND TISSUE DISTRIBUTION

The preclinical protein binding and pharmacokinetic properties
of activator 19 are summarized in Tables 3 and 4, respectively.

As shown in Table 3, 19 exhibited moderate plasma protein
binding ( f u = 0.10−0.17) which was consistent across species;
additionally, its fraction unbound in tissues of pharmacological
interest (i.e., liver, pancreas, and brain) were comparable to
fraction unbound in plasma for both rat and dog.
Pharmacokinetic studies (Table 4) in rat, dog, and monkey
revealed 19 to have high systemic plasma clearance consistent
with active hepatic extraction. Evaluation of clearance
mechanisms in rat revealed biliary excretion of parent as the
primary pathway (62%) with a minor contribution from renal
clearance (11%). As suggested by the in vitro microsomal data,
in vivo oxidative metabolism of 19 was minimal. In all three
preclinical species activator 19 exhibited low to moderate
systemic bioavailability (18−35%, Table 4). Subsequent dosing
of 19 (5 mg/kg) to portal vein cannulated (PVC) rats revealed
a fraction absorbed of 53%. Given that 19 was designed for low
passive permeability as a strategy to minimize peripheral
distribution, its favorable oral absorption was attributed, in part,
to high thermodynamic solubility (4.2 mg/mL at pH 6.5) and a
beneficial pH-dependent passive permeability profile as shown
in Figure 3. Specifically, under physiological conditions (pH
7.4) 19 has low passive permeability but under more acidic
conditions (pH 5.5), which are representative of the upper
gastrointestinal tract, carboxylate protonation offers increased
passive permeability presumably contributing to oral absorp-
tion. Additionally, since 19 was determined to be an OATP
substrate (vida infra), active transport may also contribute to its
oral bioavailability.
Having characterized the systemic pharmacokinetic proper-

ties of 19, we next sought to characterize its tissue distribution.
First, a single oral dose of 19 (50 mg/kg) was administered to
Wistar rats followed by sacrifice and determination of free

plasma, liver, pancreas, and brain drug concentrations of
animals at regular intervals (t = 0.25, 0.75, 1, 2, 4, 6, 8, and 24 h
postdose). As shown in Figure 4, 19 exhibited enhanced liver to

plasma and impaired pancreas to plasma distribution, affording
a substantial differential between liver and pancreas exposure.
In this same experiment, free brain concentrations of 19 were
determined to be exceedingly low and below the limit of
quantification at most time points. To further characterize this
tissue distribution, repeat dose studies were conducted in both
rat and dog, evaluating 28 and 4 days of dosing, respectively. At
4 h postdose on the last day of dosing free drug levels in
plasma, liver, pancreas, and brain were determined as
summarized in Table 5. Consistent with the observations in
the previous acute time course, enhanced liver and impaired

Table 3. Plasma and Tissue Protein Binding Properties of
Glucokinase Activator 19

f u

species plasmaa liverb pancreasb brainb

rat 0.10 0.07 0.11 0.09
dog 0.17 0.09 0.21 0.13
monkey 0.11 ND ND ND
human 0.13 ND ND ND

aPlasma protein binding value determined at 50 μM using equilibrium
dialysis. bTissue protein binding values determined at 1 μM using
equilibrium dialysis. ND = not determined.

Table 4. Preclinical Pharmacokinetics of Glucokinase Activator 19a

dose (mg/kg) AUC(0−24) (ng·h/mL)
b Cmax (ng/mL)b Cl (mL min−1 kg−1) t1/2 (h) VdSS (L/kg) F (%)

rat iv 1 34.7 176 51 3.1 2.0
rat po 5 30.3 5.4 18
dog iv 1 79.1 479 35 2.2 1.6
dog po 5 72.6 23.3 18
monkey iv 0.5 46.2 219 20 1.9 0.7
monkey po 3 94.7 13.6 35

aPharmacokinetic parameters expressed as geometric mean of n = 2 animals per group unless otherwise noted. bAUC(0−24) and Cmax reported as free
drug concentrations using the fraction of unbound values reported in Table 3.

Figure 3. pH dependent passive permeability profile of 19.

Figure 4. Acute tissue distribution time course of 19 in rat after oral
administration. Tissue drug concentrations are expressed as the mean
± SD (n = 3) for free drug concentrations using the fraction unbound
values reported in Table 3.
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pancreas drug levels (relative to plasma) were observed in both
species during these repeat dose experiments with a liver-to-
pancreas ratio of 75-fold for rat and 58-fold for dog.
To characterize the active transport mechanism(s) respon-

sible for the selective liver distribution of 19 in rodent and
translational relevance to human, we evaluated its uptake into
both rat and human suspended hepatocyctes (Table 6). In
suspended rat hepatocyctes, the uptake rate of 19 was greater
than pravastatin but less than rosuvastatin; pravastatin and
rosuvastatin were used as active controls in the assay. Uptake of
19 was substantially inhibited by rifamycin SV, used as a pan
organic anion transporting polypeptide inhibitor. In human
hepatocyctes, the active uptake rate of 19 was greater than both
rosuvastatin and pravastatin and also was significantly inhibited
in the presence of rifamycin SV. This significant inhibition of
uptake by rifamycin SV in both rat and human hepatocyctes
indicated the importance of active hepatic uptake and
prompted subsequent studies to better understand transporter
substrate specificity of 19 in a panel of rat and human organic
anion transporting polypeptides as shown in Table 7.
Rosuvastatin/pravastatin and midazolam served as positive
and negative controls, respectively, in each assay. Compound
19 was found to be a substrate for rat Oatp1a1 and Oatp1b2
transporters but not Oatp1a4; furthermore, 19 was a substrate
for human OATP1B1, OATP1B3, and OATP2B1. Taken
together, the data from Tables 6 and 7 offered additional
confidence that the enhanced liver distribution of 19 observed
in rodent and dogs may be relevant to human.

■ GLUCOKINASE ACTIVATOR 19:
PHARMACOLOGICAL EVALUATION AND
COMPARISON TO SYSTEMIC GLUCOKINASE
ACTIVATORS

Having identified 19 as a potent glucokinase activator with
preferential liver-to-pancreas distribution in preclinical species,

we next undertook more detailed profiling of its biological
properties. First, selectivity screening revealed that 19 had no
effect on other members of the human hexokinase family (I, II,
or III) at concentrations >500-fold its EC50 for human
glucokinase (i.e., hexokinase IV).43 Additionally, no off-target
activity was observed for 19 when evaluated at 10 μM in a
broad CEREP screening panel.
In our studies of the functional and pharmacodynamic

activity of 19 (vida infra), we included previously reported
systemic (i.e., liver and pancreas acting) activators 30 and 31
(Figure 5) as reference compounds to illustrate similarities and

differences between liver specific and systemic glucokinase
activation. These two reference compounds were potent (30,
EC50 = 188 nM; 31, EC50 = 212 nM) activators with high
passive permeability (30, RRCK Papp = 20.1 × 10−6 cm/s; 31,
RCK Papp = 22.3 × 10−6 cm/s) and moderate plasma protein
binding (30, rat f u = 0.24; 31, rat f u = 0.14).24 In contrast to the
hepatoselective activator, 30 and 31 were not substrates for the
OATP transporters and in rodent tissue distribution studies
these reference compounds were found to be equally
distributed between plasma, liver, and pancreas (ratio of
∼1:1:1) with 10-fold brain impairment relative to plasma.44

Table 5. Tissue Distribution of Activator 19 in Rat and Dog after Repeat Oral Dosinga

ratio

species dose (mg/kg) treatment duration (days) liver/plasma pancreas/plasma brain/plasma liver/pancreas

rat 100 28 10.5 0.14 BLQ 75
dog 50 4 14.5 0.25 0.009 58

aDistribution ratios calculated based on free drug concentrations at 4 h postdose on the last day of treatment. BLQ = below limit of quantification.

Table 6. Evaluation of Uptake of Activator 19 into Suspended Rat and Human Hepatocytes

suspended rat hepatocycte uptake ratea suspended human hepatocycte uptake rateb

compd rate, pmol min−1 (mg of protein)−1 % inhibitablec rate, pmol min−1 (mg of protein)−1 % inhibitablec

19 87 ± 21 95 ± 5 26 93
rosuvastatind 218 ± 36 96 ± 1 18 81
pravastatind 15 ± 3 98 ± 3 4.7 94

aExperiment conducted in freshly isolated rat hepatocytes with data reported as the mean ± SD (n = 3 or 4). bExperiment conducted in
cyropreserved human hepatocytes with data reported from n = 1 determination. cInhibition with rifamycin as pan OATP inhibitor. dActive control.

Table 7. Evaluation of 19 as a Substrate for Rat and Human Organic Anion Transporters

rat transportera human transportera

compd Oatp1a1 Oatp1a4 Oatp1b2 OATP1B1 OATP1B3 OATP2B1

19 substrate no substrate substrate substrate substrate
aConducted in transfected CHO or HEK cells at 1 μM test article. Classified as substrate if fold difference in uptake relative to the wild type control
is >2. Active controls were pravastain (OATP1B1), rosuvastatin (OATP1B3), UK191005 (OATP2B1), pravastatin (Oatp1a1), fexofenedine
(Oatp1a4), and estradiol glucuriod (Oatp2b1). Midazolam was used as a negative control in all experiments.

Figure 5. Structures of reference systemic glucokinase activators 30
and 31.
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The functional activity of 19 versus the reference systemic
activator 30 was first compared using hepatocyctes and
pancreatic islets. In hepatocyctes glucokinase activity is
regulated, in part, though an interaction with glucokinase
regulatory protein (GKRP).7 Physiologically, under conditions
of low glucose GKRP binds the inactive conformation of
glucokinase and sequesters the enzyme to the nucleus. As
glucose concentrations increase, glucokinase is released from
GKRP and diffuses into the cytoplasm. Given that allosteric
glucokinase activators alter the protein conformation, they have
been shown to disrupt the GK−GKRP interaction analogous to
changes in glucose concentrations, and we therefore charac-
terized the effect of 19 on the subcellular localization of
glucokinase in cryopreserved rat hepatocytes. As shown in
Figure 6, dose response evaluations of 19 and 30 were

conducted in cryopreserved hepatocytes cultured in 8.9 mM
glucose and glucokinase translocation from the nucleus to the
cytoplasm was monitored via fluorescence based cellomics
analysis. Both activators dose-dependently increased glucoki-
nase translocation out of the nucleus with EC50 of 0.19 μM for
19 and EC50 of 0.90 μM for 30. As shown in Figure 6, the
potency normalized dose response of 19 was left-shifted relative
to 30, consistent with its active hepatic uptake.45

In the pancreatic β-cell, glucokinase serves as a glucostat
establishing the threshold for glucose-stimulated insulin
secretion. Systemically acting glucokinase activators are
known to enhance glucose stimulated insulin secretion, so we
sought to compare the effects of 19 and 30 on dispersed rat
islets in static culture at 11 mM glucose with data reported as
percentage of maximum secretion observed at high glucose (22
mM) for INS-1 cells. As shown in Figure 7, reference systemic
activator 30 dose-dependently increased glucose-stimulated
insulin secretion in these dispersed islets. By contrast
hepatoselective activator 19 demonstrated no significant effect
on insulin secretion even at concentrations up to 100-fold its
biochemical EC50, which is consistent with its poor passive
permeability.
Having demonstrated the differential functional activity of

hepatoselective activator 19 in isolated hepatocyctes versus
islets, we then evaluated its activity in whole animal models. In

vivo efficacy evaluations were conducted using the Goto−
Kakizaki diabetic rat model. Goto−Kakizaki rats spontaneously
experience a condition similar to type 2 diabetes mellitus
(T2DM) starting at 4 weeks of life which includes (a) basal
hyperglycemia (nonfasting plasma glucose range of 180−250
mg/dL), (b) increased hepatic glucose production, and (c)
impaired postprandial insulin secretion. An initial study
evaluated the effect of 19 versus 31 on reducing fasting plasma
glucose after 28-day treatment of Goto−Kakizaki rats at 100
mg/kg. As shown in Figure 8A, the two activators offered
comparable efficacy in normalizing fasting plasma glucose at 14
days of treatment and this efficacy was durable through the end
of the study. A similar study was then conducted evaluating the
effects of both 19 and 31 on fasting plasma glucose levels in
normal, nondiabetic Sprague−Dawley rats, as shown in Figure
8B. In contrast to the results in the Goto−Kakizaki diabetic
rats, hepatoselective activator 19 had no effect on fasting
plasma glucose; however, systemic activator 31 reduced glucose
levels below euglycemia by the first week of treatment. These
results are consistent with the hepatoselective activator
correcting the dysregulated hepatic glucose metabolism in the
diabetic model while having little effect in normal healthy
animals that have intact regulation of hepatic glucose
metabolism. The glucose lowering effect of systemic activator
31 in normal, nondiabetic model (i.e., Figure 8B) may be
attributed to a leftward shift of the threshold for glucose-
stimulated insulin secretion. Notably, this same lack of glucose
lowering effect of 19 in normal, euglycemic animals was
reproduced in subsequent pharmacology and toxicology (rat,
dog, and monkey) studies, increasing confidence in the
minimized hypoglycemia risk of this profile relative to that
previously observed with systemically acting glucokinase
activators.46

The effect of hepatoselective activator 19 on reducing
postprandial glucose was also evaluated as illustrated in Figure
9. Activator 19 was again dosed once daily for 28 days (10 and
100 mg/kg) to Goto−Kakizaki rats. A vehicle treated group of
Wistar rats was included as a nondiabetic control. An oral
glucose tolerance test (OGTT) was performed on day 28 of
treatment with 19, demonstrating a dose-dependent decrease in
glucose excursion (Figure 9A) and a 36% decrease in glucose
AUC at 100 mg/kg (Figure 9B) with no occurrences of

Figure 6. Effect of hepatoselective (19) and systemic (30) glucokinase
activators on glucokinase translocation in cryopreserved rat
hepatocyctes. Shown is the dose dependent effect of activators 19
and 30 on the translocation of glucokinase from the nucleus to the
cytoplasm in cryopreserved rat hepatocytes cultured at 8.9 mM
glucose. Data represent the mean ± SD (n = 3). GKA concentration is
normalized by rat EC50 on the X-axis.

Figure 7. Effect of hepatoselective (19) and systemic (30) glucokinase
activators on insulin secretion in static cultured dispersed rat islets.
Shown is the glucose-stimulated insulin secretion in dispersed rat islets
in static culture at 11 mM glucose following administration of activator
19 or 30. Data are expressed as the mean ± SD (n = 3). GKA
concentration is normalized by rat EC50 on the X-axis.
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hypoglycemia. No changes in plasma insulin levels were
observed during the course of the OGTT study (Figure 9C).
Liver glycogen concentrations were also determined on day 28
for treated animals as shown in Figure 9D. Animals treated with
19 demonstrated a nonstatistically significant trend toward
increased liver glycogen, approaching the levels found in
normal, nondiabetic animals. This latter observation was in
agreement with previous glucokinase overexpression experi-
ments showing the restoration of glycogen synthesis upon
increases in hepatic glucokinase activity in diabetic animals.28

While not shown, a similar OGTT experiment was also
conducted in normal, nondiabetic rats undergoing treatment
with 19 once-daily for 21 days (10, 30, 100 mg/kg), and results
are consistent with the previous fasting glucose observations
(i.e., Figure 8B). 19 had no significant effects on reducing
postprandial glucose in nondiabetic animals with intact
regulation of hepatic glucose metabolism.
The above studies of hepatoselective activator 19 offering

glucose lowering efficacy in diabetic animals with dysregulated
hepatic glucose uptake and production but not in normal
animals illustrate the potential for this approach to normalize
hyperglycemia with minimal risk of inducing hypoglycemia. To
further characterize its effects on HGP, we also evaluated 19 in

a glucagon challenge experiment as illustrated in Figure 10. In
this model, normal (nondiabetic) jugular vein cannulated
Wistar rats were administered an iv-glucagon challenge (3 μg/
kg) to elicit a hyperglycemic glucose excursion via induction of
hepatic glycogenolysis.47 As shown in Figure 10, activator 19,
administered as a single oral dose 50 min prior to challenge,
dose-dependently reduced the glucagon-induced glucose
excursion. Interestingly, doses of 30 and 100 mg/kg 19 offered
almost complete suppression of the glucose excursion,
illustrating the strength of glucokinase activation in suppressing
glucagon-induced HGP. Since hyperglucagonemia is a key
driver of hyperglycemia in T2DM, these glucagon challenge
results combined with the efficacy previously observed in
Goto−Kakizaki rats (i.e., Figures 7 and 8) highlight the
potential for activator 19 to offer significant glycemic
reductions in diabetic patients.48

In conclusion we have described the design, synthesis, and
biological characterization of a hepatoselective glucokinase
activator for the treatment of type 2 diabetes. The favorable
tissue distribution profile of glucokinase activator 19 coupled
with its efficacy and low hypoglycemia risk differentiated it
from previous systemic activators, supporting its selection as a
development candidate that is currently under clinical
evaluation in T2DM patients.

■ EXPERIMENTAL SECTION
All reagents and solvents were used as received from commercial
sources. 1H NMR spectra were recorded on a Varian 400 MHz nuclear
magnetic resonance spectrometer. 1H NMR spectra were recorded in
CDCl3, CD3OD, or DMSO-d6, and chemical shifts are reported
relative to the residual solvent peak. The following abbreviations were
used to assign spectra: s = singlet, d = doublet, t = triplet, q = quartet,
quin = quintet, m = multiplet. Mass spectral analysis was conducted on
a Waters Micromass ZQ instrument.

Purity of all final analogues for biological testing were confirmed to
be >95% as determined by HPLC analysis. HPLC analysis was
conducted according to one of the following methods with the
retention time (tR) expressed in min at UV detection of 254 or 210
nM. For HPLC method A, an Agilent 1100 series HPLC instrument
was used, with chromatography performed on an Xbridge 150 mm ×
4.6 mm, 5 μm C18 column with mobile phase gradient of 5−100%
acetonitrile in water containing 0.1% trifluoroacetic acid and with a
flow rate of 1.5 mL/min. For HPLC method B, UPLC was conducted
using solvent A consisting of water (0.05% trifluoroacetic acid),
solvent B consisting of acetonitrile (0.05% trifluoroacetic acid), and a
gradient from 5% to 95%.

Purification was done by either silica gel flash chromatography with
a Teledyne Isco CombiFlash Rf with RediSep Flash columns using a
gradient of ethyl acetate in heptanes or methanol in CH2Cl2, or similar
instrument or reverse phase preparative HPLC.

For experiments involving the use of animals, all procedures were
carried out in compliance with the NIH Guide for the Care and Use of
Laboratory Animals under a protocol approved by the Institutional
(Pfizer Worldwide Research and Development) Animal Care and Use
Committee.

(R)-Methyl 3-Cyclopentyl-2-hydroxypropanoate (11). A 0.2
M solution of Li2CuCl4 was prepared as follows: Anhydrous CuCl2
(26.9 g, 200 mol) and anhydrous LiCl (17.0 g, 400 mmol) were
dissolved in THF (1000 mL). A solution of Li2CuCl4 (0.2 M in THF,
125 mL, 25.0 mmol) was added slowly to a suspension of
cyclopentylmagnesium bromide (2 M in diethyl ether, 135 mL, 270
mmol) and THF (500 mL) at −50 °C over 2−3 min. The pale gray
suspension was then allowed to warm slowly to −10 °C over 30 min,
by which time the color had developed to a dark gray. The mixture was
recooled to −78 °C, and (R)-methyl oxirane-2-carboxylate (25.0 g,
245 mmol) was added neat via syringe over 90 s. The mixture was then
stirred at −78 °C for 20 min, before removing the ice bath and

Figure 8. Effect of once daily administration of glucokinase activators
19 and 31 on fasting plasma glucose in diabetic (A) and normal,
nondiabetic rats (B). (A) Glucokinase activators 19 and 31 were
administered orally, once daily for 28 days to Goto−Kakizaki diabetic
rats. Weekly fasting glucose samples were collected 1 h postdose, and
data are expressed as the mean ± standard error (n = 8 per dose
group). (B) Glucokinase activators 19 and 31 were administered orally
once daily for 21 and 14 days, respectively, to normal, nondiabetic
Sprague−Dawley rats. Weekly fasting glucose samples were collected 1
h postdose, and data are expressed as the mean ± standard error (n =
8 per dose group).
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allowing the mixture to warm to approximately −50 °C over 30 min.
Saturated NH4Cl (aq, 700 mL) was then added, and the mixture was
stirred for 30 min. The organic layer was collected and the aqueous
layer extracted with diethyl ether (2 × 250 mL). The combined
organics were washed with saturated NH4Cl (aq, 350 mL), dried
(MgSO4), and evaporated. Distillation of the crude residue (68−70 °C
at 0.8 mbar) afforded 11 as a pale yellow oil (65−70% over multiple
batches). 1H NMR (400 MHz, chloroform-d) δ 4.16−4.25 (m, 1H),
3.79 (s, 3H), 2.67 (d, J = 6.02 Hz, 1H), 1.95−2.11 (m, 1H), 1.47−1.91
(m, 8H), 1.03−1.21 (m, 2H).
(S)-Methyl 3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imida-

zol-1-yl)propanoate (12). To a 1 L flask was added 11 (7.29 g,
42 mmol) which was dissolved in anhydrous CH2Cl2 (300 mL) and
placed under nitrogen. The solution was stirred in an ice bath, and 2,6-

lutidine (9.5 g, 88 mmol) was added. A solution of triflic anhydride
(20.0 g, 71 mmol) in anhydrous CH2Cl2 (100 mL) was then added
dropwise, and the mixture was stirred for 45 min. The mixture was
concentrated, diluted with MTBE, and washed five times with 1 N
HCl and once with brine. The organic layer was dried over magnesium
sulfate, filtered, evaporated, and dried under high vacuum to afford the
crude (R)-methyl 3-cyclopentyl-2-(((trifluoromethyl)sulfonyl)oxy)-
propanoate (13.0 g, 100%), which was used without further
purification. 1H NMR (400 MHz, chloroform-d) δ 5.14 (dd, J =
3.62, 8.50 Hz, 1H), 3.85 (s, 3H), 2.04−2.16 (m, 1H), 1.91−2.02 (m,
2H), 1.79−1.90 (m, 2H), 1.50−1.73 (m, 4H), 1.08−1.23 (m, 2H).

4-Trifluoromethylimidazole (3.81 g, 28 mmol) was stirred in
anhydrous THF (150 mL) at room temperature under nitrogen. A
LiHMDS solution (1.0 M in THF, 25.0 mL, 25.0 mmol) was added

Figure 9. Evaluation of in vivo efficacy of activator 19 during an oral glucose tolerance test in diabetic Goto−Kakizaki rats. Glucokinase activator 19
was administered orally once daily (10 and 100 mg/kg) for 28 days to Goto−Kakizaki diabetic rats. (A) Dose dependent effect of 19 on plasma
glucose following an oral glucose tolerance test conducted on day 28. Activator was administered at 60 min prior to the administration of a 2 g/kg
glucose bolus. Vehicle treated normal, nondiabetic Wistar rats were included for comparison. Data are expressed as the mean ± standard error (n = 5
per dose group). (B) Effect of 19 on glucose AUC following day 28 oral glucose tolerance test. Data are expressed as the mean ± standard error (n =
5 per dose group): (∗) P < 0.05; (∗∗∗) P < 0.001. (C) Effect of 19 on plasma insulin concentrations during an oral glucose tolerance test. Data are
expressed as the mean ± standard error (n = 5 per dose group). (D) Liver glycogen following 28 days of dosing with 19. Data are expressed as the
mean ± standard error (n = 4 per dose group).

Figure 10. Effect of glucokinase activator 19 on plasma glucose during a glucagon challenge in Wistar rats. Wistar rats were dosed orally with 19 (10,
30, 100 mg/kg) at t = 0 min. Glucagon challenge (3 μg/kg) was administered iv at t = 50 min. Data are expressed as the mean ± standard error (n =
6 per dose group).
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dropwise via addition funnel. After 50 min, a solution of crude (R)-
methyl 3-cyclopentyl-2-(((trifluoromethyl)sulfonyl)oxy)propanoate
(8.52 g, 28 mmol) in dry THF (20 mL) was added. The mixture
was stirred for 2 h, then quenched with saturated ammonium chloride.
The mixture was diluted with brine and ethyl acetate. The aqueous
layer was extracted with ethyl acetate, and the combined organics were
dried over sodium sulfate. The mixture was filtered and evaporated to
a brown oil. The oil was purified by silica gel chromatography (10%
ethyl acetate/heptane gradient to 80% ethyl acetate/heptane) to afford
12 as a clear oil (5.98 g, 74%). 1H NMR (400 MHz, chloroform-d) δ
7.60 (s, 1H), 7.41 (s, 1H), 4.74 (dd, J = 6.24, 9.36 Hz, 1H), 3.79 (s,
3H), 2.02−2.19 (m, 2H), 1.45−1.84 (m, 7H), 1.04−1.24 (m, 2H);
LCMS m/z 290.9 (M + H)+.
(S)-3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-yl)-

propanoic Acid (13). In a round-bottom flask, 12 (6.61 g, 22.8
mmol) was combined with 6 N HCl (140 mL) and heated to 95 °C
for 16 h before cooling. Solid potassium carbonate was added in
portions to bring the mixture to pH ∼4. Ethyl acetate was added to
dissolve the precipitate. The layers were separated, and the aqueous
layer was extracted with ethyl acetate. The combined organics were
washed with brine, dried over sodium sulfate, filtered, evaporated, and
dried under high vacuum to afford 13 as a clear oil (6.15 g, 98%). 1H
NMR (400 MHz, chloroform-d) δ 7.84 (s, 1H), 7.41 (s, 1H), 4.76 (dd,
J = 5.37, 10.05 Hz, 1H), 2.17−2.27 (m, 1H), 2.04−2.15 (m, 1H),
1.45−1.86 (m, 7H), 1.05−1.24 (m, 2H); LCMS m/z 277.4 (M + H)+.
Benzyl 6-Aminonicotinate (16). To a stirred suspension of 6-

aminonicotinic acid (100 g, 0.72 mol) in DMF (700 mL) with brisk
mechanical stirring was added K2CO3 (150 g, 1.08 mol). The mixture
was stirred for 10 min before the portionwise addition of benzyl
bromide (95 mL, 0.80 mol). The mixture was stirred at room
temperature overnight. Then the solids were filtered off and washed
thoroughly with ethyl acetate. These organics were concentrated under
vacuum. The filter cake was dissolved in water and extracted with ethyl
acetate. The initial residue after concentration was combined with the
ethyl acetate extracts (total volume of 2 L of ethyl acetate). The
combined organic extracts were washed with brine (5 × 500 mL),
dried (MgSO4), and the solvent was removed under reduced pressure.
The crude product was refluxed with 1:1 Et2O/hexane for 30 min, and
then the solids were filtered off (warm), washed with Et2O/hexane
(1:1), and suction-dried. This solid was precipitated from hot toluene
and dried to afford 16 as an off-white solid (107.2 g, 65%). 1H NMR
(400 MHz, chloroform-d) δ 8.79 (d, J = 1.95 Hz, 1H), 8.05 (dd, J =
2.15, 8.59 Hz, 1H), 7.31−7.49 (m, 5H), 6.47 (d, J = 8.78 Hz, 1H),
5.34 (s, 2H), 4.91 (br s, 2H); LCMS m/z 229.2 (M + H)+.
(S)-Benzyl 6-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imida-

zol-1-yl)propanamido)nicotinate (18). In a round-bottom flask, 13
(6.16 g, 22.3 mmol) was stirred in anhydrous CH2Cl2 (15 mL) at
room temperature under nitrogen. Oxalyl chloride (5.8 g, 46 mmol)
was added followed by one drop of DMF. After 90 min, the mixture
was evaporated and chased twice with 1,2-DCE to afford 14 which was
used without additional purification. Amine 16 (5.77 g, 25.3 mmol)
was combined with pyridine (3.8 g, 48 mmol) and anhydrous CH2Cl2
(200 mL). This was added to the acid chloride, using another 100 mL
of anhydrous CH2Cl2 to aid transfer. The mixture became cloudy. The
mixture was stirred for 16 h, then diluted with CH2Cl2 and water. A 1
M solution of potassium dihydrogen phosphate was then added. A
solid settled, which was suction-filtered off. The organic layer was
extracted with dilute potassium carbonate, washed with brine, dried
over sodium sulfate, filtered, and evaporated. The residue was purified
by silica gel chromatography (40% ethyl acetate/heptane) to afford 18
as a white solid (8.04 g, 74%). 1H NMR (400 MHz, DMSO-d6) δ
11.53 (s, 1H), 8.91 (d, J = 1.76 Hz, 1H), 8.34 (dd, J = 2.34, 8.78 Hz,
1H), 8.16 (d, J = 8.78 Hz, 1H), 7.93−8.01 (m, 2H), 7.45−7.53 (m,
2H), 7.31−7.44 (m, 3H), 5.36 (s, 2H), 5.27 (dd, J = 5.27, 10.15 Hz,
1H), 2.15−2.26 (m, 1H), 2.04−2.14 (m, 1H), 1.37−1.71 (m, 7H),
1.27−1.37 (m, 1H), 0.99−1.13 (m, 1H); LCMS m/z 487.5 (M + H)+.
(S)-6-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-

yl)propanamido)nicotinic Acid (19). Intermediate 18 (5.58 g, 11.5
mmol) was divided into two equal portions. Each was dissolved in
ethyl acetate (35 mL) and ethanol (70 mL) in a Parr bottle. Then 10%

Pd/C (350−380 mg) was added to each bottle, and the mixtures were
shaken under 50 psi hydrogen for 90 min. LCMS showed the reactions
to be complete. The mixtures were combined and filtered successively
through glass fiber filters until the filtrate was almost clear. The filtrate
was concentrated to a smaller volume and run through autovial filters,
then evaporated to a glass. Ether was added, and the mixture was
stirred for 18 h at room temperature. The resulting white precipitate
was filtered, washed with ether, and suction-dried for 20 min. It was
then dried under high vacuum at 50 °C for 3 h to afford 19 as a white
solid (3.22 g, 71%). 1H NMR (400 MHz, DMSO-d6) δ 11.47 (s, 1H),
8.86 (d, J = 1.95 Hz, 1H), 8.27 (dd, J = 2.24, 8.68 Hz, 1H), 8.13 (d, J =
8.78 Hz, 1H), 7.97 (d, J = 4.88 Hz, 2H), 5.27 (dd, J = 5.37, 9.66 Hz,
1H), 2.04−2.26 (m, 2H), 1.38−1.72 (m, 7H), 1.26−1.37 (m, 1H),
1.08 (td, J = 7.88, 11.75 Hz, 1H); LCMS m/z 397.5 (M + H)+. HPLC
purity (method A): tR = 7.690 min, 100%.

(S)-3-Cyclopentyl-N-(5-methylpyridin-2-yl)-2-(4-(trifluoro-
methyl)-1H-imidazol-1-yl)propanamide (17). 1H NMR (400
MHz, chloroform-d) δ 8.44 (br s, 1H), 8.11 (br s, 1H), 8.05 (d, J =
8.39 Hz, 1H), 7.70 (s, 1H), 7.56 (dd, J = 1.85, 8.49 Hz, 1H), 7.53 (s,
1H), 4.71 (t, J = 7.51 Hz, 1H), 2.32 (s, 3H), 2.11−2.24 (m, 2H),
1.43−1.85 (m, 7H), 1.13 (td, J = 7.90, 11.71 Hz, 2H); LCMS m/z
366.9 (M + H)+. HPLC purity (method A): tR = 7.781 min, 99.49%*.

(S)-6-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-
yl)propanamido)picolinic Acid (20). 20 was prepared according to
the method of 19, substituting commercially available 2-amino-
pyridine-6-carboxylic acid for 6-aminonicotinic acid. 1H NMR (500
MHz, DMSO-d6) δ 11.42 (br s, 1H), 8.24 (d, J = 8.29 Hz, 1H), 7.92−
8.03 (m, 3H), 7.79 (d, J = 7.56 Hz, 1H), 5.28 (br s, 1H), 2.14−2.25
(m, 1H), 2.06−2.14 (m, 1H), 1.37−1.72 (m, 7H), 1.27−1.36 (m, 1H),
1.02−1.15 (m, 1H); LCMS m/z 397.1 (M + H)+. HPLC purity
(method A): tR = 7.662 min, 99.50%.

(S)-2-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-
yl)propanamido)isonicotinic Acid (21). 21 was prepared according
to the method of 19, substituting commercially available 2-amino-
pyridine-4-carboxylic acid for 6-aminonicotinic acid. 1H NMR (500
MHz, DMSO-d6) δ 11.32 (s, 1H), 8.44−8.57 (m, 2H), 7.92−8.03 (m,
2H), 7.56 (d, J = 5.86 Hz, 1H), 5.25 (dd, J = 5.61, 8.78 Hz, 1H), 2.03−
2.25 (m, 2H), 1.37−1.73 (m, 7H), 1.31 (qd, J = 7.90, 11.92 Hz, 1H),
1.00−1.14 (m, 1H); LCMS m/z 397.1 (M + H)+. HPLC purity
(method A): tR = 7.371 min, 99.30%.

(S)-2-(6-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-
yl)propanamido)pyridin-3-yl)acetic Acid (22). 22 was prepared
according to the method of 19, substituting 6-aminopyridine-3-acetic
acid49 for 6-aminonicotinic acid. 1H NMR (400 MHz, DMSO-d6) δ
12.45 (s, 1H), 11.08 (s, 1H), 8.23 (d, J = 1.95 Hz, 1H), 7.90−8.04 (m,
3H), 7.69 (dd, J = 2.15, 8.58 Hz, 1H), 5.13−5.32 (m, 1H), 3.60 (s,
2H), 2.02−2.24 (m, 2H), 1.37−1.76 (m, 7H), 1.21−1.35 (m, 1H),
0.99−1.15 (m, 1H); LCMS m/z 411.0 (M + H)+. HPLC purity
(method A): tR = 7.552 min, 99.33%.

(S)-6-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-
yl)propanamido)pyridine-3-sulfonic Acid (23). To a solution of
14 (0.40 g, 1.35 mmol) in dichloromethane (10 mL) were added
commercially available 6-aminopyridinesulfonic acid (0.236 g, 1.35
mmol) and pyridine (0.32 mL, 4.1 mmol) at room temperature. The
mixture was refluxed for 12 h under a nitrogen atmosphere. The
reaction mixture was then concentrated in vacuo and the residue was
purified by chromatography on silica to afford 23 (47.2 mg, 8.1%) as a
white solid. 1H NMR (400 MHz, DMSO-d6) δ 11.18 (s, 1H), 8.50 (s,
1H), 7.98 (m, 4H), 7.03 (s, 1H) 5.22 (m, 1H), 2.18 (m, 2H), 1.60 (m,
4H), 1.48 (m, 3H), 1.31 (m, 1H), 1.11 (m, 1H); LCMS m/z 431.4 (M
− H)−. HPLC purity (method A): tR = 6.819 min, 99.72%.

(S)-(6-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-
yl)propanamido)pyridin-3-yl)phosphonic Acid (24). To a
solution of 14 (0.329 g, 1.12 mmol) in CH2Cl2 (8 mL) was added
intermediate 2-aminopyridin-5-ylphosphonic acid ethyl ester50 (0.257
g, 1.12 mmol) and pyridine (0.265 g, 3.36 mmol) at 25 °C for 12 h.
The reaction mixture was concentrated in vacuo and purified by silica
gel chromatography (10% petroleum ether/ethyl acetate) to provide
intermediate (S)-diethyl 6-(3-cyclopentyl-2-(4-(trifluoromethyl)-1H-
imidazol-1-yl)propanamido)pyridin-3-ylphosphonate (360 mg, 66.2%)
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as a light yellow solid. To a solution of (S)-diethyl 6-(3-cyclopentyl-2-
(4-(trifluoromethyl)-1H-imidazol-1-yl)propanamido)pyridin-3-yl-
phosphonate (170 mg, 0.348 mmol) in CH2Cl2 (2 mL) was added
bromotrimethylsilane (2 mL) at room temperature, and the mixture
was stirred for 12 h at 25 °C under a nitrogen atmosphere. The
reaction mixture was quenched with methanol (2 mL), and the
mixture was concentrated in vacuo. The residue was purified by
preparative HPLC [Synergi 150 mm × 30 mm column, mobile phase
from 23% MeOH in water (0.225% formic acid) to 43% MeOH in
water (0.225% formic acid)] to afford 24 (47.1 mg, 30.0%) as a white
solid. 1H NMR (400 MHz, CD3OD) δ 8.64 (s, 1H), 8.15 (m, 2H),
7.93 (s, 1H), 7.81 (s, 1H), 5.12 (m, 1H), 2.18 (m, 2H), 1.80 (m, 1H),
1.70 (m, 4H), 1.55 (m, 2H), 1.30 (m, 1H), 1.25 (m, 1H); LCMS m/z
431.4 (M − H)−. HPLC purity (method A): tR = 6.763 min, 98.74%.
(S)-N-(5-(2H-Tetrazol-5-yl)pyridin-2-yl)-3-cyclopentyl-2-(4-

(trifluoromethyl)-1H-imidazol-1-yl)propanamide (25). To a
solution of 13 (140 mg, 0.31 mmol) in DMF (2 mL) was added
benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluoro-
phosphate (204.6 mg, 0.46 mmol), and the reaction mixture was
stirred for 1 h at 25 °C. Subsequently, 5-(1H-tetrazol-5-yl)pyridin-2-
amine51 (50 mg, 0.31 mmol) and NMM (47 mg, 0.46 mmol) were
added. The resulting mixture was stirred at 25 °C for 12 h. The
reaction mixture was quenched with saturated aqueous NH4Cl (1
mL), and the aqueous portion was extracted with EtOAc (20 mL × 3).
The combined organic layers were washed with brine, dried over
Na2SO4, and evaporated in vacuo. The residue was purified by
preparative HPLC [Xbridge 150 mm × 33 mm column, mobile phase
from 6% acetonitrile in water (ammonia added to pH 10) to 26%
acetonitrile in water (ammonia added to pH 10)] to afford 25 (10 mg,
10%) as a colorless solid. 1H NMR (500 MHz, DMSO-d6) δ 11.44 (s,
1H), 9.00 (d, J = 1.95 Hz, 1H), 8.39 (dd, J = 2.20, 8.78 Hz, 1H), 8.23
(d, J = 8.54 Hz, 1H), 7.99 (d, J = 6.34 Hz, 2H), 5.20−5.34 (m, 1H),
2.17−2.26 (m, 1H), 2.08−2.16 (m, 1H), 1.38−1.73 (m, 7H), 1.27−
1.37 (m, 1H), 1.02−1.15 (m, 1H); LCMS m/z 421.1 (M + H)+.
HPLC purity (method A): tR = 7.505 min, 99.78%.
(S)-2-(6-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-

yl)propanamido)pyridin-3-ylamino)-2-oxoacetic Acid (26). To
a solution of 14 (2.13 g, 7.2 mmol) in CH2Cl2 (40 mL) were added 2-
amino-5-nitropyridine (1.0 g, 7.2 mmol) and Et3N (3.12 mL, 21.6
mmol), and the solution was stirred for 12 h at 25 °C under an
atmosphere of nitrogen. The reaction mixture was subsequently
concentrated under vacuum and filtered through a pad of silica gel to
afford intermediate (S)-3-cyclopentyl-N-(5-nitropyridin-2-yl)-2-(4-
(trifluoromethyl)-1H-imidazol-1-yl)propanamide (1.1 g, 38.7%) as a
light yellow solid. To a solution of (S)-3-cyclopentyl-N-(5-nitro-
pyridin-2-yl)-2-(4-(trifluoromethyl)-1H-imidazol-1-yl)propanamide
(0.62 mg, 1.56 mmol) in DMF (20 mL) were added zinc (1.02 g, 15.6
mmol) and a solution of FeCl3 (2.53 mg, 15.6 mmol) in water (20
mL) at 25 °C. The resulting mixture was heated to 100 °C with
stirring for 3 h. Subsequently, the reaction mixture was cooled, filtered
and the filtrate was concentrated under vacuum. Water (20 mL) was
added to the resulting residue, and the mixture was extracted with
EtOAc (20 mL × 3). The combined organic layers were washed with
brine, dried over Na2SO4, and concentrated to afford (S)-N-(5-
aminopyridin-2-yl)-3-cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-
1-yl)propanamide (0.58 g, ∼100%) as a light yellow solid that was
used without purification.
To a solution of intermediate (S)-N-(5-aminopyridin-2-yl)-3-

cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-yl)propanamide
(0.35 g, 0.95 mmol) in CH2Cl2 (20 mL) were added ethyl
chlorooxoacetate (130 mg, 0.95 mmol) and Et3N (0.41 mL, 2.85
mmol), and the reaction mixture was stirred for 12 h at 25 °C. The
reaction mixture was concentrated and the residue filtered through a
silica pad to afford (S)-ethyl 2-(6-(3-cyclopentyl-2-(4-(trifluorometh-
yl)-1H-imidazol-1-yl)propanamido)pyridin-3-ylamino)-2-oxoacetate
(130 mg) to which were subsequently added LiI (369 mg, 2.78 mmol)
and EtOAc (10 mL). This reaction mixture was heated to reflux for 24
h. The reaction mixture was concentrated under vacuum, and the
residue was purified by preparative HPLC [Synergi 150 mm × 33 mm
column, mobile phase from 30% MeOH in water (0.225% formic acid)

to 50% MeOH in water (0.225% formic acid)] to afford 26 (119.1 mg,
45.3%) as a white solid. 1H NMR (500 MHz, DMSO-d6) δ 11.10 (s,
1H), 10.88 (s, 1H), 8.74 (d, J = 1.71 Hz, 1H), 8.12 (dd, J = 1.95, 9.03
Hz, 1H), 8.01 (d, J = 8.78 Hz, 1H), 7.96 (d, J = 8.54 Hz, 2H), 5.14−
5.27 (m, 1H), 2.02−2.24 (m, 2H), 1.36−1.72 (m, 7H), 1.23−1.35 (m,
1H), 1.01−1.15 (m, 1H); LCMS m/z 440.2 (M + H)+. HPLC purity
(method A): tR = 7.522 min, 97.15%.

S)-2-(3-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-
yl)propanamido)-1H-pyrazol-1-yl)acetic Acid (27). Carboxylic
acid 13 (145 mg, 0.525 mmol) was dissolved in dry CH2Cl2 (5 mL)
and stirred at room temperature under nitrogen. One drop of DMF
was added, followed by oxalyl chloride (0.095 mL, 1.1 mmol). After
bubbling had subsided, the mixture was left stirring for 90 min and
then evaporated. The residue was dissolved in two successive portions
of 1,2-dichloroethane and evaporated to remove excess oxalyl chloride,
and the residue was dissolved in dry CH2Cl2 (4 mL) to afford 14
which was used without additional purification. Commercially available
ethyl 2-(3-amino-1H-pyrazol-1-yl)acetate hydrochloride (130 mg,
0.630 mmol) and pyridine (0.130 mL, 1.61 mmol) were dissolved in
dry CH2Cl2 (5 mL) and added to the CH2Cl2 (5 mL) solution of acid
chloride 14. The mixture was stirred at room temperature under
nitrogen for 24 h. The mixture was then diluted with CH2Cl2 and
water, and the organic layer was separated, washed with brine, dried
over sodium sulfate, filtered, and evaporated. The residue was purified
by silica gel chromatography (50% ethyl acetate/heptane, linear
gradient to 75% ethyl acetate) to afford intermediate (S)-ethyl 2-(3-(3-
cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-yl)propanamido)-
1H-pyrazol-1-yl)acetate (153 mg, 68%) which was then combined
with lithium hydroxide (50.6 mg, 1.18 mmol) in THF/MeOH/water
(1:1:1, 3 mL) and stirred at 25 °C for 2 h. The reaction mixture was
then concentrated, and water and 1 N HCl were added to achieve
approximately pH 4. A thick precipitate settled. Ethyl acetate was
added, and the organic layer was washed with brine and dried over
sodium sulfate. The precipitate was filtered, washed, and dried under
high vacuum to afford 27 (31.5 mg, 22%). 1H NMR (400 MHz,
methanol-d4) δ 7.93 (s, 1H), 7.80 (s, 1H), 7.54 (br s, 1H), 6.58 (br s,
1H), 5.04 (t, J = 7.62 Hz, 1H), 4.83 (s, 2H), 2.17 (t, J = 7.33 Hz, 2H),
1.43−1.89 (m, 7H), 1.21−1.36 (m, 1H), 1.07−1.20 (m, 1H); LCMS
m/z 399.9 (M + H)+. HPLC purity (method B): tR = 0.61 min, 100%.

(S)-5-(3-Cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-
yl)propanamido)pyrazine-2-carboxylic Acid (28). 28 was pre-
pared according to the method of 19, substituting commercially
available 5-amino-2-pyrazinecarboxylic acid for 6-aminonicotinic acid.
1H NMR (400 MHz, DMSO-d6) δ 11.79 (s, 1H), 9.36 (s, 1H), 8.98 (s,
1H), 8.00 (s, 2H), 5.30 (dd, J = 4.59, 10.26 Hz, 1H), 2.18−2.31 (m,
1H), 2.04−2.16 (m, 1H), 1.27−1.75 (m, 8H), 0.97−1.14 (m, 1H);
LCMS m/z 398.3 (M + H)+. HPLC purity (method B): tR = 0.60 min,
99%.

Method for Determination of Activator Effects on GK
Translocation in Cryopreserved Rat Hepatocyctes. Rat primary
hepatocytes were obtained from Xenotech (Lenexa, KS) and isolated
using its isolation kit following their instructions. The cells were plated
into collagen coated 96-well plate with a cell density of 60 000 cells per
well in 100 μL per well of high glucose DMEM supplemented with
10% FBS, 100 nM insulin, 10 nM dexamathasone, and 2 mM sodium
pyruvate. The plates were incubated in a humidified incubator at 37
°C, 10% CO2. After 4 h, the medium was changed into fresh medium
with Matrigel. The plates were incubated overnight. On day 2, cells
were changed into DMEM (no glucose) with 10% FBS, 100 nM
insulin, 10 nM dexamethasone, 2 mM L-glutamine and incubated
overnight. On day 3, the medium was aspirated and an amount of 90
μL of testing glucose medium (8.9 mM glucose DMEM with 0.07%
BSA, 1 nM insulin, 10 nM dexamethasone) was added to the plate.
Test compounds were serial diluted in DMSO at 1000×. Compounds
at 10× of the final concentrations were diluted in the indicated glucose
medium, and an amount of 10 μL per well of these solutions was
added to the cell plate. Cells were incubated for 1 h at 37 °C, 5% CO2.
Cells in the plates were fixed by adding 100 μL per well of 8%
paraformaldehyde for 15 min and followed by 4% paraformaldehyde
for 30 min at 4 °C. Plates were then washed 6 times with 300 μL of
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PBS per well per cycle using a Bio-Tek ELx 405 micoroplate washer
(Bio-Tek Instruments; Winooski, VT). After the last washing step, the
cells were permeablized using 0.1% TritonX-100 in PBS for 20 min at
room temperature. The plates were washed again 6 times with 100 μL
of PBS per well per cycle. The cells were then blocked by adding 50
μL per well of blocking solution (3% BSA, 1% goat serum in PBS) and
incubated at room temperature for 1 h. Primary antibody solution
(anti-glucokinase antibody diluted 1:250 in blocking buffer) was added
to the cells and incubated at 4 °C overnight. The plates were then
washed 6 times with 300 μL per well per cycle. Secondary antibody
solution (AF594-conjugated goat anti-rabbit antibody 1:500 and 2 μM
Hoechst in PBS) was added to the cells and incubated at room
temperature for 1 h. The plate was washed 6 times with 300 μL per
well per cycle before it was imaged in the ArrayScan (Cellomics).
Using GraphPad Prism, version 4.0, dose−response curves were fitted
to the following equation:

= + + − − ×f x x( ) low 1 (high low)/[10(log EC ) Hill]50

where x is the concentration of the compound and Hill indicates the
Hill coefficient.
Method for Determination of Activator Effects on Insulin

Secretion in Dispersed Rat Islets. Male Sprague−Dawley rats
(200−275 g) were euthanized, and the pancreas was perfused via the
common bile duct with ice cold Hank’s balanced salt solution (HBSS,
Gibco, No. 14185) containing 1.2 mM CaCl2, 25 mM HEPES, 0.234
mg/mL liberase (Roche, No. 11815032001), and 0.07 mg/mL DNase
(Sigma, No. D4527-200KU). The pancreas was removed and digested
with stirring for 12 min at 37 °C on a submersible stir plate. Following
digestion ice cold quench (HBSS, 10% FBS, 10 mM HEPES) was
added and the pancreas was spun at 50g for 15 s. The supernatant was
removed, and the pellet was resuspended in ice-cold quench and
passed over a 250 μm screen. The digested pancreas was again spun at
50g for 15 s, and the supernatant was removed. The pellet was
resuspended in 8 mL of 27% Ficoll (Sigma, No. F9378) and
transferred to a 30 mL Corex tube. An amount of 4 mL of 23% Ficoll
was then layered in the tube followed by 4 mL of 20.5% Ficoll and 4
mL of 11% Ficoll. The sample was then spun at 500g for 10 min. The
islets were removed from the upper layers of Ficoll and washed twice
with HBSS without Ca2+. Following washing, 1 mM EDTA was added
and the islets were incubated for 8 min at room temperature. Next
0.00125% trypsin−EDTA and 2 μg/mL DNase I (final concen-
trations) were added, and the islets were incubated for 10 min at 30 °C
with shaking at 60 rpm. Following dispersion the islets were
dissociated via 50 passes with a 1 mL pipet. The islets were diluted
with culture medium (RPMI 1640, 10% FBS, L-glutamine, pen/strep,
and HEPES) and passed over a 63 μm nylon membrane. The
dispersed islets were pelleted, then washed again with culture medium.
After counting, the cells were suspended in culture medium and
seeded at 5000 cells per well (200 μL/well) in 96-well V bottom
plates. The plates were spun for 5 min at 200g and then placed in a 5%
CO2 cell culture incubator overnight.
Test articles were solubilized in 100% DMSO at 10 mM. Serial

dilutions were made in 100% DMSO to 3, 1, 0.3, and 0.1 mM. The
compound was further diluted in incubation buffer to final
concentrations of 3, 1, 0.3, and 0.1 μM.
The medium was aspirated from each well and replaced with 100 μL

of 3 mM glucose in incubation buffer (115 mM NaCl, 5 mM KCl, 24
mM NaHCO3, 2.2 mM CaCl2, 1 mM MgCl2, 24 mM HEPES, 0.25%
BSA). The dispersed islet plates were spun at 200g to repellet the islets
and then incubated in a 37 °C water bath continuously gassed with
95% O2/5% CO2 for 45 min. The preincubation buffer was then
removed and replaced with 50 μL of incubation buffer containing 3, 1,
0.3, and 0.1 μM test article in 3, 5, 9, 11, 13, or 22 mM glucose, in
replicates of 8. All glucose concentrations containing 0.1% DMSO
were included on each plate as internal controls. The plates were spun
to pellet the islets and then incubated for 60 min in a 37 °C water bath
continuously gassed with 95% O2/5% CO2. Following the incubation
an amount of 35 μL of buffer was removed and transferred to a 96-well
polypropylene storage plate and frozen. Insulin content was analyzed
using a commercial EIA (Alpco, No. 80-INSRTH-E10). This

experiment was performed three times with three individual
preparations of rat dispersed islets. Insulin secretion data were
analyzed using GraphPad Prism. Data were normalized as % effect
relative to maximum glucose, which in these studies was 22 mM. Data
from the three individual experiments were averaged for graphing.

Evaluation of the Effect Glucokinase Activators on Fasting
and Postprandial Glucose in Goto−Kakizaki Rats. Rats arrived at
the facility at 7−8 weeks of age and were acclimated 1 week prior to
test article/vehicle administration. Following a 1 week acclimation, rats
were randomized by fed-state body weight into different treatment
groups and dosed daily in the with vehicle (0.5% methylcellulose) or
test article. Dosing was based on body weight at a concentration of 5
mL/kg and continued for 28 days. Blood samples (250 μL) were
collected in ethylenediaminetetraacetic acid (EDTA) treated micro-
tainers, mixed by inversion, and placed on ice. Plasma was isolated via
centrifugation at 14 000 rpm in an Eppendorf centrifuge 5417R at 4
°C for 2 min. The samples were then analyzed through the use of
Roche Diagnostics clinical analyzer. Insulin levels were also measured
using a diagnostics rat ultrasensitive insulin kit (Alpco). Rats
underwent an end-study oral glucose tolerance test (OGTT) on day
28. Sixty minutes after test article administration, a blood sample was
collected and the rats were immediately given a 2 g/kg oral bolus of
40% glucose in water. Subsequent blood samples were collected at 15,
30, 60, and 120 min after the oral glucose challenge.
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