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The IGF-1 receptor has become a therapeutic target for the treatment of cancer. The efficacy of

OSI-906 (linstinib), a dual inhibitor of IGF-1 receptor and insulin receptor, for solid cancers has been

examined in clinical trials. The effects of OSI-906, however, on the blood glucose levels and pan-

creatic �-cell functions have not yet been reported. We investigated the impact of OSI-906 on

glycemic control, insulin secretion, �-cell mass, and �-cell proliferation in male mice. Oral admin-

istration of OSI-906 worsened glucose tolerance in a dose-dependent manner in the wild-type mice.

OSI-906 at a dose equivalent to the clinical daily dose (7.5 mg/kg) transiently evoked glucose

intolerance and hyperinsulinemia. Insulin receptor substrate (IRS)-2-deficient mice and mice with

diet-induced obesity, both models of peripheral insulin resistance, exhibited more severe glucose

intolerance after OSI-906 administration than glucokinase-haploinsufficient mice, a model of im-

paired insulin secretion. Phloridzin improved the hyperglycemia induced by OSI-906 in mice. In

vitro, OSI-906 showed no effect on insulin secretion from isolated islets. After daily administration

of OSI-906 for a week to mice, the �-cell mass and �-cell proliferation rate were significantly

increased. The insulin signals in the �-cells were apparently unaffected in those mice. Taken to-

gether, the results suggest that OSI-906 could exacerbate diabetes, especially in patients with

insulin resistance. On the other hand, the results suggest that the �-cell mass may expand in

response to chemotherapy with this drug. (Endocrinology 155: 2102–2111, 2014)

Type 2 diabetes has been linked to increased rates of

cancer incidence and mortality (1, 2). Many factors

involved in the progression of diabetes are also associated

with the incidence of cancer, including advanced age, sex,

hyperglycemia, dyslipidemia, hyperinsulinemia, and low-

grade inflammation. Hence, the development of therapeu-

tic strategies for cancer that will not worsen type 2 diabetes

is necessary.

Insulin and IGF-1 receptor signaling stimulates cell pro-

liferation and migration of many cells, including the pan-

creatic �-cells (3–5). Insulin and the IGF receptor are also

expressed in most cancer cells, and activation of the re-

ceptors in these cells induces proliferation of the cancer

cells and development of metastasis. IGF-1 exerts more

potent mitogenic and antiapoptotic activities than insulin

(6). For this reason, a number of anti–IGF-1 receptor

drugs, including monoclonal antibodies and tyrosine ki-

nase inhibitors have been developed. OSI-906 (linstinib) is

an orally bioavailable dual insulin/IGF-1 receptor tyrosine

kinase inhibitor (7). By inhibiting autophosphorylation of

these receptors, OSI-906 inhibits their downstream path-

ways, such as phosphorylation of Akt, ERK1/2, and

p70S6K. The half-maximal inhibitory concentrations

(IC50) of OSI-906 for the IGF-1 and insulin receptors are
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0.035�M and 0.075�M. OSI-906 has been demonstrated

as a promising therapeutic agent for several cancers in

animal models (7–11). Insulin and IGF-1 receptor-medi-

ated signaling obviously play a crucial role in the insulin

actions regulating the metabolism of glucose and fatty ac-

ids. Therefore, unraveling the precise effect of OSI-906 on

glycemic control is an important issue for the clinical ap-

plication of OSI-906, especially in subjects with diabetes.

Decline of the �-cell mass is a hallmark of type 1 and

type 2 diabetes, and therapeutic strategies to increase the

residual �-cell mass are required for

adequate control of diabetes mellitus

(12). Insulin and IGF-1 receptors,

and their downstream signaling in

the �-cells, participate in the main-

tenance of the �-cell mass and com-

pensatory �-cell mass expansion in

response to insulin resistance (3–5,

13, 14). Recently, it was reported

that chronic administration of S961,

an insulin receptor blocker, induced

expression of betatrophin/angiopoi-

etin-like protein 8 (ANGPTL8) in

the liver and markedly promoted

�-cell proliferation (15). These find-

ings prompted us to investigate

whether OSI-906, a dual insulin/

IGF-1 receptor blocker, might accel-

erate or inhibit �-cell proliferation.

In this study, we examined the ef-

fects of OSI-906 on the glycemic con-

trol in normoglycemic wild-type

mice, �-cell–specific glucokinase-

haploinsufficient (�Gck�/�) mice, a

model of impaired insulin secretion,

and also IRS-2–deficient (IRS-2�/�)

and diet-induced obesity (DIO)

mice, both models of peripheral in-

sulin resistance (12, 13). We also in-

vestigated whether OSI-906 can pro-

mote �-cell proliferation in mice.

Materials and Methods

Animals and animal care
C57BL/6J wild-type mice were ob-

tained from CLEA Japan. We back-
crossed �Gck�/� mice (12) or IRS-2�/�

mice (13) with C57BL/6J mice more than
10 times. DIO mice fed a high-fat diet
were also generated as described previ-
ously (16). All the experiments were con-
ducted on male littermates. All the ani-
mal procedures were performed in
accordance with the institutional animal
care guidelines and guidelines of the An-
imal Care Committee of the Yokohama
City University. The animal housing

Figure 1. Single administration of a pharmacological dose of OSI-906 (75 mg/kg) worsened the

glucose tolerance and survival rate in wild-type mice. The experiments were performed in 8-

week-old C57BL/6J mice. A, Experimental protocol. OSI-906 or vehicle (Solutol HS-15) was

administered orally 30 minutes before oral glucose loading (1.5 mg/g body weight) for the OGTT.

B, Plasma glucose levels during OGTT after administration of indicated doses of OSI-906 (n � 6).

C, Plasma glucose levels (n � 11) (left) and serum insulin levels (n � 11) (right) during OGTT after

administration of 75 mg/kg OSI-906. *, P � .05; **, P � .01 vs vehicle. D–F, OSI-906 (75 mg/kg)

or vehicle (Solutol HS-15) was administered orally at day 0. The experiments were performed on

the indicated day after administration. D, Body weight gain (n � 11) (left) and blood glucose

levels (n � 11) (right). **, P � .01 vs vehicle. E, Serum insulin levels (n � 11). **, P � .01 vs

vehicle. F, Survival rate. G, PHZ (800 mg/kg) or vehicle was administered orally 300 minutes

before the OGTT. OSI-906 (75 mg/kg) was administered orally 30 minutes before the OGTT.

Plasma glucose levels (n � 6). **, P � .01 vs vehicle � OSI-906.

doi: 10.1210/en.2013-2032 endo.endojournals.org 2103
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rooms were maintained at a constant room temperature (25°C)
and on a 12-hour light (7:00 AM), 12-hour dark (7:00 PM) cycle.

Biochemical parameters and glucose tolerance test
The plasma glucose levels and blood insulin levels were de-

termined using a Glutest Neo Super (Sanwa Chemical Co) and an
insulin kit (Morinaga), respectively. All the mice were denied
access to food for 20 to 24 hours before the oral glucose tolerance
test (OGTT) and then orally loaded with glucose at 1.5 mg/g
body weight. For the single administration experiments, 8-week-
old mice received oral administration of either vehicle (Solutol
HS-15; BASF) or OSI-906 30 minutes before the oral glucose
loading (1.5 mg/g). OSI-906 (linstinib) was purchased from Sell-
eck Chemicals and Chemscene. Phloridzin (PHZ) (Sigma) was
administered orally 300 minutes before the OGTT (800 mg/kg).

Histological analysis
The mice were ip injected with bromodeoxyuridine (BrdU)

(100 mg/kg; Nacalai Tesque, Inc). More than 5 pancreatic tissue
sections from each animal were analyzed after fixation and par-
affin embedding. The sections were immunostained with anti-
bodies to insulin (Santa Cruz), glucagon (Abcam), Ki67 (DAKO,
Japan), BrdU (Sigma), or FoxO1 (Cell signaling technology).
Biotinylated secondary antibodies, a Vectastain elite ABC kit,
and a diaminobenzidine substrate kit (Vector) were used to ex-
amine the sections using bright-field microscopy to determine the
�-cell mass, and Alexa Fluor 488-, 555-, and 647-conjugated
secondary antibodies (Invitrogen) were used for the fluorescence
microscopy. All the images were acquired using a BZ-9000 mi-
croscope (Keyence) or FluoView FV1000-D confocal laser scan-
ning microscope (Olympus). The percent area of the pancreatic

tissue occupied by the �-cells was calculated using the BIOREVO
software (Keyence), as described previously (17). In the BrdU
staining experiment, approximately 100 islets were analyzed by
BIOREVO software to assess the proportion of immunostained
nuclei among the insulin-positive cells in each mouse.

Islet culture
Islets were isolated from the mice as described elsewhere (17).

Isolated islets were cultured in RPMI 1640 medium (Wako Pure
Chemical Industries) containing 5.6mM glucose supplemented
with 10% fetal calf serum, 100 U/mL penicillin, and 100 �g/mL
streptomycin. Islets were treated with 200nM OSI-906 (Selleck
Chemicals). All the reagents were added concomitantly to the
medium in each experiment.

Real-time PCR
Total RNA was isolated from the pancreatic islets and liver

using a ribonuclease-free deoxyribonuclease, RNeasy kit, and
QIAshredder (QIAGEN). cDNA was prepared using the High
Capacity cDNA reverse transcription kits (Applied Biosystems)
and was subjected to quantitative PCR using TaqMan gene ex-
pression assays (7900 real-time PCR system; Applied Biosys-
tems) with THUNDERBIRD qPCR Master Mix (Toyobo). All
the probes were purchased from Applied Biosystems. Each quan-
titative reaction was performed in duplicate. Data were normal-
ized according to the �-actin level.

Immunoblotting
For immunoblotting, more than 100 isolated islets were lysed in

ice-cold RIPA buffer (Cell Signaling Technology) with complete
protease inhibitor cocktail (Roche Diagnostics). After centrifuga-

tion, the extracts were subjected to immu-
noprecipitation with antibodies to the in-
sulin receptor �-subunit (Santa Cruz) or
the IGF-1 receptor �-subunit (Cell Signal-
ing Technology), and protein L (Thermo
Fisher Scientific). The specimens were sub-
jected to immunoblotting with antibodies
to the insulin receptor �-subunit (Santa
Cruz), IFG-1 receptor �-subunit (Cell Sig-
naling Technology), or phosphotyrosine
(4G10) (Santa Cruz).

Statistical analyses
All the data are expressed as means �

SE and were analyzed using the Student’s
t test or an ANOVA. Differences were
considered significant if the P value
was � .05.

Results

Effects of OSI-906 on the

glycemic control in wild-type

mice

To examine the effect of OSI-906

on the glycemic control, we first ad-

ministered OSI-906 orally 30 min-

Figure 2. Single administration of a clinical dose of OSI-906 (7.5 mg/kg) worsened the glucose

tolerance in wild-type mice. The experiments were performed in 8-week-old C57BL/6J mice. A

and B, OGTT after administration of 7.5 mg/kg OSI-906 or vehicle (Solutol HS-15). (n � 7). A,

Plasma glucose levels during OGTT. *, P � .05; **, P � .01 vs vehicle. B, Serum insulin levels

during OGTT. **, P � .01 vs vehicle. C, Experimental protocol (left) and plasma glucose levels

during insulin tolerance test (ITT) (right) (n � 7). OSI-906 (7.5 mg/kg) or vehicle (Solutol HS-15)

was administered orally 30 minutes before the ITT. **, P � .01 vs vehicle.
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utes before oral glucose loading to euglycemic wild-type

C57BL/6J mice (Figure 1A). OSI-906 caused a dose-de-

pendent deterioration of glucose tolerance in the mice

(Figure 1B). Dose-dependent tumor growth inhibition

(TGI) by OSI-906 has been reported in a xenograft model,

with a 75 mg/kg dose causing 100% TGI and 55% re-

gression and a 25 mg/kg dose affording a marginal TGI of

60% and regression rate of 0% (7). Therefore, we next

evaluated the effects of OSI-906 at 75 mg/kg as the phar-

macological dose. Before elevation of the blood glucose

levels, marked elevation of the serum

insulin levels was observed after

OSI-906 administration (Figure 1C).

Reduction of the body weight, hy-

perglycemia, and hyperinsulinemia

were sustained until 2 days after a

single administration of OSI-906 at

75 mg/kg OSI-906 (Figure 1, D and

E). The drug also reduced the sur-

vival rate of the mice (Figure 1F). Be-

cause the sodium/glucose cotrans-

porter (SGLT)-1 and SGLT-2

inhibitor PHZ is known to lower

blood glucose levels via reducing re-

nal glucose transport, not via insulin

receptor signaling, we assessed the

effect of this drug on the hyperglyce-

mia elicited by OSI-906. PHZ signif-

icantly attenuated the OSI-906–in-

duced elevation of the blood glucose

levels (Figure 1G).

In human clinical trials, OSI-906

has been administered to patients

with advanced solid tumors or met-

astatic colorectal cancers at 150 mg

twice daily (300 mg/d) (18). Hence,

we examined the effects of OSI-906

administered at the concentration of

7.5 mg/kg as the clinical dose. This

dose was sufficient to elicit hypergly-

cemia, hyperinsulinemia, and insulin

resistance in the wild-type mice (Fig-

ure 2, A–C). However, all of these

changes reversed by 1 day after the

administration, and there were no

significant changes of the body

weight or survival rate between the

animals treated with this drug and

vehicle-treated mice (data not

shown).

OSI-906 worsened glycemic

control in the mouse model of

insulin resistance

We assessed how the diabetic

state might affect the glycemic re-

Figure 3. IRS-2–deficient (IRS-2�/�) mice and DIO mice exhibited aggravated glucose

intolerance after a single administration of OSI-906. A–C, Plasma glucose levels (left) and serum

insulin levels (right) during OGTT. OSI-906 (7.5 mg/kg) or vehicle (Solutol HS-15) was

administered orally 30 minutes before the OGTT. A, �Gck�/� mice or �Gck�/� mice (n � 7). B,

IRS-2�/� mice or IRS-2�/� mice (n � 7). C, DIO mice or lean mice (n � 10). D and E, Plasma

glucose levels in IRS-2�/� mice (n � 5) (D) and in DIO mice (n � 5) (E) during OGTT. PHZ (800

mg/kg) or vehicle (Solutol HS-15) was administered orally 300 minutes before the OGTT as

described in Figure 1G. OSI-906 (7.5 mg/kg) was administered orally 30 minutes before OGTT.

*, P � .05; **, P � .01 vs vehicle of each genotype. †, P � .05; ††, P � .01 vs wild type

(�Gck�/�, IRS-2�/�, lean) OSI-906. #, P � .05; ##, P � .01 vs IRS-2�/� mice vehicle plus OSI-906

or DIO mice vehicle plus OSI-906.

doi: 10.1210/en.2013-2032 endo.endojournals.org 2105
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sponse to OSI-906 in mice. As a model of impaired insulin

secretion, we used �Gck�/� mice, which lack the brain-

and �-cell–specific first exon of the glucokinase gene (12,

19). Although �Gck�/� mice showed mild hyperglycemia

and impaired insulin secretion in response to glucose un-

der nontreated conditions, the extent of hyperglycemia

elicited by 7.5 mg/kg OSI-906 was equal in both genotypes

(Figure 3A). In contrast, IRS-2�/� mice exhibited severe glu-

cose intolerance after the administration of OSI-906 at 7.5

mg/kg (Figure 3B). Because insulin resistance is observed in

IRS-2�/� mice (13), we next examined DIO mice fed a high-

fat diet for 12 weeks. DIO mice also exhibited sustained hy-

perglycemiaandhyperinsulinemiaafteradministrationofan

identical dose, to the experiments mentioned just before, of

OSI-906 (Figure 3C). PHZ significantly improved the OSI-

906–induced glucose intolerance in both IRS-2�/� and DIO

mice (Figure 3, D and E).

OSI-906 did not affect glucose-induced insulin

secretion from isolated islets

We investigated glucose-induced insulin secretion from

isolated islets of the wild-type mice in the presence of 200

nM OSI-906. We confirmed that 200 nM OSI-906 re-

duced the phosphorylation levels of the insulin receptors

in the HEK293 cells (Supplemental Figure 1A). FoxO1

was also significantly translocated into the nucleus by 200

nM OSI-906 in the HEK293 cells (Supplemental Figure

1B). The insulin secretion from the islets in response to 2.8

mM, 11.1 mM, and 22.2 mM glucose remained un-

changed by treatment with OSI-906 (Figure 4A). OSI-906

also did not modify the expression levels of the insulin

genes or glucokinase in the islets in the presence of 2.8 mM

or 22.2 mM glucose (Figure 4B).

Chronic administration of OSI-906 increased �-cell

proliferation and �-cell mass

Peripheral insulin resistance triggers compensatory

�-cell proliferation in mice (16). On the other hand, im-

paired insulin signaling plays a crucial part in the reactive

increment of the �-cell mass (3, 13). OSI-906 is a tyrosine

kinase inhibitor of insulin/IGF-1 receptor-mediated sig-

naling. We asked then whether chronic administration of

OSI-906 would increase or decrease �-cell proliferation

and �-cell mass in mice.

We first gave OSI-906 orally to mice at the dose of 50

mg/kg once daily for 3 days (Supplemental Figure 2A).

OSI-906 elicited persistent hyperglycemia and progressive

body weight loss (Supplemental Figure 2B). Furthermore,

about half of the animals in the OSI-906–treated group died

(data not shown). To examine the maximum tolerated dose

for repeated oral administration, we next gave OSI-906

orally to the mice at 40 mg/kg once daily for 7 days (Figure

5A). Although this elicited sustained hyperglycemia, no ad-

verseeffectson thebodyweightchangesor survival ratewere

observed (Figure 5, B and C, and data not shown). We val-

idatedthat thisconcentrationofOSI-906adequatelyblunted

the phosphorylation of the insulin and IGF-1 receptors in the

liver (Supplemental Figure 2C). Concomitantly, the expres-

sion levels of glucose-6-phosphatase and phosphoenolpyru-

vate carboxykinase were significantly increased, and the ex-

pression level of glucokinase was significantly decreased in

the liver (Supplemental Figure 2D). It is noteworthy that

chronic administration of OSI-906 at 40 mg/kg significantly

increased the �-cellmassand �-cell proliferation (Figure5,D

and E). The expression levels of betatrophin/ANGPTL8 in

the liverwere increasedafteradministrationofOSI-906(Fig-

ure 5F).

We also examined the effects of administration of 7.5

mg/kg of OSI-906 once daily for 7 days on the �-cell prolif-

erative activity and �-cell mass (Figure 6A). Chronic admin-

istration of OSI-906 at this dose resulted in a slight increase

of the blood glucose levels but had no impact on the body

weight changes (Figure 6, B and C). This concentration of

OSI-906 increased glucose-6-phosphatase expression but

had no significant effect on the expression level of phosphoe-

nolpyruvate carboxykinase or glu-

cokinase in the liver (Supplemental

Figure3). Intriguingly, chronicadmin-

istration of OSI-906 at 7.5 mg/kg also

increased the �-cell mass and �-cell

proliferative activity (Figure 6, D and

E). The betatrophin/ANGPTL8 ex-

pression in the liver increased, al-

though this difference was not statis-

tically significant (Figure 6F).

OSI-906 did not inhibit insulin

signaling in the �-cells

We also evaluated the inhibition

of insulin signaling in the �-cells. Af-

Figure 4. OSI-906 did not affect the insulin secretion from isolated islets. A and B, Islets from

C57BL/6J mice (aged 8 weeks) were incubated with 200 nM OSI-906 in the presence of 5.6 mM

glucose for 24 hours. A, Insulin secretion by the islets in response to 2.8 mM, 11.1 mM, or 22.2

mM glucose in the presence or absence of 200 nM OSI-906. The results are shown in nanograms

insulin per 10 islets per 90 minutes (n � 6). B, mRNA expression levels in the islets (n � 6). *, P �

.05; **, P � .01.
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ter treatment with vehicle or OSI-906 (40 mg/kg) for a

week, FoxO1 was mostly localized in the cytoplasm, not

in the nuclei, in the insulin-positive �-cells in both the

vehicle- and OSI-906–treated mice (Figure 7A). Tyrosine

phosphorylation levels of the insulin and IGF-1 receptors

in the isolated islets were not significantly downregulated

by treatment with 50 mg/kg OSI-906 in vivo (Figure 7B).

However, the apparent inhibition of the insulin and IGF-1

receptors were realized in the liver in the same mice (Figure

7B). Glucokinase activation by glucokinase activator

(GKA) has been reported to be associated with enhanced

expression of IRS-2, which results in �-cell proliferation

through upregulation of cyclin D1 and D2 (Ccnd1 and

Ccnd2) (20–22). Therefore, the effects of OSI-906 on the

GKA-induced insulin signal- and the cell cycle-related

gene expression in isolated islets were assessed in vitro. In

the presence of OSI-906, the induction of IRS-2, PDX1,

cyclin D1, and cyclin D2 gene ex-

pression by GKA was preserved, not

impaired (Figure 7C). Expression of

the cell cycle marker Ki67 triggered

by GKA was also not influenced by

OSI-906 treatment (Figure 7C). The

phosphorylation levels of the insulin

receptor and Akt in the isolated islets

were not altered by treatment with

OSI-906 in vitro (Supplemental Fig-

ure 4B). We could not detect phos-

phorylation of the IGF-1 receptor in

the islets even in the absence of OSI-

906 in vitro (Supplemental Figure

4B). These results indicate that inhi-

bition of insulin receptor/IGF-1 re-

ceptor by OSI-906 has only feeble ac-

tivity against insulin signaling in

�-cells.

Discussion

Insulin- and IGF-1–mediated signal-

ing via their receptors plays a crucial

role in the pathogenesis of metabolic

diseases and diabetes, cell prolifera-

tionandsurvival, tumorgrowth,brain

functions, cardiac functions, and lon-

gevity (23, 24). OSI-906, a dual inhib-

itor of the IGF-1 and insulin receptors,

has been developed as a promising an-

ticancer agent. In this study, we inves-

tigated the effects of OSI-906 on gly-

cemic control, �-cell function, and

�-cell proliferation in mice

In previous preclinical studies, OSI-906 was adminis-

tered to mice at the concentrations of 20, 30, 40, 50, and

75 mg/kg daily (7–9, 11, 25). Administration of OSI-906

at 75 mg/kg to wild-type mice as the pharmacological dose

not only elicited severe hyperglycemia, but also resulted in

body weight loss and a low survival rate. When OSI-906

was administered to mice at a dose equivalent to that in

human clinical trials (7.5 mg/kg or 300 mg/d), the IRS-

2�/� mice and DIO mice, which are mouse models of in-

sulin resistance, exhibited more severe hyperglycemia

than the wild-type and �Gck�/� mice. Hence, insulin re-

sistance might be a predictor of a worsened glycemic re-

sponse to OSI-906. Hyperinsulinemia compensated OSI-

906–induced insulin resistance in the wild-type and

�Gck�/� mice, because the intrinsic insulin secretory ca-

pacity is preserved in both mice. Although �Gck�/� mice

Figure 5. Chronic administration of pharmacological dose of OSI-906 promoted �-cell

proliferation. The experiments were performed in 8-week-old C57BL/6J mice (n � 8). A,

Experimental protocol. OSI-906 (40 mg/kg) or vehicle was administered orally once daily for 7

days. B, Plasma glucose levels at just before and 4 hours after administration of OSI-906 or

vehicle. C, Body weight gain. D, �-cell mass (left), with �-cell area shown as percent area of the

entire pancreas, and representative pancreatic sections (right). The red arrows indicate insulin-

positive �-cells. E, Number of BrdU-positive �-cells in the islets (at least 30 islets per indicated

group, left). Insulin is stained red, nuclei are stained blue (4�,6-diamidino-2-phenylindole [DAPI]),

and BrdU-positive nuclei are stained green (right). The white arrows indicate BrdU-positive �-

cells. Scale bar, 50 �m. F, mRNA expression levels in the liver (n � 6). *, P � .05 vs vehicle.
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exhibit impaired insulin secretion as compared with wild-

type mice, a certain level of basal insulin secretion and a

compensatoryadaptive increaseof insulin secretion is con-

served in these mice to maintain blood glucose levels.

Ins2�/Cys96Tyr Akita mice, which exhibit severely impaired

insulin secretion, showed fairly profound hyperglycemia

after OSI-906 administration (data not shown). These re-

sults suggest that diabetic patients showing severely im-

paired insulin secretion may develop serious hyperglyce-

mia after treatment with OSI-906. Because PHZ reduced

the hyperglycemia significantly even in these mice, use of

an SGLT-2 inhibitor might be effective in patients receiv-

ing OSI-906.

Because the isolated islets loaded with OSI-906 in vitro

showed normal insulin secretion and insulin gene expres-

sion, the hyperinsulinemia induced by OSI-906 was not

due to its direct actions to on the �-cells. It is possible that

hyperglycemia or some other insulin

secretagogue was involved in this su-

perfluous insulin secretion to pro-

vide stable glycemic control. Ty-

rosine phosphorylation of the insulin

receptor was not affected by OSI-

906 treatment in the islets, although

dephosphorylation of the insulin re-

ceptor was observed in the liver and

HEK293 cells. The insulin receptors

expressed on the �-cells are presum-

ably exposed to abundant amounts

of insulin through autocrine and

paracrine mechanisms. Therefore,

residual receptors might be hyperac-

tivated by excessive insulin, even af-

ter most of the receptors are inhib-

ited by OSI-906. The permeability of

drugs through the pancreas depends,

in general, on their molecular size

and lipid solubility. One possibility

is that the distribution of OSI-906 in

the pancreatic tissue is insufficient to

inhibit the phosphorylation of the in-

sulin/IGF-1 receptors.

Elements of the insulin signaling

pathway in the �-cells evidently con-

tribute to �-cell functions, prolifera-

tion, and survival (26–29). If

OSI-906 elicits pharmacological

blockade of the insulin/IGF-1 recep-

tor and downstream insulin signal-

ing in �-cells, it should cause �-cell

injury. Our data demonstrated that

OSI-906 did not inhibit �-cell prolif-

eration and downstream insulin signaling in the �-cells.

Rather, OSI-906 promoted �-cell proliferation and in-

creased the �-cell mass in the mice. As compared with that

in a previous study of S961-treated mice (15), the expres-

sion level of betatrophin/ANGPTL8 in the liver and the

increment of the �-cell proliferation in the OSI-906–

treated mice were mild. The hepatocyte-derived humoral

factors contribute to the �-cell proliferative activity in liv-

er-specific insulin receptor knockout (LIRKO) mice (30).

Accordingly, blockade of the liver insulin and IGF-1 re-

ceptors with OSI-906 may evoke the release of identical

systemic factors from hepatocytes. Recent studies have

also demonstrated that age-related systemic factors or T

cell-produced soluble factors facilitate �-cell proliferation

under both physiological and pathological conditions (31,

32). Hence, further study is required to determine the con-

tribution of betatrophin or other humoral factors to the

Figure 6. Chronic administration of clinical dose of OSI-906 promoted �-cell proliferation. The

experiments were performed in 8-week-old C57BL/6J mice (n � 5). A, Experimental protocol.

OSI-906 (7.5 mg/kg) or vehicle was administered orally once daily for 7 days. B, Plasma glucose

levels at just before and 4 hours after administration of OSI-906 or vehicle. C, Body weight gain.

D, �-cell mass (left), with �-cell area shown as percent area of the entire pancreas, and

representative pancreatic sections (right). The red arrows indicate insulin-positive �-cells. E,

Number of BrdU-positive �-cells in the islets (at least 30 islets per indicated group, left). Insulin is

stained green and BrdU-positive nuclei are stained red (right). The white arrows indicate BrdU-

positive �-cells. Scale bar, 50 �m. F, mRNA expression levels in the liver (n � 6). *, P � .05 vs

vehicle.
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�-cell mass in this model. The proliferative activity of the

�-cells was accelerated at both the pharmacological dose

(75 mg/kg) and clinical dose (7.5 mg/kg), regardless of the

allowable glycemic control and degree of blockade of in-

sulin signaling in the liver in the latter case. These obser-

vations suggested that sustained hyperglycemia was not

the factor that induced the �-cell replication, and complete

loss of insulin signaling was not required for acceleration

of the �-cell proliferation in this model. We recently

showed that IRS-2�/� mice exhibited a significant increase

in �-cell proliferative activity on the sixth day after 60%

partial pancreatectomy (33). In this study also, we showed

rapid increase of �-cell replication after once-daily admin-

istration of OSI-906 for a week. It is possible that the

short-term �-cell compensation observed in this model is

independent of insulin signaling, such as insulin receptor

or IRS-2 signaling.

We recently noted that even if isolated islets were cul-

tured in the presence of OSI-906, GKA satisfactorily in-

creased IRS-2 and regulated the expression of endoplas-

mic reticulum stress-related genes (20). A recent intriguing

review suggested that IRS-2-mediated insulin signaling in

the �-cells may not be triggered by activation of the insulin

receptor (34). We advocate this concept as being a phys-

Figure 7. OSI-906 had no effect on the insulin signaling in �-cells. The experiments were performed in 8-week-old C57BL/6J mice (n � 8). A, OSI-

906 (40 mg/kg) or vehicle was administered orally once daily for 7 days as described in Figure 5A. Representative pancreatic sections stained with

antibodies for insulin (red) and FoxO1 (green) are shown. Scale bar, 50 �m. B, OSI-906 (50 mg/kg) or vehicle was administered orally 3 hours

before the analysis. The effect of OSI-906 was confirmed by the detection of hyperglycemia (�300 mg/dL). The total cell extracts from isolated

islets were subjected to immunoprecipitation and immunoblotting, as indicated. C, mRNA expression levels in the islets (n � 6). Islets of C57BL/6J

mice were incubated with 30�M GKA at 5.6mM glucose for 24 hours, in the presence of 200 nM OSI-906. *, P � .05 vs vehicle.
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iological model for glucose signaling-mediated activation

of the insulin signaling pathway in �-cells. �-Cells are re-

portedly destined to convert to �-cells under severely hy-

perglycemic conditions (35), whereas the �-cells are con-

verted into �-cells after almost complete elimination of

�-cells (36). This transdifferentiation between �-cells and

�-cells might be involved in the regulation of the �-cell

mass under the chronic hyperglycemic condition elicited

by OSI-906. Further study is needed to precisely elucidate

the molecular mechanisms by which OSI-906 increases the

�-cell mass.

In summary, OSI-906 may worsen glycemic control,

especially in patients with insulin resistance, although

having no adverse effect on the �-cell mass. We also pro-

pose that an SGLT-2 inhibitor may be an ideal candidate

as a hypoglycemic drug for patients with hyperglycemia

induced by OSI-906. Interestingly, OSI-906 exerts no sig-

nificant inhibition of the insulin signaling pathway in

�-cells. This drug might therefore be useful for elucidating

insulin/IGF-1 receptor-mediated signaling in �-cells. Fur-

ther analyses are needed to clarify the link between OSI-

906 and regulation of �-cell function and mass.
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