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ABSTRACT: To resolve the metabolite redox cycling
associated with our earlier clinical compound 2, we carried
out lead optimization of lead molecule 1. Compound 4
showed improved lipophilic ligand efficiency and demon-
strated robust glucose lowering in diet-induced obese mice
without a liability in predictive preclinical drug safety studies.
Thus, it was selected as a clinical candidate and further studied
in type 2 diabetic patients. Clinical data suggests no evidence
of metabolite cycling, which is consistent with the preclinical profiling of metabolism.
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Glucokinase (GK) catalyzes the phosphorylation of glucose
to glucose-6-phosphate. GK is widely accepted as a

glucose sensor, and compounds that activate GK could lead to a
potential therapy for type 2 diabetes.1 Since our discovery of
phenylacetamides as potent allosteric GK activators,2,3 GK
activators (GKAs) with chemical structures closely related to
the phenylacetamide scaffold or from completely different
chemical classes have been reported.4−12 Recently, we reported
that 1, a lead molecule with robust in vivo efficacy, inactivated
cytochrome P450 3A4 (CYP3A4) in a time-dependent manner,
blocked the human-Ether-a-̀go-go-Related Gene (hERG)
potassium channel and increased the duration of the action
potential in the rabbit Purkinje fiber assay. After extensive
metabolite profiling of 1 from in vitro and in vivo studies, 2
(Piragliatin) was identified as an active metabolite without the
liability of hERG inhibition or CYP3A4 time-dependent
inactivation (TDI).13 This molecule was further developed
and evaluated in diabetic patients.
Although replacing the cyclopentane moiety in 1 with a

cyclopentanone in 2 resolved issues of hERG inhibition and
CYP3A4 inactivation, 2 was observed to undergo ketone/
alcohol redox cycling between 2 and 3 (Figure 1) from both in
vitro and in vivo metabolism studies. In searching for a backup
molecule, our goal was to identify potent GK activators in the
aminopyrazine phenylacetamide chemical class devoid of
metabolite cycling. Herein, we report our lead optimization
of 1, which culminated in the identification of 4 (RO4597014),
a potent GK activator that entered clinical studies in type 2
diabetic patients.

In order to resolve the issue of metabolite cycling between 2
and 3, we initially focused on the modification of the cycloalkyl
side chain. As illustrated in Table 1, significant loss of GK
activation potency (SC1.5, stimulation concentration required to
achieve GK activity 150% of the control) was observed when
the cyclopentane fragment was replaced with 4-tetrahydropyran
or 3-tetrahydrofuran (7 and 8). To resolve the hERG inhibition
and CYP3A4 inactivation associated with 1, we investigated less
hydrophobic groups at the R1 and R2 positions. However,
these modifications caused a decrease in GK activation potency
(compound 6 in Table 1, and compounds 42−49 in Table S1
of the Supporting Information). Structure−activity relation-
ships (SARs) from Table 1 and Table S1, Supporting
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Figure 1. Chemical structures of 1−4.
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Information, indicated that the α-substituted phenylacetic acid
in 1 was the optimized fragment. Therefore, this moiety was
maintained, and our lead optimization was focused on the
aminopyrazine fragment. We envisioned that adding polar
groups to the 5-position of the 2-aminopyrazine in 1 could
reduce or eliminate the liabilities of CYP3A4 TDI and hERG
inhibition without sacrificing activator potency. To this end, a
series of 5-substituted-2-aminopyrazine-derived GK activators
were synthesized, and these compounds (4 and 9−24) were
assayed for their GK activation potency and their liability in
inactivating human CYP3A4 at a compound concentration of
10 μM. The effects of GK activators on the hERG potassium
channel were assessed using the patch clamp method, and dose-
dependent hERG inhibition was measured. Our goal was to
achieve a hERG IC20 value around 10 μM. Therefore, the

percentage of hERG inhibition at a compound concentration of
10 μM is listed in Table 1. Furthermore, these compounds were
evaluated for their ability to lower blood glucose in C57 mice in
comparison with vehicle dosing as listed in Table 1. As an
indication of improvement in the physicochemical properties of
these compounds, the lipophilic ligand efficiency (LLE) values
are also listed.14

As shown in Table 1, the 5-position of aminopyrazine-
derived GKAs can tolerate a large variety of functional groups.15

Except for 6, 9, and 14, all compounds achieved an
improvement in LLE, and 5 of them displayed an increase of
LLE greater than 1.0 when compared with 1 (13, 15, 16, 20,
and 4). It is also important to note that the diol stereochemistry
affected GK activation potency. The analogue with an (S)-
configuration exhibited four times higher potency than the

Table 1. GK Activation Potency, Effects on Inactivating CYP3A4, Inhibition of hERG, and in Vivo Efficacy in Lowering Blood
Glucose in C57 Mice by Compounds 1, 4, and 6−24

aSC1.5: compound concentration required to achieve GK activity 150% of control, numbers are the average from at least three independent assays,
the average CV of the assay was 15% based on data analysis of over 400 compounds with SC1.5 < 2 μM. bPercentage of inhibition of hERG
potassium channel at a compound concentration of 10 μM; numbers are the average from at least three measurements. cTime-dependent
inactivation (TDI) of CYP3A4 at a compound concentration of 10 μM after 24 min of incubation; numbers are the average from three
measurements. dBlood glucose change (%) compared to vehicle at the 4 h time point after C57 mice were orally dosed with compound (50 mg/kg).
eLipophilic ligand efficiency (LLE) calculated as (pSC1.5 − clogP).
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corresponding (R)-configuration analogue (compare 4 with
24), which is significant in our assay. However, this chemical
series (except for 7) appears to possess a strong hERG
interaction pharmacophore and achieving a hERG IC20 value
less than 10 μM turned out to be challenging. Within the data
set in Table 1, only five diol-derived activators displayed hERG
inhibition about 20% at 10 μM (11, 12, 4, 22, and 24). In
general, carboxylic acids carry a lower hERG inhibition liability.
However, activators from aminopyridine- or aminopyrazine-
derived carboxylic acids in our phenylacetamide chemical series
did not demonstrate significant acute in vivo efficacy in
lowering blood glucose (data not shown). With regard to
CYP3A4 TDI, 8 compounds in Table 1 had a measured TDI
value less than 20% at the concentration of 10 μM.
Interestingly, replacing the methyl sulfide with the methyl
sulfoxide completely removed TDI of CYP3A4 (compare 9
with 10), while the two diol derivatives with alkoxy
substitutions (11 and 12) still showed TDI greater than 20%.
To study the acute glucose lowering efficacy of GK activators

in C57Bl/6J mice, animals (2 months old, n = 6 per dose group,
fasted for 2 h prior to oral dosing) were orally treated with 1, 4,
7, and 9−24 (50 mg/kg) or vehicle, and blood samples were
taken every two hours post dosing (2, 4, 6, and 8 h time
points). Changes in blood glucose levels compared to vehicle
treatment at the 4 h time point are listed in Table 1. Except for
7, all efficacy data in Table 1 achieved statistical significance (p
< 0.01 for 1, 4, 9−22, and 24; p = 0.038 for 23). As shown in
the list, 11 compounds achieved glucose lowering greater than
40%. The indicated hypoglycemic effects of these compounds
in C57 mice could be due to the relatively high dose.
By analyzing the data for hERG inhibition (20% @ 10 μM),

CYP3A4 TDI (<20% @ 10 μM), in vitro GK activation (SC1.5
< 0.50 μM), and in vivo acute glucose lowering (>30% @ 50
mg/kg) in Table 1, we concluded that both 4 and 22 satisfied
our criteria for compound selection. After investigation of
different crystallization methods, the crystalline form of
nonsolvated 4 was obtained. However, we did not obtain a
crystalline form of 22. Therefore, 4 was selected as a preclinical
lead molecule.
We next characterized the kinetic properties of GK at

different concentrations of 4. Enzymatic assays using
recombinant human GK indicated dose-dependent GK
activation by 4 at all glucose concentrations (Figure S1 in
Supporting Information). The enzyme kinetic profile of 4
demonstrated the ability of the compound to increase enzyme
Vmax from 10.0 μM/min to 16.0 μM/min (1.6 fold) and
decrease substrate SC0.5 (glucose concentration to reach half of
the Vmax) from 7.5 to 3.9 mM.
To further investigate 4 for its potential as an oral

antidiabetic agent, we studied 4 for drug-like properties. As
listed in Table 2A, 4 displayed good solubility and permeability,
with a hERG IC50 value greater than 50 μM. The desirable
physicochemical properties of 4 prompted us to investigate its
pharmacokinetic profiles in mice and dogs. As listed in Table
2B, good oral bioavailability was achieved in C57 mice and
dogs.
Encouraged by the pharmacokinetic profiles of 4, we further

assessed its dose-dependent efficacy on lowering glucose in
diet-induced obesity (DIO) mice. As shown in Figure 2, dose-
dependent lowering of blood glucose was observed after DIO
mice (n = 9 per dose, C57Bl/6J mice, 6 months old, on a high-
fat diet for 4 months) were orally treated with 4 (7.5, 15, and
30 mg/kg). At the time point of 2 and 4 h post oral dosing,

compound 4 (30 mg/kg) lowered basal glucose by 45% (p <
0.001). Even at the lower dose (15 mg/kg), compound 4 was
able to lower glucose levels at the 2 and 4 h time points by 32%
(p < 0.02), with an ED25 value of 10 mg/kg. A good correlation
of drug exposure level to blood glucose lowering was obtained
(Table S2 in Supporting Information).
The syntheses of 1, 7, 8, and the required left-hand piece 25

were carried out according to our earlier reported method.13

The starting material for compound 6 was prepared through
the nucleophilic substitution of 25 with sodium methoxide. The
synthetic schemes for the preparation of GKAs 9−21 and 23
including the intermediates are described in the Supporting
Information. The syntheses of 4 and 22 using the Sharpless
asymmetric dihydroxylation reaction16 are detailed in Scheme
1. The key step is the enantiomeric enrichment of the diol
through the crystallization of the corresponding acetonide 38.
This route allowed our medicinal chemistry lab to prepare a
large batch (200 g) of 4 for dose range finding studies.
To demonstrate that the issue of metabolite cycling was

resolved with 4, the 14C-labeled compound was incubated with
liver microsomes and hepatocytes from multiple species, and
the in vitro phase-1 metabolite pathway is described in Scheme
2. Unlike 2, which displayed significant ketone reduction in
human hepatocytes (35%, Table S3 in Supporting Information;
metabolism pathway for 2 has been reported13), 4 demon-

Table 2. (A) Physicochemical and in vitro predictive safety
profiles of 4; (B) Pharmacokinetic properties of 4 in mouse
and dogs

A. properties results

log D (pH = 7.4) 2.7
solubility (pH = 7.4) 0.17 mg/mL
pKa 11.42
caco-2 permeability (Papp) 3.36 × 10− 6cm/s
human plasma protein binding (unbound Fu) 10%
hERG IC50 70 μM
CYP (7 CYP isoforms) IC50 >30 μM
covalent binding to human liver microsomes (30 min,
with NADPH)

33 pmol/mg
protein

B. species mouse dog

route iv po iv po
dose (mg/kg) 10 30 10 30
Cl (mL/min/kg) 20.8 8
Vss (L/kg) 1.44 1.69
AUC0‑inf (ng hr/mL) 8,010 12100 21600 54500
Cmax (ng/mL) 1310 3790
tmax (h) 4 7.3
oral bioavailability (%) 50.3 84

Figure 2. Compound 4 lowers basal glucose in DIO mice.
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strated high stability (95%, Table S4 in Supporting
Information). A metabolism study of 4 with human liver
microsomes (Table S5 in Supporting Information) indicated
minimal formation of ketone 5c (M3) by further oxidation of
the alcohols 5a and 5b.
We previously reported compound 2 as the first GK activator

to reach the clinic. However, this molecule was stopped at the
phase 2 stage due to transient mild elevation of liver enzymes in
a very small percentage of patients. The mechanism for the
clinical observation remains unclear. One possibility is that
parent/metabolite cycling placed abnormal stress on the liver.
The successful resolution of metabolite cycling allowed us to
select 4 as a backup molecule to 2. Following thorough
preclinical safety assessment, 4 advanced to clinical testing in
type 2 diabetic patients.
The analysis of clinical data confirmed the significantly

different metabolite profile between 4 and 2 (Figure S2 in
Supporting Information). The parent ketone 2 and its
metabolite alcohol 3 showed comparable Cmax, with slightly
higher exposure for the metabolite 3 than the parent following

a single oral dose of 100 mg in diabetic patients, which is
consistent with the metabolite cycling observed in metabolism
studies. However, the monohydroxylated forms 5a and 5b
exhibited significantly lower Cmax and exposure than the parent
4. The ketone, 5c, had the lowest exposure compared with the
parent and the monohydroxylated forms. The metabolite to
parent ratio for 2, [3]/[2], is 0.74 as calculated by Cmax and
1.39 as calculated by AUC. The corresponding ratios for 4 are
significantly lower (Table S6 in Supporting Information). The
low level of ketone 5c (4% of the parent by Cmax) suggests that
the potential for redox cycling has been significantly decreased.
In summary, we discovered a novel GK activator 4. This diol-

containing molecule showed improved lipophilic ligand
efficiency (LLE = 5.6) compared to the lead 1 (LLE = 4.0).
In the clinic, no evidence of metabolic cycling was seen in
contrast to observations from the previous clinical GKA, 2. The
lead optimization approach we took underscores the
importance of improving physicochemical properties in drug
design. The unique feature of the diol fragment to modulate
molecular properties paved the way for our further discovery of
potent and efficacious GKAs from other chemical scaffolds.17,18
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