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Abstract

Aims/hypothesis In the current study, the effect of a highly
specific peptide inhibitor of glycogen synthase kinase 3
(GSK3) (L803-mts) on glucose metabolism and BP was
examined in a high-fat (HF) fed mouse model of diabetes.
Methods C57/BL6J mice were placed on an HF diet for
3 months and treated with L803-mts for 20 days, following
which glucose metabolism was examined by euglycaemic—
hyperinsulinaemic clamp studies. BP and heart rate were
measured by radio-telemetry.

Results The HF mice were obese, with impaired glucose
tolerance and high plasma insulin and Ieptin levels. L803-mts
treatment significantly reduced the insulin levels and
doubled the glucose infusion rate required to maintain a
euglycaemic condition in the HF+L803-mts group com-
pared with the HF group. Insulin failed to suppress the
endogenous glucose production rate in the HF group while
decreasing it by 75% in the HF+L803-mts group, accom-
panied by increased liver glycogen synthase activity and net
hepatic glycogen synthesis. GSK3 inhibition also reduced
peripheral insulin resistance. Plasma glucose disappearance
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rate increased by 60% in the HF+L803-mts group compared
with the HF group. In addition, glucose uptake in heart and
gastrocnemius muscle was markedly improved. Although
mean arterial pressure increased following the HF diet, it did
not change significantly during the 12 days of L803-mts
treatment.

Conclusions/interpretation These studies demonstrate that
GSK3 inhibition improved hepatic and peripheral insulin
resistance in a mouse model of HF-induced diabetes, but it
failed to have an effect on BP. GSK3 may represent an
important therapeutic target for insulin resistance.

Keywords Euglycaemic—hyperinsulinaemic clamp -
Glycogen synthase kinase 3 - High-fat diet - Hypertension -
Insulin resistance - L803-mts - Peptide inhibitor -
Radio-telemetry

Abbreviations

2-DG  2-deoxyglucose

EGP  endogenous glucose production
G6P glucose 6-phosphate

GSK3 glycogen synthase kinase 3

HF high fat

HR heart rate

MAP  mean arterial pressure
NF normal fat

Rd glucose disappearance
Rg glucose metabolic index
Introduction

Type 2 diabetes mellitus is characterised by peripheral
insulin resistance, hyperinsulinaemia and hyperglycaemia.
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The molecular mechanism of insulin resistance involves
alterations of multiple signalling pathways in multiple
tissues. Glycogen synthase kinase 3 (GSK3) is a constitu-
tively active serine/threonine protein kinase. GSK3 plays an
important role in the development of type 2 diabetes,
although its precise role remains unclear [1-3]. Studies so
far have indicated that GSK3 phosphorylates and inhibits
glycogen synthase activity [4, 5] and also insulin receptor
substrate 1 (IRS-1), thereby impairing insulin signalling.

In diabetes mellitus, GSK3 production and activity
levels are elevated [6—8] contributing to the development
of insulin resistance [9, 10]. The use of genetically
manipulated mice with skeletal-muscle-specific GSK308
overproduction showed elevated plasma insulin levels and
reduced muscle glycogen [10], indicating a specific role of
GSK3 in the development of insulin resistance. Insulin
promotes conversion of glucose to glycogen by stimulating
glucose uptake and activating glycogen synthase. The latter
is achieved by activating protein kinase B, which inhibits
the GSK3a or GSK38 isoforms by phosphorylating their
N-terminal residues (Ser21 in GSK3« and Ser9 in GSK38),
thus releasing the inhibitory effect of the GSK3 on
glycogen synthase [11, 12]. In mice with constitutively
active GSK38, insulin failed to activate skeletal muscle
glycogen synthase, indicating that insulin normally stim-
ulates skeletal muscle glycogen synthase by reducing
GSK38 activity [3].

Inhibitors of GSK3 have been studied as prospective
therapeutic agents for diabetes [9, 13, 14], and several in
vitro and in vivo studies have examined their effects on
insulin resistance. A few ATP competitive GSK3 inhibitors
have been shown to stimulate glycogen synthase activity
and improve glucose tolerance in rodent models of diabetes
with mutations in leptin [1, 15, 16] or the leptin receptor
[17]. However, the general applicability of these findings
and the efficiency of GSK3 inhibitors in other models of
insulin resistance has not been demonstrated. In the present
study we explored the effect of GSK3 inhibition on glucose
metabolism in an environmentally induced (high-fat [HF]
diet) insulin-resistant obese mouse model of type 2
diabetes. Several studies have indicated that the C57BL/6J
mouse strain on an HF diet is a suitable model for non-
insulin-dependent diabetes mellitus and hypertension [18—
21]. We chose this model because it closely mimics the
common form of obesity and insulin resistance associated
with human type 2 diabetes. Moreover, this mouse model
has been shown to have increased GSK3 activity [7].

Another major concern is the specificity of GSK3
inhibitors. In a recent study, Kaidanovich-Beilin and
Eldar-Finkelman [17] investigated the molecular pathway
by which GSK3 inhibition by a substrate competitive
peptide inhibitor (L803-mts) improves glucose tolerance
in ob/ob mice. They observed that IRS-2 and GLUT-4 (also

known as GTR4) production levels were higher in liver and
muscle, respectively, of L803-mts-treated mice. L803-mts
treatment also resulted in decreased phosphoenolpyruvate
carboxykinase mRNA levels and higher liver glycogen. In
an earlier study, Plotkin et al. [2] had reported that short-
term (1 h) treatment with the same inhibitor in a diabetic
HF-fed C57BL/6J mouse model improved performance on
a glucose tolerance test compared with controls. Based on
these promising results, we examined if specific inhibition
of GSK3 in an insulin-resistant obese C57BL/6J mouse
model of type 2 diabetes would improve insulin action and
enhance whole-body glucose uptake and metabolism.
Studies have shown a direct correlation between insulin
resistance and hypertension [22] and stabilisation of plasma
insulin levels is associated with a decrease in BP [23].
Hence we also examined the BP and heart rate (HR) of the
mice before and after GSK inhibition.

Materials and methods

Mice Adult (8-week-old) male C57BL/6J mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME,
USA) and housed in a temperature-controlled room on a
12-h light-dark cycle. Mice were placed on either a normal
fat (NF) (n=8) or an HF diet (»=12) in which 10 and 58%,
respectively, of total energy were derived from fat (D12329
NF and D12331 HF; Research Diets, New Brunswick, NJ,
USA). This HF diet has been shown to induce obesity and
mild hypertension in C57BL/6 mice [20]. Body weights
were measured weekly. BP measurements and metabolic
studies were performed as indicated below. All animal
protocols were approved by the Vanderbilt University
Institutional Animal Care and Use Committee and followed
the ‘Principles of laboratory animal care’ (NIH publication
no. 85-23, revised 1985; http://www.grants1.nih.gov/grants/
olaw/references/phs).

GSK3 peptide inhibitor A substrate competitive peptide
inhibitor of GSK3, L803-mts (N-myristol-GKEAPPAPPQS
(p)P) was synthesised by Genemed Synthesis, Inc. (San
Francisco, CA, USA) as previously described [2]. Mice
were injected i.p. once daily with L803-mts (400 nmol,
300 ul) or vehicle between 10.00 and 11.00 hours for
20 days. BP and HR were determined until the 12th day of
treatment, following which the mice underwent surgery for
catheter implantation for metabolic studies after the 20th
day of L803-mts treatment.

Western blot Frozen gastrocnemius muscles were homoge-
nised and subjected to PAGE. Antibodies used were mouse
monoclonal anti-GSK38 from BD Biosciences (San Jose,
CA, USA) and polyclonal anti-phosphylated GSK3 «,3 and
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anti-phosphylated f3-catenin (Ser33/37/Thr4l) from Cell
Signaling.

Glucose tolerance test and insulin measurement Glucose
tolerance test and insulin measurement Glucose tolerance
tests were performed in overnight-fasted NF and HF
groups. Glucose (1.5 g/kg) was injected i.p. and blood
samples were collected from a tail vein at various time
points. Blood glucose levels were immediately measured
with an Accu-Check glucose monitor (Roche Diagnostics,
Boehringer Mannheim, Indianapolis, IN, USA). Fasting
plasma insulin and leptin were measured by RIA (Linco
Research, St Louis, MO, USA).

Serum lipid analysis Serum triacylglycerol was measured
using an enzymatic assay adapted to micro-titre plates
(Raicham, San Diego, CA, USA).

Euglycaemic—hyperinsulinaemic clamp studies The eugly-
caemic—hyperinsulinaemic clamp studies were done at the
Vanderbilt Mouse Metabolic Phenotyping Center http://
www.mmpc.org) using procedures described by Ayala et al.
[24]. Briefly, 3 days before the study, mice were anaes-
thetised with halothane and an indwelling catheter was
inserted into the jugular vein, sealed under the back skin,
exteriorised and glued at the back of the neck. Each animal
was fasted for 6 h on the morning of the experiment. Each
study consisted of a 2-h tracer equilibration period (=120 to
0 min) and a 145-min experimental period (0—145 min). A
primed (37,000 Bg/min) continuous (1,850 Bg/min) infu-
sion of [3-*H]glucose (New England Nuclear, Wilmington,
DE, USA) was given through the jugular vein (=120 to
0 min) to measure glucose turnover. At /=0 min the rate of
[3-*H]glucose infusion was increased to 3,700 Bg/min and
insulin was infused at 4 mU kg ' min~" for the duration of
the study. Blood glucose levels were measured from 5 pl
blood every 10 min using a Hemocue Glucose Analyzer
(Angelholm, Sweden). Glucose infusion rate was varied
based on on-line blood glucose measurements to clamp
blood glucose at ~8.33 mmol/l. Total glucose appearance
and glucose disappearance (Rd) were determined by
dividing the rate of [3-*H]glucose infusion by the plasma
[3-*H]glucose specific activity. Endogenous glucose pro-
duction (EGP) was calculated by subtracting the glucose
infusion rate from the total glucose appearance. Whole-
body glucose clearance was calculated by dividing the
mean whole-body Rd by the mean steady-state plasma
glucose concentration obtained during the infusion period.
Blood samples were obtained at 0, 120 and 145 min for
determination of the plasma insulin concentration.

Tissue-specific glucose metabolic index Two hours into the
euglycaemic—hyperinsulinaemic clamp studies, a bolus
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(481,000 Bq) of '*C-labelled 2-deoxyglucose (2-DG) was
administered. Blood samples were obtained at 122, 125,
130, 135, 145 min to assess plasma 2-DG radioactivity.
Mice were anaesthetised after the =145 min blood sample.
Vastus lateralis, soleus, gastrocnemius, diaphragm, heart,
kidney, adipose tissue and brain were rapidly excised and
flash frozen in liquid nitrogen. Tissue-specific glucose
metabolic index (Rg) was determined as described earlier
[25, 26].

Glycogen synthase activity Liver (75 mg) was homoge-
nised in 2.4 ml ice-cold GS homogenisation buffer
(35 mmol/l Tris-HCI pH 8.0, 8.75 mmol/l EDTA,
85 mmol/l NaF, 0.7 mol/l sucrose, 0.1 mol/l microcystin-
LR and ‘Complete’ proteinase inhibitor cocktail). Tissue
homogenate was centrifuged and the supernatant fraction
snap frozen in liquid nitrogen and stored at —80°C. The
glycogen synthase activity was measured as described
previously [27]. Briefly, 50 pnl of homogenate were
incubated at 30°C for 20 min with 50 ul assay buffer
containing 10% glycogen, 10 mmol/l UDP-glucose (cold),
5,550 Bq '“C-labelled UDP-glucose, 25 mmol/l sodium
sulphate, 50 mmol/l NaF and 27 mmol/l EDTA, in the
presence of 0.1 or 10 mmol/l glucose 6-phosphate (G6P).
From each assay, aliquots of 50 pl of the reaction were
spotted on 31ETCHR paper and washed three times for
30 min in 70% ethanol and once in acetone. After drying,
the papers were placed in scintillation vials with 10 ml
scintillation liquid and the amount of ['*CJUDP-glucose
incorporated into the glycogen was quantified. The glyco-
gen synthase activity ratio is defined as activity measured in
the presence of 0.1 mmol/l G6P divided by activity
measured in the presence of 10 mmol/l G6P.

Quantification of liver glycogen Liver (100-200 mg) was
homogenised and dissolved by heating in 0.03 mol/l HCI at
80°C for 10 min. Two hundred microlitres of sample were
pipetted onto chromatography paper, dried, and washed
three times in 66% alcohol and once with acetone. The
paper was cut into strips and incubated with amylogluco-
sidase in sodium acetate buffer at 37°C for 3 h. [*H]glucose
incorporated into glycogen was determined in digested
samples on a Packard Liquid Scintillation Counter. Net
hepatic glycogen synthetic rate was calculated by dividing
the liver *H content by plasma [3-*H]glucose specific
activity during the insulin clamp period. It was assumed
that incorporation of radioactive glucose into glycogen was
negligible prior to the insulin clamp.

BP measurement by radio-telemetry Initially the BP of six
mice each on NF and HF diets was measured to determine
if the HF diet induced hypertension in these mice. After
establishing a steady baseline, the HF group was treated
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with L803-mts. At the end of BP measurements mice were
subjected to metabolic studies. Six HF mice which were
sham operated (for transmitter implantation) and vehicle-
injected served as controls for the euglycaemic—hyper-
insulinaemic clamp studies.

Implantable mouse BP transmitters (TA11PA-C20; Data
Sciences International, St Paul, MN, USA) were used to
directly measure arterial pressure in individual conscious
and freely moving mice [28, 29]. The mice were anaes-
thetised and the left carotid artery was isolated. The
telemetry catheter was inserted into it and the catheter tip
advanced into the thoracic aorta such that 3 mm of the thin-
walled tip would reside in the aorta. An s.c. tunnel was
formed across the right pectoral area and was enlarged to
form a pocket for the transmitter.

All mice were allowed 10 days of recovery to regain
their circadian rhythm BP and HR before any measure-
ments were made. Thereafter, BP and HR were telemetri-
cally recorded and stored with the Dataquest ART data
acquisition system (Data Sciences International). The
baseline measures were averaged over a period of 7 days
before the start of the GSK3 inhibitor peptide administra-
tion. The BP and HR data were collected over a period of
12 days of inhibitor treatment.

Data analysis Mean arterial pressure (MAP) and HR data
collected for 5 and 12 consecutive days before and during
GSK3 inhibitor peptide administration, respectively, were
plotted as mean values. All data are expressed as means =+
SEM. Statistical analyses of the effects of GSK3 inhibitor
were performed with one-way ANOVA to compare changes
in BP and HR and two-way ANOVA for repeated measures
for metabolic studies (SigmaStat version 3.0; SPSS, Inc.,
Chicago, IL, USA). Statistical significance was accepted at
p<0.05.

Results

Effect of HF diet on body weight and glucose tolerance To
establish a mouse model with the characteristic features of
type 2 diabetes including obesity, glucose intolerance and
hypertension, C57BL/6] mice were placed on an HF diet
for 18 weeks. From the fourth week of feeding, the HF
group gained weight rapidly and by the 18th week it was
144% of that in the NF group (50.0£3.0 g in HF vs 28.4+
2.0 g in NF, p<0.005) (Fig. la). Fasting plasma insulin
levels in the HF group increased by over ninefold (4.6+1.0
vs 0.5£0.1 ng/ml, HF vs NF, p<0.001) (Fig. 1a inset) and
plasma leptin levels increased by 6.5-fold compared with
NF (103+6.2 vs 15.8+4.8 pg/ml, HF vs NF, p<0.001). HF
feeding for 18 weeks did not render the mice hyper-
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Fig. 1 a Growth rate of C57BL/6J mice fed on NF (filled triangle) or
HF (open circles) diet. n=8 each group, p<0.005 NF vs HF. Inset:
plasma insulin levels in NF and HF mice, ***p<0.001. b Glucose
tolerance test carried out after 18 weeks of HF diet. Mice were starved
overnight and blood glucose levels measured before and after i.p.
glucose injection (1.5 g/kg). **p<0.01, NF (filled triangles) vs HF
(open circles) group, n=8

glycaemic, as fasting blood glucose levels were not
elevated when compared with the NF group (9.98+
I mmol/l vs 9.0£0.8 mmol/l, NF vs HF group) (Fig. 1b).
The HF group showed glucose intolerance in an oral
glucose tolerance test, as their blood glucose levels
remained high even after 2 h compared with the NF group
(14.5+£1.2 mmol/l vs 9.5£0.5 mmol/l HF vs NF p<0.01).

Effect of GSK3 inhibitor peptide on insulin-stimulated
glucose flux To study the effect of GSK3 inhibition on
insulin resistance and glucose metabolism, euglycaemic—
hyperinsulinaemic clamp studies were carried out on HF-
fed mice. The insulin infusion rate (4 mU kg ' min ') was
designed to achieve submaximal stimulation of Rd. During
the clamp study, the glucose infusion rates in the HF
group and the HF+L803-mts groups were adjusted in order
to maintain both the groups at euglycaemic conditions.
Insulin-stimulated whole-body glucose infusion rate was
doubled in the HF+L803-mts group when compared with
the HF group (overall, 23+1 vs 11+1.1 mg kg ' min ",
HF+L803-mts vs HF, p<0.005) (Fig. 2). This indicates that
insulin action is improved by treatment with the GSK3
inhibitor.
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Fig. 2 Glucose infusion rates required to maintain euglycaemic
levels during a euglycaemic—hyperinsulinaemic clamp study in HF
(open circles) or HF+L803-mts (filled circles) mice, n=6 each group,
*p<0.005 by repeated-measures ANOVA

Insulin failed to suppress EGP in HF mice. In contrast,
the EGP in the L803-mts-treated group was suppressed by
75% (Fig. 3a). Plasma Rd was unchanged during the insulin
clamp in the HF group, while in the HF+L803-mts group it
increased steadily from 10.6+1.2 to 16.5+1.4 mg kg’
min~" within 80 min of insulin infusion and remained low
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Fig. 3 a Effect of GSK3 inhibition on endogenous glucose
production rate calculated by subtracting the glucose infusion rate
from the glucose turnover rate; n=6 each group, *p<0.05, HF (open
circles) vs HF+L803-mts (filled circles) mice by repeated-measures
ANOVA. b Effect of GSK3 inhibition on whole-body Rd rate was
calculated by dividing the mean whole-body glucose turnover rate by
the mean steady-state plasma glucose concentration obtained during
the infusion period. n=6, *p<0.05, HF (open circles) vs HF+L803-
mts (filled circles) mice by repeated-measures ANOVA
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until the end of the study (p<0.05) (Fig. 3b). These results
suggest that GSK3 inhibition increases insulin action in
HF-fed mice.

Insulin and lipid levels Plasma insulin levels determined
before the start of the clamp studies were reduced by 50%
in the HF+L803-mts group compared with the HF group
(1.8+£0.7 vs 4.0+1.1 ng/ml, p<0.05). The insulin levels
during the clamp were not different between the two
groups. Plasma triacylglycerol and cholesterol levels were
also comparable in both groups (triacylglycerol, 1£0.02 vs
0.98+0.06 mmol/l, total cholesterol, 4.35+0.38 vs 4.6+
0.05 mmol/l, HF vs HF+L803-mts).

Effect of GSK3 inhibitor peptide on insulin-stimulated
tissue uptake of glucose To examine the effect of GSK3
inhibition on insulin-stimulated tissue uptake of glucose, a
bolus of "*C-labelled 2-DG was administered to the mice
and '*C uptake in various tissues was examined. '*C-
labelled 2-DG uptake was increased significantly in the
heart (0.105+0.013 vs 0.252+0.036 ug min ' mg ' tissue,
HF vs HF+L803-mts, p<0.05) and gastrocnemius muscle
(0.017£0.002 vs 0.041+0.006 g min~' mg ' tissue, HF vs
HF+L803-mts, p<0.05). High glucose uptake by muscle
indicates that GSK3 inhibition improved peripheral insulin
sensitivity (Fig. 4a). To examine if L803-mts treatment and
the resulting increase in insulin sensitivity led to changes in
muscle GSK3 levels, its protein expression in the gastroc-
nemius muscle was analysed. Western blot analysis
revealed that although the total GSK38 level was higher
in the HF diet group compared with the NF, it did not
change in HF+L803-mts group. Similarly, phosphylated
GSKoa/B (Ser9/Ser21), the inactive form of GSK, did not
show any change. Since L803-mts is a substrate competi-
tive inhibitor, the level of phosphylated B-catenin (Ser33/
37/Thr41-phosphorylated by GSK3) was examined as an
indicator of GSK activity. Phosphylated B-catenin levels
were increased in the HF group compared with the NF
group and L803-mts treatment lowered it (Fig. 4b). This
indicates that muscle GSK3B production and activity
increased in association with HF-diet-induced insulin
resistance, and more importantly, L803-mts treatment
lowered GSK activity.

Net liver glycogen synthesis and glycogen synthase
activity The effect of L803-mts on rates of net glycogen
synthesis was assessed by [3->H]glucose incorporation into
liver glycogen. The net glycogen synthesis during the
145-min insulin clamp in the liver of HF mice was sevenfold
higher than in HF+L803-mts mice (0.06+0.02 and 0.45+
0.13 mg/g, HF vs HF+L803-mts, p<0.05). To determine
whether the increased liver glycogen synthesis in L803-mits-
treated mice was associated with increased glycogen
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Fig. 4 a Tissue glucose metabolic index. After subjecting the mice to
the clamp for 2 h, '*C-labelled 2-DG was administered, and after
25 min tissue uptake was measured. HF (open bars) or HF+L803-mts
(filled bars) mice, n=6 each group, *p<0.05. Gastro, gastrocnemius
muscle; Vastus [, vastus lateralis muscle. b Effect of HF diet or
L803-mts treatment on expression of muscle GSK3, phosphylated
GSK (pGSK) and phosphylated B-catenin (pf3-catenin) in NF, HF and
HF+L803-mts mice

synthase activity, we measured the hepatic glycogen syn-
thase activity by assaying the incorporation of radioactive
UDP-glucose into glycogen in the presence or absence of the
allosteric activator GOP. In the HF+L803-mts group, glyco-
gen synthase activity ratio was 45% higher than in the HF
group (0.20+0.04 vs 0.29+0.02, p<0.05) (Fig. 5).

Effect of GSK3 inhibitor peptide on BP and HR To
determine if GSK3 inhibition and improved insulin sensi-
tivity affects BP regulation, HF-fed mice were implanted
with radio-telemetric transmitters and GSK3 was systemi-
cally inhibited using L803-mts. When compared with the
mice on NF diet, the HF group had significantly higher
MAP and HR (10943 vs 11741 mmHg and 516+25 vs
604+12 beats/min; NF vs HF, p<0.0001) (Fig. 6a,b).
Treatment with L803-mts for 12 days did not significantly
change MAP. Following GSK3 inhibition, MAP dropped to
11521 mmHg by the second day and then gradually
increased to 118+1 mmHg and remained at this level until
the end of the study (Fig. 7a). These changes in MAP were
not significant. HR decreased significantly from an average
605+3 beats per min before treatment to 593+2 beats per
min after treatment with L803-mts (p<0.001) (Fig. 7b).
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Fig. 5 a Liver glycogen synthase activity expressed as activity
measured in the presence of 0.1 mmol/l G6P divided by activity
measured in the presence of 10 mmol/l G6P; *p<0.05. b Liver
glycogen levels expressed as *H radioactivity in glycogen. n=6 each
group, *p<0.05

Discussion

The present studies demonstrate that chronic (20 days) and
specific inhibition of GSK3 improves insulin action. GSK3
inhibition did not improve hypertension in HF-fed mice, at
least over the short term of this study. Although C57BL/6J
mice on the HF diet showed no significant increase in
fasting blood glucose, they developed insulin resistance as
indicated by impaired glucose tolerance accompanied by
high plasma insulin levels compared with mice on an NF
diet. Notably, the HF mice had high levels of leptin, which
are a closer representation of that seen in individuals with
type 2 diabetes than the models lacking leptin or leptin
receptors that have been employed in the study of GSK3
inhibitors. When treated with GSK3 inhibitor, circulating
plasma insulin levels decreased and glucose tolerance
improved. To further confirm the effect of GSK3 inhibition
on insulin sensitivity, we used the euglycaemic—hyper-
insulinaemic clamp protocol. We found a profound im-
provement in Rd rate in the L803-mts-treated mice,
associated with an improved suppression of EGP and an
augmentation of glucose utilisation, consistent with in-
creased insulin sensitivity.

L803-mts is a synthetic phosphorylated peptide derived
from the unconventional recognition motif of GSK3, which
can act as its substrate competitive inhibitor. As most
protein kinases do not require a pre-phosphorylated site on
their substrate as part of their recognition motif, this
inhibitor is highly specific for GSK3 [2]. Short-term
L803-mts treatment has been shown to mimic insulin
action in isolated tissue in vitro by increasing glycogen
synthase activity and 2-DG uptake and also improve
glucose tolerance in vivo [2]. Here we show using
euglycaemic—hyperinsulinaemic clamps that specific inhi-
bition of GSK3 using L803-mts markedly increased whole-
body Rd by improving insulin action in liver and muscle.
The improvement in liver insulin action as determined by
the clamp was supported by increased net hepatic glycogen
synthetic rate and glycogen synthase activity. This is
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significantly elevated hyperglycaemia in patients with type
2 diabetes [30]. Studies have indicated that in addition to
stimulating glycogen synthesis, selective inhibition of
GSK3 could reduce gluconeogenic flux. In the present
study, insulin suppressed EGP by 75% in the L803-mts-
treated group, which is consistent with an improvement in
hepatic insulin action and the importance of GSK3 in
gluconeogenic flux. Insulin controls hepatic glucose pro-
duction mainly by repression of the gluconeogenic genes
phosphoenolpyruvate carboxykinase (Pepck) and G6Pase
(G6pc2) [31]. In vitro studies showed GSK3 involvement
in the upregulation of G6pc2 and Pepck gene expression in
the liver [31]. L803-mts treatment reduced Pepck expres-
sion by 50% in ob/ob mice. However, repression of genes
involved in gluconeogenesis might not depend entirely on
inhibition of GSK3, as shown in non-diabetic double
GSK3a/GSK3 B2 A2IAAA 1 ock-in mice, where feeding
repressed expression of these genes [32]. It is possible that
reversal of insulin resistance by L803-mts treatment in the
diabetic mouse model examined in the present study might
have made them more responsive to the suppression of
EGP by insulin.

Improved insulin sensitivity in L803-mts-treated mice in
the present study resulted in part from an improved glucose
uptake by heart and gastrocnemius muscle. In the gastroc-
nemius muscle, GSK3B production and activity (indicated
by phosphylated B-catenin level) increased in the insulin-
resistant HF group and the latter was reduced following
L803-mts treatment. This is consistent with the observation
that L803-mts treatment more than doubled the insulin-
stimulated Rg in the gastrocnemius muscle of the HF-fed
mice. Although earlier in vitro experiments using a
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Fig. 7 Mean arterial pressure (a) and HR (b) of HF mice at baseline
and after treatment with L803-mts. n=6

substituted aminopyrimidine (CT-98014) inhibitor of
GSK3 on isolated epitrochlearis and soleus muscle from
ZFD rats showed improved insulin-stimulated '*C-labelled
2-DG uptake [1, 33], a similar compound, Chir99021, failed
to change '*C-labelled 2-DG uptake into gastrocnemius
muscle in ZDF rats in the only in vivo study reported so far
[15]. Similarly, in double GSK3«x/GSK3p2!/A/21A0494
knock-in mice, insulin-stimulated glucose uptake in skeletal
muscle was normal, although insulin failed to stimulate
glycogen synthase in the gastrocnemius muscle and heart
[34]. This is in contrast to the effects of L803-mts on the
gastrocnemius and cardiac muscle glucose uptake in the
present study.

In the current study, GSK3 inhibition did not improve
HF-induced elevation in mean arterial BP in this insulin-
resistance mouse model. Epidemiological studies indicate
that insulin resistance and arterial hypertension are interre-
lated [35, 36]. It has been suggested that the prohyperten-
sive action of insulin could be due to increased sodium
reabsorption by acting on distinct segments of the renal
tubule [37-39]. A feedback mechanism limits insulin-
induced sodium retention when extracellular fluid volume
is expanded [40], which is impaired in rats with hyperten-
sion associated with insulin resistance [41]. Inhibition of
GSK3 by lithium has been shown to cause urinary
concentrating defects [42] and also could inhibit sodium
reabsorption in the collecting duct. Renal sodium handling
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is critical for the maintenance of extracellular fluid volume
and BP and its impairment has been associated with the
development of hypertension [43, 44]. To the best of our
knowledge, the possible involvement of renal GSK3 in
hypertension has not been examined.

HF diet has been suggested to cause mild hypertension
in C57/6] mice [18, 20, 21]. To determine if GSK3 plays a
significant role in BP regulation in hyperinsulinaemic and
insulin-resistant mice, we treated mice with GSK3 inhibitor
peptide. In spite of a significant improvement in insulin
sensitivity, these mice did not show a decrease in their
MAP, indicating that GSK3 activity in this model of insulin
resistance is not linked to hypertension over the course of
12 days. It could be possible that prolonged treatment will
be required to see a beneficial effect of GSK3 inhibitor on
BP. However, the HR of the mice decreased after treatment
with GSK3 inhibitor. This is consistent with our observa-
tion that the greatest increase in tissue Rg after L803-mts
treatment was in the cardiac muscles. Earlier studies have
reported that cardiac muscles have very high levels of
GSK38 [34]. Hence it is possible that GSK3 inhibition has
a more direct effect on HR.

In conclusion, long-term GSK3-inhibitor treatment sig-
nificantly reduced insulin resistance in diabetic mice, as a
combined effect of improved glucose uptake and suppres-
sion of endogenous glucose production. Improvement in
hepatic insulin action was also evident from the increase in
net liver glycogen synthetic rate and glycogen synthase
activity. GSK3 inhibition did not change the BP in these
mice. Since insulin resistance is an important characteristic
in patients with type 2 diabetes, these data suggest that
GSK3 inhibition represents an important therapeutic target
for this disease.
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