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Abstract

Proliferation of adipocyte precursors and their differentiation into mature adipocytes contributes to
the development of obesity in mammals. IGF-I is a potent mitogen and important stimulus for
adipocyte differentiation. The biological actions of IGFs are closely regulated by a family of IGF-
binding proteins (IGFBPs), which exert predominantly inhibitory effects. IGFBP-2 is the principal
binding protein secreted by differentiating white preadipocytes, suggesting a potential role in the
development of obesity. We have generated transgenic mice overexpressing human IGFBP-2
under the control of its native promoter, and we show that overexpression of IGFBP-2 is
associated with reduced susceptibility to obesity and improved insulin sensitivity. Whereas wild-
type littermates developed glucose intolerance and increased blood pressure with aging, mice
overexpressing IGFBP-2 were protected. Furthermore, when fed a high-fat/high-energy diet,
IGFBP-2-overexpressing mice were resistant to the development of obesity and insulin resistance.
This lean phenotype was associated with decreased leptin levels, increased glucose sensitivity, and
lower blood pressure compared with wildtype animals consuming similar amounts of high-fat diet.
Our in vitro data suggest a direct effect of IGFBP-2 preventing adipogenesis as indicated by the
ability of recombinant IGFBP-2 to impair 3T3-L1 differentiation. These findings suggest an
important, novel role for IGFBP-2 in obesity prevention.

Obesity is a major public health problem, affecting up to 30% of adults in the U.S. (1). Itis
associated with an increased risk of insulin resistance, type 2 diabetes, hypertension, and
cardiovascular disease, and it significantly reduces life expectancy (2). The development of
obesity involves the expansion of the adipose tissue at the expense of a combined process
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involving proliferation and differentiation of new adipocytes and enlargement of older
adipocytes (3,4). Data from in vitro and in vivo studies support a role for IGF-1 in adipocyte
differentiation and proliferation (5-9). The activity of IGF-I is regulated by a family of IGF-
binding proteins (IGFBPs), which bind IGF-1 with a greater affinity than that of its tyrosine
kinase receptor (10,11). The principal action of the IGFBPs is thought to be to regulate
access of IGF-I to target tissues and hence reduce IGF-1 bioactivity (10,11).

Despite their structural homology, individual members of the IGFBP family may exert
unique actions. We previously demonstrated that IGFBP-1 is involved in placental
development, glucose counter-regulation, and vascular homeostasis (12-14). IGFBP-1 has
been shown to inhibit IGF-I-mediated differentiation of preadipocytes in vitro (15), whereas
in vivo, diet-induced obesity is prevented in IGFBP-1-overexpressing mice (16). The latter
effect was, however, associated with a substantial deterioration in glucose tolerance (16),
consistent with our findings that mice overexpressing IGFBP-1 develop age-related glucose
intolerance (12).

IGFBP-2 is the second most abundant circulating IGFBP, but its physiological roles remain
poorly understood. However, it has been shown to be the principal IGFBP secreted by white
preadipocytes during adipogenesis (17), leading us to hypothesize that IGFBP-2 may play an
important role in modulating the effects of IGF-1 on adipocyte development associated with
obesity. Of interest, serum concentrations of IGFBP-2 are reduced in obese humans (18), in
keeping with the possibility that reduced IGFBP-2 levels are permissive for the development
of obesity. Here, we report on the generation and metabolic characterization of a transgenic
mouse model overexpressing the human IGFBP-2 gene under control of its native promoter.
Our findings demonstrate that IGFBP-2 exerts a beneficial effect in preventing both age and
diet-induced obesity and its associated complications.

RESEARCH DESIGN AND METHODS

Generation of transgenic mice

A 39-kb Notl fragment of the human IGFBP-2 cosmid clone chBP2:4 (19) was gel-purified
and microinjected into the pronucleus of single-cell embryos of FVB/N mice. Microinjected
embryos were transferred to the oviducts of pseudopregnant CD-1 females. Transgenic
offspring were identified by Southern blot analysis of tail DNA. Animals positive for the
transgene were mated with wild-type FVB/N mice to establish different transgenic lines.
The offspring of these matings were genotyped by PCR analysis of tail lysates with a primer
combination that specifically amplifies a region of the human IGFBP-2 gene spanning exon
2.

Two transgenic lines were identified for use in the experiments described here. Breeding
colonies were established by crossing male heterozygous IGFBP-2—overexpressing mice
with wild-type female FVB/N animals. Preliminary experiments revealed sexual
dimorphism of the metabolic phenotype of IGFBP-2 transgenic mice, with more pronounced
differences in female animals. Therefore female transgenic mice and matched wild-type
littermates were used in all experiments described. All procedures were performed in
accordance with U.K. Home Office regulations and were approved by our institution’s
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ethics committee. Expression and tissue distribution of human IGFBP-2 mRNA were
assessed by Northern blot (12), using [a-32P]dCTP-labeled human IGFBP-2 cDNA, and by
RT-PCR using primers specific for human IGFBP-2 (forward, cctgtgcagcagcttctcgetgag;
reverse, cccaggctggcac catgctcacctg). Circulating concentrations of IGFBPs were assessed
by Western immunoblot analysis of serum proteins using equimolar amounts of 123|-labeled
IGF-1 and IGF-II (12).

Experimental design

The experimental protocol was designed to test the hypothesis that overexpression of
IGFBP-2 would influence the development of obesity. In the first series of experiments, the
influence of IGFBP-2 overexpression on glucoregulation was assessed in 8-week-old and 4-
to 6-month-old animals. More detailed experiments were carried out in 8- and 40-week-old
mice to examine the effects of IGFBP-2 overexpression on age related obesity and metabolic
phenotype. In the second series of studies, mice were fed a high-fat diet (Diet F3282;
Bioserve, Frenchtown, NJ) or standard laboratory chow (Special Diet Services, Essex, U.K.)
for 32 weeks from weaning to determine the influence of IGFBP-2 overexpression on the
development of diet-induced obesity.

Glucose and insulin/IGF tolerance tests

Blood was sampled from the lateral saphenous vein after an overnight fast and repeated 4 h
after re-feeding. Glucose, insulin, and IGF-1 tolerance tests were performed by blood
sampling at intervals after the intraperitoneal injection of glucose (1 mg/g), human
recombinant insulin (0.5 unit/kg; Actrapid; Novo Nordisk, Bagsvaerd, Denmark), or human
recombinant IGF-I (0.2 ug/g; GroPep, Adelaide, Australia) (14). Glucose concentrations
were determined in whole blood by a portable meter (Hemacue, Sheffield, U.K.). Plasma
insulin concentrations were determined by enzyme-linked immunosorbant assay
(Ultrasensitive Rat Insulin ELISA; CrystalChem). Plasma free fatty acids and triglyceride
concentrations were determined using colorimetric assays (Free Fatty Acids Half-Micro test,
Roche, Mannheim, Germany, and Thermotrace, Victoria, Australia, respectively) (14).
Leptin levels were measured using a commercially available enzyme-linked immunosorbant
assay (Diagnostic Systems Laboratories, Webster, TX).

Blood pressure

Systolic blood pressure was measured using tail-cuff plethysmography (XBP1000; Kent
Scientific, Torrington, CT) in conscious mice (20). Measurements were made on 3 separate
days, and the mean of six consecutive readings made on these days was calculated.

Energy intake and body temperature

Energy intake was estimated by measuring food intake during a 7-day period, midway
through the experimental diet period. Core body temperature was measured with a rectal
temperature probe.
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Morphometric analysis

Body size and composition was determined after 32 weeks of feeding mice high-fat or chow
diets. Body length was measured from the tip of the nose to the base of the tail.
Reproductive adipose tissue was carefully dissected free from the uterus, ovaries, and
adnexae; mesenteric adipose tissue was teased away from the stomach, small intestine, and
large intestine; and brown adipose tissue was dissected free from the inter-scapular and
subscapular regions. Adipose tissues were blotted dry before immediate weighing.

Magnetic resonance imaging

Animals were scanned postmortem after 32 weeks of feeding, and regional adiposity was
determined by calculating the cross-sectional area of fat measured on a scan plane centered
at the level of the kidneys. Perfused animals were maintained in a paraformaldehyde-filled
tube to prevent drying out of the specimens over the course of the scanning session. Imaging
was performed on a small animal, horizontal bore, 4.7T NMR system (Oxford Systems)
controlled by a UNITY Inova-200 imaging console (Varian). A quadrature birdcage
radiofrequency coil with 63-mm internal diameter (Varian) was used for signal transmission
and reception. Raw-time domain data were Fourier transformed using custom software. The
optimal imaging protocol was determined by the need for a high spatial resolution and an ex
vivo distinction between fat and other tissues, and consisted of coronal To-weighted
(repetition time = 1,250 ms, echo time = 16 ms) spin echo scans with a 512 (2) matrix size,
eight averages per phase encoding step, 60 contiguous 2-mm-thick slices at an in-plane
spatial resolution of 273 um.

The body of the animals was masked from the surrounding fracture using the semi-
automated region of interest tool in Xdispimage (David Plummer, University College,
London, U.K.). At a slice level through the middle of both kidneys, all pixels were summed
to yield a total body area. The fat content within this abdominal slice was nominally
ascribed to all pixels exceeding 1 SD greater than the signal intensity of the left kidney.

Adipocyte area

Samples of peri-gonadal adipose tissue were fixed in 10% formalin and embedded in
paraffin. Multiple sections (separated by 100 um each) were obtained from each sample and
stained with hematoxylin and eosin. Digital images of each section were acquired using a
digital camera (Hamamatsu C4742-95) and microscope (Zeiss Axioscop 2), and cell areas
were traced manually for at least 100 cells per field by an investigator blinded to the sample
identity, using Openlab software (Improvision). Two fields from each of two sections from
each adipose tissue depot were analyzed to derive the mean cell area per animal (n = 6
animals per group).

Culture and differentiation of 3T3-L1 preadipocytes

Two-day postconfluent 3T3-L1 preadipocytes were induced in differentiation medium
(Dulbecco’s modification of Eagle’s medium, containing 10% cosmic calf serum [Hyclone],
50 units/ml penicillin, and 50 pg/ml streptomycin). For induction cocktails of varying
potency, differentiation medium was further supplemented with dexamethasone (1 umol/l),
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3-isobutyl-I-methylxanthine (0.5 mmol/l), and either insulin (1 pmol/l) or hrIGF (10 nmol/l),
as indicated. Treatment in the presence of IGFBP-2 was performed with induction cocktail
that had been preincubated with rhIGFBP-2 (100 nmol/l) for 30 min at room temperature.
After 2 days, the induction medium was replaced with differentiation medium supplemented
with either insulin or IGF-1 £ IGFBP-2, for a further 2 days. Thereafter, all monolayers were
maintained in nonsupplemented differentiation medium. Uninduced control cells were
maintained in nonsupplemented differentiation medium throughout. On day 8, monolayers
were either fixed and lipid droplet—stained with Oil red O (21) or processed for total RNA
extraction using a RNAeasy kit (Qiagen). RNA was then quantified, reverse transcribed, and
used to perform Tagman real-time PCR for murine peroxisome proliferator—activated
receptor y (PPARY), aP2, and 18S as described previously (22). To exclude an IGF-
independent effect of IGFBP-2 on 3T3-L1 cell differentiation, the above experiment was
repeated with human Des(1-3)IGF-I, an analog of IGF-1 lacking the N-terminal tripeptide
Gly-ProGlu, which does not bind to IGFBPs.

Results are expressed as means + SE. Comparisons between groups were made by unpaired
two-tailed Student’s t test or repeated measures ANOVA, as appropriate. P < 0.05 was
considered statistically significant.

Transgenic mice were generated after microinjection of the Notl fragment of human
IGFBP-2 cosmid clone chBP2:4 (Fig. 1A). Two lines of transgenic mice (tgl and tg2) were
generated (Fig. 1B). Overexpression of IGFBP-2 was not associated with any gross
morphogenic or developmental abnormalities. Human IGFBP-2 mRNA was detected in a
variety of organs and tissues of IGFBP-2 mice, including adipose depots, but was
undetectable in wildtype littermates (Fig. 1C and D). Total levels of circulating IGFBP-2 in
fasting serum were 2.2-fold higher in IGFBP-2 mice than wild type (P < 0.05) (Fig. 1E).
Birth weight and early postnatal growth did not differ between wild-type and IGFBP-2
transgenic mice in either line.

IGFBP-2 prevents age-induced insulin resistance

Blood glucose and plasma insulin levels were similar in wild-type and transgenic mice (tgl
and tg2) at 8 weeks of age. By 4-6 months of age, however, nonfasted blood glucose levels
were significantly lower in transgenic mice than in controls (Table 1). This was not
explained by differences in insulin levels, which were similar between groups.

We carried out a more detailed investigation of the effect of IGFBP-2 on age-related
changes in glucose homeostasis in tgl animals at 8 (young) and 40 (old) weeks of age. In
wild-type mice, glucose tolerance declined with age, as evidenced by higher glucose levels
in old compared with young mice after a glucose tolerance test (GTT) (Fig. 2A). Conversely,
IGFBP-2-overexpressing mice were protected against this age-related decline in glucose
tolerance (Fig. 2A). Fasting insulin levels were similar in young and old wild-type mice (Fig.
2B), whereas the insulin response to GTT was significantly greater in old mice (Fig. 2B). In
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IGFBP-2—overexpressing mice, however, there was no significant increase in plasma insulin
concentrations with aging either in the fasting state or after a carbohydrate challenge (Fig.
2B). The lack of age-related increase in blood glucose levels after a GTT challenge in
IGFBP-2-overexpressing mice could not therefore be explained by a greater rise in plasma
insulin responses. These findings are consistent with IGFBP-2—mediated protection against
age-induced development of insulin resistance. This was confirmed in insulin tolerance tests,
in which the hypoglycemic response to exogenous insulin was significantly greater in 40-
week-old IGFBP-2 mice than wild type (Fig. 2C). In IGF-I tolerance tests, on the other
hand, the hypoglycemic response to recombinant IGF-1 was significantly attenuated in
IGFBP-2 mice (Fig. 2D), consistent with IGFBP-2 blunting the metabolic effects of IGF-I.
There were no significant differences between 40-week-old IGFBP-2-overexpressing and
wild-type mice in fasting plasma triglycerides (1.5 £ 0.2 vs. 1.6 + 0.2 mmol/l) or free fatty
acids (1.9 £ 0.2 vs. 2.1 + 0.2 mmol/l). Body weight of IGFBP-2 mice was similar to that of
wild-type mice at 8 weeks (20.1 £ 0.2 vs. 19.9 + 0.4 g) and 40 weeks (26.1 £ 0.6 vs. 25.8 +
0.5 g) of age when fed standard chow.

IGFBP-2 transgenic mice are resistant to diet-induced obesity and fatty liver

To explore the effect of IGFBP-2 on the development of diet-induced obesity and its
metabolic consequences, paired groups of wild-type and tgl transgenic mice received
standard chow or a high-fat/highcalorie diet for 32 weeks from 8 weeks of age. Weight gain
was similar in groups receiving standard chow (Fig. 3A). However, weight gain on the high-
fat diet was markedly attenuated in transgenic mice compared with wild-type mice (Fig. 3B).
Linear growth, measured as nose-rump length at 40 weeks of age, was similar in transgenic
and wild-type mice on chow (100 £ 1 vs. 99 £ 2 mm) and high-fat (101 £ 1 vs. 102 £ 1 mm)
diets. Mice fed standard chow had relatively small adipose tissue depots, with no significant
difference in mass of major fat depots between wild-type and IGFBP-2 mice (Fig. 3C).
Wild-type mice fed with high-fat-fed diet markedly increased their fat depots, whereas
IGFBP-2 transgenic mice remained lean (Fig. 3D). Solid organ weights were similar in wild-
type and IGFBP-2 mice on chow and high-fat diets, with the exception of liver weight which
was lower in high-fat-fed IGFBP-2 mice (Fig. 3F). Interestingly, whereas the livers of wild-
type high-fat—fed mice had a macroscopic appearance compatible with increased fat content,
this finding was absent in IGFBP-2 mice (not shown), suggesting that IGFBP-2
overexpression ameliorates hepatic steatosis associated with obesity.

Quantification of intra-abdominal fat using magnetic resonance imaging (MRI) was
performed by analysis of fat area at the level of the kidneys (Fig. 4A and B). This approach
confirmed a substantial reduction in adiposity of high-fat—fed IGFBP-2 mice. Furthermore,
chow-fed IGFBP-2 mice also had less abdominal fat than chow-fed wild types (Fig. 4),
providing a potential explanation for the blunting of age-induced insulin resistance in
IGFBP-2 mice. Adipocyte size was also estimated by histological assessment of sections of
periovarian fat (Fig. 4C). The increase in adipocyte size with high-fat feeding was blunted in
IGFBP-2 mice (mean cell area 2,800 + 300 vs. 5,900 + 180 um?; P < 0.01) (Fig. 4D).
Moreover, fat cells were also smaller in 40-week-old IGFBP-2 mice than wild-type controls
receiving chow diet (1,390 + 130 vs. 2,100 + 130 um?; P = 0.02) (Fig. 4C and D)
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There were no significant differences in glucose and insulin levels between fasted wild-type
and transgenic mice on either diet (Fig. 5A and B). However, blood glucose after a GTT was
significantly lower in IGFBP-2 than wild-type mice on both types of diet (Fig. 5A).
Furthermore, the relative increase in blood glucose level induced by a high-fat diet was
blunted in IGFBP-2 compared with wild-type mice (Fig. 5A). The protective effect of
IGFBP-2 on the development of glucose intolerance after high-fat feeding was confirmed in
full GTTs (Fig. 5C and D). Plasma free fatty acids were similar in high-fat—fed wild-type
and IGFBP-2 mice (1.4 £ 0.2 vs. 1.5 £ 0.1 mmol/l), whereas plasma triglyceride levels were
significantly lower in IGFBP-2 than wild-type mice after high-fat feeding (1.4 £ 0.1 vs. 1.6
+ 0.1 mmol/l; P < 0.05). Plasma leptin levels were not significantly different in wild-type
and IGFBP-2 mice receiving chow diet (8.9 + 1.4 vs. 4.2 + 1.4 ng/ml; P = 0.19). High-fat
feeding resulted in an increase in leptin levels in wild-type animals, which was significantly
blunted in IGFBP-2 mice (54.2 + 5 vs. 14.9 + 4 ng/ml; P < 0.05). Interestingly, total energy
intake, estimated from the mean mass of diet consumed per day, was not significantly
different between IGFBP-2 and wildtype mice on either chow (191 + 9 vs. 209 + 9 mg - g1
body mass - day~1; P = 0.2) or high-fat (96 + 6 vs. 91 + 3mg - g~1 body mass - day™%; P =
0.5) diets. Although there was a trend toward increased core body temperature in transgenic
mice, we could not establish significant differences between IGFBP-2 transgenic and wild-
type mice on both chow (37.2 £ 0.1 vs. 37.6 £ 0.3°C; P = 0.26) and high-fat (37.5 + 0.2 vs.
38.2£0.2°C; P = 0.09) diets.

IGFBP-2 inhibits adipogenesis in 3T3-L1 adipocytes by suppressing IGF-I action

To investigate whether IGFBP-2 could itself impair adipocyte development, 3T3-L1
preadipocytes were induced to differentiate in the presence of recombinant hIGFBP-2. This
treatment significantly blunted adipogenesis that was induced either by serum-containing
induction cocktail alone or that which was supplemented with hIGF-1 (10 nmol/l). This was
evident by the reduced number of lipid-laden cells (Fig. 6A and B) and reduced expression
of key adipogenic markers, PPARy and aP2 (Fig. 6C). In contrast, adipocyte differentiation
in the presence of high-dose insulin was unaffected by the presence of recombinant
hIGFBP-2, consistent with insulin not binding to the IGFBPs (Fig. 6A-C). Similarly,
hIGFBP-2 did not affect adipocyte differentiation in the presence of Des(1-3)IGF-I (Fig. 6D
and E), suggesting that IGFBP-2 inhibits adipogenesis by modulating IGF-I activity rather
than by a direct effect of the protein on adipocytes.

IGFBP-2 overexpression prevents age-related hypertension

We also evaluated the effect of IGFBP-2 on blood pressure. Systolic blood pressure
increased with aging in wild-type mice, but this was blunted in IGFBP-2—overexpressing
mice (Fig. 7). Moreover, IGFBP-2—overexpressing mice at 40 weeks had lower systolic
blood pressure than wild type. Blood pressure was also investigated in mice fed high-fat
diet. Wild-type mice (40 weeks old) on a high-fat diet had a higher systolic blood pressure
than similar aged chow-fed mice, whereas high-fat feeding had no effect on blood pressure
in IGFBP-2 transgenic mice (Fig. 7).
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DISCUSSION

Obesity, through its associations with impaired regulation of carbohydrate metabolism,
hypertension, and atherosclerotic cardiovascular disease, significantly reduces life
expectancy (2). Adiposity in humans develops in response to positive energy balance by
complementary mechanisms leading to increase in volume of existing fat cells and the
proliferation and subsequent differentiation of adipocyte precursor cells present in
established fat depots (23). The current epidemic of obesity in developed nations, with its
implications for public health, emphasizes the importance of understanding the complex
regulatory mechanisms implicated in obesity development.

We have shown here that overexpression of IGFBP-2 in mice protects against the
development of obesity in response to dietary excess and prevents the development of
glucose intolerance and hypertension associated with advancing age. Using complementary
approaches of adipose depot mass estimation and MRI, we demonstrated reductions in
regional fat depots in IGFBP-2—overexpressing mice. Importantly, IGFBP-2 overexpression
led to a significant reduction in fat cell size in both chow-fed and high-fat—fed animals.
These findings may have resulted from an inhibitory effect of IGFBP-2 on intracellular
accumulation of triacyglycerol or by an inhibitory action of IGFBP-2 on IGF-l1-mediated
adipogenesis. The latter is supported by our observation that recombinant IGFBP-2 inhibits
adipogenesis in vitro. In these studies, IGFBP-2 significantly blunted 3T3-L1 cell
differentiation induced by induction cocktail alone (which contains IGF-I in serum), or that
which was supplemented with IGF-I, in keeping with an inhibitory action of IGFBP-2 on
IGF-I-mediated adipogenesis.

IGF-I is produced by virtually all mammalian tissues and is of crucial importance in
regulating cell differentiation/proliferation by a combination of endocrine, autocrine, and
paracrine effects (24). Differentiation of adipocyte precursors into mature adipocytes is
accompanied by increased expression of IGF-1 (25). The demonstration that IGF-1 is an
important stimulus for adipocyte differentiation in preadipocyte primary culture (8,9,26) and
cell lines (5,6) suggests that manipulation of IGF-1 activity could be a potential therapeutic
maneuver to attenuate the development of obesity.

Mice with null mutations of the genes encoding IGF-I and its receptor either die at birth or
are severely growth restricted (27), consistent with an essential role of IGF-I in postnatal
development. In contrast, mice with targeted deletion of IGF-1 expression in the liver exhibit
normal growth and development, despite significantly reduced circulating IGF-I levels
(28,29). These data highlight the importance of local IGF-I production in regulating cell
differentiation/proliferation and support the concept that tissue-derived IGF binding proteins
may represent a potential substrate with which to modify autocrine/paracrine IGF-I effects.
Interestingly, reduced adiposity has been reported in mice with targeted inactivation of
hepatic IGF-1 expression, although it is uncertain whether this was attributable to reduced
circulating IGF-I concentrations or to changes in growth hormone and leptin levels (30).

Although members of the IGFBP family exhibit structural homology, the actions of the
individual binding proteins are distinct, and this may impart upon the IGF-1/IGFBP axis a
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degree of functional and/or tissue specificity (31). In our model, mice with overexpression
of human IGFBP-2 under the control of its native promoter were protected against obesity
but exhibited normal postnatal weight gain, linear growth, and solid organ development.
This contrasts with the growth-restricted phenotype of a previously reported transgenic
mouse in which IGFBP-2 was overexpressed under control of the cytomegalovirus promoter
(in which normal tissue distribution was not achieved) (32). Similarly, postnatal growth and
fertility are restricted in transgenic mice overexpressing IGFBP-3 (33), IGFBP-5 (34), and
IGFBP-6 (35). In our model, transgene expression is under control of the native human
IGFBP-2 promoter, and one may speculate that the fact that IGFBP-2 is the predominant
IGFBP secreted by adipocytes during differentiation (17) leads to a relative specificity of the
inhibitory effect of IGFBP-2 to adipose tissues. Localization of the inhibitory effects of
IGFBP-2 on IGF-I bioactivity to fat is consistent with our observed phenotype of reduced
adiposity without growth restriction. Mice with targeted deletion of IGFBP-2 have
previously been reported, but the only phenotypic changes apparent were alterations in
spleen and liver size (36). Responses to nutritional energy excess and susceptibility to
obesity were not studied in this model.

Reduced susceptibility to diet-induced obesity was a major finding of the current study.
IGFBP-2 mice fed standard chow also had higher insulin sensitivity and lower blood
pressure than wild-type littermates. Although we were unable to demonstrate a difference in
mass of reproductive, mesenteric, or subscapular fat depots, MRI-derived abdominal
adiposity and adipocyte size were significantly reduced in chow-fed IGFBP-2 mice
compared with chow-fed controls. These findings suggest that IGFBP-2 prevents the
development of obesity and its metabolic and cardiovascular sequelae even without the
challenge of nutritional energy excess.

Our data indicate that IGFBP-2 prevents the development of obesity and associated
complications through a direct inhibitory effect on white adipose tissue development.
However, we speculate that in the absence of differences in food intake, the differences in
fat accumulation between these two mouse models may be related to compensatory
increases in thermogenesis as the trend toward increased body temperature may suggest.
Detailed studies of basal metabolic rate will be necessary to explore this possibility in more
detail. Alternatively, we cannot exclude effects in locomotor activity and/or compensatory
effects in fuel oxidation as added factors contributing to the lean phenotype.

In this study, we demonstrated using an insulin tolerance test that IGFBP-2—overexpressing
mice were protected from the age-related decline in insulin sensitivity seen in wild-type
animals. A euglycemic-hyperinsulinemic clamp study could be considered in the future to
explore these findings in more detail. The favorable metabolic and cardiovascular phenotype
of the IGFBP-2 mice may be attributable to changes in IGF-I bioavailability or may be
secondary to reduced global adiposity and/or adipocyte size. Adipocytes secrete a range of
circulating cytokines and peptides (including tumor necrosis factor-a, leptin, adiponectin,
and resistin), that exert wide-ranging influences on metabolic and cardiovascular
homeostasis (37,38). A favorable secretory profile of smaller adipocytes in IGFBP-2 mice,
leading to reduced circulating leptin levels and increased adiponectin levels, for example,
may at least partly explain the improvements in carbohydrate metabolism and blood
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pressure when compared with wild-type littermates. We cannot exclude the possibility that
other novel actions of IGFBP-2 contributed to the improved insulin sensitivity in IGFBP-2
mice through, for example, direct effects on fatty acid oxidation and energy dissipation.
Future experiments will elucidate how IGFBP-2 promotes insulin sensitivity. In conclusion,
these data highlight a novel function of IGFBP-2 in adipocyte biology and support an
important role for IGFBP-2 in protecting against the development of obesity- and age-
associated complications.
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Glossary

BBSRC Biotechnology and Biological Sciences Research Council

BHF British Heart Foundation

GTT glucose tolerance test

IBMX isobutylmethylxanthine

IGFBP IGF-binding protein

MRC Medical Research Council

MRI magnetic resonance imaging

PPARYy peroxisome proliferator—activated receptor vy
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FIG. 1.
Generation of transgenic mice overexpressing IGFBP-2. A: Schematic diagram of the

IGFBP-2 cosmid clone chBP2:4. Exons (1-4) are represented by solid bars, and the positions
of EcoR1 sites are indicated. B: Southern blot analysis of EcoR1-digested DNA from two
lines of founder mice (tgl and tg2) showing the characteristic 5.8-kb bands from the human
IGFBP-2 gene. Other lanes contain DNA from nontransgenic mice (=) or human liver (HL)
C: Northern analysis of tissues from wild-type (wt) and transgenic (tg1) mice probed with
human IGFBP-2 cDNA. HL, RNA from human liver. D: RT-PCR demonstrating human
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IGFBP-2 mRNA expression in reproductive fat depots from three representative transgenic
mice (mw, molecular weight marker). Liver RNA was used as a positive control. RNA
samples with the reverse transcription step omitted (RT-) were used as negative controls. E:
Representative Western ligand blot of fasting sera from wt and tg1l mice. Human IGFBP-2
(34 kDa) and murine IGFBP-2 (30 kDa) are indicated (human IGFBP-2 has 18 amino acids
more than the murine protein). Analysis of mean data revealed that IGFBP-2 abundance in
transgenic mice was 2.2-fold greater than wild-type mice by densitometry (P < 0.05, n=12

per group).
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FIG. 2.

Age-related changes in metabolic homeostasis in wild-type and IGFBP-2 transgenic mice. A
and B: Blood glucose and plasma insulin concentrations were measured after an overnight
fast and 30 min after a glucose challenge (1 mg/g i.p.) in mice 8 weeks (young) and 40
weeks (old) of age. C and D: Insulin and IGF-I tolerance tests were carried out in 40-week-
old mice; blood glucose levels were measured at intervals after the intraperitoneal injection
of insulin (0.5 1U/kg) or IGF-I (0.2 pg/g). *P < 0.05, **P < 0.01, n = 8-12 per group.
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FIG. 3.

Body mass and organ mass in response to high-fat feeding in wild-type and IGFBP-2
transgenic mice. A and B: Body mass was assessed in response to feeding standard chow or
a high-fat diet for 32 weeks. C and D: Adipose tissue depot mass was measured postmortem
after 32 weeks of feeding. E and F: Solid organ mass was measured postmortem after 32
weeks of feeding. *P < 0.05, **P < 0.01, n = 8-12 per group.
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FIG. 4.
Changes in adiposity in response to high-fat feeding in wild-type and IGFBP-2 transgenic

mice. Aand B: Visceral fat was assessed by MRI in mice receiving chow or high-fat diet for
32 weeks (n = 3). C: Representative sections of perigonadal fat after 32 weeks of feeding
(initial magnification x10; bar = 50 um). D: Adipocyte area in histological sections of
perigonadal fat after 32 weeks of feeding. *P < 0.05, n = 6 per group.
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FIG.5.
Changes in glucoregulation in response to high-fat feeding in wild-type (WT) and IGFBP-2

transgenic (TG) mice. A and B: Blood glucose and plasma insulin concentrations were
measured after an overnight fast and 30 min after a glucose challenge in wild-type and
transgenic mice receiving chow or high-fat diet for 32 weeks. C and D: Insulin-tolerance
test. Blood glucose levels were measured at intervals after the intraperitoneal injection of
insulin (0.5 1U/kg) after 32 weeks of feeding. *P < 0.05, n=8-12.
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FIG. 6.

IGFBP-2 impairs differentiation of 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were
induced for 2 days with either differentiation medium alone (uninduced) or differentiation
medium containing either isobutylmethylxanthine (IBMX) and dexamethasone (MD); or
IBMX, dexamethasone, and insulin (MDI); or IBMX, dexamethasone, and hIGF-I
(MDIGF). The subsequent 2-day treatment involved the same induction cocktails minus
IBMX and dexamethasone. IGFBP-2 treatment was maintained for the first 4 days of
differentiation. Differentiation was terminated on day 8 after induction. Aand B:
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Macroscopic and microscopic views of oil red O-stained monolayers, respectively. C: Gene
expression levels of PPARYy and aP2, respectively, after normalization with 18S levels. D
and E: Macroscopic and microscopic views of oil red O-stained 3T3-L1 preadipocytes
induced with IBMX, dexamethasone, and either hIGF-1 (MDIGF) or hDes (1-3)IGF-I
(MDDeslIGF). Data represent means + SE of at least three independent experiments. Two-
tailed, two sample, equal variance Student’s t test were used to assess statistical significance.
*P < 0.05, **P < 0.01.
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FIG. 7.
Systolic blood pressure measured by tail-cuff plethysmography in conscious, restrained

animals at 8 weeks of age (young), 40 weeks of age (old), and after feeding a chow diet or

high-fat diet for 32 weeks. *P < 0.05, **P < 0.001, n = 8-12 per group.
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TABLE 1
Glucoregulation in IGFBP-2 transgenic mice
Wild type tgl tg2
Blood glucose (mmol/l)
Fasting 6.1+0.8 58+0.4 6.3+0.7
Nonfasting 136+11 171+08° 104+009"
Plasma insulin (ng/ml)
Fasting 0.16+0.01 0.15+0.01 0.13+0.01
Nonfasting 0.88+0.12 0.71+0.08 0.67+0.09

Data are means + SE from 4- to 6-month-old animals.

*
P < 0.05 compared with wild type.
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