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Abstract

Aims/hypothesis We evaluated the insulinotropic and anti-
hyperglycaemic actions of glucokinase activators (GKAs),
especially through acute and subchronic studies in rodent
diabetes models with (2R)-2-(4-cyclopropanesulphonyl-
phenyl)-N-(5-fluorothiazol-2-yl)-3-(tetrahydropyran-4-yl)
propionamide (PSN-GK1), a novel and potent GKA.
Materials and methods The action of PSN-GK1 on or in
the following were investigated: (1) on human liver
glucokinase, insulin secretion from MING6 cells and 2-
deoxy-p-[*H]glucose (2-DG) uptake into rat hepatocytes;
and (2) in Zucker diabetic fatty rats and in non-diabetic
C57Bl/6, diabetic db/db and ob/ob mice.

Results At 5 mmol/l glucose, PSN-GK1 activated glucoki-
nase (4.3-fold, median effective concentration [ECsq]
130 nmol/l), increased MING6 insulin secretion (26-fold,
ECso 267 nmol/l) and 2-DG hepatocytic uptake (threefold,
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ECso 1 pmol/l); at higher glucose concentrations, ECsgs
and fold-effectiveness were both lower. In C57B1/6 mice,
PSN-GK1 reduced blood glucose at 1 and 10 mg/kg (by
mouth), but insulin was increased significantly at only the
higher dose. In hyperinsulinaemic 10-mmol/l glucose
clamps, PSN-GK1 increased 2-DG incorporation into liver
glycogen sixfold, directly demonstrating liver effects. PSN-
GK1 improved glycaemic profiles in db/db mice and
Zucker diabetic fatty rats, diabetic animal models in which
GKA efficacy has not previously been described, without
causing hypoglycaemia. In ob/ob mice, it dose-dependently
reduced excursions in OGTTs. Moreover, after subchronic
administration, no tachyphylaxis was evident and glycae-
mia was improved without alterations to lipid levels, liver
weight, glycogen content or body weight.
Conclusions/interpretation PSN-GK1 was potently antihy-
perglycaemic through its effects on insulin release and
hepatic glucose metabolism. It is one of the most potent
GKAs described in the literature and is active in diabetic
animal models where GKAs have not been reported to
show efficacy to date. Ongoing human trials are investigat-
ing the potential of this novel therapeutic approach.

Keywords Diabetic animal models - Glucokinase -
Glucokinase activator - Hepatic glucose uptake - Insulin
secretion - Liver glycogen synthesis - Oral
antihyperglycaemics - PSN-GK 1

Abbreviations

2-DG 2-deoxy-D-[*H]glucose

ECsg median effective concentration
G6PDH  glucose-6-phosphate dehydrogenase
GKA glucokinase activator

GSIR glucose-stimulated insulin release
GST glutathione S-transferase
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PSN- (2R)-2-(4-cyclopropanesulphonylphenyl)-N-

GK1 (5-fluorothiazol-2-yl)-3-(tetrahydropyran-4-yl)
propionamide

So.s substrate concentration at half maximal velocity

Vinax maximal velocity

ZDF Zucker diabetic fatty

Introduction

The incidence of type 2 diabetes is increasing dramatically
worldwide, largely due to the ongoing obesity epidemic. At
present, no single agent is capable of achieving acceptable,
long-lasting blood glucose control in the majority of
patients [1]. Although combinations of available drugs can
give superior glycaemic control [2], they tend to lose
efficacy over time and produce unwanted side effects, such
as weight gain. Thus, there is a pressing need for safe,
novel drugs with improved efficacy [3].

Because of its key role in glucose homeostasis, gluco-
kinase is a potential target for small-molecule type 2
diabetes therapeutics [4, 5]. Its pivotal position in blood
glucose control is determined by its actions in pancreas and
liver [6], although it is expressed in numerous other cell
types that complete the glucose-sensing network [7, 8]. In
beta cells, glucokinase is the glucose sensor that dictates the
threshold for insulin secretion, while in hepatocytes it is
rate-determining for glucose metabolism. Additionally, this
enzyme plays a crucial role in neuronal glucosensing in the
brain [9] and is also produced in incretin-releasing K and L
cells in the gut [10], as well as in the pituitary [I1].
Deactivating glucokinase mutations lead to maturity-onset
diabetes of the young type 2, a condition characterised by
elevated plasma glucose resulting from glucokinase hap-
loinsufficiency [12, 13]. On the other hand, individuals
with activating glucokinase mutations [14] have hyper-
insulinaemic hypoglycaemia [15], a disorder attributed to a
decreased threshold for glucose-stimulated insulin release
(GSIR) and possibly also to elevated hepatic glucose use,
although effects on liver glucokinase flux remain unin-
vestigated. The existence of patients with hyperinsulinae-
mic hypoglycaemia suggests that small-molecule
glucokinase activators (GKAs) could exhibit powerful
antihyperglycaemic properties both by augmenting GSIR
and by altering hepatic glucose balance [16, 17]. Thus,
GKAs could combine [18] the glucose-lowering effects of
insulin secretagogues with biguanide-like, hepatic glucose-
lowering actions to provide enhanced glycaemic control.

Interest in glucokinase is intensifying [19] following the
discovery of Ro-28-1675 [20]. This compound activates
glucokinase by increasing affinity for glucose (substrate
concentration at half maximal velocity, Sys) and maximal
velocity (Vmax). It enhances GSIR from isolated rat
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pancreatic islets, increases hepatocyte glucose uptake and
demonstrates antihyperglycaemic effects in various rodent
models. Moreover, chronic administration of Ro-28-1675
prevents the development of hyperglycaemia in diet-
induced obese mice [21]. Like Ro-28-1675, other GKAs
reported to date [22—25] bind an allosteric site found where
the activating mutations cluster [26, 27].

Here, we evaluate the GKA (2R)-2-(4-cyclopropanesul-
phonylphenyl)-N-(5-fluorothiazol-2-yl)-3-(tetrahydropyran-
4-yl)propionamide (PSN-GK1) [28] (Fig. 1) and the
translation of this compound’s improved activity and excel-
lent pharmacokinetic profile into potent acute and
subchronic antihyperglycaemic effects in rodents. Impor-
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Fig. 1 In vitro activation of glucokinase by PSN-GK1. a Concentra-
tion-dependent activation of glucokinase by PSN-GK1 and structure
of PSN-GK1. b Glucokinase kinetics with respect to glucose in the
presence of different concentrations of PSN-GK1 (0.0 umol/l, crosses;
0.1 umol/l, circles; 0.4 umol/l, squares; 1.0 umol/l, triangles)
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tantly, these antihyperglycaemic effects do not appear to be
accompanied by adverse events, such as hypoglycaemia or
hyperlipidaemia.

Materials and methods
Animals

Male C57BIl/6 (5-6 weeks), C57Bl/6 ob/ob (6—7 weeks)
and female C57BI/KsJ db/db (9 weeks) mice from Harlan
Olac, Bicester, UK were housed under controlled condi-
tions (21+2°C; 45-65% humidity; 12-h light-dark cycle,
lights on 08.00 h) with free access to rat and mouse no. 1
diet (Bantin and Kingman, Hull, UK). Female Zucker
diabetic fatty (ZDF) rats (6 weeks old; Charles River,
Manston, UK) were housed similarly, except that they were
put on a 10/14-h light-dark cycle (lights off at 22.00 h) and
had free access to high-fat diet D1245 (Research Diets,
New Brunswick, NJ, USA) (45% of energy from fat) for
4 weeks prior to a meal-feeding regimen. For clamp studies,
male C57B1/6]J mice (12 weeks) from Charles River were
housed as above but fed pelleted chow (UAR, Nillemoison,
France). Studies were approved by local ethical boards and
animal husbandry and procedures carried out according to
institutional guidelines.

Materials

PSN-GK1 was prepared [29], dissolved in DMSO and used
in vitro at concentrations indicated with a final DMSO
concentration of <5%. For mice studies, PSN-GK1 was
dissolved in warm 90% water—10% Gelucire 44/14 (Gatte-
fossé, Gennevilliers, France), with stirring and/or sonication
at 0.1-2.0 mg/ml, for dosing at 1-20 mg/kg via oral gavage
at 10 ml/kg. For ZDF rats, PSN-GK1 was administered at
10 mg 2 ml™' kg™ in warm 90% water—10% Gelucire 44/14.
Recombinant human hexokinases I, IT and III and glucoki-
nase (liver form) were expressed as glutathione S-transferase
(GST) fusion proteins in E. coli, purified by glutathione
affinity chromatography to >98% purity and stored at —80 °C
in 50 mmol/l Tris/HCI pH 7.4, 1 mmol/l pL-dithiothreitol,
50 mmol/l NaCl and 10% glycerol.

Enzyme assays

Glucokinase activity was measured in a coupled reaction with
glucose-6-phosphate dehydrogenase (G6PDH) by monitoring
NADPH production at Az4 in a plate reader (SpectraMax
190; Molecular Devices, Wokingham, UK) after 15 min
incubation at 24°C, in a final volume of 100 pl containing
25 mmol/l HEPES pH 7.1, 25 mmol/l KCI, 5 mmol/l glucose,
1 mmol/l ATP, 2 mmol/l MgCl,, 1 mmol/l bL-dithiothreitol,

I mmol/l NADP, 2.5 U/ml G6PDH, 0.4 ng GST-glucoki-
nase. These conditions were also used for hexokinases I to
III, except that the glucose concentration was 0.25 mmol/l.
We tested ten dilutions of PSN-GKI1 from 0.004 to
100 umol/l, calculating and fitting fold changes in activity
vs controls to sigmoidal curves using a four-parameter
logistic model. For effects on kinetic parameters (S s, Vinax»
Hill coefficient), a series of velocity plots at different PSN-
GKI1 and glucose concentrations (0.67-20 mmol/l) were
fitted to the Hill equation using XLfit version 4.1 (IDBS,
Guildford, UK).

Cell incubations and assays

MING cells, a mouse pancreatic beta cell line, were cultured in
DMEM containing 25 mmol/l glucose, 1 mmol/l sodium
pyruvate, 50 pmol/l 2-mercaptoethanol, 15% heat-inactivated
FCS, 50 U/ml penicillin, 50 pg/ml streptomycin. Culture and
incubations were at 37°C. Cells were seeded at 4x 107 cells per
well in 12-well plates, cultured for 3 days, then washed twice
with KRB containing 119 mmol/l NaCl, 4.74 mmol/l KCI,
2.54 mmol/l CaCl,, 1.19 mmol/l MgSQO,, 1.19 mmol/l
KH,POy4, 25 mmol/l NaHCOs, 10 mmol/l HEPES pH 7.4,
0.1% BSA and 5 mmol/l glucose. Cells were pre-incubated
for 1 h in KRB, followed by 1 h static incubations with PSN-
GK1 and glucose at indicated concentrations. Media samples
were removed, cleared of debris by centrifugation at 1,000 g
and insulin was measured in triplicate against standards using a
rat insulin ELISA kit (Mercodia, Uppsala, Sweden). Cells were
lysed in 150 mmol/l NaCl, 1% glycerol, 1% Triton X-100,
1 mmol/l EGTA, 50 mmol/l HEPES pH 7.5 supplemented with
Complete Protease Inhibitor Cocktail (Roche Diagnostics,
Penzberg, Germany) for protein measurement by bicincho-
ninic acid assay (Pierce, Rockford, IL, USA) with BSA
standard.

Cryopreserved rat hepatocytes (XenoTech LLC, Lenexa,
KS, USA) were centrifuged at 75 g over 25% Percoll and
seeded at 2x10° to 4x10° cells per well in 12-well plates
coated with collagen-1. Cells were attached, cultured and
assayed for 2-deoxy-p-[’H]glucose (2-DG) uptake as de-
scribed [30]. Media contained 5.55 mmol/l glucose and after
2 days of culture cells were incubated for 4 h in fresh media
containing 74 kBg/ml 2-DG (Perkin Elmer, Beaconsfield,
UK). Cells were washed three times, lysed and portions of
lysates used for scintillation counting and protein measure-
ment as above. Net uptake was calculated as pmol 2-DG per
mg protein and expressed as a percentage of the basal value.

Animal studies
C57Bl/6J mice Food was withdrawn 5 h before dosing,

while water was available throughout. A blood sample was
taken from the tail tip under local anaesthetic for glucose
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and insulin measurement. Thereafter, mice were weighed
and dosed orally with PSN-GK1 (1 or 10 mg/kg) or vehicle.
Blood samples were taken 15, 30, 60, 120 and 240 min
after dosing, samples (20 pl) for glucose being taken into
disposable micro-pipettes and added to 480 pl haemolysis
reagent. Duplicate 20-pl aliquots haemolysed blood were
added to 180 pl Trinder’s glucose reagent (Sigma enzy-
matic colorimetric method) in a 96-well plate. After mixing,
samples were left (room temperature) for 30 min before
reading against standards; correction was made for haemo-
globin. Samples for insulin (30 wl) were collected into
heparin/Li-containing tubes, kept on ice for <30 min,
centrifuged (2,800 g, 10 min, 4°C) and stored at —20°C
for subsequent measurements using an insulin ELISA kit
(Crystal Chem, Downers Grove, IL, USA) and SpectroMax
250 plate reader (Molecular Devices).

Hyperinsulinaemic—hyperglycaemic clamps After 8 days
acclimatisation, during which mice were periodically
handled, an indwelling catheter was placed into the femoral
vein under anaesthesia, sealed under the back skin and
glued on top of the skull. After 4 to 5 days, mice were
fasted for 6 h before dosing and throughout the remainder
of the study. PSN-GK1 (10 mg/kg) or vehicle was
administered orally 30 min before 180 min i.v. infusion of
a steady rate of [°H]glucose (to ensure detectable glucose
isotopic dilution into blood and measurable incorporation
into liver glycogen) and of pharmacological insulin at
18 mU kg ' min'. Non-radiolabelled glucose infusion
maintained plasma glucose at 10 mmol/l. Plasma glucose
concentrations and [*H]glucose-specific activity were
determined in 5 ul blood from the tail tip every 10 min
during the last hour. For glucose turnover, [*H]glucose
enrichments were determined in deproteinised blood by Zn
(OH), precipitation; aliquots of the supernatant fraction
were evaporated to dryness to determine radioactivity. In a
second aliquot, glucose concentration was assessed by the
glucose oxidase method. Plasma insulin was determined by
ELISA (Mercodia) at study end to check that mice were
stimulated comparably. Mice were killed by cervical
dislocation. The liver glycogen synthesis rate was deter-
mined as described previously [31, 32] following extraction
with 3% perchloric acid and precipitation with ethanol. The
radioactive glycogen was counted and divided by the [°H]
glucose-specific activity to determine the rate of synthesis.

C57BI/KsJ db/db mice Blood (20 ul) was obtained for
glucose levels 45 min before dosing. Just prior to dosing, food
was removed (free access to water), a further blood sample
taken and mice dosed orally with PSN-GK1 (20 mg/kg) or
vehicle, blood samples being removed 30, 60, 120, 180 and
300 min thereafter. Glucose was determined in whole blood as
above.
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ZDF rats At age 10 to 11 weeks, rats were housed singly
and fed high-fat diet (45% energy from fat, D1245;
Research Diets) as follows during the 14-h dark phase: (1)
free access (03 h); (2) food removed (3—7 h); (3) 8 g (7-
14 h). After 30 days, the diet was changed to one in which
60% of energy was from fat (D12492; Research Diets).
Treatment commenced at age 14 to 15 weeks and was
conducted as follows: 1 h before lights out, a blood sample
was obtained from the tail tip under local anaesthesia for
basal glucose. Thirty minutes later, rats were dosed orally
with PSN-GK1 (10 mg/kg) or vehicle. At the start of the
dark phase, blood samples were taken for glucose, then the
animals were fed as described above with hourly glucose
sampling.

OGTTs in ob/ob mice Food was withdrawn 5 h before
OGTTs and throughout with free access to water provided.
Blood (20 ul) was removed for basal glucose 45 min before
OGTTs. Then mice were weighed and dosed orally with
PSN-GK1 (3, 5 or 10 mg/kg) or vehicle 30 min before glucose
(2 g/kg). Blood samples were taken 0, 30, 60, 90, 120, 180
and 240 min thereafter and glucose determined as above.

Subchronic study in ob/ob mice On day 0, 23.5 h before
first dose, blood glucose was determined and mice allocated
to groups. The day after, an OGTT was performed as above,
with oral PSN-GK1 (10 mg/kg) or vehicle administered at
11.30 h, 30 min before the glucose load (2 g/kg). After the
OGTT, food was returned. PSN-GK1 or vehicle was dosed
daily at 11.30 h. On days 3 and 6, glucose was measured in
blood samples 15 min before and 60 min after dosing.
Another OGTT was performed on day 8. On day 9, 3 h
after dosing, terminal anaesthesia was induced and blood
(500-600 upl) collected via the abdominal aorta into
heparin/Li-containing tubes and kept on ice (<30 min),
before centrifugation (2,800 g, 10 min, 4°C) to give plasma
(>300 upl), which was stored at —20°C for subsequent
analysis (using kits) of fructosamine (Randox, Crumlin,
Northern Ireland, UK), NEFA (Wako, Neuss, Germany),
triacylglycerol (Thermotrace, VIC, Australia) and alanine
aminotransferase (Randox). Livers were removed, freeze-
clamped, weighed and stored (wrapped in foil) at —80°C for
subsequent glycogen analysis by ethanol precipitation after
alkali digestion and for glucosyl measurement after amylo-
glucosidase treatment.

Plasma PSN-GK1 concentrations

A satellite exposure study, linked to basal blood glucose-
lowering/insulin secretion in C57Bl/6 mice, was performed,
in which 12 mice were dosed with 10 mg/kg PSN-GKI1.
Following terminal anaesthesia, blood (500—600 wl) was
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collected from three animals via the abdominal aorta at 30,
60, 120 and 240 min after dosing. Blood was collected into
heparin/Li-containing tubes and kept on ice (<30 min),
before centrifugation (2,800 g, 10 min, 4°C) and storage at
—20°C for subsequent compound measurement. A similar
experiment was performed following a 5 mg/kg dose to 0b/
ob mice, with terminal blood collected after 30, 60, 150 and
270 min; these timepoints were used in a satellite exposure
study paired with the OGTTs on days 1 and 8§ (dosed daily)
of the ob/ob study above.

Aliquots (50 ul) of plasma calibration standards, quality
controls, unknown samples and blanks were placed into a
96-well protein precipitation plate (Argonaut Technologies,
Hengoed, Wales, UK). The plate was placed on a vacuum
manifold over a 96-well, 1-ml collection plate and
acetonitrile (200 pl) added to each well. The plate was left
for precipitation to occur and supernatant fractions to drip
through under gravity for 10 min. Vacuum was applied and
the block removed and centrifuged (3,000 g, 10 min) prior
to injection on to a liquid chromatography/mass spectrom-
etry/mass spectrometry system, comprising an HPLC
column (Hichrom RPB; Highchrom, Theale, Berkshire,
UK), 50x2.1 mm column, mobile phase of acetonitrile—
10 mmol/l ammonium formate, flow rate 0.25 ml/min. The
Micromass Quattro Micro spectrometer (Waters, Milford,
MA, USA) was fitted with an electrospray ionisation
interface. PSN-GK1 was detected by selected reaction
monitoring of daughter ions in negative ion mode.

Statistics

Analyses consisted of one-way ANOVA coupled with ¢
tests. In cases where normality tests failed, the Mann-
Whitney U test was used.

Results

Glucokinase activation in vitro

PSN-GKI1 raised the glucose phosphorylating activity of
glucokinase at 5 mmol/l glucose by 4.3+0.2-fold with an

ECsq of 130+10 nmol/l (Fig. 1a); 54+6 nmol/l PSN-GK1
doubled activity. At 30 umol/l, PSN-GK1 did not affect any

of the related hexokinases. Glucokinase activation by PSN-
GK1 can be ascribed primarily to reduced glucose Sy 5 values
(Fig. 1b, Table 1), with some modest increases in Vpax.
Glucokinase kinetics for Mg-ATP were unaltered. The
approximately sevenfold reduction in Sys with 1 pmol/l
PSN-GK1 corresponds to effects on the glucose cooperativity
and reductions in Hill coefficient (Table 1). Effects of PSN-
GK1 on glucokinase resemble those of GKAs reported to bind
at the proposed allosteric activator site [26, 27].

Actions in cells

Effects of PSN-GK1 on insulin secretion from MING6 clonal
mouse pancreatic beta cells [33] were measured at basal and
raised glucose concentrations (Fig. 2a). Like pancreatic beta
cells, these cells exclusively express the liver-type glucose
transporter (GLUT2, also known as SLC2A2) [34], which
allows normal glucose-sensing where glucose phosphoryla-
tion, not transport, is rate-limiting [35]. At 5 mmol/l glucose,
PSN-GK1 increased secretion 25.9+5.3-fold with an ECs, of
267+84 nmol/l. It also produced stimulations above the
effects of raised glucose at 10 and 15 mmol/l. Although
ECsos were lower at higher glucose concentrations,
corresponding fold increases were not as large.

Glucokinase exerts strong control over hepatic glucose
metabolism and glycogen synthesis [36]. Hence, activation is
expected to produce increases in glucose uptake/metabolism
in cultured hepatocytes, which contain the high-capacity
GLUT2 glucose transporter [37]. Effects of PSN-GK1 on
2-DG uptake in primary rat hepatocytes in 5.55 mmol/l
glucose (Fig. 2b) were compared with those of sorbitol.
Sorbitol activates glucokinase indirectly through its metab-
olite, fructose-1-phosphate, which promotes the enzyme’s
dissociation from its regulatory protein [38]. Relative to
basal (100%), PSN-GK1 enhanced uptake 300+34% with
an ECso of 1.04£0.05 pwmol/l, while the corresponding
values for sorbitol were 137+9% and 34.8+6.7 umol/l.
PSN-GK1 also increased uptake at 15 mmol/l glucose, but
to a lesser degree (not shown).

Effects in non-diabetic mice

PSN-GK1 rapidly lowered basal blood glucose and in-
creased insulin in non-diabetic C57Bl/6 mice at 10 mg/kg

Table 1 Glucokinase kinetic parameters with respect to glucose at different concentrations of PSN-GK1

PSN-GK1 (pmol/l) So.5 (mmol/1) So.5 decrease (fold)

Vmax (wmol min ! mgfl)

Vmax increase (fold) Hill coefficient

0.0 10.1 -

0.1 4.6 22
0.4 24 42
1.0 1.5 6.7

53
5.7
6.0
59

1.1
1.1
1.1

1.9
1.6
1.5
1.6
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Fig. 2 Effects of PSN-GKI1 on clonal pancreatic beta cells and
cultured rat hepatocytes. a Insulin secretion in MIN6 pancreatic beta
cells in the presence of glucose (5 mmol/l, closed circles; 10 mmol/l,
squares; 15 mmol/l, triangles; 25 mmol/l, open circles) and the
indicated concentrations of PSN-GK1. Data are from a representative
experiment of three repeat experiments. b 2-DG net uptake in cultured
primary rat hepatocytes in the presence of 5.55 mmol/l glucose and
the indicated concentrations of PSN-GKI1 (squares) or sorbitol
(circles). Results are mean = SEM of four independent experiments.
*p<0.05, **p<0.01 vs basal 2-DG uptake. Average basal 2-DG
uptake was 1.38 pmol 2-DG per mg cellular protein

(Fig. 3a,b), effects that were associated with good exposure
(median PSN-GK1 concentration in pmol/l, n=3, at time
points as specified: 30 min=11.7; 60 min=9.7; 120 min=
7.0; 240 min=4.1). At a dose of 1 mg/kg PSN-GKI1 also
lowered glucose, but without altering insulin.

Effects of PSN-GK1 on liver glycogen biosynthesis were
evaluated in a hyperinsulinaemic—-hyperglycaemic clamp, with
insulin at 18 mU kg ' min™' and glucose maintained at
10 mmol/l, employing a radiolabelled glucose tracer to
monitor incorporation into liver glycogen. Glucose infusion
rates at 150 to 210 min after vehicle or 10 mg/kg PSN-GK1
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Fig. 3 PSN-GKI1 lowers blood glucose levels through pancreatic and
hepatic mechanisms. Blood glucose concentrations (a) and plasma
insulin levels (b) following oral administration of vehicle (open
circles) or PSN-GK1 (1 mg/kg, squares; 10 mg/kg, closed circles) to
5-h-fasted male C57B1/6 mice. ¢ Effect of vehicle (open bar) and
PSN-GK1 (10 mg/kg by mouth; black bar) on liver glycogen
biosynthesis rate under hyperinsulinaemic—hyperglycaemic condi-
tions. *p<0.05; **p<0.01; ***p<0.001 vs vehicle control
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Effects in db/db mice and ZDF rats

PSN-GK1 at 20 mg/kg produced rapid and significant
antihyperglycaemia in fed (food removed immediately
before dosing) db/db mice, compared with controls
(Fig. 4). After 180 min, PSN-GK1 lowered blood glucose
(from 20.5+£1.5 mmol/l to 5.8+0.5 mmol/l) compared with
controls (from 17.9+1.4 to 13.0£1.5 mmol/l).

ZDF rats were trained to a two-meal paradigm to
monitor effects on glucose control over multiple meals.
Following a single 10 mg/kg dose, PSN-GK1 lowered
glycaemia at all time points during both meals and at nearly
all time points between (Fig. 5), indicating an extended
duration of action; blood glucose was 3.3—4.8 mmol/l and
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Fig. 5 The anti-hyperglycaemic effects of PSN-GK1 (10 mg/kg by
mouth; closed circles) compared with vehicle (open circles) endure
over two distinct meals in female ZDF rats. a Blood glucose profile.
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and the change in blood glucose concentrations from time 0 min in the

vehicle-treated arm (ABGyepicte). Thus, AABG=ABG-ABGyepicte- *p<
0.05; **p<0.01; ***p<0.001 vs vehicle control

3.4-4.0 mmol/l lower than vehicle-treated counterparts
during the first and second meals, respectively.

OGTTs and subchronic effects in 0b/ob mice

PSN-GK1 (5 mg/kg) improved glucose tolerance when
administered 30 min before the glucose load (Fig. 6a).
Glucose administration coincided with the PSN-GKI1
maximum plasma concentration (median concentrations in
pumol/l, n=3, at specified time points: 30 min=4.1; 60 min=
2.5; 150 min=1.5; 270 min=0.8). Effects were dose-
dependent, 10 mg/kg reducing glucose excursions to a
greater degree than doses of 3 and 5 mg/kg (not shown).
PSN-GK1 (10 mg/kg) was dosed once daily for 9 days.
Comparable antihyperglycaemic effects were observed in

b

ABG (mmol/l)

r T T T T T T T T T

o 1 2 3 4 5 6 7 8 9
Time (h)

T

10 11

b Delta blood glucose values, which reflect the change in blood
glucose from time 0 min within each experimental group, i.e. ABG=
BGi;e-BGg min. *p<0.05; **p<0.01 vs vehicle control
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Fig. 6 PSN-GKI1 attenuates hyperglycaemia subchronically in ob/ob

mice. a Blood glucose profile from an OGTT, in which PSN-GK1

(5 mg/kg by mouth; closed circles) and vehicle (open circles) were

administered orally to male ob/ob mice 30 min prior to an oral glucose

OGTTs on days 1 and 8, where compound exposures were
similar (Table 2). PSN-GK1 improved glucose profiles
throughout vs controls (Fig. 6b). After 9 days, there were
no significant differences (Table 2) between PSN-GK1- and
vehicle-treated groups in body weight, plasma lipids, liver

Table 2 Data from subchronic experiment in ob/ob mice

O-I 1 1 T T T 1 T T T

0 1 2 3 4 5 6 7 8 9
Treatment period (days)

load (2 g/kg). b Effects of dosing 10 mg kg ' day ' PSN-GK1 (closed
circles) and vehicle (open circles) to male ob/ob mice for nine
consecutive days at 7=0 min each day. *p<0.05; **p<0.01 vs vehicle
control

weights, liver glycogen, liver function (alanine aminotrans-
ferase levels) or plasma fructosamine, an index of medium-
to long-term glucose control; however, the study may have
been too short to reveal fructosamine differences.

Vehicle control

PSN-GK1 (10 mg kg™ day™' by mouth)

Body weight (g)

Day 0 31.4+1.2 31.9+1.5
Day 9 352+1.3 36.3+1.5

OGTT blood glucose AUC (mmol/l x 120 min)

Day 1 1,224+120 786+100
Day 8 1,043+54 639+32""

Day 1 median PSN-GK1 concentrations (umol/l)

At 30 min post-dose - 11.8

At 60 min post-dose - 7.1

At 150 min post-dose - 3.6

At 270 min post-dose - 1.7

Day 8 median PSN-GK1 concentrations (pmol/l)

At 30 min post-dose - 11.5

At 60 min post-dose - 7.4

At 150 min post-dose - 4.2

At 270 min post-dose - 2.9

Day 9 plasma NEFA (mmol/l) 0.98+0.17 1.02+0.09

Day 9 plasma triacylglycerol (mmol/l) 0.78+0.10 0.64+0.03

Day 9 plasma ALT (U/l) 39.6+5.9 54.0£8.9

Final liver weight (g) 2.65+0.24 2.87+0.13

Day 9 liver glycogen content 270+22 234+33
(umol glycosyl residues/g wet weight)

Plasma fructosamine (mmol/l) 0.18+0.01 0.18+0.01

Data are means + SE from six mice
ALT, alanine aminotransferase
**p<0.01 vs vehicle control
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Discussion

PSN-GK1 is a potent activator of glucokinase in vitro,
possessing enhanced activity relative to the archetypal
GKA Ro0-28-1675. At 5 mmol/l glucose, PSN-GKI1 at
0.05 pmol/l doubles glucokinase activity, whereas
0.18 umol/l Ro-28-1675 increases activity only by 1.5-fold
[21]. Although the recently disclosed GKAS50 has an ECsy
of 0.03 umol/l [24, 39], no fold-activation data are
available. Thus, PSN-GK1 is one of the most potent GKAs
described to date. Like Ro-28-1675 and GKA50, PSN-GK 1
principally increases catalytic effectiveness, expressed as
the Viax:So 5 ratio, by lowering S s, as indicated by the fact
that V.« increases were modest. As expected, PSN-GK1
does not activate other hexokinases that do not possess
glucokinase’s allosteric activator site [26].

PSN-GK1 markedly increases GSIR from MIN6 cells,
most notably at lower glucose concentrations, where basal
secretion is lower. However, effects are also observed at 10
and 15 mmol/l glucose, values more typical of the diabetic
condition. Here, concentration-responses for PSN-GK1 are
left-shifted, suggesting that, at higher glucose concentra-
tions, smaller doses would still provide maximum secretion.
The fact that higher PSN-GK1 concentrations are required
to stimulate secretion at lower glucose concentrations may
provide GKAs with an inbuilt safety mechanism that
glucose-insensitive sulfonylureas [40] do not have. At
25 mmol/l glucose, PSN-GK1 does not augment secretion,
consistent with a mechanism chiefly involving reduction in
So 5 rather than increased V.

The antihyperglycaemic properties of GKAs may also be
mediated through enhanced hepatic glucose utilisation, so
that activation will cause increases in uptake of glucose or
other glucokinase substrates, such as non-metabolisable 2-
DG. Glucokinase activation in hepatocytes, either pharma-
cologically or by adenoviral overexpression, results in
increased 2-DG uptake [22, 30]. Stimulation of hepatic
glucose phosphorylation by sorbitol, a precursor to the
indirect GKA fructose-1-phosphate [38], has been reported
with an ECsq of 20-30 pmol/l and stimulation of ~1.5-fold
[41], values similar to those seen in our hands in rat
primary hepatocytes. PSN-GK1 has a substantially greater
effect on 2-DG uptake, indicating that glucokinase activa-
tion occurs by a different mechanism.

In vitro effects in pancreatic and hepatic cells are
translated in vivo in non-diabetic mice, where PSN-GK 1
stimulated insulin secretion, reduced blood glucose and
raised liver glycogen biosynthesis. The increased potency
of PSN-GK1 compared with Ro-28-1675 is evident in this
model: 15 mg/kg Ro-28-1675 maximally raised insulin
~1.5-fold [21], while 10 mg/kg PSN-GKI1 induced an
approx. threefold increase. As mentioned, the hypoglycae-
mia provoked by GKAs in a non-diabetic setting may be

more manageable than that resulting from sulfonylureas
[40] because the glucose-lowering effected by GKAs is
glucose-dependent [42, 43]. At 1 mg/kg, PSN-GK1 reduced
blood glucose without hypoglycaemia, indicating that there
is a reasonable window between glucose-lowering and
severe hypoglycaemia. At this dose, no effects on insulin
secretion were apparent, indicating that severe hypoglycae-
mic actions may be associated with insulinotropic effects.
However, the fact that this dose was able to decrease blood
glucose possibly indicates a hepatic action, although insulin
levels were raised in view of the prevailing low glucose.
Hyperinsulinaemic—hyperglycaemic clamps directly con-
firmed the hepatic contribution (Fig. 3c).

To date, there have been no reports of GKAs displaying
antihyperglycaemic actions in db/db mice. Indeed, some
GKAs, such as Ro-28-1675, lose their effectiveness in older
db/db mice with blood glucose ~16.7 mmol/l and hypo-
insulinaemia [20]. In our study, by contrast, PSN-GK1
normalised blood glucose in db/db mice with initial blood
glucose >20 mmol/l without hypoglycaemia. The potential
of GKAs to control blood glucose is underscored by the
fact that a single dose of PSN-GKI1 can elicit antihyper-
glycaemic effects in high-fat-diet-fed female ZDF rats over
multiple ‘meals’ and an extended time period without
hypoglycaemia. To our knowledge, PSN-GK1 is the first
GKA to show efficacy in this model.

PSN-GK 1 improved glucose tolerance dose-dependently in
ob/ob mice, again without hypoglycaemia. Like Ro-28-1675,
PSN-GK1 appears to normalise blood glucose in rodent type
2 diabetes models, even though it produces hypoglycaemia
in non-diabetic animals. It has been postulated [21] that
GKAs do not provoke hypoglycaemia in diabetic rodents
because of underlying defects in glucose homeostasis. The
results seen acutely in OGTTs translate into subchronic
efficacy, comparable antihyperglycaemic actions being noted
at the beginning and end of the 9-day experiment, i.e. PSN-
GK1’s effects did not appear to suffer from tachyphylaxis.
Moreover, although PSN-GK1 improved blood glucose
throughout this study, it did not alter liver glycogen,
suggesting that GKAs lower blood glucose principally by a
mechanism unrelated to increased glycogen storage.

One concern with GKAs is the possibility that they
could increase lipid levels. In normal rodents, chronic
glucokinase overexpression leads to raised hepatic lipogen-
esis and circulating lipids [44, 45]. However, humans with
activating glucokinase mutations have normal lipids [15],
hinting that long-term glucokinase activation may not
produce adverse lipid effects. Effects of other GKAs on
lipids following repeated administration have not been
described. In our study, subchronic administration of PSN-
GK1 did not affect plasma lipids, indicating that concerns
surrounding GKAs and increased lipogenesis may be
unfounded. However, longer term studies will be required
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ultimately to ensure that GKAs are safe in this regard. It
was also discovered that PSN-GK1 did not induce changes
in liver weight or plasma alanine aminotransferase, an
indicator of liver toxicity and steatosis.

In summary, we have demonstrated that PSN-GKI1’s
ability to activate glucokinase results in robust hypogly-
caemic effects in normal mice and antihyperglycaemic
actions in diabetic rodents. The overall efficacy, plus the
fact that no adverse events were observed subchronically,
further supports the premise that GKAs may be among the
next generation of oral glucose-lowering therapies. In
contrast to current therapies that target a single organ, e.g.
sulfonylureas (pancreas) or metformin (liver), GKAs could
achieve greater efficacy by targeting multiple sites in the
body. Several GKAs are now in human clinical trials.
Results from these trials will determine whether they can
distinguish themselves from the widely prescribed sulfonyl-
ureas, which are associated with increased mortality [46] as
a result of raised cardiovascular risk [47] and may
accelerate beta cell apoptosis and exhaustion [48, 49].
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