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Low circulating levels of insulin-like growth factor binding
protein 1 (IGFBP-1) are associated with insulin resistance
and predict the development of type 2 diabetes. IGFBP-1
can affect cellular functions independently of IGF binding
through an Arg-Gly-Asp (RGD) integrin-binding motif.
Whether causal mechanisms underlie the favorable
association of high IGFBP-1 levels with insulin sensitivity
and whether these could be exploited therapeutically
remain unexplored. We used recombinant IGFBP-1 and a
synthetic RGD-containing hexapeptide in complementary
in vitro signaling assays and in vivo metabolic profiling in
obese mice to investigate the effects of IGFBP-1 and its
RGD domain on insulin sensitivity, insulin secretion, and
whole-body glucose regulation. The RGD integrin-binding
domain of IGFBP-1, through integrin engagement, focal
adhesion kinase, and integrin-linked kinase, enhanced
insulin sensitivity and insulin secretion in C2C12myotubes
and INS-1 832/13 pancreatic b-cells. Both acute adminis-
tration and chronic infusion of an RGD synthetic peptide
to obese C57BL/6 mice improved glucose clearance and
insulin sensitivity. These favorable effects on metabolic ho-
meostasis suggest that the RGD integrin-binding domain
of IGFBP-1 may be a promising candidate for therapeutic
development in the field of insulin resistance.

Changes in 21st century lifestyle have led to an increased
prevalence of obesity. In 2008, 1.46 billion adults world-
wide were estimated to have a BMI of$25 kg/m2; of these,
502 million were classified as obese (1). Obesity-related
insulin resistance is a major cause of health disorders, in-
cluding type 2 diabetes mellitus (T2DM) which is predicted

to affect 300 million people worldwide by 2030 (2). T2DM
is a major cause of arterial atherosclerosis, leading to pre-
mature myocardial infarction, stroke, and peripheral vas-
cular disease (3). Disappointing results from clinical trials
investigating a strategy of intensive blood glucose control
to reduce cardiovascular events (4,5) highlight the need
for novel approaches to reduce cardiovascular risk in in-
dividuals with T2DM.

Insulin-like growth factor binding proteins (IGFBPs)
comprise a family of proteins that bind insulin-like growth
factors (IGFs) with high affinity (6). Several IGFBPs possess
distinctive structural motifs that allow interactions with
cells or extracellular matrices and confer the ability of these
proteins to signal independently of IGF binding (6). IGFBP-1
is a 30-kDa protein that is abundant in the circulation
and is the most dynamically regulated of the IGFBPs as a
consequence of inhibition of hepatic synthesis in relation
to ambient insulin concentrations (7). Accordingly, short-
term modulation of IGF-I bioavailability has been proposed
as a potential mechanism implicating IGFBP-1 in glucose
counterregulation (8). Cross-sectional studies in humans
indicate a strong and consistent positive correlation between
circulating IGFBP-1 concentrations and insulin sensitivity
(9–16). In longitudinal studies, low baseline concentrations
of IGFBP-1 strongly predict the subsequent development of
incident diabetes (17–20). Negative correlations between
IGFBP-1 and biomarkers of cardiovascular disease have also
become apparent (9,15,21). We have previously reported
that in vivo overexpression of IGFBP-1 in mice improves
vascular insulin sensitivity, promotes nitric oxide production,
lowers blood pressure, and protects against atherosclerosis
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(22). We also observed improved whole-body glucose tol-
erance and insulin sensitivity in these mice, but we did
not investigate the molecular basis for these findings.

Interaction of the Arg-Gly-Asp (RGD) sequence of IGFBP-
1 with the cell surface a5b1-integrin has been identified as a
mechanism by which IGFBP-1 can regulate cellular responses
independently of IGF binding (23). IGF-independent actions
of IGFBP-1 mediated by RGD-integrin interactions have
been reported in several cell types, including Chinese hamster
ovary cells, breast cancer cells, oligodendrocytes, and human
dermal fibroblasts (23–26). However, whether IGFBP-1 exerts
IGF-independent actions on cell types implicated in metabolic
homeostasis remains unclear.

We hypothesized that IGFBP-1 through its RGD domain
directly modulates insulin signaling and glucose regulation
and therefore represents a potential novel therapeutic for
insulin sensitization. We used complementary in vitro and
in vivo assays to investigate the effects of IGFBP-1 and its
RGD domain on insulin signaling, insulin-stimulated glucose
uptake, glucose-stimulated insulin secretion, and metabolic
homeostasis.

RESEARCH DESIGN AND METHODS

Cell Culture C2C12 Cells
C2C12 cells (a gift from K. White, University of Leeds) were
cultured in growth media (DMEM 32430-100; Thermo
Fisher Scientific) supplemented with 10% FCS. Differenti-
ation was initiated by rinsing fully confluent cells once with
PBS and adding differentiation media (DMEM supple-
mented with 5% FCS). The INS-1 832/13 cell line (a gift
from R. Sivaprasadarao, University of Leeds) was cultured
in growth media (RPMI medium R8758; Sigma-Aldrich)
supplemented with 10% FCS, 10 mmol/L HEPES, 1 mmol/L
sodium pyruvate, and 0.05 mmol/L 2-mercaptoethanol.

Recombinant Full-Length Human IGFBP-1 Expression
To construct the expression vector, the DNA coding
sequence of the mature human IGFBP-1 polypeptide was
amplified from IMAGE clone 4800940 using oligonucleotides
59-GGTCGGCGCGTCTCCAGGTGCTCCGTGGCAG-39 and
592GACAGAACATTATTTCATCTAGATTCAGTTTTGTAC-39
and subcloned into pM-secSUMOstar vector using BsmBI
and XbaI sites. After subcloning, the coding sequence was
verified by dideoxynucleotide DNA sequencing (Sequencing
Services, University of Dundee). Site-directed mutagenesis
of the pM-secSUMOstarIGFBP-1 plasmid was performed
using the QuikChange Lightning kit (Agilent Technolo-
gies) using primers 59-TCCAGAGATCTGGGGAGACCC-39
and 59-GGGTCTCCCCAGATCTCTGGA-39 to generate a
WGD R246W (mIGFBP-1) expression construct. For pro-
tein expression, Expi293F cells (Life Technologies) were
transiently transfected with the expression vector using
ExpiFectamine as detailed by the manufacturer’s instruc-
tions, with medium harvested 7 days posttransfection.
After removal of cells and cell debris by centrifugation
(10 min at 300g then 10 min at 4,500g) and addition of
protease inhibitor cocktail and phosphatase inhibitor

cocktail 3 (both from Sigma), the medium was passed
through a 0.2-mm filter, and protein was precipitated by
the addition of two volumes saturated ammonium sulfate
at 4°C followed by incubation on ice for 1 h. After centri-
fugation (4,500g at 4°C for 1 h), floating protein pellets
were redissolved in Dulbecco PBS (DPBS), and residual
ammonium sulfate was removed by gel filtration with
DPBS-equilibrated Zeba gel filtration spin columns (Fisher
Scientific). His6 SUMO-IGFBP-1 fusion protein was then
isolated using HisPur Cobalt spin columns (Fisher Scien-
tific) as directed by the manufacturer’s instructions. Elu-
ates were buffer exchanged to DBPS using Zeba columns
before digestion of His6 SUMO-IGFBP-1 with SUMOstar
Protease. Cleaved His6 SUMOstar was removed with His-
Pur Cobalt spin columns, and eluent containing IGFBP-1
was applied to a Sephacryl S-100 column equilibrated
with DPBS at room temperature using an ÄKTA avant chro-
matography system (GE Healthcare). Purity was confirmed
to $95% by Coomassie staining of SDS-PAGE gels.

In Vitro Treatment for Signaling and Uptake Assays
Cells were serum starved overnight. Cells were pretreated
with 500 ng/mL recombinant IGFBP-1 (rIGFBP-1), WGD-
mutant IGFBP-1 (mIGFBP-1), RGD-containing hexapeptide
(GRGDTP or RAD-containing control peptide GRADSP;
Thermo Fisher Scientific) for 10 min. Cells were then were
exposed to 100 nmol/L recombinant insulin (I9278; Sigma-
Aldrich) for 10 min. For inhibitor assays, cells were ex-
posed for 10 min and treated in media containing either
2.5 mmol/L integrin-linked kinase (ILK) inhibitor (407331;
Calbiochem) or 100 nmol/L focal adhesion kinase (FAK)
inhibitor (PZ0117; Sigma-Aldrich).

Immunoblotting
Cells were lysed using lysis buffer (FNN0011; Invitrogen)
posttreatment. Lysates were clarified by centrifugation
(13,000 rpm for 15 min). Fifty micrograms of total protein
were separated by electrophoresis through 4–12% Bis-Tris
gel (NP0335; Life Technologies) and blotted onto polyviny-
lidene fluoride membranes. Blots were probed with insulin
receptor substrate 1 (IRS1) (2390; Cell Signaling), phos-
phorylated (p) IRS1 (Tyr608) (09-432; Millipore), protein
kinase B (AKT) (9272; Cell Signaling), pAKT (Ser473)
(4060; Cell Signaling), FAK (3285; Cell Signaling), pFAK
(Tyr397) (8556; Cell Signaling), insulin receptor (IR)
(3025; Cell Signaling), pIR (Tyr1162) (407707; Millipore),
PCK1 (12940; Cell Signaling), a5-integrin (sc-10729;
Santa Cruz Biotechnology), b1-integrin (sc-6622; Santa
Cruz Biotechnology), and b-actin (Sc-47778; Santa Cruz).

Insulin-Stimulated Glucose Uptake Assay
After pretreatment with inhibitors, hexapeptide, and
exposure to insulin, as previously described, 50 mg/mL
2-NBDG (N13195; Life Technologies) diluted in glucose-
free medium was added for 15 min at 37°C. The 2-NBDG
uptake reaction was stopped by removing the medium and
washing the cells with PBS three times. Results were visualized
on a microplate reader (Varioskan LUX; Thermo Fisher Scien-
tific) at an excitation/emission maxima of ;465/540 nm.
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Glucose-Stimulated Insulin Secretion
INS-1 823/13 cells were washed with Hanks’ balanced
salt solution (HBSS) (144 mmol/L NaCl, 4.7 mmol/L
KCl, 1.16 mmol/L MgSO4, 2.5 mmol/L CaCl2, 1.2 mmol/L
KH2PO4, 25.5 mmol/L NaHCO, 20 mmol/L HEPES, 0.2%
BSA, pH 7.2) and then left in HBSS for 2 h at 37°C. After
2 h, the secretagogues (3 mmol/L glucose used for basal
insulin secretion level and 15 mmol/L glucose as stimu-
lated level, supplemented with 500 ng/mL RGD or RAD
hexapeptide and 2.5 mmol/L ILK inhibitor or 100 nmol/L
FAK inhibitor) diluted in HBSS were added for 2 h at
37°C. After 2 h, the supernatant was removed and used
in an ultrasensitive mouse insulin ELISA (90080; Crystal-
Chem) per kit instructions.

Proliferation Assay
After a 2-h pretreatment with hexapeptide in high-glucose
HBSS, INS-1 823/13 cells were used as a proliferation
assay (C10337; Invitrogen) per kit instructions.

Animal Husbandry
Male C57BL/6 mice aged 7 weeks were purchased from
Charles River Laboratories, U.K. Experiments were carried
out under the authority of U.K. Home Office License
PPL40/3523. Cages were maintained in humidity- (55%)
and temperature-controlled (22°C) conditions with a 12-h
light/dark cycle. To induce obesity, mice were fed a high-
fat diet (D12492; Research Diets).

Chronic Infusion
Osmotic minipumps (1004; ALZET) filled with 100 mL
of 10 mg/mL RGD or RAD hexapeptide were implanted
subcutaneously under general anesthesia in 12-week-old
C57BL/6 mice fed a high-fat diet for 4 weeks.

In Vivo Metabolic Studies
Mice were fasted for 16 h before glucose tolerance
testing or for 2 h before insulin tolerance testing. Blood
glucose was measured by using a hand-held glucose
meter (Accu-Chek Aviva). An intraperitoneal injection of
glucose 1 mg/g or recombinant human insulin 0.75
International Units/kg (Actrapid; Novo Nordisk, Bags-
værd, Denmark) (supplemented with 50 mg of RGD or
RAD control hexapeptide for acute studies) was admin-
istered. Glucose concentration was measured at 30-min
intervals for 2 h from the point of glucose or insulin
administration.

The indirect calorimetry measures were performed by
the Vanderbilt Mouse Metabolic Phenotyping Center
(MMPC) (DK-059637). Mice were individually placed in
metabolic cages (identical to home cages with bedding)
located in the Vanderbilt MMPC in a 12-h light/dark cycle
temperature- and humidity-controlled room. Energy ex-
penditure measures were obtained by using an indirect
calorimetry system (Promethion; Sable Systems, Las Vegas,
NV). Microperforated stainless steel air-sampling tubes
located at the bottom of the cages were used to ensure
that the cage air was sampled uniformly. Ambulatory activity
and position were detected with XYZ beams and determined

every second. The Promethion system uses a pull-mode,
negative-pressure system with an excurrent flow rate set
at 2,000 mL/min. Water vapor is continuously measured,
and its dilution effect on O2 and CO2 are mathematically
compensated for in the analysis stream. O2 consumption
and CO2 production were measured for each mouse at
5-min intervals for 30 s. Incurrent air reference values
were determined every four cages. The respiratory quotient
was calculated as the ratio of CO2 production over O2

consumption. Energy expenditure was calculated by using
the Weir equation (27): kcal=h¼ 603ð0:0039413VO21
0:0011063VCO2Þ (Eq. 1).

Data acquisition and instrument control were coordi-
nated by MetaScreen version 2.2.18 software, and the raw
data were processed using ExpeData version 1.7.30
software (Sable Systems).

Hyperinsulinemic-euglycemic clamps were performed
by the Vanderbilt MMPC (DK-059637). The Vanderbilt
University Hormone Assay and Analytical Core performed
the hormone analysis (DK-059637 and DK-020593). All
procedures required for the hyperinsulinemic-euglycemic
clamp were approved by the Vanderbilt University Animal
Care and Use Committee. Catheters were implanted into a
carotid artery and a jugular vein of mice for sampling and
infusions, respectively, 5 days before the study as described
by Berglund et al. (28). Insulin clamps were performed on
mice fasted for 5 h by using a modification of the method
described by Ayala et al. (29). [3-3H]-glucose was primed
(1.5 mCi) and continuously infused for a 90-min equili-
bration and basal sampling period (0.075 mCi/min).
[3-3H]-glucose was mixed with the nonradioactive glucose
infusate (infusate-specific activity 0.5 mCi/mg) during the
2-h clamp period. Arterial glucose was clamped by using a
variable rate of glucose (plus trace [3-3H]-glucose) infu-
sion, which was adjusted based on the measurement of
blood glucose at 10-min intervals. By mixing radioactive
glucose with the nonradioactive glucose infused during a
clamp, deviations in arterial glucose-specific activity were
minimized, and steady-state conditions were achieved.
The calculation of glucose kinetics, therefore, was more ro-
bust (30). Baseline blood or plasma variables were calculated
as the mean of values obtained in blood samples collected
at 215 and 25 min. At time 0, insulin infusion (4 mU/kg
body weight/min) was started and continued for 120 min.
Mice received heparinized saline–washed erythrocytes from
donors at 5 mL/min to prevent a fall in hematocrit. Blood
was taken from 80 to 120 min for the determination of
[3-3H]-glucose. Clamp insulin was determined at 100 and
120 min. At 120 min, 13 mCi of 2[14C]deoxyglucose
([14C]2DG) was administered as an intravenous bolus.
Blood was taken from 2 to 25 min for determination of
[14C]2DG. After the last sample, mice were anesthetized and
tissues were freeze clamped for biochemical analysis. Plasma
insulin was determined by radioimmunoassay. Radioactiv-
ity of [3-3H]-glucose and [14C]2DG in plasma samples and
[14C]2DG-6-phosphate in tissue samples were determined
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by liquid scintillation counting. Ra and Rd were determined
using steady-state equations (31). Endogenous glucose
appearance was determined by subtracting the glucose
infusion rate from total Ra. The glucose metabolic index
was calculated as previously described (32).

IGFBP-1 plasma levels were measured by using an IGFBP-1
ELISA kit (ab100539; Abcam) per kit instructions. IGF-I
levels were measured by using a Mouse/Rat IGF-I
Quantikine ELISA Kit (MG100; R&D Systems) per kit
instructions. Growth hormone plasma levels were mea-
sured by using a Mouse GH (Growth Hormone) ELISA
Kit (E-EL-M0060; Elabscience) per kit instructions. Glu-
cagon plasma levels also were measured by using a Mouse/
Rat IGF-I Quantikine ELISA Kit (E-EL-M0555; Elabscience)
per kit instructions.

Mass Spectrometry
Blood was collected from the lateral saphenous vein. Mass
spectrometry analysis was performed by the Mass Spectrom-
etry Facility, Faculty of Biological Sciences, University of Leeds.

Data Analysis
All data are shown as the mean 6 SEM. Blots were ana-
lyzed with ImageJ software and normalized to a control
on each blot to account for variation between unstimu-
lated conditions per experimental replicate. Student un-
paired t test was used for all statistical analyses and was
performed with GraphPad Prism software.

RESULTS

rIGFBP-1 Enhances Insulin Signaling in C2C12 Skeletal
Muscle Cells Through Its RGD Domain
Skeletal muscle represents the major insulin-responsive tissue
responsible for glucose clearance. After binding of insulin,
autophosphorylation of the IR activates a canonical signaling
pathway that involves phosphorylation of critical signaling
intermediaries, including IRS1 and AKT. We used immuno-
blotting to probe the effects of IGFBP-1 on insulin-stimulated
phosphorylation of these critical nodes in the insulin signaling
pathway in skeletal myocytes differentiated from the mouse
C2C12 myoblast cell line. Preincubation with rIGFBP-1 caused
a significant increase in insulin-stimulated AKT and IRS1
phosphorylation in C2C12 myotubes but did not affect
phosphorylation of IR or the IGF-I receptor (IGF-1R) (Fig.
1A–D). In recognition that IGFBP-1 has been reported to
modulate responses of other cells through the interaction
of its RGD motif with a5b1-integrin, we investigated whether
a similar mechanism is responsible for the effects of IGFBP-1
on insulin signaling. We first confirmed that a5b1-integrin is
expressed in C2C12 myotubes (Supplementary Fig. 1). To
determine whether the RGD domain of IGFBP-1 is required
for enhancement of insulin signaling, we repeated these
experiments in C2C12 myotubes preincubated with
rIGFBP-1 subjected to site-directed mutagenesis to
replace the RGD sequence with a whole-genome du-
plication (WGD) sequence, which is incapable of binding
integrins (mIGFBP-1) (33). In contrast to the native protein,

preincubation with mIGFBP-1 did not modulate insulin
signaling (Fig. 1E–H), suggesting that the RGD sequence
of IGFBP-1 is essential for insulin sensitization.

RGD Peptide Mimics rIGFBP-1–Enhanced Insulin
Signaling in C2C12 Skeletal Muscle Cells
To determine whether the intact protein is required for
IGFBP-1–mediated modulation of insulin signaling or
whether the RGD sequence per se is sufficient to induce
insulin sensitization, we performed experiments with an
RGD synthetic hexapeptide. Preincubation of skeletal myo-
tubes with the RGD peptide before insulin stimulation
enhanced glucose uptake and mimicked the enhancement
of AKT and IRS1 phosphorylation elicited by rIGFBP-1.
Similar to IGFBP-1, the RGD peptide had no effect on
pIR/IR or pIGF-1R/IGF-1R (Fig. 2A–E). A pretreatment
with RAD control hexapeptide before insulin stimulation
did not enhance glucose uptake by pAKT/AKT, pIRS1/IRS1,
pIR/IR, or pIGF-1R/IGF-1R (Fig. 2F–J).

RGD Peptide–Enhanced Insulin Signaling in C2C12
Skeletal Muscle Cells Depends on FAK
Outside-in signaling after interaction of cell surface integ-
rins with RGD is mediated by activation of intracellular
signaling cascades in which FAK and ILK are believed to
play critical roles (34,35). To investigate the downstream
involvement of integrin signaling in the actions of the RGD
hexapeptide, we repeated experiments in C2C12 myotubes
using inhibitors of FAK and ILK. Inhibition of FAK com-
pletely prevented the augmentation of insulin-stimulated
glucose uptake by RGD peptide (Fig. 3A). Similarly, inhibition
of FAK prevented RGD-mediated augmentation of insulin-
stimulated AKT and IRS1 phosphorylation (Fig. 3B and C).
The effect of RGD peptide on FAK phosphorylation was
determined through Western blot analysis of pFAK (Fig. 3D)
and confirmed that RGD peptide pretreatment enhanced
FAK activation. ILK inhibition had no significant effect
on insulin-stimulated glucose uptake, or insulin-stimulated
phosphorylation of AKT, IRS1, or FAK (Fig. 3E–H).

IGFBP-1 and RGD Peptide Do Not Phosphorylate IRS1,
AKT, or FAK in the Absence of Insulin
To examine whether IGFBP-1 or RGD peptide per se
directly lead to phosphorylation of signaling intermedi-
aries, we carried out experiments in the absence of insulin
stimulation. Incubation of C2C12 myotubes with rIGFBP-1
or RGD peptide had no significant effect on the insulin
signaling pathway in the absence of insulin, although there
was a modest trend for greater FAK and AKT phosphor-
ylation in stimulated cells compared with unstimulated
cells (Supplementary Fig. 2).

RGD Peptide Enhances Glucose-Stimulated Insulin
Secretion in INS-1 823/13 Pancreatic b-Cells and
Depends on Both FAK and ILK
A pancreatic b-cell line, INS-1 823/13, was used to investi-
gate the effects of RGD hexapeptide on glucose-stimulated
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insulin secretion. Incubation of INS-1 823/13 cells with
RGD peptide in low-glucose conditions had no effect on
insulin secretion compared with cells treated with low
glucose only (Fig. 4A). However, incubation with RGD pep-
tide significantly enhanced glucose-stimulated insulin secre-
tion in INS-1 823/13 cells (Fig. 4B). RAD control peptide
did not affect glucose-stimulated insulin secretion (Fig. 4C).
Augmentation of glucose-stimulated insulin secretion by
RGD peptide was blocked by inhibition of both FAK (Fig.
4D) and ILK (Fig. 4E). INS-1 823/13 cells were also used to
investigate the effects of RGD peptide on pancreatic b-cell
proliferation. RGD peptide incubation for 2 h enhanced
INS-1 823/13 cell proliferation compared with cells treated
with the RAD control peptide (Fig. 4F).

Acute RGD Peptide Treatment Has Beneficial Effects
on Glucose Clearance and Insulin Sensitivity In Vivo
On the basis of the positive effect of the RGD hexapeptide
on insulin signaling, cellular glucose uptake, and pancre-
atic insulin signaling observed in the preceding in vitro

experiments, we proceeded to determine whether acute
administration of RGD peptides modulated glucose reg-
ulation in vivo. Weight-matched C57BL/6 mice subjected
to diet-induced obesity were used as an in vivo model of
insulin resistance (Fig. 5A and B). Fifty micrograms of
RGD peptide or RAD control peptide was administered
to obese mice by intraperitoneal injection before meta-
bolic profiling by glucose and insulin tolerance tests.
Mass spectrometry analysis of plasma samples confirmed
that the RGD peptide was detectable in the blood 30 min
after injection (Fig. 5C). Multiple metabolites were also
detected, suggesting partial protelytic degradation of the
peptide. Administration of RGD peptide significantly im-
proved glucose tolerance compared with administration
of RAD control peptide (Fig. 5D and E). Insulin sensitivity
was also significantly improved after administration of
RGD peptide compared with RAD control peptide admin-
istration (Fig. 5F and G). A strong, although not statisti-
cally significant, trend for increased insulin-stimulated

Figure 1—IGFBP-1 enhances insulin signaling through its RGD domain in C2C12 skeletal muscle cells. C2C12 myotubes were used to
investigate the effects of rIGFBP-1 on the insulin signaling pathway through immunoblotting of key insulin signaling proteins (AKT, IRS1, IR,
and IGF-1R). The relative intensities of phosphorylated and total protein bands were quantified by densitometry and expressed as a ratio
(phosphorylated/total), normalized to b-actin. A–D: Pretreatment with 500 ng/mL rIGFBP-1 for 10 min before 100 nmol/L insulin stimulation
for 10 min caused an increase in insulin-stimulated pAKT/AKT and pIRS1/IRS1 but not pIR/IR or pIGF-1R/IGF-1R compared with cells
treated with insulin only. E–H: C2C12 myotubes were used to determine whether rIGFBP-1–enhanced insulin signaling was through its
RGD domain by using a mIGFBP-1. Pretreatment with 500 ng/mL mIGFBP-1 for 10 min before 100 nmol/L insulin stimulation for 10 min had
no effect on insulin-stimulated pAKT/AKT, pIRS1/IRS1, pIR/IR, or pIGF-1R/IGF-1R compared with cells treated with insulin only. Data are
mean 6 SEM. *P # 0.05, **P # 0.01 (n = 3).
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phosphorylation of AKT in gastrocnemius muscle in mice
receiving RGD peptide was observed compared with mice
receiving RAD control peptide (Fig. 5H and I).

Chronic RGD Peptide Treatment Had No Effect on
Body Composition But Improved Insulin Sensitivity
In Vivo
To examine whether chronic administration of RGD
hexapeptide favorably affected metabolic homeostasis,
we implanted osmotic minipumps delivering RGD peptide
or RAD control peptide at 1 mg/h for 4 weeks. Minipumps
were implanted in 12-week-old C57BL/6 mice fed a high-
fat diet for 4 weeks. High-fat feeding was continued for a
further 4 weeks during peptide infusion, after which met-
abolic profiling was performed. Chronic infusion of RGD
peptide had no effect on body mass, lean mass, or adipos-
ity (Fig. 6A–C). No difference in average energy expendi-
ture, food intake, or water intake was found between the
two groups (Fig. 6D–F). Circulating concentrations of IGF-I
and IGFBP-1 were unaltered by RGD peptide administration

(Supplementary Fig. 3). Furthermore, no difference in
fasting blood glucose (Fig. 6G) was observed, but RGD
peptide–infused mice had lower circulating plasma in-
sulin levels than mice infused with RAD control peptide
(Fig. 6H), consistent with enhanced insulin sensitivity.
In keeping with a more insulin sensitive metabolic phe-
notype, RGD peptide–infused mice had lower HOMA of
insulin resistance (HOMA-IR) scores than mice infused
with RAD control peptide (Fig. 6I).

To examine the effects of chronic RGD peptide infusion
on metabolic phenotype in more detail, hyperinsulinemic-
euglycemic clamping was performed on obese C57BL/6
mice that had received RGD peptide or RAD control pep-
tide through osmotic minipump for 4 weeks as described
above. Euglycemia was reasonably well maintained during
the clamp, with the exception of higher blood glucose in
RGD peptide–infused mice at 70 and 90 min, resulting in
a higher area under the curve (AUC) in these mice (Fig. 7A
and B). Glucose infusion rate during the clamp was not
significantly different at any time point, but a strong

Figure 2—RGD synthetic peptide mimics rIGFBP-1–enhanced insulin signaling in C2C12 skeletal muscle cells. C2C12 myotubes were
used to investigate the effects of RGD synthetic peptide on glucose uptake and the insulin signaling pathway. A: Pretreatment with RGD
synthetic peptide increased insulin-stimulated glucose uptake compared with cells treated with insulin only (0.22 6 0.02 vs. 0.33 6 0.01
arbitrary units [AU]). B–E: Pretreatment with 500 ng/mL RGD synthetic hexapeptide for 10 min before 100 nmol/L insulin stimulation for
10 min caused an increase in insulin-stimulated pAKT/AKT and pIRS1/IRS1 but not pIR/IR or pIGF-1R/IGF-1R compared with cells treated
with insulin only. F: Pretreatment with RAD control peptide did not increase insulin-stimulated glucose uptake compared with cells treated
with insulin only (0.22 6 0.02 vs. 0.16 6 0.003 AU). G–J: Pretreatment with 500 ng/mL RAD control hexapeptide for 10 min before
100 nmol/L insulin stimulation for 10 min had no effect on insulin-stimulated pAKT/AKT, pIRS1/IRS1, pIR/IR, or pIGF-1R/IGF-1R compared
with cells treated with insulin only. Data are mean 6 SEM. *P # 0.05, **P # 0.01 (n = 3 for blots and n = 8 for uptake assays per treatment).
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trend existed for RGD peptide–infused mice to require
less glucose after 80 min of the clamp when steady
state had been reached (Fig. 7C). Of note, plasma in-
sulin during the clamp was significantly lower in RGD
peptide–infused mice than in RAD control peptide–
infused mice (Fig. 7D). In an attempt to control for
the substantially lower insulin levels in RGD peptide–
infused mice, we normalized glucose flux readouts for
ambient insulin levels. Glucose disappearance relative
to circulating insulin levels were increased in RGD peptide–
infused mice compared with the RAD control peptide–
infused mice (Fig. 7E). A trend to higher glucose uptake
in muscle, particularly within the gastrocnemius; in
white adipose tissue; and in the heart was observed in
the RGD peptide–infused mice compared with RAD
control peptide–infused mice (Fig. 7F–H). Glucose up-
take in the brain and in brown adipose tissue was sig-
nificantly enhanced in RGD peptide–infused mice as
well (Fig. 7H).

To examine whether the metabolic phenotype of RGD
peptide–infused mice was affected by changes in coun-
terregulatory hormones, we measured circulating levels
of growth hormone and glucagon at the end of the in-
fusion period. Growth hormone and glucagon concentra-
tions were similar in RGD peptide– and RAD control
peptide–infused animals (Supplementary Fig. 3). Simi-
larly, we found no difference in hepatic expression of
a5b1-integrin or of the gluconeogenic enzyme phospho-
enolpyruvate carboxykinase between groups (Supplemen-
tary Fig. 4).

DISCUSSION

For the first time to our knowledge, this report demon-
strates through a series of in vitro mechanistic studies
that IGFBP-1 directly enhances insulin sensitivity through
its RGD domain and that an RGD synthetic peptide
enhances insulin secretion. By administering an RGD-
containing hexapeptide in vivo, this study also shows that

Figure 3—RGD synthetic peptide–enhanced insulin signaling in skeletal muscle cells is mediated by FAK. C2C12 myotubes were used to
investigate the effects of RGD synthetic peptide on glucose uptake, insulin signaling, and FAK signaling. A: Pretreatment with RGD
synthetic peptide after FAK inhibition but before insulin stimulation prevented RGD synthetic peptide–enhanced glucose uptake (0.33 6
0.01 vs. 0.2 6 0.008 arbitrary units [AU]). B–D: Pretreatment with RGD synthetic peptide after FAK inhibition but before insulin stimulation
prevented RGD synthetic peptide–enhanced pAKT/AKT, pIRS1/IRS1, and pFAK/FAK. E: Pretreatment with RGD synthetic peptide after ILK
inhibition but before insulin stimulation had no significant effect on RGD synthetic peptide–enhanced glucose uptake (0.336 0.01 vs. 0.36
0.02 AU). F–H: Pretreatment with RGD synthetic peptide after ILK inhibition but before insulin stimulation did not prevent RGD synthetic
peptide–enhanced pAKT/AKT, pIRS1/IRS1, and pFAK/FAK. Data are mean 6 SEM. *P # 0.05, **P # 0.01 (n = 3 for blots and n = 8 for
uptake assays per treatment).
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this may be a potential novel therapeutic strategy to
improve glucose tolerance and insulin sensitivity.

Skeletal muscle is the primary tissue responsible for
postprandial (insulin-stimulated) glucose disposal that
results from the activation of canonical signaling path-
ways leading to the translocation of GLUT4 to the cell
surface membranes (36). Incubation of C2C12 myotubes,
an insulin-sensitive cell type, with rIGFBP-1 caused a
significant increase in insulin-stimulated IRS1 and AKT
phosphorylation. These findings indicate that IGFBP-1
enhances signaling at critical nodes of the insulin
signaling pathway. IGFBP-1 did not influence insulin-
stimulated phosphorylation of the IR or IGF-1R, indi-
cating that its potentiating effect on insulin signaling
is mediated downstream of receptor tyrosine kinase
activation.

Previous reports have indicated that IGFBP-1 can
influence the function of a variety of cell types through

interaction of its RGD domain with cell surface a5b1-
integrin (23–25,33). To determine whether this mecha-
nism was responsible for the potentiating effect of IGFBP-1
on signaling in insulin-responsive cells, a mutant form of
IGFBP-1 (WGD) that is incapable of binding a5b1-integrin
(23) was used. We confirmed that C2C12 cells express
a5b1-integrin. No increase in insulin signaling was seen
when C2C12 cells were incubated with WGD-IGFBP-1. To
further confirm the role of the RGD domain in insulin
sensitization, we examined the effects of an RGD-containing
peptide on insulin signaling. Although often used as com-
petitive inhibitors at integrin receptors, RGD peptides
can act as partial agonists and can stimulate integrin-
mediated effects (37–39). We selected the linear RGD
mimetic peptide GRGDTP because this replicated the ef-
fects of IGFBP-1 on integrin signaling and induction of
apoptosis in breast cancer cells in a previous study (24).
Enhanced insulin-stimulated phosphorylation of IRS1 and

Figure 4—RGD synthetic hexapeptide enhances glucose-stimulated insulin secretion in pancreatic b-cells. INS-1 823/13, a pancreatic
b-cell line, was used to investigate the effects of RGD synthetic peptide on insulin secretion. A: Coincubation with RGD synthetic peptide
and low glucose had no effect on insulin secretion compared with cells treated with low glucose only (0.786 0.08 vs. 0.836 0.1 ng/mL). B:
INS-1 823/13 was also used to investigate the effects of RGD synthetic peptide on glucose-stimulated insulin secretion. Coincubation with
RGD synthetic peptide and glucose enhanced glucose-stimulated insulin secretion compared with cells treated with glucose only (3.64 6
1 vs. 6.0 6 0.7 ng/mL). C: Coincubation with RAD synthetic peptide and glucose had no effect on glucose-stimulated insulin secretion
compared with cells treated with glucose only (3.64 6 1 vs. 5.38 6 1.2 ng/mL). D: Coincubation with FAK inhibitor, RGD synthetic peptide,
and glucose prevented RGD-enhanced glucose-stimulated insulin secretion (6 6 0.7 vs. 1.4 6 0.3 ng/mL). E: Coincubation with ILK
inhibitor, RGD synthetic peptide, and glucose prevented RGD-enhanced glucose-stimulated insulin secretion (6 6 0.7 vs. 1.1 6
0.15 ng/mL). F: INS-1 823/13 was used to investigate the effects of RGD synthetic peptide on proliferation by using a 5-ethynyl-29-
deoxyuridine assay. RGD synthetic peptide incubation for 2 h enhanced pancreatic b-cell proliferation compared with cells treated with
the RAD control synthetic hexapeptide (RGD 27.45 6 2.6% vs. RAD 15.8 6 2%). Data are mean 6 SEM. *P # 0.05, **P # 0.01 (n = 4 for
secretion assays and n = 8 for proliferation assays).
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AKT was reproduced by the RGD peptide, although at a
higher molar concentration, suggesting that the peptide is
less active than intact IGFBP-1 protein. Insulin signaling
was not affected by the RAD control peptide, providing
further evidence that the insulin-sensitizing effects of
IGFBP-1 are mediated through its integrin-binding domain.

Evidence now suggests that the extracellular matrix
plays a critical role in modulating insulin action (40).
Cell surface integrins, which interact with matrix compo-
nents and communicate with intracellular signaling path-
ways, are intricately involved with modulating insulin
sensitivity. Accordingly, mice lacking b1-integrin in skel-
etal muscle exhibit marked insulin resistance (41). The
cytoplasmic domains of integrins interact with intermedi-
aries such as FAK, which plays a critical role in modulating

insulin sensitivity and glucose tolerance (42–44). Consis-
tent with a report that FAK is activated by IGFBP-1 in
human breast cancer cells (24), we show that RGD pep-
tide increases insulin-stimulated FAK phosphorylation in
C2C12 skeletal myotubes. Inhibition of FAK prevents
the RGD peptide from enhancing insulin signaling and
cellular glucose uptake, indicating that FAK plays an es-
sential role in mediating the insulin-sensitizing effects of
RGD. Consistent with the enhanced insulin signaling ob-
served in the current study, FAK interacts with IRS1, at
which point integrin and IR signaling pathways converge,
ultimately stimulating glucose uptake (44–46).

T2DM is characterized not only by systemic insulin
resistance but also by decompensation of the pancreatic
b-cells that secrete insulin in response to increased blood

Figure 5—Acute RGD synthetic hexapeptide treatment improves glucose clearance and insulin sensitivity in obese C57BL/6 mice. Obese
C57BL/6 mice were used to investigate the effect of acute RGD synthetic peptide injection. A: Body mass before injection was matched
between groups (RGD 37.8 6 1.4 vs. RAD 38.9 6 0.97 g). B: Fasting blood glucose before injection was matched between groups
(RGD 7.4 6 0.4 vs. RAD 7.6 6 0.5 mmol/L). C: Mass spectrometry identified the presence of the RGD synthetic hexapeptide (▼) in the
blood and its metabolites (proteolytic fragments) (blue ▼) 30 min after intraperitoneal injection. Expected Electrospray Ionisation
Mass Spectrometry (ESI MS) m/z 601 [M+H]+ or 624 [M+H]+ with an Na+ adduct of the peptide. ESI MS m/z 622.2 [M+H]+ due to
fragmentation patterns arising from the isotopic distribution. D and E: Change in blood glucose levels after an intraperitoneal
injection of RGD or RAD control synthetic peptide and glucose showed that 120 min postinjection, RGD-treated mice had signif-
icantly increased glucose clearance (RGD 8.3 6 0.6 vs. RAD 10.7 6 0.4 mmol/L), as also shown by the AUC analysis (RGD 43.3 6 1.5
vs. RAD 51.2 6 2.6 arbitrary units [AU]). F and G: Percentage change in blood glucose levels after an intraperitoneal injection of RGD
or RAD control synthetic peptide and insulin showed that mice treated with RGD peptide were significantly more insulin sensitive at
60 min (RGD 39.8 6 3.4 vs. RAD 52 6 3.7%), as also shown by the AUC analysis (RGD 206.4 6 11.6 vs. RAD 244.1 6 13 AU). H and I:
Western blot representative images and graphical representations of pAKT and AKT from ex vivo gastrocnemius muscle after
stimulation with either insulin and RGD or insulin and RAD (P = 0.09). Data are mean 6 SEM. *P # 0.09, **P # 0.01 (n = 10/group).
m/z, charge/mass ratio.
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glucose levels. Previously, IGFBP-1 has been reported to
amplify glucose-stimulated insulin secretion in intact
islets (47). This appeared to be mediated indirectly
through reduced somatostatin secretion because IGFBP-1
inhibited glucose-stimulated insulin secretion in isolated
mouse b-cells (44). In contrast, we showed that treatment
of INS-1 823/13 cells, a glucose-responsive pancreatic
b-cell line, with RGD peptide enhanced glucose-induced
insulin secretion (47). The discrepant results may reflect
differences between IGFBP-1 and RGD peptide as ligands
or the different cell types used in these studies. The find-
ings agree with a previous study in which INS-1 cells
grown on plates coated with an RGD peptide exhibited
higher glucose-stimulated insulin secretion than those
grown on tissue culture plastic (48). We also found that
RGD peptide increased proliferation of INS-1 823/13 cells
compared with those treated with the RAD control peptide.
FAK-dependent remodeling of focal adhesions in pancreatic
b-cells plays an integral role in glucose-stimulated insulin

secretion (49,50). Of note, we found that both FAK and
ILK were involved in mediating enhanced glucose-stimulated
insulin secretion in response to RGD peptide. In keeping
with a role in islet cell function, ILK has been shown to
extend the duration of viability and insulin secretion in
MIN6 cells (51).

To determine whether the effects of the RGD peptide
on insulin sensitivity and pancreatic insulin secretion
in vitro were also apparent in vivo, we carried out meta-
bolic phenotyping of diet-induced obese mice after admin-
istration of the peptide. RGD-containing peptides have
been widely investigated clinically as antiangiogenic agents
in cancer and for molecular targeting of drugs or imaging
probes (52,53). However, potential effects of RGD-containing
peptides on glucose homeostasis in vivo have not been
explored.

Acute administration of RGD peptide to obese C57BL/6
mice led to significant improvement in both glucose
tolerance and insulin sensitivity in vivo. Chronic infusion

Figure 6—Chronic RGD synthetic hexapeptide treatment has no effect on body composition but improves insulin resistance in obese
C57BL/6 mice. Obese C57BL/6 mice were used to investigate the effect of chronic RGD synthetic peptide infusion through osmotic
minipump. A: Body mass after 4 weeks of infusion was not different between groups (RGD 366 1.2 vs. RAD 36.66 0.9 g). B: No difference
was found in percentage lean mass between the groups (RGD 53.9 6 1.9 vs. RAD 54.7 6 1.1%). C: No difference was found in adiposity
(RGD 26.8 6 2.2 vs. RAD 26.1 6 1.3%). D: No difference was found in average energy expenditure between the groups during the light
cycle (RGD 0.37 6 0.02 vs. RAD 0.35 6 0.03 kcal/h) and dark cycle (RGD 0.44 6 0.03 vs. RAD 0.4 6 0.04 kcal/h). E: There was no
difference in food intake between the groups during the light cycle (RGD 0.65 6 0.08 vs. RAD 0.61 6 0.06 g) and dark cycle (RGD 1.53 6
0.09 vs. RAD 1.42 6 0.13 g). F: No difference was found in water intake between the two groups during the light cycle (RGD 0.44 6 0.004
vs. RAD 0.54 6 0.004 g) and dark cycle (RGD 1.39 6 0.003 vs. RAD 1.39 6 0.002 g). G: There was no difference in fasting blood glucose
(RGD 8.98 6 0.57 vs. RAD 8.54 6 0.36 mmol/L). H: RGD-infused mice had lower circulating plasma insulin levels compared with mice that
received the RAD control peptide (RGD 2.1 6 0.34 vs. RAD 3.9 6 0.67 ng/mL). I: RGD-infused mice had lower HOMA-IR scores than mice
that received RAD control peptide (RGD 0.8 6 0.11 vs. RAD 1.5 6 0.25). Data are mean 6 SEM. *P # 0.05 (n = 8/group).
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of RGD peptide for 4 weeks in obese mice was well
tolerated with no effect on body composition or energy
expenditure. Fasting blood glucose levels were unaffected
by RGD peptide infusion, but fasting insulin concentra-
tions were lower in RGD peptide–infused mice consistent
with insulin sensitization. An insulin-sensitive phenotype
was supported by a lower HOMA-IR score in RGD peptide–
infused mice. In hyperinsulinemic-euglycemic clamp stud-
ies, we did not identify a significance difference in glu-
cose infusion rate between RGD peptide– and RAD
control peptide–treated mice. However, plasma insulin
concentrations were substantially lower during the clamp
in the RGD peptide–infused animals. Although the reason

for this cannot be inferred from the clamp data, increased
insulin clearance by the liver and kidney or decreased
pancreatic insulin secretion in vivo may have contributed
to the lower insulin levels in RGD-treated mice. RGD
peptide infusion did not alter the expression of integrins
or gluconeogenic enzymes in liver. We did not find any
difference in counterregulatory hormones (e.g., glucagon,
growth hormone) between animals.

In contrast to our findings in C2C12 cells exposed to
RGD peptide in vitro, we did not observe a statistically
significant difference in glucose uptake in vivo. However,
in contrast to the in vitro studies in which the concen-
tration of insulin was standardized across experiments,

Figure 7—Chronic RGD synthetic hexapeptide treatment enhances glucose in obese C57BL/6 mice. Hyperinsulinemic-euglycemic clamp-
ing was performed on obese C57BL/6 mice that received RGD synthetic peptide or RAD control peptide infusion through osmotic
minipump for 4 weeks. A and B: Blood glucose during the clamp at 70 and 90 min in RGD-treated mice was significantly higher than in
RAD control–treated mice (70 min: RGD 10.56 0.36 vs. RAD 96 0.15 mmol/L; 90 min: RGD 10.56 0.3 vs. RAD 9.36 0.3 mmol/L), and the
AUC analysis for these was significantly different (RGD 125.8 6 1.8 vs. RAD 6 2.6 arbitrary units [AU]). C: Glucose infusion rate during the
clamp was not significantly different. D: Plasma insulin during the clamp was significantly lower in RGD-treated mice compared with RAD
control peptide–treated mice (RGD 4.7 6 0.6 vs. RAD 9.9 6 1.8 ng/mL). E: Glucose disappearance relative to circulating insulin levels was
not significantly different between the groups [RGD 7.4 6 1 vs. RAD 5.2 6 0.8 (mg/kg/min)/(ng/mL); P = 0.1]. F: Glucose uptake in muscle
was not significantly different between the groups [gastrocnemius: RGD 2.6 6 0.5 vs. RAD 1.7 6 0.2 (mmol/min/100 g tissue)/(ng/mL) (P =
0.09); vastus lateralis: RGD 2.2 6 0.4 vs. RAD 1.6 6 0.2 (mmol/min/100 g tissue)/(ng/mL)]. G: Glucose uptake in white adipose tissue was
not significantly different between the groups [perigonadal adipose tissue: RGD 0.48 6 0.07 vs. RAD 0.35 6 0.06 (mmol/min/100 g tissue)/
(ng/mL); subcutaneous adipose tissue: RGD 0.44 6 0.07 vs. RAD 0.38 6 0.08 (mmol/min/100 g tissue)/(ng/mL)]. H: Glucose uptake in heart
was not significantly different between the groups [RGD 67.63 6 10.4 vs. RAD 42.4 6 6.7 (mmol/min/100 g tissue)/(ng/mL)], but glucose
uptake in the brain and in brown adipose tissue was significantly increased in RGD peptide–infused mice compared with RAD control
peptide–infused mice [brain: RGD 10.56 1.5 vs. RAD 6.16 1.1 (mmol/min/100 g tissue)/(ng/mL); brown adipose tissue: RGD 49.16 9.3 vs.
RAD 22.5 6 10 (mmol/min/100 g tissue)/(ng/mL)]. Data are mean 6 SEM. *P # 0.05, **P # 0.01 (n = 8/group).

diabetes.diabetesjournals.org Haywood and Associates 297

D
ow

nloaded from
 http://ada.silverchair.com

/diabetes/article-pdf/66/2/287/537761/db160997.pdf by guest on 10 April 2024



interpretation of the in vivo data is confounded by the
substantial difference in circulating insulin levels achieved
during the clamp. In an attempt to correct for the differ-
ent ambient insulin levels, we normalized glucose flux
data to plasma insulin concentrations and identified a
trend for increased glucose disposal and glucose uptake
into gastrocnemius muscle and significantly increased
glucose uptake in brain and brown adipose tissue in RGD
peptide–infused mice.

Collectively, the current in vitro and in vivo data suggest
a direct insulin-sensitizing effect of IGFBP-1 mediated at
the cellular level through RGD-integrin interaction and
activation of FAK. This may serve as an important mecha-
nism by which IGFBP-1 contributes to glucose homeostasis
and modulates susceptibility to T2DM independent of its
known role in regulating the bioavailability of IGFs. For the
first time, we have shown that rIGFBP-1, by way of its RGD
domain, through a5b1-integrin and subsequent FAK activa-
tion increases insulin sensitivity through the AKT signaling
pathway in skeletal muscle cells, and that, in turn, increases
glucose uptake. RGD peptides also improve glucose-
stimulated insulin secretion from pancreatic b-cells through
FAK and ILK activation. Promising improvements in glucose
tolerance and insulin sensitivity elicited in vivo suggest that
IGFBP-1 and its RGD domain are potential novel therapeutic
candidates in the field of T2DM.
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