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Glucokinase (GK) plays a key role in maintaining glucose homeostasis by promoting insulin secretion from
pancreatic beta cells and increasing hepatic glucose uptake. Here we investigate the effects of acute and
chronic GK activation on glucose tolerance and insulin secretion in mice with diet-induced insulin resistance.
In the acute study, a small molecule GK activator (GKA71) was administered to mice fed a high-fat diet for
8 weeks. In the long-term study, GKA71 was provided in the diet for 4 weeks to high-fat diet-fed mice.
Glucose tolerance was measured after intravenous glucose administration, and insulin secretion was
measured both in vivo and in vitro. Acute GK activation efficiently improved glucose tolerance in association
with increased insulin secretion after intravenous glucose both in control and high-fat fed mice. Chronic GK
activation significantly reduced basal plasma glucose and insulin, and improved glucose tolerance despite
reduced insulin secretion after intravenous glucose, suggesting improved insulin sensitivity. Isolated islets
from chronically GKA71-treated mice displayed augmented insulin secretion at 8.3 mmol/l glucose, without
affecting glucose oxidation. High-fat diet fed mice had reduced glycogen and increased triglyceride in liver
compared to control mice, and these parameters were not altered by long-term GK activation. We conclude
that GK activation in high-fat diet-fed mice potently reduces glycaemia and improves glucose tolerance, with
combined effect both to stimulate insulin secretion from islets and improve insulin sensitivity.
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1. Introduction

Type 2 diabetes is characterised by hyperglycaemia resulting from
islet dysfunction, manifested as impaired insulin secretion in the
presence of insulin resistance (Kahn, 2003). Diabetes is also
associated with augmented glucagon secretion resulting in increased
hepatic glucose production (Dunning and Gerich, 2007). Glucokinase
(GK) is a key enzyme playing an important role in both insulin
secretion and hepatic glucose metabolism (Matschinsky, 1996),
catalysing phosphorylation of glucose to glucose-6-phosphate,
which is the first step in glycolysis. GK has low affinity for glucose
with a sigmoidal saturation curve (Matschinsky, 1996; Xu et al.,
1995). The enzyme is important both in islet and hepatic function. In
islets, GK catalyses the rate-limiting step in glucose-stimulated insulin
secretion (Matschinsky, 1996) and in the liver, GK is required for
glucose metabolism and glycogen synthesis (Gomis et al., 2000;
Seoane et al., 1996; Valera and Bosch, 1994). GK therefore contributes
to whole-body glucose disposal and has been suggested to act as the
glucose sensor, playing a crucial role in maintaining normoglycaemia
(Matschinsky, 2002).

The importance of GK for the control of blood glucose has been
demonstrated in several animal models. Liver GK-deficient mice are
hyperglycaemic, whilst pancreatic β-cell specific GK-deficient mice or
mice with total GK-deficiency die early in life with severe diabetes
(Grupe et al., 1995; Postic et al., 1999). Furthermore, mice with
heterozygous deletion of GK are mildly hyperglycaemic and develop
diabetes when fed a high-fat diet (Gorman et al., 2008; Terauchi et al.,
2007). In contrast, adenoviral overexpression of GK restores blood
glucose in high-fat diet fedmice (Desai et al., 2001) and in healthy rats
GK overexpression results in hypoglycaemia (O'Doherty et al., 1999).
Equally, transgenic mice with specific overexpression of GK in the
liver have increased liver glycogen levels but reduced plasma glucose
levels and improved glucose tolerance (Hariharan et al., 1997), and
are protected to high-fat diet induced hyperglycaemia (Hariharan
et al., 1997; Shiota et al., 2001). In humans, activating mutations of
glucokinase have been described, resulting in hyperinsulinemic
hypoglycaemia (Cuesta-Munoz et al., 2004; Dunne et al., 2004).
Finally, a number of in vitro and acute studies have shown that small

http://dx.doi.org/10.1016/j.ejphar.2011.05.009
mailto:maria.sorhede-winzell@astrazeneca.com
http://dx.doi.org/10.1016/j.ejphar.2011.05.009
http://www.sciencedirect.com/science/journal/00142999


81M.S. Winzell et al. / European Journal of Pharmacology 663 (2011) 80–86
molecule glucokinase activators (GKA) reducing hepatic glucose
output and glycaemia (Grimsby et al., 2003; Brocklehurst et al.,
2004; Coope et al., 2006; Efanov et al., 2005; Johnson et al., 2007).

Due to its significant role in glucose sensing, GK is a potential
target for new treatment strategies for the management of type 2
diabetes, as has recently been reviewed (Coghlan and Leighton, 2008;
Matschinsky, 2009). It is therefore of importance to examine both
short-term and long-term effects of GK activation in glucose
metabolism and islet function in models of glucose intolerance. In
this study, we therefore examined the effect of both acute and chronic
oral administration of a small molecule glucokinase activator, GKA71,
on glucose tolerance and islet function in high-fat fed mice, a model
which exhibits obesity, insulin resistance, and impaired glucose
tolerance due to deficient islet function (Ahrén and Pacini, 2002;
Winzell and Ahrén, 2004; Winzell et al., 2007).

2. Materials and methods

2.1. Glucokinase activator compound

A novel small molecule glucokinase activator (GKA71, 3-[(1S)-2-
methoxy-1-methyl-ethoxy]-5-(4-methylsulfonylphenoxy)-N-(3-
methyl-1,2,4-thiadiazol-5-yl)benzamide) was used in this study
(Waring et al., 2011). The compound is selective for glucokinase (in
vitro potency for rat GK EC50 0.11 μM, human GK EC50 0.13 μM) with
no hexokinase activity (human hexokinase I and II EC50N30 μM). In
rats, GKA71 has high oral bioavailability (71%). GKAs within the same
chemical series as GKA71 have demonstrated good glucose-lowering
efficacy (Coope et al., 2006). Related compounds to GKA71 have been
tested in toxicology studies and found to have no toxicity at exposure
levels in the present study.

For the in vitro studies, the compound was dissolved in 1% DMSO.
In the acute in vivo experiments, the compound was formulated in a
vehicle consisting of 1% Pluronic F127 (Sigma, St Louis, USA) in water.
GKA71 (1 mg/ml)was dissolved in vehicle and stirred over night prior
to oral administration to mice by gavage.

2.2. Animals

Eight-week old female C57BL/6JBomTac mice were purchased
from Taconic (Skensved, Denmark). The animals weremaintained in a
temperature-controlled room (22 °C) on a 12-h light–dark cycle. One
week after arrival to the animal facility at the Biomedical Centre, Lund
University, the mice were divided into two groups and fed either a
control diet (10% fat by energy; D12450B Research Diets Inc., New
Brunswick, NJ) or a high-fat diet (60% fat by energy; D12492, Research
Diets). Body weight was measured once a week. In the in vivo
experiments, blood samples were taken at indicated time points from
the intraorbital, retrobulbar plexus from 4 h-fasted, anaesthetised
(20 mg/kg fluanisone/0.8 mg/kg fentanyl [Hypnorm®, Janssen,
Beerse, Belgium] and 10 mg/kg midazolam [Dormicum®, Hoffman-
LaRoche, Basel, Switzerland]) mice. Principles of laboratory animal
care were followed, and the study was approved by the Animal Ethics
Committee in Lund/Malmö, Sweden.

2.3. Experimental design for acute in vivo effect of GKA71

To evaluate the glucose lowering effect of GKA71, 10 mg/kg was
given by gavage (0.5 ml in 1% Pluronic F127) to anaesthetised high-fat
diet fed, female mice as described above. Control high-fat diet fed
mice received only vehicle. Blood samples (50 μl) were taken
immediately before GKA71 administration and either after 0.5, 1, 2,
4 and 6 h or after 30, 60, 90 and 120 min. Following immediate
centrifugation at 4 °C, plasma was separated and analysed for glucose
(in the 6 h experiment) or for glucose and insulin. To evaluate the
acute effect of GK activation on glucose tolerance and insulin
secretion, intravenous glucose tolerance test (IVGTT) was undertaken
in mice fed high-fat diet for 9 weeks. Mice were fasted 4 h prior to the
IVGTT. GKA71 (10 mg/kg), dissolved in 0.5 ml vehicle, was given by
gavage 1.5 h prior to the IVGTT, whilst high-fat diet fed and control
diet fed mice were given vehicle only. Mice were anaesthetized
30 min prior to the IVGTT, as described above, and a blood sample
(50 μl) was taken from the retrobulbar, intraorbital, capillary plexus.
Thereafter, D-glucose (0.75 g/kg; Sigma, St. Louis, MO) was injected
intravenously in a tail vein (volume load 10 ml/kg). Additional blood
samples were taken in heparinized tubes at 1, 5, 10, 20, 50 and 75 min
after injection. Following immediate centrifugation at 4 °C, plasma
was separated and stored at −20 °C until analysis of glucose and
insulin.

2.4. Experimental design for chronic effect of GKA71

After an initial 8-week of high-fat diet feeding, mice were divided
into two groups. One group was provided with high-fat diet
supplemented with 150 mg/g GKA71. Control mice continued on
the high-fat diet and the control diet, respectively. Mice were fed ad
libitum and had free access to tap water throughout the study. Food
intake and body weight was recorded daily during the first week and
thereafter once a week. After one and four weeks with GKA71 in the
diet, mice were subjected to intravenous glucose tolerance tests as
described above. Two or three days later, islets were isolated and
insulin secretion and glucose oxidation were measured.

2.5. Islet isolation and insulin secretion

Mouse islets were isolated from the pancreas by collagenase
digestion and handpicked under the microscope. Batches of freshly
isolated islets were preincubated in HEPES balanced salt solution
containing 125 mmol/l NaCl, 5.9 mmol/l KCl, 1.28 mmol/l CaCl2,
1.2 mmol/l MgCl2, 25 mmol/l HEPES (pH 7.4), 5.6 mmol/l glucose
and 0.1% fatty acid free BSA (BoehringerMannheim, GmbH, Germany)
for 60 min. Thereafter, islets in groups of three were incubated in
200 μl of the above described buffer with varying concentrations of
glucose. In the experiments where the direct effect of GKA71 on
insulin secretion was studied, isolated islets frommice fed the control
diet were incubated with or without 1 μmol/l GKA71 and glucose in
different concentrations. Islets were incubated for 60 min at 37 °C,
where after aliquots of 25 μl in duplicates were collected and stored at
−20 °C until analysis of insulin.

2.6. Islet glucose oxidation

Batches of 30 islets in quadruplicates were incubated in a reaction
mixture containing 0.1 μCi or 0.7 μCi [14C]-glucose (NEN, Boston, MA,
specific activity 310 mCi/mmol) as tracer, at final concentrations of
2.8, 8.3 or 16.7 mmol/l glucose. To study the acute effect on glucose
oxidation, 1 μmol/l GKA71 was included in the reaction mixture. The
reaction was terminated by addition of trichloroacetic acid after
incubation of the samples for 2 h in 37 °C, and the amount of released
14CO2, trapped with benzetonium hydroxide, was determined by
liquid scintillation counting.

2.7. Glucose and insulin measurements

Glucose was measured with the glucose oxidase method using 2,2′-
azino-bis(3-ethyl-benzothialozine-6-sulfonate) as substrate and the
absorbance was measured at 420 nm on a microtiter plate reader
(Fluostar/Polarstar Galaxy, BMGLabtechnologies, Offenburg, Germany).
Insulinwas determined radioimmunochemically (Linco Res., St Charles,
MO). Radioactivity was measured on a gamma counter (WallacWizard
1470, Perkin Elmer, Turku, Finland).
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2.8. Western blotting

The protein expression levels of GK in islets and GK and fatty acid
synthase in liver were analysed using Western blot. The tissues were
homogenised in a buffer containing 150 mmol/l NaCl, 2 mmol/l EDTA,
20 mmol/l Tris–HCl pH 7,5, 1% Triton X-100 and 0.2% protease
inhibitor cocktail (Sigma). The total amount of proteins in each
sample was measured using a BCA Protein assay reagent kit (Pierce,
Rockford, IL). Aliquots of tissue homogenates containing equal
amounts of protein (80 μg) were separated on SDS-PAGE, and
electroblotted onto nitrocellulose membranes (Hybond-c extra,
Amersham Pharmacia Biotech, Uppsala, Sweden). The membranes
were probed with primary antibodies against GK, fatty acid synthase
and actin (Santa Cruz Biotechnology, Santa Cruz, CA). The secondary
antibody was a horseradish peroxidase-conjugated goat anti-rabbit
IgG secondary antibody (Amersham Pharmacia Biotech, Sweden). The
blots were developed by enhanced chemiluminescene (SuperSignal,
Pierce, Rockford, IL) and the proteins were detected and quantified
using a CD camera (LAS 1000, Fuji, Tokyo, Japan).
2.9. Liver triglyceride content

Liver biopsies (50 mg) were homogenised in ice-cold 20 mmol/l
Tris–HCl pH 7.5, 150 mmol/l NaCl, 2 mmol/l EDTA and 1% Triton
X-100. Triglycerides were extracted from the tissue homogenates
with chloroform:methanol (2:1). The amount of extracted triglycer-
ides was measured using a commercially available kit (Infinity
Triglycerides Liquid Stable Reagent, Thermo Electron, Melbourne,
Australia), using triolein (Sigma) as standard. The triglyceride content
was corrected for the total protein content in the liver homogenates,
determined with the BCA Protein Assay kit (Pierce, Rockford, IL).
2.10. Liver glycogen content

Liver glycogen content was measured after incubation of the
homogenates (as above) with 20 μg/ml amyloglucosidase (Sigma) for
45 min in 50 °C. The samples were put on ice for 5 min and then
centrifuged before the released glucose was measured in the
supernatant with the glucose oxidase method. Rabbit glycogen
(Sigma) was used as the standard.
2.11. Islet insulin content

Batches of ten islets were first frozen, thawed and then sonicated
in acidic ethanol (0.2 mol/l HCl in 87.5% ethanol). The procedure was
repeated twice. The samples were then centrifuged and total insulin
content was measured in the supernatant.
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Fig. 1. Effect of GKA71 on insulin secretion and glucose oxidation in isolated islets. Islets
frommice fed the control diet, were incubated with glucose in different concentrations
with and without 1 μmol/l GKA71. A) Batches of three islets were incubated for 1 h and
insulin secretion was measured. Eight observations were made from each condition.
B) Glucose oxidation was measured as release of 14CO2 after 2 h incubation of 30 islets
with [14C]-glucose together with different glucose concentrations. The results are
presented as mean±S.E.M. from three independent experiments. *Pb0.05, ***Pb0.001.
2.12. Statistical analysis

All data are presented as mean±S.E.M.. The acute insulin response
(AIR) to intravenous glucose was calculated as the mean of suprabasal
1 and 5 min values, and the glucose elimination was quantified using
the glucose elimination constant (KG) calculated as the slope of the
logarithmic transformation of circulating glucose between 1 and
20 min after the glucose bolus. Insulin sensitivity was estimated as the
ratio between KG and the suprabasal area under the curve for insulin
during the 50 min study period (Pacini et al., 2009). Multiple
comparisons between the different groups were performed by one-
wayANOVA. Tukey's or Bonferroni's post hoc testwere used to calculate
statistical differences between the groups. Significant statistical differ-
ence was considered at Pb0.05.
3. Results

3.1. In vitro insulin secretion after GK activation

At non-stimulatory glucose concentration (2.8 mmol/l), basal
insulin secretion from freshly isolated islets was slightly increased
after addition of 1 μmol/l GKA71 (Fig. 1A) and this correlated with
elevated glucose oxidation (Fig. 1B). At physiological glucose level
(8.3 mmol/l) there was a pronounced increase in both insulin
secretion (0.63±0.06 vs. 0.13±0.02 ng/h per islet, Pb0.001) and in
glucose oxidation (17.1±1.5 vs. 9.6±0.5 pmol/h per islet, Pb0.001),
whilst at a supra-physiological glucose level (16.7 mmol/l), GKA71
had no additional effect on either insulin secretion or glucose
oxidation.

3.2. Acute effect of GK activation on glucose tolerance and insulin
secretion

After establishing a significant effect of GKA71 on insulin secretion
from isolated islets, the glucose lowering effect of GKA71 was
examined in vivo in mice rendered insulin resistant and glucose
intolerant by feeding a high-fat diet. Body weight was increased
compared to the control mice (21.3±0.2 g and 26.0±0.6 g, respec-
tively, Pb0.001) and basal blood glucose levels was elevated (6.8±
0.3 mmol/l vs. 8.6 mmol/l in high-fat diet fed mice, Pb0.001), which is
in agreement with earlier studies (Winzell and Ahrén, 2004). Acute
administration of GKA71 (10 mg/kg) to high-fat diet fedmice reduced
blood glucose maximally after 1 h (5.8±0.3 vs. 8.3±0.3 mmol/l in
high-fat diet control, Pb0.001), and the effect was stable after 2 h,
declining after 4 h. Six hours after oral administration of the
compound, glucose levels were not different from the vehicle treated
group. Acute oral GKA administration to control mice also reduced
glucose, as in high-fat diet-fed mice (Fig. 2A), whilst insulin levels
remained unchanged (Fig. 2B).

The acute effect of GKA71 on glucose tolerance in high-fat diet fed
mice was next examined after intravenous glucose administration.
Since the effect of oral GKA71was apparent 1 h after administration of
the compound andmaintained for up to 4 h, GKA71was administered
orally 90 min prior to the intravenous glucose tolerance test to ensure
greater than enzyme EC50 coverage throughout the experiment.
Glucose levels were significantly reduced 90 min after GKA71
administration (5.8±0.2 vs. 9.2±0.4 mmol/l in high-fat diet vehicle
group, Pb0.001; Fig. 3A). After intravenous glucose, glucose elimina-
tion was significantly improved in GKA71 administered mice, and
completely normalised, with no difference in glucose elimination (KG)
compared to control diet fed mice (Fig. 3B). The improved glucose
tolerance was accompanied by increased insulin secretion compared
to high-fat diet fed controlmice (Fig. 3C), which could be demonstrated
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Fig. 4. Effect of chronic GKA71 treatment on basal glucose and insulin levels. A) Basal
plasma glucose and B) insulin levels were measured before GKA71 administration as
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Mice were fasted 4 h and anaesthetised prior to the blood sampling. The results are
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during the 4-week treatment week period. The average food intake per cage was
measured.
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as increased acute insulin response (Fig. 3D). However, insulin secretion
was not restored to the same levels as observed in control diet fedmice.

3.3. Glucose tolerance in high-fat diet fed mice after chronic GK
activation

Chronic GKA71 administration in high-fat diet fed mice, signifi-
cantly decreased glucose from 8.8±0.4 to 5.4±0.2 mmol/l
(Pb0.001). The effect was apparent after 1 week and remained
throughout the 4-week treatment period (Fig. 4A). In the high-fat diet
fed group, basal insulin levels increased significantly at weeks 2 and 4,
whilst GKA71 treated mice remained on the same basal insulin level
as control diet fed mice (Fig. 4B). Body weight was similar in the high-
fat diet fed groups, with or without GKA71, during the first week with
a tendency of increased body weight gain in the GKA treated mice,
although this did not reach statistical significance (Fig. 4C). In the
following weeks, the GKA71 treated mice gained less weight than the
high-fat diet fed control mice (3.3±0.5 in high-fat diet control mice
vs. 0.8±0.3 g after 4 weeks with GKA71, Pb0.05). There was no
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Fig. 3. Acute effect of GKA71 on glucose tolerance and insulin secretion. Eight-weeks
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D) The insulin response calculated as the acute insulin response (AIR). The results are
presented as mean±S.E.M. from two independent experiments with 15–16 observa-
tions per group. **Pb0.01, ***Pb0.001.
significant difference in food intake between the high-fat diet control
and the GKA71 groups, whilst the expected difference in caloric intake
between control diet and high-fat diet groups was observed (Fig. 4D).

Intravenous glucose tolerance tests were performed after 1 week
(data not shown) and after 4 weeks (Fig. 5), with almost identical
results. In mice receiving GKA71, glucose tolerance was significantly
improved and normalised (Fig. 5A); being similar to control diet fed
mice (KG: 3.8±0.2%/min vs. 4.0±0.5%/min in HFD-GKA71; Fig. 5B),
whilst in the high-fat diet fed control mice, KG was significantly
reduced (2.5±0.2%/min, P=0.004) compared to GKA71. The im-
proved glucose elimination could not be explained by increased
insulin secretion (Fig. 5C). The acute insulin response in GKA71
treated mice was not significantly different compared to the high-fat
diet fed control mice (Fig. 5D), but reduced compared to control diet
fed mice (890±73 vs. 458±117 pmol/l, P=0.005). Plotting the
individual KG values against the acute insulin response following
intravenous glucose after 1 and 4 weeks GKA71 administration,
demonstrated that in the mice receiving GKA71 treatment, most of
the individuals displayed improved glucose tolerance despite similar
insulin levels, as observed in high-fat diet fed control mice and lower
levels than in control diet fed mice (Fig. 5E). However, increased
insulin secretion in the GKA71 treated mice resulted in significantly
increased glucose elimination, whilst in high-fat diet fed control mice,
increased insulin levels did not result in improved glucose tolerance.
Insulin sensitivity, as estimated from the intravenous glucose
tolerance test, was reduced after high-fat feeding but completely
reversed by GKA treatment (Fig. 5F).

3.4. Liver effects after chronic GK activation

High-fat feeding reduced liver glycogen and increased triglyceride
levels in both control and in GKA71 treated mice compared to control
diet fed mice. There was no significant difference in either glycogen or
triglyceride levels in liver between the two high-fat diet fed groups
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Fig. 6. Liver effects of chronic GKA71 treatment. Mice were treated with GKA71 for
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(Fig. 6A and B). The expression of GK was measured in liver
homogenate and was somewhat, but not significantly, lower in the
control diet group, compared to the high-fat diet fed groups, (Fig. 6C),
whilst fatty acid synthase expression was significantly down-
regulated by high-fat diet and unchanged by GKA71 treatment
(Fig. 6D).

3.5. In vitro islets effect of chronic GK activation

After the 4-week treatment period, islets were isolated and
examined for glucose-stimulated insulin secretion (GSIS). Normally,
in islets from high-fat diet fed mice, basal insulin secretion is elevated,
which was observed also in this study (Fig. 7A). However, in islets
from mice treated with high-fat diet and GKA71, basal insulin
secretion was not increased compared to control diet. At physiological
glucose levels (8.3 mmol/l), GSIS was impaired in islets from high-fat
diet control mice (1.8±0.3 fold increase over basal glucose insulin
secretion) compared to control diet fed control mice (3.1±0.6 fold).
GKA71 treatment restored GSIS to a 4.4±0.9 fold increase over basal
(P=0.016 compared to islets from high-fat diet fed mice) At high
glucose (16.7 mmol/l) therewas no significant difference between the
treatment groups, although the fold increase in glucose-stimulated
insulin secretion was impaired in control islets (4.4±0.6 vs. 8.3±1.4
in control diet and 7.7±1.0 fold increase in HFD-GKA71, P=0.033).
Glucose oxidation was similar in all three groups with no difference at
either low or stimulatory glucose concentration (Fig. 7B). Islet insulin
content was significantly increased in GKA71 treated mice compared
to control mice (Fig. 7C). Islet GK protein expression was examined
and found to be similar in the three treatment groups (Fig. 7D).



85M.S. Winzell et al. / European Journal of Pharmacology 663 (2011) 80–86
4. Discussion

The present study investigated the chronic effect of a small molecule
GK activator in amurinemodel of dietary-induced insulin resistance and
obesity. The results demonstrate improved glycaemia, reduced basal
insulin levels, improvedglucose tolerance and reducedbodyweightgain
by GKA treatment. Of equal importance, pancreatic islet function was
assessed after chronic GKA71 treatment and the results demonstrate an
islet protective effect, manifested as improved glucose-stimulated
insulin secretion in isolated islets. The results therefore render further
support for the idea of glucokinase as a target for treatment of type 2
diabetes (Coghlan and Leighton, 2008; Matschinsky, 2009).

In healthy individuals, blood glucose is tightly regulated via
multiple mechanisms. Important regulating factors are insulin and
glucagon, which together balance blood glucose under fasting
conditions as well as after a meal. GK is the major enzyme that
senses plasma glucose levels and it is expressed in several tissues
including liver, gut, islet and brain (Matschinsky, 1996; Schuit et al.,
2001). In patients with type 2 diabetes, insulin secretion is not
sufficient to reduce plasma glucose and glucose sensitivity is reduced
in both pancreas and in the liver (Home and Pacini, 2008; Kahn,
2003). In this study we examined the chronic effect of GK activation in
mice fed a high-fat diet. These mice develop insulin resistance and
impaired glucose tolerance (Ahrén and Pacini, 2002; Winzell and
Ahrén, 2004; Winzell et al., 2007). Basal plasma glucose is slightly but
significantly increased by approximately 1 mM whilst basal insulin is
continuously increased over time, demonstrating decreasing insulin
sensitivity in associationwith adapted islet function, to counteract the
aggravating insulin resistance (Pacini et al., 2001). The mechanisms
behind these perturbations are not established but may involve
reduced insulin sensitivity in peripheral tissues (Zierath and Kawano,
2003) and islet adaptation mediated by fatty acids, adipokines,
incretins and the autonomic nervous system (Ahrén and Pacini,
2005).

We first demonstrated that GKA efficiently increased glucose-
stimulated insulin secretion in isolated mouse islets. The effect was
significant at 2.8 mM and 8.3 mM glucose, whilst at higher concen-
tration, GKA had no additional effect, demonstrating a left-shift of the
glucose dose–response curve. This finding correlated with elevated
glucose oxidation, demonstrating that the GKA71 efficiently increases
the flux of glucose through glycolysis and the TCA cycle, thereby
increasing insulin secretion. This is in agreement with other studies
which have shown that GK activation results in increased insulin
secretion at physiological glucose concentrations (Efanov et al., 2005;
Johnson et al., 2007).

Acute oral administration of GKA71 reduced basal glucose and
glucose tolerance during an intravenous glucose tolerance test. In fact,
glucose elimination was similar in GKA71 treated mice as in control
diet fed mice. This effect could partly be explained by increased
insulin secretion, since the acute insulin response was significantly
elevated by GKA71, although not restored to the same levels as
observed in the control mice. This demonstrates that GKA71 also
reduces glycaemia via some other mechanism(s), probably through
increased hepatic glucose uptake, which has been demonstrated in
other studies with other GKAs (Brocklehurst et al., 2004; Efanov et al.,
2005).

To study the long-term effect of GK activation, a second cohort of
mice were provided with high-fat diet supplemented with GKA71 for
up to four weeks. This resulted in reduced glycaemia compared to
control mice, together with reduced basal levels of insulin, suggesting
that GKA71 treatment may improve insulin sensitivity. This was
further supported by the results obtained from the intravenous
glucose tolerance test, where improved glucose elimination was
observed despite lower insulin levels. The exact role of GK activation
for insulin sensitivity is not established. Further studies using
euglycaemic hyperglycaemic clamps with tracer administration are
needed to define the contributions from the different tissues involved
in this apparent improvement in insulin action after GK activation.

Another interestingfinding in this study is that themice treatedwith
GKA71 gained significantly less body weight during the 4-week
treatment period compared to the high-fat diet-fed control mice. This
effect was seen despite no differences in food intake. The mechanism
behind this effect is, however, not known. It was recently demonstrated
that enhanced hepatic glycolysis by overexpression of GK resulted in
reduced obesity in obese KK/H1Jmice (Wuet al., 2005). Overexpression
of GK resulted in increased glycolysis in the liver and reduced hepatic
glucose production, with reduced whole body glucose disposal,
suggesting a switch from glucose to fatty acids as fuel in the peripheral
tissues (e.g. skeletal muscle). This notion was supported by the fact that
these mice demonstrated increased energy expenditure. Furthermore,
transgenic or adenoviral overexpression of GK in the liver resulted in a
similar phenotype as observed in this study after GKA71 administration,
with reduced glycaemia and insulin levels and also reducedbodyweight
(Desai et al., 2001; Hariharan et al., 1997). It seems therefore possible
that lowering of plasma glucose has secondary effects in that it
stimulates fat oxidation and preserves glucose sensitivity in the liver,
skeletal muscle and in the islets. Bessesen et al. (2008) have recently
provided a thoughtful analysis of the relationship between increased fat
trafficking and resistance to obesity.

To evaluate the long term effect of GKA71 treatment on islet
function, islets were isolated and examined after the 4-week
treatment period. High-fat diet normally results in increased basal
insulin secretion and this was not noted in islets after GKA71
treatment. Furthermore, the glucose-stimulated insulin secretion
was potentiated with similar fold increase compared to normal islets.
The reason for this improvement of islet function is not known. One
possibility would be increased GK expression and enhanced glucose
oxidation, but both glucose oxidation and GK expression were similar
in all three groups. There was a slight increase in the total insulin
content in islets from GKA71 treated mice, suggesting that less insulin
is needed to control plasma glucose levels and therefore more insulin
is retained within the islets. Another possibility is that glycaemia is
efficiently reduced by GKA71 treatment, and the demand for elevated
insulin secretion is relieved and therefore, beta cell function is
improved.

In conclusion, this study demonstrates that activation of GK in
mice with high-fat diet-induced insulin resistance improves islet
function and normalises glucose tolerance similar to healthy, lean
mice. The study further supports GK as a target for ameliorating
hyperglycaemia and that the glucokinase activators may have
potential for the treatment of type 2 diabetes.

Duality of interest

M. Sörhede Winzell, M. Coghlan, B. Leighton, G. Frangioudakis, D.
M. Smith and L. Storlien, are or have been, employed by AstraZeneca.
B. Ahrén has received fees for consultancy work from AstraZeneca.

Acknowledgements

The authors are grateful to Lena Kvist, Kristina Andersson and
Lilian Bengtsson for expert technical assistance. This study was
supported by grants from AstraZeneca AB, Södertälje, Sweden, the
Swedish Research Council (grant no. 6834), from Region Skåne and
from the Faculty of Medicine, Lund University.

References

Ahrén, B., Pacini, G., 2002. Insufficient islet compensation to insulin resistance vs.
reduced glucose effectiveness in glucose-intolerant mice. Am. J. Physiol. Endocri-
nol. Metab. 283, E738–E744.



86 M.S. Winzell et al. / European Journal of Pharmacology 663 (2011) 80–86
Ahrén, B., Pacini, G., 2005. Islet adaptation to insulin resistance: mechanisms and
implications for intervention. Diabetes Obes. Metab. 7, 2–8.

Bessesen, D.H., Bull, S., Cornier, M.A., 2008. Trafficking of dietary fat and resistance to
obesity. Physiol. Behav. 94, 681–688.

Brocklehurst, K.J., Payne, V.A., Davies, R.A., Carroll, D., Vertigan, H.L., Wightman, H.J.,
Aiston, S., Waddell, I.D., Leighton, B., Coghlan, M.P., Agius, L., 2004. Stimulation of
hepatocyte glucose metabolism by novel small molecule glucokinase activators.
Diabetes 53, 535–541.

Coghlan, M., Leighton, B., 2008. Glucokinase activators in diabetes management. Expert
Opin. Investig. Drugs 17, 145–167.

Coope, G.J., Atkinson, A.M., Allott, C., McKerrecher, D., Johnstone, C., Pike, K.G., Holme, P.C.,
Vertigan, H., Gill, D., Coghlan, M.P., Leighton, B., 2006. Predictive blood glucose
lowering efficacy by glucokinase activators in high fat fed female Zucker rats. Br. J.
Pharmacol. 149, 328–335.

Cuesta-Munoz, A.L., Huopio, H., Otonkoski, T., Gomez-Zumaquero, J.M., Näntö-Salonen,
K., Rahier, J., Lopez-Enriquez, S., Garcia-Gimeno, M.A., Sanz, P., Soriguer, F., Laakso,
M., 2004. Severe persistent hyperinsulinemic hypoglycemia due to a de novo
glucokinase mutation. Diabetes 53, 2164–2168.

Desai, U.J., Slosberg, E.D., Boettcher, B.R., Caplan, S.L., Fanelli, B., Stephan, Z., Gunther, V.J.,
Kaleko, M., Connelly, S., 2001. Phenotypic correction of diabetic mice by
adenovirus-mediated glucokinase expression. Diabetes 50, 2287–2295.

Dunne, M.J., Cosgrove, K.E., Shepherd, R.M., Aynsley-Green, A., Lindley, K.J., 2004.
Hyperinsulinism in infancy: from basic science to clinical disease. Physiol. Rev. 84,
239–275.

Dunning, B.E., Gerich, J.E., 2007. The role of alpha-cell dysregulation in fasting and
postprandial hyperglycemia in type 2 diabetes and therapeutic implications.
Endocr. Rev. 28, 253–283.

Efanov, A.M., Barrett, D.G., Brenner, M.B., Briggs, S.L., Delaunois, A., Durbin, J.D., Giese,
U., Guo, H., Radloff, M., Gil, G.S., Sewing, S., Wang, Y., Weichart, A., Zaliani, A.,
Gromada, J., 2005. A novel glucokinase activator modulates pancreatic islet and
hepatocyte function. Endocrinology 146, 3696–3701.

Gomis, R.R., Ferrer, J.C., Guinovart, J.J., 2000. Shared control of hepatic glycogen
synthesis by glycogen synthase and glucokinase. Biochem. J. 351 (Pt 3), 811–816.

Gorman, T., Hope, D.C., Brownlie, R., Yu, A., Gill, D., Löfvenmark, J.,Wedin,M., Mayers, R.M.,
Snaith,M.R., Smith, D.M., 2008. Effect of high-fat diet on glucosehomeostasis and gene
expression in glucokinase knockout mice. Diabetes Obes. Metab. 10, 885–897.

Grimsby, J., Sarabu, R., Corbett, W.L., Haynes, N.E., Bizzarro, F.T., Coffey, J.W., Guertin, K.R.,
Hilliard, D.W., Kester, R.F., Mahaney, P.E., Marcus, L., Qi, L., Spence, C.L., Tengi, J.,
Magnuson, M.A., Chu, C.A., Dvorozniak, M.T., Matschinsky, F.M., Grippo, J.F., 2003.
Allosteric activators of glucokinase: potential role in diabetes therapy. Science 301,
370–373.

Grupe, A., Hultgren, B., Ryan, A., Ma, Y.H., Bauer, M., Stewart, T.A., 1995. Transgenic
knockouts reveal a critical requirement for pancreatic beta cell glucokinase in
maintaining glucose homeostasis. Cell 83, 69–78.

Hariharan, N., Farrelly, D., Hagan, D., Hillyer, D., Arbeeny, C., Sabrah, T., Treloar, A.,
Brown, K., Kalinowski, S., Mookhtiar, K., 1997. Expression of human hepatic
glucokinase in transgenic mice liver results in decreased glucose levels and reduced
body weight. Diabetes 46, 11–16.

Home, P.D., Pacini, G., 2008. Hepatic dysfunction and insulin insensitivity in type 2
diabetes mellitus: a critical target for insulin-sensitizing agents. Diabetes Obes.
Metab. 10, 699–718.

Johnson, D., Shepherd, R.M., Gill, D., Gorman, T., Smith, D.M., Dunne, M.J., 2007. Glucose-
dependent modulation of insulin secretion and intracellular calcium ions by
GKA50, a glucokinase activator. Diabetes 56, 1694–1702.

Kahn, S.E., 2003. The relative contributions of insulin resistance and beta-cell
dysfunction to the pathophysiology of type 2 diabetes. Diabetologia 46, 3–19.

Matschinsky, F.M., 1996. Banting Lecture 1995. A lesson in metabolic regulation
inspired by the glucokinase glucose sensor paradigm. Diabetes 45, 223–241.
Matschinsky, F.M., 2002. Regulation of pancreatic beta-cell glucokinase: from basics to
therapeutics. Diabetes 51 (Suppl 3), S394–S404.

Matschinsky, F.M., 2009. Assessing the potential of glucokinase activators in diabetes
therapy. Nat. Rev. Drug Discov. 8, 399–416.

O'Doherty, R.M., Lehman, D.L., Telemaque-Potts, S., Newgard, C.B., 1999. Metabolic
impact of glucokinase overexpression in liver: lowering of blood glucose in fed rats
is accompanied by hyperlipidemia. Diabetes 48, 2022–2027.

Pacini, G., Thomaseth, K., Ahrén, B., 2001. Contribution to glucose tolerance of insulin-
independent vs. insulin-dependent mechanisms in mice. Am. J. Physiol. Endocrinol.
Metab. 281, E693–E703.

Pacini, G., Ahrén, M., Ahrén, B., 2009. Reappraisal of the intravenous glucose tolerance
index for a simple assessment of insulin sensitivity in mice. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 296, R1316–R1324.

Postic, C., Shiota, M., Niswender, K.D., Jetton, T.L., Chen, Y., Moates, J.M., Shelton, K.D.,
Lindner, J., Cherrington, A.D., Magnuson, M.A., 1999. Dual roles for glucokinase in
glucose homeostasis as determined by liver and pancreatic beta cell-specific gene
knock-outs using Cre recombinase. J. Biol. Chem. 274, 305–315.

Schuit, F.C., Huypens, P., Heimberg, H., Pipeleers, D.G., 2001. Glucose sensing in
pancreatic beta-cells: a model for the study of other glucose-regulated cells in gut,
pancreas, and hypothalamus. Diabetes 50, 1–11.

Seoane, J., Gomez-Foix, A.M., O'Doherty, R.M., Gomez-Ara, C., Newgard, C.B., Guinovart,
J.J., 1996. Glucose 6-phosphate produced by glucokinase, but not hexokinase I,
promotes the activation of hepatic glycogen synthase. J. Biol. Chem. 271,
23756–23760.

Shiota, M., Postic, C., Fujimoto, Y., Jetton, T.L., Dixon, K., Pan, D., Grimsby, J., Grippo, J.F.,
Magnuson, M.A., Cherrington, A.D., 2001. Glucokinase gene locus transgenic mice
are resistant to the development of obesity-induced type 2 diabetes. Diabetes 50,
622–629.

Terauchi, Y., Takamoto, I., Kubota, N., Matsui, J., Suzuki, R., Komeda, K., Hara, A.,
Toyoda, Y., Miwa, I., Aizawa, S., Tsutsumi, S., Tsubamoto, Y., Hashimoto, S., Eto,
K., Nakamura, A., Noda, M., Tobe, K., Aburatani, H., Nagai, R., Kadowaki, T.,
2007. Glucokinase and IRS-2 are required for compensatory beta cell
hyperplasia in response to high-fat diet-induced insulin resistance. J. Clin.
Invest. 117, 246–257.

Valera, A., Bosch, F., 1994. Glucokinase expression in rat hepatoma cells induces
glucose uptake and is rate limiting in glucose utilization. Eur. J. Biochem. 222,
533–539.

Waring, M.J., Brogan, I.J., Coghlan, M., Johnsatone, C., Jones, H.B., Leighton, B.,
McKerrecher, D., Pike, K.G., 2011. Overcoming retinoic acid receptor-alpha based
testicular toxicology in the optimisation of glucokinase activators. Med. Chem.
Comm., Accepted for publication.

Winzell, M.S., Ahrén, B., 2004. The high-fat diet-fed mouse: a model for studying
mechanisms and treatment of impaired glucose tolerance and type 2 diabetes.
Diabetes 53 (Suppl 3), S215–S219.

Winzell, M.S., Magnusson, C., Ahrén, B., 2007. Temporal and dietary fat content-
dependent islet adaptation to high-fat feeding-induced glucose intolerance inmice.
Metabolism 56, 122–128.

Wu, C., Kang, J.E., Peng, L.J., Li, H., Khan, S.A., Hillard, C.J., Okar, D.A., Lange, A.J., 2005.
Enhancing hepatic glycolysis reduces obesity: differential effects on lipogenesis
depend on site of glycolytic modulation. Cell Metab. 2, 131–140.

Xu, L.Z., Weber, I.T., Harrison, R.W., Gidh-Jain, M., Pilkis, S.J., 1995. Sugar specificity of
human beta-cell glucokinase: correlation of molecular models with kinetic
measurements. Biochemistry 34, 6083–6092.

Zierath, J.R., Kawano, Y., 2003. The effect of hyperglycaemia on glucose disposal and
insulin signal transduction in skeletal muscle. Best Pract. Res. Clin. Endocrinol.
Metab. 17, 385–398.


	Chronic glucokinase activation reduces glycaemia and improves glucose tolerance in high-fat diet fed mice
	1. Introduction
	2. Materials and methods
	2.1. Glucokinase activator compound
	2.2. Animals
	2.3. Experimental design for acute in vivo effect of GKA71
	2.4. Experimental design for chronic effect of GKA71
	2.5. Islet isolation and insulin secretion
	2.6. Islet glucose oxidation
	2.7. Glucose and insulin measurements
	2.8. Western blotting
	2.9. Liver triglyceride content
	2.10. Liver glycogen content
	2.11. Islet insulin content
	2.12. Statistical analysis

	3. Results
	3.1. In vitro insulin secretion after GK activation
	3.2. Acute effect of GK activation on glucose tolerance and insulin secretion
	3.3. Glucose tolerance in high-fat diet fed mice after chronic GKactivation
	3.4. Liver effects after chronic GK activation
	3.5. In vitro islets effect of chronic GK activation

	4. Discussion
	Duality of interest
	Acknowledgements
	References


