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Background and purpose: The lipid phosphatase known as SH2 domain-containing inositol 5′-phosphatase 2 (SHIP2) plays
an important role in the regulation of the intracellular insulin signalling pathway. Recent studies have suggested that inhibition
of SHIP2 could produce significant benefits in treatment of type 2 diabetes. However, there were no small molecule SHIP2
inhibitors and we, therefore, aimed to identify this type of compound.
Experimental approach: The phosphatase assay with malachite green was used for high-throughput screening. The phar-
macological profiles of suitable compounds were further characterized in phosphatase assays, cellular assays and oral admin-
istration in normal and diabetic (db/db) mice.
Key results: During high-throughput screening, AS1949490 was identified as a potent SHIP2 inhibitor (IC50 = 0.62 mM for
SHIP2). This compound was also selective for SHIP2 relative to other intracellular phosphatases. In L6 myotubes, AS1949490
increased the phosphorylation of Akt, glucose consumption and glucose uptake. In FAO hepatocytes, AS1949490 suppressed
gluconeogenesis. Acute administration of AS1949490 inhibited the expression of gluconeogenic genes in the livers of normal
mice. Chronic treatment of diabetic db/db mice with AS1949490 significantly lowered the plasma glucose level and improved
glucose intolerance. These in vivo effects were based in part on the activation of intracellular insulin signalling pathways in
the liver.
Conclusions and implications: This is the first report of a small molecule inhibitor of SHIP2. This compound will help to
elucidate the physiological functions of SHIP2 and its involvement in various diseases, such as type 2 diabetes.
British Journal of Pharmacology (2009) 158, 879–887; doi:10.1111/j.1476-5381.2009.00358.x; published online 19
August 2009
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Introduction

Type 2 diabetes mellitus is becoming an increasingly wide-
spread global health issue (Amos et al., 1997). Although the
prevalence of this disease has grown drastically, the increase
in treatment options has lagged behind. In addition, the
therapeutic approaches currently available are often limited
by undesirable side effects associated with long-term treat-

ment (Wagman and Nuss, 2001; Martens et al., 2002). There-
fore, the discovery of safer and more efficient novel
treatments for type 2 diabetes is both important and
necessary.

It is well known that disordered insulin signalling leads to
type 2 diabetes (Leng et al., 2004). Thus, one of the most
interesting research areas for the discovery of new drug targets
in type 2 diabetes is the insulin signalling pathway. The
intracellular protein, SH2 domain-containing inositol
5′-phosphatase 2 (SHIP2), which negatively regulates in-
sulin signalling by hydrolyzing phosphatidylinositol-3,4,5-
trisphosphate, is one such new drug target (Baumgartener,
2003; Lazar and Saltiel, 2006; Sasaoka et al., 2006). In vitro, the
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overexpression of the wild or dominant negative type of
SHIP2 resulted in the reduction or enhancement of insulin
signalling respectively (Sasaoka et al., 2001; Wada et al., 2001).
The transgenic overexpression of SHIP2 in a model of diabetes
in rodents was shown to impair glucose tolerance and insulin
sensitivity (Kagawa et al., 2008). The liver-specific expression
of dominant negative SHIP2 by adenovirus-mediated gene
transfer improved the symptoms of type 2 diabetes in a dia-
betic model (Fukui et al., 2005; Grempler et al., 2007). A defi-
ciency in the SHIP2 gene resulted in resistance to diet-induced
obesity and insulin resistance (Sleeman et al., 2005).

Considering all these results, alteration of SHIP2 activity
might be a new valuable therapeutic approach for type 2
diabetes with disordered insulin signalling (Lazar and Saltiel,
2006; Sasaoka et al., 2006). However, little progress has been
made in identifying small molecule inhibitors of SHIP2. In
the present study, we discovered for the first time, a potent,
selective, small molecule SHIP2 inhibitor, AS1949490
(Figure 1A). This compound activated intracellular insulin sig-
nalling and decreased both fasting and post-prandial blood
glucose in db/db diabetic mice.

Methods

Expression and purification of recombinant phosphatases
Human SHIP2 (residues 419–732; NP_001558), human SHIP1
(residues 399–714; NP_005532), mouse SHIP2 (residues 421–
733; AAF28187), human synaptojanin (residues 492–856,
XM_009729) catalytic domains and full-length human myo-
tubularin (U46024) were cloned from human or mouse cDNA
using polymerase chain reaction (PCR). These phosphatases
were expressed in Escherichia coli with an 6His tag and purified
using immobilized metal affinity chromatograpy, as previ-
ously described (Pesesse et al., 1998; Chi et al., 2004). For the
purification of human phosphatase and tensin homolog
(PTEN), truncations and deletions were introduced (deleted
residues: 2–6, 286–309 and 354–403; NP_000305) to remove
unstructured regions, as previously reported (Lee et al., 1999).
This deleted PTEN was expressed with a GST-tag at the
N-terminal in Sf-9 cells, and then purified with glutathione

sepharose. Purified enzymes were suspended in lysis buffer
(25 mM Tris-HCl pH 7.4, 300 mM NaCl) containing 50% glyc-
erol and complete protease inhibitor cocktail (Roche, Man-
nheim, Germany).

Malachite green phosphate assay
The catalytic activity of purified phosphatase was determined
using D-myo-inositol-1,3,4,5-tetrakisphosphate [Ins(1,3,4,5)
P4] (Cayman, MI, USA) previously reported as a substrate for
SHIP2 (Chi et al., 2004) or D-myo-phosphatidylinositol-3,4,5-
trisphosphate (PtdIns(3,4,5)P3) (Echelon, UT, USA). Enzyme
protein (100 ng) in reaction buffer (10 mM HEPES pH 7.25,
6 mM MgCl2, 0.1% CHAPS, 250 mM sucrose and 0.25 mM
EDTA) was mixed with either an aliquot of Ins(1,3,4,5)P4 for
SHIP2 and SHIP1 or an aliquot of PtdIns(3,4,5)P3 for PTEN,
synaptojanin, and myotubularin. The final concentration of
the substrates was 100 mM for Ins(1,3,4,5)P4 or 250 mM for
PtdIns(3,4,5)P3 in a final volume of 20 mL reaction mixture.

A sample (20 mL) of this solution was placed in each well of
384 well plates, after which the plates were incubated at room
temperature for 20 min. Malachite green reagent (Biomol, PA,
USA) was added to each well, and then the plates were incu-
bated for another 25 min at room temperature. Absorbance at
630 nm was measured using a Safire microplate reader
(TECAN, Mannedorf, Switzerland).

Cell-based enzyme-linked immunosorbent assay (ELISA)
L6 myoblasts were seeded on 96 well plates. The confluent
cells were cultured for 5 or 6 days in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 2% horse serum to
promote the differentiation to myotubes. The L6 myotubes
were serum-starved for 16 h in DMEM, and then treated with
AS1949490 for 15 min before stimulation with insulin or fetal
bovine serum (FBS) for 10 min. The cells were immediately
fixed with 4% paraformaldehyde for 15 min. After being
washed with Tris-buffered saline containing 0.1% Tween-20
(TBS-T), the cells were permeabilized with 0.1% Triton X-100
for 10 min and blocked for 1 h in Blocking One solution
(Nacalai Tesque, Kyoto, Japan). The cells were incubated with
Ser473 phosphorylated specific Akt antibody (BIOMOL, PA,
USA) for 2 h at room temperature. The primary antibody was
labelled with horseradish peroxidase-conjugated second anti-
body (Cell Signaling Technology, MA, USA) and incubated
with tetramethylbenzidine substrate. The absorbance was
measured at 450 nm.

Glucose uptake and glucose consumption assays
The L6 myotubes were cultured for 48 h under differentiating
conditions (2% horse serum in DMEM without phenol red)
with AS1949490 in the presence (for glucose consumption
assay) or absence (for glucose uptake assay) of insulin.
Glucose uptake and glucose consumption were then
measured as previously described (Somwar et al., 1998;
Shimokawa et al., 2000).

Gluconeogenesis assay
Rat FAO hepatoma-derived cells were grown in DMEM con-
taining 10% FBS. The FAO cells were seeded on 96 well plates

Figure 1 (A) Chemical structure of AS1949490, (B) Representative
dose-dependent inhibition of recombinant human SH2 domain-
containing inositol 5′-phosphatase 2 activity with AS1949490. Signal
output was converted to percent activation. The graph shown is
representative of three experiments.
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and treated with AS1949490 and insulin for 24 h. After being
washed with phosphate-buffered saline (PBS), glucose produc-
tion buffer (glucose-free DMEM pH 7.4 containing 20 mM
sodium pyruvate without phenol red) was added to each well.
After 6 h, the glucose concentration in the medium was mea-
sured using Glucose CII-Test reagent (Wako, Osaka, Japan).

Expression analysis of mRNA
Samples of liver tissue were pulverized in liquid nitrogen and
the total RNA was extracted using an Isogen kit (Nippon
Gene, Tokyo, Japan) according to the manufacturer’s instruc-
tions. cDNAs were synthesized as described previously
(Matsumoto et al., 2000). mRNA for glucose-6 phosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK)
were quantified using reverse transcription-polymerase chain
reaction (RT-PCR) with the SYBR green method and a PRISM
7900 Sequence Detector according to the manufacturer’s
instructions (Perkin-Elmer Applied Biosystems, CA, USA).
Mouse 18S ribosomal RNA (18S rRNA) was measured as an
internal control. The primers for G6Pase were as follows:
forward (TTAAAGAGACTGTGGGCATCAAT), reverse (ATC-
CACTTGAAGACGAGGTTG); and for PEPCK: forward
(GGTATTGAACTGACAGACTCGC), reverse (CACAGATATGC-
CCATCCGA). Primers for 18S rRNA were purchased from
Perkin-Elmer Applied Biosystems (4319413E).

Expression analysis of protein
The cell lysates or liver tissue samples were homogenized in
lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP40,
0.1% SDS, Complete Protease Inhibitor Cocktail). Equal
amounts of protein lysates were separated on SDS-
polyacrylamide gel, transferred to a PVDF membrane, and
then incubated with the primary antibody [Ser473 phospho-
rylated specific Akt antibody (BIOMOL), anti-Akt antibody,
phospho-specific glycogen synthase kinase (GSK)3b antibody,
or anti-GSK3b antibody (Cell Signaling Technology)]. The
primary antibody was detected with a horseradish peroxidase-
conjugated second antibody and enhanced using ECL
Western Blotting Systems (GE Healthcare Bio-Sciences KK,
Tokyo, Japan). The chemiluminescence intensity was subse-
quently detected and quantified using a quantitative digital
imaging system (VersaDoc, BIO-RAD, CA, USA).

In vivo anti-diabetic effect of AS1949490
All animal care and experimental procedures were approved
by the Animal Ethical Committee of Astellas Pharma Inc. Six
week old male ICR mice (Japan SLC, Inc., Shizuoka, Japan)
and 6 week old male C57BL/KsJ Jcl-dbm +db/+db mice (CLEA
Japan, Inc., Tokyo, Japan) were used in the study. The animals
were cared for under standard maintenance conditions [con-
trolled temperature, humidity, and light (12-h light-dark
cycle)] and allowed free access to laboratory chow and water
while in their home cage. In the chronic treatment study, the
mice were given 300 mg·kg-1 of AS1949490 suspended in
0.5% methylcellulose twice daily by oral gavage, after which
the blood or plasma glucose level was measured. Plasma

insulin levels were determined using an insulin ELISA kit
(Morinaga Bioscience Laboratory, Kanagawa, Japan).

Oral glucose tolerance test (OGTT)
Blood samples were collected from db/db mice treated long
term with either the vehicle or AS1949490, after which they
were fasted overnight. After 30 min, the blood glucose levels
were measured again, and then glucose solution (2 g·kg-1) was
orally administered. At 0.5, 1, 2 and 3 h after glucose loading,
blood glucose levels were then measured.

Statistical analysis
Data are shown as the means � standard error. Statistical and
data analysis were conducted using the SAS 8.2 software
package (SAS Institute Japan, Ltd., Tokyo, Japan). The IC50 and
Ki values were calculated using regression analysis. The statis-
tical significance of the difference between two groups was
determined using the Student’s t-test. The significance of dif-
ferences between multiple groups was assessed using Dun-
nett’s multiple range test. P values less than <0.05 were
considered significant.

Materials
3-[(4-chlorobenzyl)oxy]-N-[(1S)-1-phenylethyl]-2-thiophene-
carboxamide (AS1949490) was synthesized by Astellas
Pharma Inc. (Ibaraki, Japan) following the synthetic scheme
outlined below.

OH

OH

Cl

Cl

Cl

Cl

H
N

Cl

1

2

+

O

O

O

O

O

AS 1949490

O

O

O O

S S

S

S

Discovery of first small molecule SHIP2 inhibitor
A Suwa et al 881

British Journal of Pharmacology (2009) 158 879–887



Methyl 3-[(4-chlorobenzyl)oxy]-2-thiophenecarboxylate: (com-
pound 1). To a mixture of methyl 3-hydroxy-2-
thiphenecarboxylate (10 g, 63 mM) and K2CO3 (13.1 g,
94.8 mM) in 2-butanone (100 mL) was added a solution of
4-chlorobenzyl chloride (12.2 g, 75.9 mM) in 2-butanone
(50 mL) and refluxed overnight. The reaction mixture was
poured into a mixture of water and EtOAc and separated. The
organic layer was washed with 1N-HCl and brine. The organic
layer was dried over anhydrous MgSO4 and concentrated
in vacuo. The residue was recrystallized from MeOH to give
pale yellow crystals (15.8 g, 88%). 1H-NMR (300 MHz,
CDCl3): 3.86 (3H, s), 5.21 (2H, s), 6.81 (1H, d, J = 5.7 Hz),
7.32–7.45 (5H, m).

3-[(4-Chlorobenzyl)oxy]-2-thiophenecarboxylic acid: (compound
2). To a solution of (1) (23.5 g, 83.1 mM) in THF (150 mL)
and MeOH (200 mL) was added 2N-NaOH (125 mL, 0.25 mM)
and stirred for 4 h at 50°C. The reaction mixture was concen-
trated in vacuo. To the residue was added water (200 mL), then
was added conc. HCl dropwise (22.5 mL). The precipitates
were collected by suction. The precipitates were recrystallized
from EtOAc-hexane to give colorless crystals (19.3 g, 86%).
1H-NMR (300 MHz, DMSO-d6): 5.26 (2H, s), 6.87 (1H, d,
J = 5.5 Hz), 7.34–7.43 (4H, m), 7.52 (1H, d, J = 5.5 Hz).

3-[(4-chlorobenzyl)oxy]-N-[(1S)-1-phenylethyl]-2-thiophenecarbo-
xamide: (AS 1949490). A mixture of (2) (6.0 g, 22.3 mmol),
HOBt (3.47 g, 25.7 mmol), WSCD·HCl (4.92 g, 25.7 mM) and
(1S)-1-phenylethylamine (3.13 mL, 24.6 mM) in DMF
(60 mL) was stirred overnight at room temperature. The reac-
tion mixture was poured into mixture of EtOAc and water.
The organic layer was separated and washed with sat.NH4Cl,
sat.NaHCO3 and brine successively. The organic layer was
dried over anhydrous Na2SO4 and concentrated in vacuo. The
residue was purified by column chromatography (silica gel,
EtOAc-hexane). The crude product was recrystallized from
EtOH to give colourless crystals (7.33 g, 88%). 1H-NMR
(300 MHz, DMSO-d6): 1.36 (3H, d, J = 6.9 Hz), 4.98–5.09 (1H,
m), 5.32 (2H, s), 7.16–7.30 (6H, m), 7.44–7.53 (4H, m), 7.61
(1H, d, J = 7.9 Hz), 7.74 (1H, d, J = 6.0 Hz).

Results

Identification of a potent selective small molecule
SHIP2 inhibitor
Our in-house chemical library was subjected to high-
throughput screening, which resulted in the identification of
AS1949490 as a SHIP2 inhibitor. AS1949490 showed potent
inhibitory activity against human and mouse SHIP2 in a
concentration-dependent manner, with IC50 values of 0.62
and 0.34 mM respectively (Figure 1B and Table 1). To identify
the kinetic patterns of SHIP2 inhibition by AS1949490, we
performed kinetic inhibition analyses. In this study, the Km for
Ins(1,3,4,5)P4 as substrate for SHIP2 was 44 � 10 mM
and Lineweaver–Burke analysis (Figure S1) indicated that
AS1949490 was a competitive inhibitor, with a Ki value esti-
mated to be 0.44 mM for human SHIP2. To confirm the selec-
tivity of AS1949490 for SHIP2, the inhibitory effect of
AS1949490 was also assessed for SHIP1, which has an overall

structure similar to that of SHIP2. The Km for Ins(1,3,4,5)P4
with human SHIP1 enzyme was 45 � 16 mM. AS1949490 was
not as potent as an inhibitor of human SHIP1 activity, with Ki

and IC50 values (Table 1) approximately 30 times higher than
we found for SHIP2. Additionally, we examined the effects of
this compound on other types of phosphatases, PTEN, syn-
aptojanin and myotubularin. AS1949490 did not inhibit
PTEN, synaptojanin and myotublarin phosphatase activity,
even when added at concentrations up to 50 mM (Table 1).
These results demonstrate that AS1949490 is a selective SHIP2
inhibitor.

AS1949490 increases the phosphorylation of Akt
Inhibition of SHIP2 activity increases the phosphorylation of
various insulin signalling-related molecules, including Akt, a
key enzyme in the regulation of insulin signalling (Sasaoka
et al., 2004). The development of a quantitative cell-based
assay was necessary to efficiently determine the functional
character of AS1949490. Therefore, we established a cell-based
ELISA to detect the phosphorylation of Akt. First, we con-
firmed that the phospho-specific Akt antibody specifically
recognized a 65 kDa band corresponding to the Akt phospho-
rylated on Ser473 while being treated with 1 nM insulin using
the Western blot method (Figure 2A). Next, we experimented
with a cell-based ELISA in a 96-well plate format using this
antibody. As shown in Figure 2B,C, the quantitative phospho-
rylation of Akt, dependent on insulin or FBS treatment, could
be detected in L6 myotubes, using this assay method. The
results of this cell-based ELISA indicated that treatment of L6
myotubes with AS1949490 dose-dependently increased
insulin-induced phosphorylation of Akt (Figure 2C). There
were no associated changes in the overall level of Akt protein
following treatment with this compound (data not shown).

Previous reports have shown that SHIP2 is specifically
stimulated by insulin (Sasaoka et al., 2004). Therefore, the
change in the phosphorylation of Akt was examined via
stimulation by FBS as a growth factor. AS1949490 caused no
alteration in the FBS-induced phosphorylation of Akt in L6
myotubes (Figure 2D). These findings suggest that SHIP2 inhi-
bition by AS1949490 can enhance the phosphorylation of
Akt, related specifically to insulin signalling.

AS1949490 activates glucose metabolism
It is well known that the enhancement of insulin signall-
ing by the activation of Akt leads to activation of glucose

Table 1 In vitro affinity of AS1949490 for SHIP2, SHIP1, PTEN,
synaptojanin and myotubularin

IC50 (mM) Ki (mM)

Human SHIP2 0.62 � 0.02 0.44 � 0.19
Human SHIP1 13 � 2 11 � 1.4
Mouse SHIP2 0.34 � 0.10 N.T.
Human PTEN >50 N.T.
Human synaptojanin >50 N.T.
Human myotubularin >50 N.T.

The values are the means � standard error of three independent experiments.
N.T., not tested; PTEN, phosphatase and tensin homologue; SHIP, SH2 domain-
containing inositol 5′-phosphatase.
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metabolism (Ueki et al., 1998; Hanada et al., 2004). We mea-
sured the rate of glucose consumption in L6 myotubes treated
with AS1949490 and found that when L6 myotubes were
treated with several concentrations of AS1949490 and 1 nM
insulin for 48 h, the consumption of glucose in the medium
increased concentration dependently (Figure 3A). The uptake
of glucose, which is an important indicator of glucose
metabolism, was then examined (Ueki et al., 1998). Treatment
with AS1949490 for 48 h profoundly stimulated glucose
uptake activity in L6 myotubes (Figure 3B). These results indi-
cate that AS1949490 can stimulate the activation of glucose
metabolism.

AS1949490 suppresses gluconeogenesis and the expression of
related genes
In the liver, insulin signalling regulates gluconeogenesis nega-
tively (L’age et al., 1968; Barthel and Schmoll, 2003). There-
fore, we tested the impact of AS1949490 on gluconeogenesis.

Cultured hepatocyte FAO cells were treated with AS1949490
and 1 nM insulin for 24 h. Treatment with AS1949490 signifi-
cantly decreased the level of insulin-induced gluconeogenesis
(Figure 3C).

The regulation of gluconeogenesis by insulin is known to be
due to the suppression of the expression of related genes, such
as those for PEPCK and G6Pase (Granner et al., 1983; Barthel
and Schmoll, 2003). To confirm that AS1949490 also can
suppress the expression levels of these genes in vivo, we gave
AS1949490 acutely to normal mice. Oral administration of
AS1949490 to ICR mice resulted in an approximately 50%
reduction of both PEPCK and G6Pase mRNA levels in the liver
(Figure 3D). These results indicate that AS1949490 can
regulate gluconeogenesis both in vitro and in vivo.

Effects of AS1949490 in diabetic mice
We investigated the anti-hyperglycaemic effect of AS1949490
in db/db diabetic mice. AS1949490 was administered to

Figure 2 Effect of AS1949490 on insulin-induced Akt phosphorylation in L6 myotubes. (A) Protein lysates from L6 myotubes were immu-
noblotted with anti-phosphorylated Akt antibody or anti-Akt antibody. L6 myotubes were incubated for 15 min both with (D,E) and without
(B,C) AS1949490 treatment before being stimulated with insulin at indicated concentration (B) and 1 nM (D) or fetal bovine serum (FBS) at
indicated concentrations (C,E) for 10 min. Signal output was converted to percent activation (D,E). The values are the means � standard error
of three independent experiments. Asterisks indicate significant differences: **P < 0.01, ***P < 0.001 versus 0 nM AS1949490 treatment.
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diabetic db/db mice twice daily p.o. for 7 or 10 days. This
treatment significantly decreased plasma glucose (23% reduc-
tion, relative to vehicle), without affecting body weight,
insulin levels or food intake (Figure 4A–C, and data not
shown). In the 10 day study, the effect of AS1949490 on
glucose homeostasis using the OGTT in db/db mice was exam-
ined. AS1949490 treatment significantly reduced both fasting
blood glucose (37% reduction, relative to vehicle; time =
-30 min) and the area under the blood glucose concentration
time curve (AUC) (Figure 5A,B).

AS1949490 activates intracellular insulin signalling in the liver
To confirm whether these anti-diabetic effects occurred due to
enhancement of insulin signalling, we examined this signal-
ling in the liver after chronic administration of AS1949490.
The phosphorylation levels of GSK3b were measured as an

indicator of insulin signalling activity (Cross et al., 1995;
Summers et al., 1999). Chronic administration of AS1949490
significantly increased the phosphorylation of GSK3b in the
liver without changing the overall levels of GSK3b protein
(Figure 5C,D).

Discussion

The intracellular phosphatase, SHIP2, appears to be an impor-
tant negative regulator of insulin signalling (Pesesse et al.,
1997; Ishihara et al., 1999; Sleeman et al., 2005). Several pre-
vious studies have shown that the inhibition of SHIP2 has
therapeutic potential as a treatment for type 2 diabetes
(Clement et al., 2001; Fukui et al., 2005; Sleeman et al., 2005;
Buettner et al., 2007; Grempler et al., 2007). However, these
studies were limited by the genetics, for example, loss of

Figure 3 Effect of AS1949490 on (A) glucose consumption and (B) glucose uptake in L6 myotubes, (C) gluconeogenesis in FAO cells and (D)
hepatic gene expression in ICR mice. L6 myotubes were incubated with AS1949490 for 48 h under conditions conducive to differentiation. (A)
Glucose consumption and (B) glucose uptake were then measured. The values are the means � standard error (SE) of three independent
experiments. FAO cells were treated with AS19494940 and insulin for 24 h. (C) The glucose concentration in the medium was measured after
incubation for 6 h in gluconeogenesis buffer. The values are the means � SE of four independent experiments. AS19494940 was administered
to normal ICR mice at a dose of 300 mg·kg-1, p.o. after overnight fasting (n = 4 per group). After 8 h, the total RNA was isolated from the liver.
(D) G6Pase and PEPCK mRNA levels were measured using real-time quantitative polymerase chain reaction. The values are the means � SE
(n = 4). Asterisks indicate significant differences: *P < 0.05, **P < 0.01, ***P < 0.001 versus 0 nM treatment with AS1949490 or vehicle.
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function approaches such as knock out, dominant negative
expression and antisense strategies. The effect of pharmaco-
logical inhibition of SHIP2 on the regulation of insulin sig-
naling and glucose metabolism was unknown. Thus, it was
necessary to find a small molecule SHIP2 inhibitor that could
be used for studying the physiological and pathophysiological
functions of SHIP2. In this study, AS1949490 showed potent
and competitive inhibition of SHIP2 (IC50 = 0.62 mM, Ki =
0.44 mM). In contrast, the inhibition of SHIP1, which is very
similar to SHIP2, was significantly less effective (IC50 = 12 mM,
Ki = 11 mM). In addition, AS1949490 had no effect on the
phosphatase activity of PTEN, synaptojanin and myotubu-
larin, which are other types of intracellular phosphatase.
These results indicate that AS1949490 is a potent, selective
and competitive SHIP2 inhibitor.

Inhibition of SHIP2 leads to the activation of intracellular
insulin signalling, such as the phosphorylation of Akt and the
enhancement of glucose uptake (Sasaoka et al., 2001; 2004;
Wada et al., 2001). Treatment with AS1949490 increased the
insulin-induced phosphorylation of Akt. Peripheral tissues
contain two Akt isoforms: Akt1 and Akt2 (Hanada et al., 2004),
the latter being more important for insulin signalling (Cho
et al., 2001; Garofalo et al., 2003). Insulin treatment mainly
stimulates the phosphorylation of Akt2 (Calera et al., 1998),
while growth factor stimulation activates Akt1 (Irie et al., 2005;
Kim et al., 2008). Interestingly, Sasaoka et al. (2004) showed
that SHIP2 is also specifically stimulated by insulin, and this is
associated with the subtype-specific phosphorylation of Akt2.
Indeed, AS1949490 failed to stimulate Akt phosphorylation
induced by serum stimulation, which agrees with that report.
Moreover, the addition of AS1949490 to cultured myotubes
and hepatocytes also induced the activation of glucose
metabolism and the reduction of gluconeogenesis, which is
known to be downstream to the insulin signalling cascade
(L’age et al., 1968; Granner et al., 1983; Czech, 1995). These
in vitro studies agree well with previous reports using siRNA and
the dominant negative inhibition of SHIP2 (Fukui et al., 2005;
Buettner et al., 2007; Grempler et al., 2007). These results from
cellular functional assays suggest that AS1949490 inhibited
SHIP2 in cultured cells and activated metabolic responses to
insulin. In this cellular characterization study, however, we

Figure 4 Effect of chronic treatment with AS1949490 on plasma glucose and insulin levels, and body weight in db/db mice. AS1949490 was
orally administered to db/db mice twice daily for 7 days at a dose of 300 mg·kg-1. Plasma glucose levels (A), plasma insulin levels (B) and body
weight (C) were measured at the start of the light cycle. The values are the means � standard error (n = 8). Asterisks indicate significant
differences: **P < 0.01 versus vehicle.

Figure 5 Effect of chronic treatment with AS1949490 on (A,B)
blood glucose during oral glucose tolerance tests (OGTT), and (C,D)
phosphorylation of GSK3b in db/db mice. AS1949490 was given
orally to db/db mice twice daily for 10 days at a dose of 300 mg·kg-1.
Food was withheld for 16 h after the final drug dosing, and then
glucose solution (2 g·kg-1) was loaded. (A) Blood glucose levels were
measured at the indicated times before and after glucose loading (at
time 0). (B) AUC levels during hours 0–2 of the OGTT were calculated
for each group after subtracting the baseline values (time 0).
The livers of the mice treated with AS1949490 were homogenized.
(C) The liver protein lysates were immunoblotted with anti-
phosphorylated GSK3b antibody or anti-GSK3b antibody. (D) The
densitometric quantification of pGSK3b was normalized using the
total GSK3b levels. The values of (A) and (B) are the means �
standard error (n = 8). Asterisks indicate significant differences: *P <
0.05, **P < 0.01 versus vehicle. The values shown in (D) are the
means � standard deviation for two animals.
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focused on a few important key molecules and insulin
signalling pathway events. Therefore, to directly and defini-
tively demonstrate AS1949490’s specificity for SHIP2, an addi-
tional study would have to explore whether AS1949490 could
interfere with other molecules involved in insulin signalling,
especially molecules upstream to Akt such as the insulin recep-
tor, phosphoinositide 3-kinase, and, at the cellular level,
phosphoinositide-3 phosphate.

To evaluate the in vivo effects of AS1949490 in this study, we
used db/db mice, which provide a well-established model pre-
senting key signs of diabetes: obesity, hyperglycaemia, insulin
resistance and glucose intolerance (Kobayashi et al., 2000;
Shao et al., 2000). In addition, increased SHIP2 protein pro-
duction has been previously reported in the peripheral tissues,
such as muscle and fat, of db/db mice (Hori et al., 2002).
Chronic administration of AS1949490 markedly improved
hyperglycaemia (non-fasting glucose: 23% reduction; fasting
glucose: 37% reduction) and glucose intolerance, without
affecting body weight or food intake in db/db mice. These
results are consistent with previous reports indicating that
hepatic overexpression of the dominant-negative SHIP2
mutant reduces the fasting blood glucose level and improves
glucose tolerance in db/db mice (Fukui et al., 2005). These
findings are also compatible with the results of an earlier
study using KKAy mice (Grempler et al., 2007), in which
liver-specific dominant-negative inhibition of SHIP2 reduced
the non-fasting blood glucose level and improved glucose
tolerance.

Pharmacokinetic analyses of exposure to AS1949490
revealed that, while serum concentrations were low, the con-
centration of AS1949490 was highest in the liver, (data not
shown), which was consistent with the inhibition of hepatic
SHIP2. Therefore, AS1949490 may function mainly in the liver.
We observed that a single oral dose of AS1949490 inhibited the
expression of gluconeogenic genes such as G6Pase and PEPCK
in the liver. This agrees with the reduction of G6Pase and
PEPCK gene expression in the liver observed with the SHIP2
dominant negative mutant (Fukui et al., 2005; Grempler et al.,
2007). In addition, chronic treatment with AS1949490
induced the phosphorylation of GSK3b in the liver. GSK3b is
downstream to insulin signalling, and is phosphorylated and
inactivated by Akt. GSK3b is important to the metabolic action
of insulin; for example, it plays a key role in glycogen synthesis
(Cross et al., 1995). The negative regulation of GSK3b by SHIP2
has been well documented in previous reports (Wada et al.,
2001; Sasaoka et al., 2004). These findings indicate that
AS1949490 can inhibit SHIP2 in the liver, which suggests that
the improvement of type 2 diabetes observed with AS1949490
treatment could be partially attributed to this effect. However,
the possibility that AS1949490 has actions in other tissues,
such as muscle or fat, which have been reported to be SHIP2
target tissues, cannot be ruled out. Therefore, additional
studies are needed in a variety of target tissues to elucidate the
contribution of each tissue to the overall improvement in
glucose metabolism. In our experiments, in spite of a relatively
high dose, no toxic effects such as hypophagia and body
weight reduction were observed. However, this does not pre-
clude the possibility that unknown targets of AS1949490 con-
tribute to the anti-diabetic effects. To elucidate these issues,
additional studies profiling AS1949490 in more detail (as

previously mentioned) are necessary, as is the discovery of
additional, more potent types of selective SHIP2 inhibitors.

In summary, the first novel, potent, selective small mol-
ecule SHIP2 inhibitor, AS1949490, has been identified. The
full biological characterization of AS1949490 will be of great
importance for the understanding of the physiological and
pathophysiological functions of SHIP2.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 (A) Inhibitory effect of AS1949490 on the cata-
lytic activity of SHIP2 and SHIP1. AS1949490 inhibition con-
stant and its mode of inhibition for SHIP2 were determined
by varying the ins(1,3,4,5)P4 concentration at fixed levels
of AS1949490, 0 nM (circle), 630 nM (triangle), 1300 nM
(square). AS1949490 is a competitive inhibitor with respect to
ins(1,3,4,5)P4 with a Ki value of 0.44 � 0.19 mM for SHIP2. (B)
AS1949490 inhibition constant and its mode of inhibition for
SHIP1 were determined by varying the ins(1,3,4,5)P4 concen-
tration at fixed levels of AS1949490, 0 nM (circle), 5 mM (tri-
angle), 20 mM (square), 40 mM (diamond). AS1949490 is a
competitive inhibitor with respect to ins(1,3,4,5)P4 with a Ki
value of 11 � 1.4 mM for SHIP1.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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