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During embryonic development, insulin-like growth factor-II (IGF-II) participates in the regulation of islet growth and
differentiation. We generated transgenic mice (C57BL6/SJL) expressing IGF-II in β cells under control of the rat Insulin I
promoter in order to study the role of islet hyperplasia and hyperinsulinemia in the development of type 2 diabetes. In
contrast to islets from control mice, islets from transgenic mice displayed high levels of IGF-II mRNA and protein.
Pancreases from transgenic mice showed an increase in β-cell mass (about 3-fold) and in insulin mRNA levels. However,
the organization of cells within transgenic islets was disrupted, with glucagon-producing cells randomly distributed
throughout the core. We also observed enhanced glucose-stimulated insulin secretion and glucose utilization in islets
from transgenic mice. These mice displayed hyperinsulinemia, mild hyperglycemia, and altered glucose and insulin
tolerance tests, and about 30% of these animals developed overt diabetes when fed a high-fat diet. Furthermore,
transgenic mice obtained from the N1 backcross to C57KsJ mice showed high islet hyperplasia and insulin resistance,
but they also developed fatty liver and obesity. These results indicate that local overexpression of IGF-II in islets might
lead to type 2 diabetes and that islet hyperplasia and hypersecretion of insulin might occur early in the pathogenesis of
this disease.
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Introduction
Insulin-like growth factor-II (IGF-II) is a growth-pro-
moting polypeptide that shares a high degree of struc-
tural homology with insulin. IGF-II is synthesized pri-
marily by the liver, but it is also produced locally by
many tissues, where it acts in an autocrine or paracrine
manner (1–3). It is expressed at high levels during
embryonic development, but its expression is progres-
sively extinguished in most tissues after birth (1–3). In
the developing pancreas, IGF-II is involved in the regu-
lation of islet growth and differentiation and is much
more abundant than IGF-I (4). Furthermore, in cul-
tured fetal and neonatal rat islets, IGF-II stimulates
DNA synthesis (5, 6). In adults, IGF-II has been shown
to colocalize with insulin in the β cells of human and
rat pancreas (7, 8). Furthermore, in Goto-Kakizaki
(GK) rats (a model of mild type 2 diabetes without obe-
sity), greater amounts of a high-molecular-weight form
of IGF-II were found in pancreatic extracts from 2- and
6-month-old GK rats than in extracts from 1-month-
old GK and control rats (8, 9). Moreover, more IGF-II
mRNA was detected in starfish-shaped islets of GK rats
than in either GK rat islets with normal structure or
islets of control rats (8).

Type 2 diabetes mellitus is characterized by decreased
response of the liver and peripheral tissues to insulin

(insulin resistance) and by inadequate compensatory
insulin secretory response (10, 11). Hyperinsulinemia
in the fasting state is observed relatively early in type 2
diabetes, but it is believed to be a secondary response
that compensates for the insulin resistance. However,
it has been suggested (11, 12) that hypersecretion of
insulin is a primary defect in type 2 diabetes and that
insulin resistance develops secondarily to the chronic
hyperinsulinemia. In Pima Indians, the plasma insulin
response to either oral or intravenous glucose admin-
istration is significantly greater than in Caucasians
(13). This suggests that primary, not compensatory,
hypersecretion of insulin by the pancreatic β cells may
be a basic genetic defect for type 2 diabetes in this pop-
ulation. Similarly, fasting and postprandial hyperinsu-
linemia precede the development of insulin resistance
in individuals with juvenile-onset obesity (14) and in a
variety of animal models of obesity and diabetes,
including normal rats with ventromedial hypothala-
mus lesions (15) and Zucker diabetic fatty (ZDF) rats
(16). In the sand rat, a model of nutrition-induced dia-
betes, hyperinsulinemia is the initial effect of overeat-
ing and is associated with a dramatic decrease in
insulin-induced receptor tyrosine kinase activity in
both liver and muscle in vitro and in vivo (17). More-
over, chronic physiological euglycemic hyperinsuline-
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mia persisting for 3–5 days can induce severe insulin
resistance in healthy young subjects with normal glu-
cose tolerance (18). Furthermore, patients with insuli-
noma display degrees of insulin resistance that are
directly related to the extent of their hyperinsulinemia
(19, 20). Similarly, transgenic mice that overexpress the
human insulin gene develop insulin resistance subse-
quent to hyperinsulinemia (21, 22).

In this study we have developed transgenic mice over-
expressing IGF-II under control of the rat insulin-I pro-
moter (RIP-I/IGF-II) to determine whether an increase
in this factor in the pancreas may lead to islet hyper-
plasia, and if this is the case, to determine the role of
increased β-cell mass and insulin secretion in the devel-
opment of type 2 diabetes.

Methods
Generation of transgenic mice. The RIP-I/IGF-II chimeric
gene was obtained by introduction of a 0.72-kb EcoRI
fragment containing the entire mouse IGF-II cDNA
(23) at the EcoRI site in an RIP-I/β-globin expression
vector (24). This chimeric gene was microinjected into
fertilized mouse eggs from a C57BL6/SJL background.
The general procedures used for microinjection and
detection were as described (25). Transgenic mice
expressing the RIP-I/IGF-II chimeric gene with a
C57BL6/SJL genetic background were also backcrossed
to C57KsJ mice (The Jackson Laboratory, Bar Harbor,
Maine, USA), and the N1 generation was analyzed. In
the experiments described below, heterozygous male
mice were used. Mice were fed ad libitum with a stan-
dard diet (Panlab, Barcelona, Spain) and kept under a
12-hour light/12hour-dark cycle (lights on at 0800
hours). When stated, mice were kept in individual cages
and fed a high-fat diet (TD 88137; Harlan Teklad Lab-
oratory, Madison, Wisconsin, USA) for up to 2 months.

RNA analysis. Total RNA was obtained from pancreas
by the guanidine isothiocyanate method (26). RNA
samples (30 µg) were electrophoresed on a 1% agarose
gel containing 2.2 M formaldehyde. Northern blot was
hybridized to an α-32P–labeled 0.72-kb EcoRI fragment
containing the entire IGF-II cDNA, or to a 0.36-kb
SmaI/XhoI fragment corresponding to human insulin
cDNA. The β-actin probe corresponded to a 1.3-kb
EcoRI fragment of rabbit cDNA. These probes were
labeled using [α-32P]dCTP, following the method of
random oligopriming described by the manufacturer
(Roche Molecular Biochemicals, Mannheim, Ger-
many). Nylon membranes (Roche Molecular Biochem-
icals) were placed in contact with Kodak XAR-5 film. 

Protein analysis. For immunohistochemical detection
of IGF-II, insulin, glucagon, and somatostatin, pan-
creases from control and transgenic mice were fixed for
12–24 hours in formalin, embedded in paraffin, and
sectioned. Sections were incubated overnight at 4°C
with either a rabbit anti–human IGF-II antibody
(GroPep Pty. Ltd., North Adelaide, Australia) diluted to
1:100, a guinea pig anti–porcine insulin antibody
(DAKO Corp., Carpinteria, California, USA) diluted to

1:100, a rabbit anti–human glucagon antibody (ICN
Biochemicals Inc., Cleveland, Ohio, USA) diluted to
1:4,000, or with a rabbit anti–human somatostatin
antibody (ICN Biochemicals Inc.) diluted to 1:2,000. As
secondary antibodies, rabbit anti–guinea pig IgG cou-
pled to peroxidase (Roche Molecular Biochemicals), or
biotinylated goat anti-rabbit antibody and avidin-
biotin complex (ABC; Vector Laboratories, Burlingame,
California, USA) were used. 3’3´-diaminobenzidine or
3-amino-9-ethylcarbazole (Sigma Chemical Co., St.
Louis, Missouri, USA) were used as substrate chro-
mogen. Sections were counterstained in Mayer’s hema-
toxylin. Liver glycogen content was determined by peri-
odic acid–Schiff staining of paraffin sections.

Morphometric analysis. Pancreases were obtained from
4-month-old control and transgenic mice, and immuno-
histochemical detection of insulin was performed in 3
sections (2–3 µm) separated by 200 µm. The islet area
(mm2) and the area of each section were determined with
an image analyzer (QUE-2; Olympus Optical Co., Tokyo,
Japan). The percentage of β-cell area in the pancreas was
calculated by dividing the area of all insulin-positive cells
in 1 section by the total area of this section and multi-
plying this ratio by 100. The islet mass was calculated by
multiplying the pancreas weight by the percentage of
islet area. The β-cell mass was calculated by multiplying
islet mass by the percentage of β cells per islet. The per-
centage of cells that were positive for antibodies to
insulin, glucagon, or somatostatin was determined in 20
islets from 5 transgenic mice and 5 control mice.

Determination of insulin secretion and glucose utilization.
Islets were obtained from the pancreas by digestion
with collagenase P (Roche Molecular Biochemicals)
(27). Islets were collected by hand picking under a dis-
section microscope. Insulin secretion was determined
as described by Valera et al. (24). Glucose utilization
was measured as the conversion of D-[5-3H]glucose into
tritiated water, using batches of 30 islets and 2-hour
incubations at 37°C in Krebs-Ringer medium contain-
ing D-[5-3H]glucose at a final concentration of 2.8 mM,
5.5 mM, or 16.7 mM (28). Cell metabolism was stopped
by the addition of 25 µL of 0.2 N HCl. Tritiated water
was measured by liquid scintillation counting.

Hormone and metabolite assays. The levels of serum
insulin, C-peptide, and IGF-II, and the concentration of
plasma glucagon were determined by radioimmunoas-
say (RIA). Insulin was measured using an insulin assay
kit from CIS Biointernational (Gif-Sur-Yvette Cedex,
France). The assay kits for C-peptide and glucagon came
from Linco Research Inc. (St. Charles, Missouri, USA).
IGF-II was measured with the PreRIA Pack from GroPep
Pty Ltd. IGF-II assay was performed with [125I]IGF-II
from Amersham Pharmacia Biotech (Uppsala, Sweden).
To determine proinsulin processing, HPLC was per-
formed on acid-ethanol extracts of islets obtained from
fed control and transgenic mice. The samples were
loaded on a reverse-phase C18 column (micro-Βonda-
pak; Waters Corp., Milford, Massachusetts, USA), pro-
tected by a precolumn of C18/Corasil and equilibrated
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with 0.1% trifluoroacetic acid (pH 2.0). Samples were
eluted with a linear gradient of 20–50% acetonitrile for
30 minutes at a flow rate of 1.5 mL/min. Fractions were
collected every 30 seconds for 10 minutes. These frac-
tions were lyophilized and resolved in 100 µL of 0.1 M
borate buffer (pH 8.6) containing 0.5% BSA. Samples
were then analyzed by RIA. The HPLC system was stan-
dardized using a mixture containing 5 × 10–4 M porcine
insulin and 5 × 10–5 M human recombinant proinsulin
(Sigma Chemical Co.). Glucose was measured in blood
with a Glucometer Elite analyzer (Bayer Corp., Tarry-
town, New York, USA). Serum triglycerides were deter-
mined enzymatically using GPO-PAP (Boehringer
Mannheim GmbH). Serum FFAs were measured by the
acyl-CoA synthase and acyl-CoA oxidase method (Wako
Chemicals GmbH, Neuss, Germany).

Statistical analysis. All values are expressed as mean ±
SEM. Statistical analysis was carried out using the Stu-
dent-Newmann-Keuls test. Differences were considered
statistically significant at P < 0.05.

Results
Expression of IGF-II in pancreatic β cells of transgenic mice.
RIP-I/IGF-II chimeric gene was microinjected into
mouse embryos, and 4 founder mice (C57BL6/SJL
genetic background) were obtained. The studies pre-
sented below were performed in parallel using 3 lines
(1, 2, and 3) of transgenic mice showing a similar phe-
notype. Line 1 carried about 40 intact copies of the
transgene whereas lines 2 and 3 integrated only about
15 copies, as determined by Southern blot (data not
shown). Transgenic mice expressed high levels of IGF-
II, as shown by the fact that IGF-II mRNA was detect-
ed in the pancreas of all lines of transgenic mice but not
in control mice (Figure 1). No expression of the trans-
gene was noted in liver or muscle of the transgenic mice
(data not shown). After immunohistochemical analy-
sis, no IGF-II signal was observed in islets from either
3-day-old (data not shown) or 4-month-old control
mice (Figure 2a), whereas high levels of IGF-II were
detected in islets from transgenic mice of the same age
(Figure 2d). Although IGF-II immunoreactivity has
been detected in insulin-producing cells of healthy rats
and humans (7, 8), no IGF-II immunostaining was
noted in islets from control mice. This may be the
result of the IGF-II antibody used in this study, which
probably detects only high levels of IGF-II. This is also
consistent with the fact that IGF-II mRNA was noted
only in pancreases from transgenic mice. Furthermore,
transgenic mice showed higher levels (about 2-fold) of
IGF-II in serum than did controls (26 ± 8 ng/mL vs. 12
± 5 ng/mL). Moreover, pancreases of transgenic mice
had higher levels (about 2-fold) of insulin mRNA than
did pancreases of control mice (Figure 1), suggesting
that IGF-II overexpression led to increased β-cell mass
or insulin gene expression, or both. Nevertheless, a
small induction of proinsulin gene transcription by
IGF-II has been reported in HIT insulinoma cells (29).

Expression of IGF-II in islets led to morphological changes. Islets

from transgenic mice showed high levels of insulin
immunoreactivity (Figure 2e and Figure 3, b and d). How-
ever, most of the islets from transgenic mice had altered
morphology (Figures 2 and 3). These islets were larger
than those in controls and showed a more elongated,
irregular shape. This effect was already evident in the pan-
creas of 3-day-old transgenic mice (Figure 3, a and b), sug-
gesting that IGF-II overexpression led to β-cell hyperpla-
sia. Similarly, prediabetic, insulin-resistant ZDF rats show
enlarged islets (30, 31). In addition, an abnormal distri-
bution of insulin-producing cells was also noted in islets
from transgenic mice — several cells from the islet core,
where βcells are located, were not stained (Figure 2, b and
e). Moreover, in contrast to islets from control mice, which
showed normal distribution of α cells at the periphery of
the islet, islets from transgenic animals had glucagon-pro-
ducing cells randomly distributed throughout the islet
core (Figure 2, c and f). Similar morphological alterations
are also observed in animal models of type 2 diabetes and
obesity, like ZDF rats or ob/ob and db/db mice (32–34).

Quantitative morphometric analysis was performed to
determine whether there was an increase in β-cell mass.
The islet mass and β-cell mass per unit of exocrine pan-
creatic area were about 3-fold higher in transgenic mice
than in control mice (Table 1; Figure 3, c and d).
Although 4-month-old transgenic mice had body weight
similar to that of controls (25.1 ± 0.9 g and 25.0 ± 0.5 g,
respectively), an increase in pancreas weight was noted
(Table 1). No significant differences were found in the
weight of other organs (data not shown). Because islet
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Figure 1
Expression of IGF-II in the pancreas. Total cellular RNA was obtained
from control mice and 3 lines of transgenic mice (1, 2, and 3), as
indicated in Methods. After transfer, membranes were tested for IGF-
II and insulin. Lanes 1, 3, and 5: control mice. Lanes 2, 4, and 6:
transgenic mice from lines 1, 2, and 3, respectively.

Table 1
Morphometric analysis of pancreas

Control Transgenic

% Islet area / Pancreas area 0.52 ± 0.08 1.3 ± 0.10
% beta cells / Islet 75 ± 3.0 72 ± 5.0
% alpha cells / Islet 20 ± 1.4 22 ± 2.5
% delta cells / Islet 5 ± 0.4 6 ± 1.3
Pancreas weight (mg) 121.4 ± 12 157.0 ± 4
Islet cell mass (mg) 0.63 2.04
Beta cell mass (mg) 0.47 1.47

Five transgenic and 5 normal pancreases were analyzed as described in Methods.



cells contain type 1 IGF receptors (29, 35, 36), these
results suggest that the IGF-II produced by the β cells
probably acted in a paracrine/autocrine manner within
the islets. However, similar percentages of insulin-,
glucagon-, or somatostatin-producing cells per islet were
found in control and transgenic islets (Table 1). There-
fore, these findings suggest that overexpression of IGF-
II in β cells led to induction of islet hyperplasia. This was
already detected in 3-day-old transgenic mice (Figure 3,
a and b), indicating that these mice had higher β-cell

mass than did controls very early in life, which probably
led to increased insulin release.

Transgenic mice expressing IGF-II showed altered β-cell
function. To discern whether these mice also showed
alterations in β-cell function, glucose-stimulated
insulin secretion was next analyzed in islets obtained
from control and transgenic mice about 4 months old.
At 2.8 mM and 5.5 mM glucose concentrations, the
release of insulin from islets of normal mice was low,
but 11.1 mM and 16.7 mM glucose induced insulin
secretion. Islets from transgenic mice secreted more
insulin than did those from control mice at each glu-
cose concentration tested (Figure 4a). Because glucose
must be metabolized to induce insulin secretion, glu-
cose utilization through glycolysis was measured. At all
glucose concentrations studied, the rate of glucose use
in islets expressing IGF-II was higher than in islets from
nontransgenic mice (Figure 4b). Similarly, islets of pre-
diabetic ZDF rats secreted significantly more insulin
over a wide range of glucose concentrations, resulting
in a leftward shift in the dose-response curve relating
glucose concentration and insulin secretion (30).

Insulin and proinsulin content were also determined
in islets. After HPLC analysis of islet extracts and
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Figure 2
Representative sections of pancreas from 4-month-old control (a–c) and transgenic mice (d–f) showing staining of IGF-II (a and d), insulin
(b and e), and glucagon (c and f). ×400.

Table 2
Serum parameters

Glucose Insulin Triglycerides FFAs
(mg/dL) (ng/dL) (mg/dL) (mmol/L)

1 month
Control 150 ± 11 1.5 ± 0.3 — —
Transgenic 166 ± 7 5.0 ± 1.0 — —

4 months
Control 150 ± 6 1.9 ± 0.2 121 ± 9 0.80 ± 0.05
Transgenic 213 ± 12 5.5 ± 0.5 154 ± 9 0.97 ± 0.04

Serum parameters from 1-month-old and 4-month-old fed control and trans-
genic mice were determined as described in Methods. Results are mean ± SEM
of at least 15 animals in each group.



radioimmunoassay of each fraction, only 2 peaks were
identified, corresponding to insulin and proinsulin
according to their elution times. Insulin was the major
component in the extracts of both control and trans-
genic islets, and its concentration was about 70% high-
er in islets from transgenic mice than in those from
control mice (104 ± 26 fmol/islet vs. 61 ± 3 fmol/islet).
Proinsulin levels in transgenic islets were 6-fold those
in control islets (9.1 ± 1.4 fmol/islet vs. 1.5 ± 0.1
fmol/islet). Nevertheless, insulin concentration in
transgenic islets was about 10-fold higher than proin-
sulin content, indicating that islets from transgenic
mice processed proinsulin to mature insulin.

Transgenic mice expressing IGF-II develop hyperinsulinemia
and insulin resistance. One-month-old fed transgenic mice
had blood insulin levels that were about 3-fold those of
control mice (Table 2). However, these mice were normo-
glycemic (Table 2). Similarly, older (more than 3 months
old) fed transgenic mice were hyperinsulinemic, but
showed an increase in blood glucose levels (Table 2). Fur-
thermore, the 3-month-old transgenic mice had levels of
circulating C-peptide that were 2.3 times as high as those
of the controls (995 ± 15 pM vs. 433 ± 12 pM), suggesting
that processed insulin rather than proinsulin had
increased. In addition, transgenic animals also showed a
slight increase in serum concentration of triglycerides
and FFAs (Table 2). Nevertheless, similar plasma
glucagon levels were detected in transgenic and control
mice (126 ± 21 pg/mL and 136 ± 12 pg/mL, respectively). 

An intraperitoneal glucose tolerance test was also per-
formed in starved (24 hours) 4-month-old mice. In con-
trast to control mice, the high levels of blood glucose
found in transgenic mice did not return to basal values
180 minutes after intraperitoneal injection of glucose
(Figure 5a). These results indicate that transgenic mice
were glucose intolerant. Moreover, when an intraperi-
toneal insulin tolerance test (injection of 0.75 IU/kg body
weight of soluble insulin [Humulin Regular; Eli Lilly &
Co., Indianapolis, Indiana, USA]) was performed in 6-
month-old fed mice, a significantly reduced hypo-
glycemic response was observed in transgenic mice com-
pared with control mice. Thus, by 60 minutes, whereas
control mice showed a 65% decrease in blood glucose lev-
els, transgenic mice had only a 25% decrease of glycemia
(Figure 5b). All these results suggest that transgenic mice

expressing IGF-II develop mild type 2 diabetes.
Feeding transgenic mice a high-fat diet may lead to overt dia-

betes. To determine whether a high-fat diet exacerbated
the diabetic phenotype, 6-month-old transgenic mice
overexpressing IGF-II were fed a high-fat diet for up to
2 months. After 6–8 weeks on this diet, about 30% (4 of
12) of the transgenic mice developed overt diabetes with
severe hyperglycemia (> 500 mg/dL) and lost about 25%
of their body weight. The remaining transgenic mice (8
of 12) were mildly hyperglycemic, but they developed
higher hyperinsulinemia (Table 3) that was about 9-fold
that of control mice fed a standard diet (Table 3). Simi-
larly, when fed a high-fat diet for 2 months, control
mice did not show any increase in glycemia (Table 3).
However, a high increase (about 3.7-fold) in insulinemia
was also noted in these mice (Table 3). Both control and
transgenic mice showed a similar increase (about 30%)
in body weight gain (Table 3). In addition, control mice
and transgenic mice had similar food intake (about 4.5
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Figure 3
Immunohistochemical analysis of insulin expression in islets from 3-
day-old (a and b) and 4-month-old (c and d) control and transgenic
mice. Pancreas from control mice (a and c), and pancreas from
transgenic mice (b and d), stained for insulin (a and b), (×400); and
(c and d), (×200). Note that transgenic mice appear to have an
increased number of enlarged islets.

Table 3
Serum parameters after a high fat diet

Glucose Insulin body weight
(mg/dL) (ng/dL) (g)

Standard diet
Control 150 ± 5 3.1 ± 0.3 30.2 ± 1.4
Transgenic 200 ± 7 10.3 ± 0.5 31.5 ± 2.3

High fat diet
Control 160 ± 10 11.7 ± 1.7 40.3 ± 4.2
Transgenic 210 ± 7 28.0 ± 3.5 40.5 ± 2.7

Serum parameters after a high-fat diet. Control and transgenic mice were fed a
high-fat diet for 2 months, after which serum parameters were determined as
described in Methods. Results are mean ± SEM of at least 8 animals in each group.



± 0.4 g/day on the standard diet and 4.0 ± 0.4 g/day on
the high-fat diet). These results suggest that in an islet
hyperplastic model such as transgenic mice overex-
pressing IGF-II, an increase in circulating lipids might
trigger the process that leads to overt diabetes.

Influence of genetic background in IGF-II–mediated diabetic
alterations. Transgenic mice aged 8 months and older,
expressing IGF-II in βcells, were insulin-resistant but had
body weight similar to controls (Table 3). Because the
genetic background plays a key role in the development
of type 2 diabetes and obesity (37), transgenic mice (of
C57BL6/SJL background) were backcrossed to C57KsJ
mice. The N1 generation of transgenic mice (50% C57KsJ

background) overexpressing IGF-II was obtained to
assess whether overexpression of IGF-II in a C57KsJ
genetic background led to insulin resistance and obesity.
Six-month-old fed N1 transgenic mice were hyperinsu-
linemic and hyperglycemic, and showed a slight increase
in serum triglycerides and FFA concentrations (Table 4).
Six-month-old N1 C57KsJ transgenic mice also showed
altered glucose-tolerance tests (Figure 6a). Furthermore,
after intraperitoneal injection of glucose, the blood glu-
cose levels in these transgenic mice (Figure 6a) were even
higher than those noted in C57BL6/SJL transgenic mice
(Figure 5a). In addition, N1 transgenic mice had higher
body weight than N1 control mice (Figure 6b). Although
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Figure 4
(a) Glucose-induced insulin secretion by isolated islets. Insulin secretion at 2.8 mM, 5.5 mM, 11.1 mM and 16.7 mM glucose was deter-
mined as indicated in Methods, in islets isolated from control and transgenic mice. Results are the mean ± SEM of 8 animals in each group.
(b) Glucose utilization by pancreatic β cells. Islets were incubated in the presence of different glucose concentrations and the utilization of
the sugar was determined by measuring the formation of [3H]2O from D-[5-3H]glucose. Results are the mean ± SEM of 3 independent exper-
iments performed in triplicate. Co, control mice; Tg, transgenic mice.

Figure 5
Intraperitoneal glucose and insulin tolerance tests. (a) Glucose tolerance test. Overnight-starved mice were given an intraperitoneal
injection of glucose (1 mg/g body wt). Blood samples were taken at the times indicated from the tail vein of the same animals. Glu-
cose was measured as indicated in Methods. Results are mean ± SEM of 12 transgenic and 12 control mice. (b) Insulin tolerance test.
Awake fed control and transgenic mice were injected intraperitoneally with 0.75 IU of a soluble insulin. Blood samples were taken
from the tail vein of the same animals at the times indicated, and glucose concentration was determined as indicated in Methods.
Results are mean ± SEM of 8 transgenic and 8 control mice. *P < 0.05 vs. control.



3-month-old N1 C57KsJ control and transgenic mice had
similar body weight, 12-month-old transgenic mice
showed about a 60% increase in body weight compared
with only about 27% gained by controls (Figure 6b).
Thus, N1 C57KsJ transgenic mice overexpressing IGF-II
in β cells developed obesity.

Histological analysis of pancreases of N1 transgenic
mice showed high islet hyperplasia and altered islet
structure, with α cells randomly distributed in the core
(Figure 7, a–d), similar to the situation observed in
C57BL6/SJL transgenic mice. Moreover, on analysis of
sections stained with periodic acid–Schiff, the liver of fed
12-month-old N1 transgenic mice showed massive vac-
uolization due to fat deposition and lack of glycogen
storage (Figure 7f). In contrast, the livers of N1 control
mice had normal morphology and accumulated glyco-
gen (Figure 7e). Similarly, no alterations in hepatic mor-
phology were detected in either C57BL6/SJL control or
transgenic mice aged 4–8 months (data not shown). The
development of fatty liver is a feature also detected in
animal models of type 2 diabetes and obesity. Thus,
these results suggest that the presence of 50% C57KsJ
genetic background in the transgenic mice overexpress-
ing IGF-II in β cells exacerbates diabetic alterations.

Discussion
Our results show that increased expression of IGF-II in
β cells of transgenic mice led to hyperplasia and mor-
phological alterations of islets. Similar changes are
observed in animal models of type 2 diabetes and obe-
sity, such as prediabetic ZDF rats or ob/ob and db/db
mice (30–34), which show enlarged islets with deorga-
nized intra-islet cell distribution. Therefore, the alter-
ations found in our transgenic mice may result from a
direct effect of IGF-II on β-cell proliferation, or a com-
pensatory response resulting from the insulin resistance
noted in these mice, or both. Insulin-resistant mice that

are heterozygous for null alleles in both the insulin
receptor and insulin receptor substrate-1 (Ir+/–/Irs-1+/–)
exhibit β-cell hyperplasia and altered α-cell distribution
throughout the islet (38). In these double-heterozygous
mice, there is no β-cell hyperplasia at 1 month of age.
Therefore it has been suggested (38) that there must be
a β-cell growth factor that stimulates the massive β-cell
proliferation in young animals. Although glucose stim-
ulates β-cell growth (39), Bruning et al. indicate that the
growth factor is probably not glucose, because a signif-
icant degree of islet cell hyperplasia can be detected in
normoglycemic Ir+/–/Irs-1+/– mice (38). Similarly,
homozygous Irs-1–deficient mice (Irs-1–/–) are normo-
glycemic and hyperinsulinemic, and show islet hyper-
plasia (38, 40–42). In contrast, homozygous Irs-2–defi-
cient mice (36, 42), along with mice that are both
heterozygous for null alleles of Irs-1 and homozygous
for null alleles of Irs-2 (Irs-1+/–/Irs-2–/–) (36), and mice that
are both heterozygous for null alleles of IGF-I receptor
(Igf1r) and homozygous for null alleles of Irs-2
(Igf1r+/–/Irs-2–/–) (36) show marked reduction of β-cell
mass and die from diabetes due to β-cell insufficiency.
These studies suggest that IGF-I receptors couple to Irs-
2 in the pancreatic islet to mediate β-cell development,
proliferation, and survival (36). It has been postulated
that the mitogenic signaling of IGF-II is mediated by
the type 1 IGF receptor (IGF1R) (43, 44), and that the
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Figure 6
Intraperitoneal glucose tolerance test and body weight in N1 C57KsJ transgenic mice. (a) Glucose tolerance test. Six-month-old mice starved for
24 hours were given an intraperitoneal injection of glucose (1 mg/g body wt). Blood samples were taken at the times indicated from the tail vein
of the same animals. Glucose was measured as indicated in Methods. Results are mean ± SEM of 10 transgenic and 10 control mice. (b) Changes
in body weight of control mice and transgenic mice. Data are mean ± SEM of 12 mice in each group.

Table 4 
Serum parameters C57KsJ,N1

Glucose Insulin Triglycerides FFAs
(mg/dL) (ng/dL) (mg/dL) (mmol/L)

Control 156 ± 10 1.6 ± 0.5 105 ± 11 0.66 ± 0.08
Transgenic 241 ± 9 3.7 ± 0.5 118 ± 2 0.74 ± 0.06

Serum parameters from 12-month-old N1 C57KsJ control and transgenic mice
were determined as described in Methods. Results are mean ± SEM of at least
12 animals in each group.



main function of IGF-II/Man-6-P receptors is to clear
IGF-II from the serum and target it for degradation in
lysosomes (45–47). Thus, in transgenic mice overex-
pressing IGF-II in β cells, autocrine or paracrine inter-
action of IGF-II with IGF-I receptors in islets would
probably lead to increased β-cell proliferation and devel-
opment of islet hyperplasia. Studies in fibroblasts from
mouse embryos homozygous for null alleles of Igf1r
have shown that IGF-II can also stimulate cell prolifer-

ation through the insulin receptor (48). In addition, β
cells contain insulin receptors, and mice lacking insulin
receptor specifically in β cells show a decrease in islet
size and insulin content (49). Therefore, IGF-II pro-
duced by the β cells of transgenic mice might also
induce β-cell proliferation through the insulin receptor.

The alteration in α-cell distribution noted in islets of
transgenic mice overexpressing IGF-II may not be a gen-
eral occurrence with β-cell hyperplasia, because trans-

738 The Journal of Clinical Investigation | March 2000 | Volume 105 | Number 6

Figure 7
(a–d) Immunohistochemical analysis of IGF-II (a and b), insulin (red), and glucagon (brown) (c and d) expression in islets from 12-month-
old N1 C57KsJ mice. Control mice are shown in a and c; transgenic mice are shown in b and d. (e and f) PAS staining of the liver from con-
trol (e) and transgenic (f) mice aged 12 months. a and b, ×100; c–f, ×200.



genic mice overexpressing growth hormone are highly
hyperinsulinemic and normoglycemic (50), and show
high hyperplasia of islets but normal distribution of α
cells (J. Visa and F. Bosch, unpublished observations).
Similarly, overexpression of IGF-I in β cells of transgenic
mice led to islet hyperplasia but normal distribution of
α cells (C. Costa and F. Bosch, unpublished observa-
tions). Thus, this study suggests that islet production of
IGF-II might alter the location of islet cells and lead to
islet disorganization, which is consistent with the find-
ing that the starfish-shaped islets of GK rats show
increased IGF-II expression (8). Similarly, fetuses of
mouse chimeras overexpressing the mouse IGF-II gene
show hyperplastic islets of irregular shape and altered
morphology on day 19–20 of gestation (51).

Transgenic mice overexpressing IGF-II in β cells
were hyperinsulinemic early in life and showed altered
glucose and insulin tolerance tests, consistent with
the fact that these mice developed insulin resistance.
In adult rodents, serum levels of IGF-II are very low,
whereas high levels of IGF-II persist in humans (52).
However, our transgenic mice had low levels of circu-
lating IGF-II, and the mild diabetic phenotype
observed was probably not the result of a peripheral
effect of IGF-II. In contrast, transgenic mice overex-
pressing IGF-II in the liver (53, 54) show a 20- to 30-
fold increase in circulating IGF-II levels, which are
similar to those observed in adult humans. However,
these mice develop hypoglycemia and hypoinsuline-
mia, and show marked improvement in peripheral
(skeletal muscle) insulin action (53, 54).

Islets from our IGF-II transgenic mice secrete more
insulin in response to increasing glucose concentra-
tions than do islets from control mice. Nevertheless,
it has been described that in pancreas perfused in
vitro with high concentrations of IGF-II, insulin
release at 7.8 mM glucose was unaffected, and only a
slight suppressive effect was noted at 16.7 mM glu-
cose (55). Similarly, no effect on insulin release by iso-
lated islets treated with IGF-II has been found (56).
An increase in insulin secretion is also detected when
glucose-stimulated insulin release is determined in
islets of prediabetic ZDF rats (30). Islets from these
animals secrete high levels of insulin, resulting in a
leftward shift in the dose-response curve relating glu-
cose concentration and insulin production (30). Thus,
our results indicate that islets from transgenic mice
chronically producing IGF-II have an altered func-
tion, as in the prediabetic state.

Culture of fetal islets with increasing concentrations
of glucose and amino acids is associated with both a
significant increase in the release of endogenous IGF-
II and stimulation of DNA synthesis (5). An increase
in IGF-II might result from effects of nutrients on β
cells. Therefore, it may be hypothesized that the mito-
genic effects of glucose, amino acids, or lipids on islets
were mediated by paracrine action of a growth factor
such as IGF-II. Furthermore, it has been suggested
that lipids play a key role in the development of type

2 diabetes (12, 57). In obese prediabetic ZDF rats, the
increase in plasma FFAs is postulated to cause both
the insulin resistance and the hyperinsulinemia of the
prediabetic state (12, 57). A rise in plasma FFAs is
associated with an increase in islet triglyceride con-
tent, which coincides with the onset of islet dysfunc-
tion and overt diabetes (58). In addition, hyperinsu-
linemia at low glucose concentrations, hyperplasia,
and the increase in the low-Km glucose metabolism
can all be induced in normal islets by high concentra-
tions of the long-chain FFAs that occur in obesity
(59). In our study, feeding a high-fat diet increased
insulin resistance and also led to overt diabetes in the
IGF-II–overexpressing mice, suggesting that an
increase in circulating lipids may also exacerbate the
prediabetic phenotype in these mice.

Previous reports indicate that genetic background is
also key in the development of diabetes and obesity (37).
Thus, the physiologic impairment caused by mutation
of the ob gene is strongly affected by the genetic back-
ground of mice bearing this mutation (10). When the
mutation is present in an inbred strain of ob/ob mice des-
ignated C57BL6, the animals become insulin resistant
and hyperinsulinemic, but maintain either normal or
mildly elevated glucose levels. However, when the muta-
tion is present in the C57KsJ strain, the animals become
obese, insulin resistant, and overtly diabetic (10). We
have also found that when the transgene was expressed
in a 50% C57KsJ genetic background, transgenic mice
were hyperinsulinemic and insulin resistant, but they
also developed fatty liver and obesity.

Therefore, our results suggest that islet hyperplasia
was an early event in the transgenic mice overexpress-
ing IGF-II that led to hyperinsulinemia. Because tis-
sues were exposed to sustained hyperinsulinemia,
insulin resistance developed, probably through down-
regulation of insulin receptor number and function or
post-receptor pathways, causing hyperglycemia, which
may further increase insulin secretion. Therefore, the
studies performed in this animal model support the
hypothesis, suggested by several observations in
human patients (13, 14, 18–20) and in several animal
models of type 2 diabetes (15–17, 21, 23), that hyper-
insulinemia may also be an initial event in this disease,
and that insulin resistance may be a consequence of
the increased insulinemia. In addition, these trans-
genic mice may be a suitable model in which to study
the processes that lead to type 2 diabetes.
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