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In previous studies, we have found that IGF-II and IGF-II receptor (IGF-IIR) dose dependently cor-
related with the progression of pathological hypertrophy after complete abdominal aorta ligation,
which may play a critical role in angiotensin II-induced cardiomyocyte apoptosis. However, the
detail mechanisms of IGF-IIR in the regulation of cell apoptosis in response to IGF-II remain unclear.
By using IGF-IR short hairpin RNA to inhibit IGF-IR expression and using Leu27 IGF-II analog to
activate specifically the IGF-IIR, we investigated the role of IGF-II/IGF-IIR activation and its down-
stream signaling. Our results revealed that IGF-II synergistically increased the cell apoptosis induced
by suppressing of IGF-IR in neonatal rat ventricular myocytes. After binding of Leu27IGF-II, IGF-IIR
became associated with �-q polypeptide, acted like a protein-coupled receptor to activate
calcineurin, led to the translocation of Bad into mitochondria and release of cytochrome c into
cytoplasm, and contributed to mitochondrial-dependent apoptosis in neonatal rat ventricular
myocytes. Furthermore, inhibition of IGF-IIR, �-q polypeptide, or calcineurin by RNA interference
could block the Leu27IGF-II-induced cell apoptosis. Together, this study provides a new insight into
the effects of the IGF-IIR and its downstream signaling in myocardial apoptosis. Suppression of
IGF-IIR signaling pathways may be a good strategy for both the protection against myocardial cell
apoptosis and the prevention of heart failure progression. (Endocrinology 150: 2723–2731, 2009)

The IGF system comprises three ligands (IGF-I, IGF-II, and
insulin), three receptors [IGF-I receptor (IGF-IR), IGF-II/

mannose 6-phosphate receptor (IGF-IIR), and insulin receptor],
and a variety of IGF binding proteins (IGFBPs) (1). Those ligands
are able to bind with each of the three receptors with distinct
affinity to perform distinct physiological function regulation.
For instance, IGF-I has higher binding affinity to IGF-IR than

those of IGF-II and insulin. Binding of IGFs to IGF-IR and insulin
receptor triggers a series of intracellular signaling cascades that
regulate cell growth, development, and metabolic effects, respec-
tively (1, 2). In contrast, the IGF-IIR stabilizes local IGF con-
centration through internalization and lysosomal degradation,
referred to as a “clearance receptor” (3). The putative G protein
binding site of IGF-IIR reveals that IGF-II may regulate G pro-
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tein-relative signaling pathways through IGF-IIR (4, 5), linking
to a variety of physiological functions (6–8). However, the role
of IGF-II/IGF-IIR and their downstream signaling in heart re-
main unclear.

The knockout of the IGF-IIR gene in transgenic mice has been
associated with overproliferation of myocardial cells in ventric-
ular hyperplasia and impairs cardiac development (9). In patients
with chronic heart failure, IGF-IIR has been suggested to up-
regulate TGF-� by cleaving latent TGF-� (10, 11). Additional
evidence has shown that IGF-IIR functions as a death receptor or
a tumor suppressor gene involved in apoptosis and tumorigenesis
(12). Moreover, the disruption of IGF-IIR protein mediated by
ribozyme leads to cellular protection against cardiomyocyte ap-
optosis (13), implying that IGF-IIR may play a critical role in
regulation of cell apoptosis, which might contribute to heart
failure. However, the molecular mechanisms underlying IGF-
IIR induction of cell apoptosis in the heart remain poorly
understood.

Apoptosis has been identified in a wide variety of cardiovas-
cular disorders, including myocardial infarction and heart fail-
ure (14). In mammalian cells the apoptotic responses are medi-
ated through either the intrinsic or extrinsic pathways, triggering
the activation of caspase cascade (15). All the apoptotic mole-
cules involved may contribute to cardiomyocyte loss and dys-
function. Like IGF-I, IGF-II is thought to be a potential candidate
for heart failure treatment through activating the IGF-IR path-
way due to promote physiological cardiac growth, improve heart
contraction, and attenuate pathological hypertrophy, cell death,
and fibrosis in a pressure overload model (2, 16). However, un-
expected pathological stress-induced IGF-II and IGF-IIR in car-
diomyocyte raised our interest in clarifying the mysterious role of
IGF-II/IGF-IIR in protection against cardiomyocyte apoptosis
(17–19). In our hypothesis we proposed that IGF-IIR activation
might trigger its downstream cascades and promote the cardio-
myocyte apoptosis corresponding to the progression of heart
failure.

FIG. 1. IGF-IIR plays a critical role in the regulation of myocardial cell apoptosis. A, NRVMs were transiently transfected with nonspecific shRNA (NS shRNA) (200 nM) or
IGF-IR shRNA [IGF-IR-RNA interference (IGF-IR-RNAi)] (200 nM) for 48 h and either untreated or stimulated with IGF-II (10�8 M, 10�7 M) for an additional 24 h, then
prepared protein lysates from those cells. Depletion in IGF-IR protein was only seen in IGF-IR shRNA transfected cells by immunoblotting. B, Detection of apoptotic cell
was determined by TUNEL assay in NRVMs transfected with IGF-IR shRNA (50 nM) in the presence or absence of IGF-II (10�8 M, upper panels). DAPI was used to label
nuclei (lower panels). The results showed that IGF-II synergistically increased cell apoptosis induced by IGF-IR inhibition. Partition of positive apoptotic cells was based on
percentages calculated from three sections of each treatment. Data are presented as mean � SEM. #, P � 0.05 values based on comparisons with untreated controls; &,
P � 0.05 values based on comparisons with the transfected IGF-IR shRNA group. C, Western blot analysis of NRVMs treated with IGF-I (10�8 M) or IGF-II (10� M) or
Leu27IGF-II (10�8 M) respectively in 0, 30, and 60 min using specific antibodies as indicated. Phospho-Akt protein levels increased with IGF-I or -II treatment, but no
with Leu27IGF-II treatment. �-Tubulin served as a loading control. D, Apoptotic cells were detected by TUNEL assay of NRVMs treated with IGF-I (10�8 M) or IGF-II
(10�8 M) or Leu27IGF-II (10�8 M) for 24 h, respectively (upper panels). DAPI was used to label nuclei (lower panels). Partition of positive apoptotic cells was based on
percentages calculated from three sections of each treatment. Data are presented as mean � SEM. *, P � 0.05 values based on comparisons with untreated controls.
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First, to exclude the possible intervention of IGF-IR,
IGF-IR short hairpin RNA (shRNA) was used to ensure that
IGF-II could distinctly bind to IGF-IIR and activate intracel-
lular signaling without the interference of IGF-IR. It was
found that treatment with IGF-II synergistically increases the
level of cell apoptosis in the suppression of IGF-IR in neonatal
rat ventricular myocytes (NRVMs). Leu27IGF-II, an analog
of IGF-II that interacts selectively with IGF-IIR (20), was then
used to specifically trigger IGF-IIR signaling cascades. The
results showed that Leu27IGF-II could induce the mitochon-
drial-dependent apoptosis by activating calcineurin in
NRVMs, and the Leu27IGF-II-induced cell apoptosis and cal-
cineurin activation were both reversed by IGF-IIR down-reg-
ulation. Furthermore, the Leu27IGF-II induction of cal-
cineurin activity and cell apoptosis was needed for interaction
of �-q polypeptide (G�q) and IGF-IIR. The signaling cascade
of triggering mitochondrial apoptosis in NRVMs is through
binding of IGF-II with IGF-IIR, interacting of IGF-IIR with
G�q, and activating of calcineurin. Together, suppression of
the IGF-IIR and its signaling may contribute both to the
prevention of cardiomyocyte apoptosis found in certain
heart diseases, and to the retardation of heart failure
progression.

Materials and Methods

Neonatal rat ventricular myocyte (NRVM) culture
NRVMs were prepared and cultured using a Neonatal Rat/Mouse

Cardiomyocyte Isolation Kit (Cellutron Life Technology, Baltimore,
MD). Animal experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals (National Institutes of
Health Publication No. 85-23, revised 1996) under a protocol approved
by the Animal Research Committee of China Medical University,
Taichung, Taiwan. Hearts were dissected from 1- to 3-d-old Sprague
Dawley rats and transferred into a sterile beaker. Each heart was digested
and stirred in the beaker at 37 C for 12 min. The supernatant was then
transferred to a new sterile tube and spun at 1200 rpm for 1 min. The cell
pellets were then resuspended in D3 buffer (Cellutron Life Technology)
and preplated for 1 h by seeding in an uncoated plate at 37 C in a CO2

incubator to select out the cardiac fibroblasts. The unattached cells were
transferred onto the precoated plates with NS medium (supplemented
with 10% fetal bovine serum). After overnight culture, the NS medium
was replaced with a serum-free NW (without serum) medium. The car-
diomyocyte cultures were ready for experiments 48 h after initial plating.

Antibodies and reagents
The following reagents were purchased from Santa Cruz Biotech-

nology, Inc. (Santa Cruz, CA): anti-IGF-IR (sc-7952), anti-IGF-IIR
(sc-25462), anti-caspase3 (sc-7148), anti-caspase8 (sc-6134), anti-
caspase9 (sc-8355), anti-Akt (sc-5298), anti-Bak (sc-7873), anti-Bax (sc-

FIG. 2. Induction of mitochondrial-dependent apoptosis by Leu27IGF-II. A, Western blot analyses of cell lysates of NRVMs treated with or without Leu27IGF-II (10�8 M).
Treatment with Leu27IGF-II increased the protein level of active form of caspase 3 and 9 compared with untreated controls but had no effect on active form of caspase
8 and 12. �-Tubulin served as a loading control. Data are quantified by densitometry and expressed as fold change of untreated control. Results are shown as mean �
SEM of three independent experiments performed in duplicate. Statistical significance: *, P � 0.05, Leu27IGF-II treated vs. untreated controls. B, Western blot analysis
was applied to detect many apoptosis-related protein levels, as indicated, in NRVMs treated with Leu27IGF-II (10�8 M). Reductions of Bcl-2 and phospho-Bad protein in
the presence of Leu27IGF-II were observed. These bolts were quantified by densitometry. �-Tubulin served as a loading control. Data are presented as mean � SEM. *,
P � 0.05 (n � three independent experiments for each data point). C, Protein lysates from NRVMs treated with or without Leu27IGF-II (10�8 M) were separated into
two subcellular sections (cytoplasm and mitochondrial), then were subjected to Western blotting with the indicated antibodies. Treatment with Leu27IGF-II not only
increased in Bad protein in mitochondria coming from the cytoplasm, but also released of cytochrome c from mitochondria into cytoplasm. A reduction of Bcl-2 protein
both in mitochondria and cytoplasm was also observed after Leu27IGF-II treatment. RhoA served as a cytoplasmic protein marker, and CoxVb as a mitochondrial
protein marker. Data are quantified by densitometry and expressed as fold change of untreated control. Results are shown as mean � SEM of three independent
experiments performed in duplicate. Statistical significance: *, P � 0.05, Leu27IGF-II treated vs. untreated controls. D, Detection of mitochondrial membrane potential
in NRVMs stimulated with the indicated agonists for 24 h by loading cationic lipophilic probe JC-1. Treatment with Leu27IGF-II, but not IGF-I and -II, impaired the
MOMP (apoptotic mitochondria). In contrast, there were predominance in normal mitochondria in cells treated with IGF-I and -II. Valinomycin treatment served as the
positive control for apoptotic mitochondria.
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526), anti-Bad (sc-8044), anti-phospho-Ser136-Bad (sc-7999), anti-
Bcl-xL (sc-8392), anti-Bid (sc-11423), anti-FAS (sc-7886), anti-FAS-L
(sc-956), anti-FADD (sc-6035), anticytochrome c (sc-13560), anti-
TNF-� (sc-1350), anti-RhoA (sc-418), anti-G�q (sc-392), anti-�-tubulin
(sc-5286), all the secondary antibodies (antirabbit-HRP, sc-2004; anti-
mouse-HRP, sc-2005; antigoat-HRP, sc-2020) and enhanced chemilu-
minescence. Anti-phospho-Ser473-Akt (9271), anti-caspase12 (2202),
anti-phospho-Ser537-PLC� (2481), and anti-PLC� (2482) were pur-
chased from Cell Signaling Technology, Inc. (Danvers, MA). Anti-Bcl-2
(610539) and anti-calcineurin (610259) were purchase from BD PharM-
ingen (San Diego, CA). Anticytochrome oxidase subunit Va (A21363)
was purchased from Molecular Probes, Inc. (Eugene OR). IGF-I and
IGF-II were purchased from Sigma-Aldrich Corp. (St. Louis, MO), and
Leu27IGF-II was obtained from Novozymes GroPep (Thebarton,
Australia). The calcineurin inhibitor FK506 and cyclosporin A (CsA)
were purchased from Calbiochem (San Diego, CA) and Sigma-Aldrich,
respectively.

Protein extraction and Western blot analysis
Scraped NRVMs were washed with PBS, resuspended, and spun

down, and cell pellets were lysed for 30 min in lysis buffer [50 mM Tris
(pH 7.5), 0.5 M NaCl, 1.0 mM EDTA (pH 7.5), 10% glycerol, 1 mM basal
medium Eagle, 1% Igepal-630, and proteinase inhibitor cocktail tablet
(Roche Molecular Biochemicals, Indianapolis, IN)] and spun down at
12,000 rpm for 10 min. The supernatants were then subjected to Western
blot analysis described previously (19). In addition, mitochondrial/cy-

tosol fractions of NRVMs were prepared using a
mitochondrial/cytosol fractionation kit (BioVi-
sion, Inc., Mountain View, CA).

Immunoprecipitation (IP) assay
IPs were performed from cell lysates of

NRVMs, treating the cells as indicated in the fig-
ure legends using a Catch and Release Reversible
Immunoprecipitation System (Upstate Biotech-
nology Inc., Lake Placid, NY) according to the
manufacturer’s instructions (22). A total of 500
�g cell lysates was prepared using 4 �g of a spe-
cific primary antibody, 10 �l Antibody Capture
Affinity Ligand (Upstate Biotechnology) and
enough 1� wash buffer (Upstate Biotechnology)
to make up a final total volume of 500 �l, which
was placed into Spin Column (Upstate Biotech-
nology) and incubated on a rotator at 4 C over-
night, ensuring that the mixing-complex re-
mained suspended during incubation. The
proteins were eluted and loaded onto SDS-
PAGE, and subjected to Western blot analysis
and probed with antibodies as indicated in the
figure legends.

Terminal deoxynucleotidyl
transferase-mediated deoxyuridine
5-triphosphate-biotin end labeling of
fragmented DNA (TUNEL) staining
and measurement of mitochondrial
membrane potential

NRVM apoptosis was detected by TUNEL
staining as described previously (19). Briefly, af-
ter each treatment the cells were fixed by 4%
formaldehyde/PBS at 4 C for 25 min. The cells
were incubated with TUNEL reaction mixture
containing terminal deoxynucleotidyl trans-
ferase and fluorescein isothiocyanate-deoxyuri-
dine 5-triphosphate (Roche Molecular Bio-
chemicals). Cells were rinsed with PBS and

stained with 4,6-diamidino-2-phenylindole (DAPI) to detect the cell nu-
cleus by UV light microscopical observations. Those cells were analyzed
in a drop of PBS under a fluorescence and UV light microscope at this
state, respectively, using an excitation wavelength in the range of 450–
500 nm and detection in the range of 515–565 nm. The number of
TUNEL-positive cardiac myocytes was determined by counting 300
NRVMs by at least two individuals independently in a double-blinded
manner. Apoptotic cells also were detected using a mitochondrial
membrane potential detection kit provided by Sigma-Aldrich. The
NRVMs were stained with 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraeth-
ylbenzimidazolyl-carbocyanine iodide (JC-1), at 37 C for 15 min in a
5% CO2 incubator and rinsed with assay buffer. The stained cells
were examined under an Olympus IX70 fluorescence microscope
(Olympus, Hamburg, Germany). JC-1 aggregation in the apoptotic
mitochondria and the normal mitochondria JC-1 remained monomer
were indicated.

Measurement of intracellular calcium
Intracellular calcium was measured as described as previously

(23). Briefly, after loading with fluo3-AM (Molecular Probes) for 30
min, the cells were mounted in a 1-ml capacity plastic chamber and
placed in the microscope for fluorescence measurements. IGF-II was
added directly to the medium. The fluorescent images were collected
every 5 sec using an inverted confocal microscope (Carl Zeiss Axiovert
135 M-LSM Microsystems; Carl Zeiss MicroImaging, Inc., Thorn-
wood, NY).

FIG. 3. Induction of myocardium cell apoptosis by Leu27IGF-II is blocked by disrupting IGF-IIR. A, NRVMs
were transiently transfected with nonspecific shRNA (NS shRNA) (200 nM) or IGF-IIR shRNA [IGF-IIR RNA
interference (IGF-IIR RNAi)] (200 nM) for 24 h and after treatment with or without Leu27IGF-II (10�8 M) for
an additional 24 h, and then protein lysates from those cells were prepared. A reduction of IGF-IIR protein
was only seen in those cells transfected with IGF-IIR RNAi, as indicated by immunoblotting. The induction of
caspase 3 active form by Leu27IGF-II was rescued by transfected IGF-IIR RNAi. �-Tubulin served as a loading
control. B and C, Treatment of NRVMs with or without Leu27IGF-II in 24 h after nonspecific RNA
interference (50 nM) or IGF-IIR shRNA (50 nM) transfection for 24 h further subjected to detect cell apoptosis
and MOMP, respectively, by TUNEL assay (B) and JC-1 stain (C). Both induction of cell apoptosis and
impairment of MOMP by Leu27IGF-II were inhibited in the cells transfected with IGF-IIR shRNA. Partition of
positive apoptotic cells was based on percentages calculated from three sections of each treatment. Data
are presented as mean � SEM. *, P � 0.05 values were based on comparisons with untreated controls; &,
P � 0.05; values were based on comparisons with cells treated with Leu27IGF-II.
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Small interfering RNA (siRNA)/shRNA and transfection
Double-stranded siRNA sequences targeting guanine nucleotide

binding protein, G�q (GenBank accession no. NM_031036), mRNAs
were obtained from Dharmacon (Lafayette, CO). A nonspecific duplex
(5�-CAGUGGAGAUCAACGUGCAAGUU-3�; Dharmacon), which did
not significantly affect G�q mRNA and protein levels relative to the
untransfected controls, was used as a control. NRVMs were plated in 24
or 100-mm-well plates in serum-free medium and transfected with
siRNA using the DharmaFECT Duo Transfection Reagent (Dharmacon)
(24). In addition, we have also designed hairpin siRNA (shRNA)
template oligonucleotides, IGF-IR (sense: 5�-TCACTACACA AA
TGAAACGG AGAACATCAC TCGGTGTTTC GTCCTTTCCA
CAAG-3�; antisense: 5�-CGGCGAAGCT TTTTCCAAAA AAAGT-
GATGT TCTCCGTTTC ACTACACAAA TGAA-3�), IGF-IIR (sense:
5�-GACCTACACA AAGTCTATGT CTCTACACC GGTGTTTCGT
CCTTTCCACA AG-3�; antisense: 5�-CGGCGAAGCT TTTTCCAAAA
AATGTGTGTA GAGACGTAGA CCTACACAAA GTCT-3�), and cal-
cineurin (sense: 5�-GAACTACACAA ATTCTTCATC CGAGCATATG
CCGGTGTTTC GTCCTTTCCA CAAG-3�; antisense: 5�-CGGC-
GAAGCTT TTTCCAAAAA ACATATGCTC GGATGAAGAA CTA-
CACAAAT TCT-3�) on the siRNA Design Guidelines web site (http://
www.ambion. com/techlib/misc/siRNA_design.html) to generate the
precursor siRNA Expression Cassettes (SECs) using Silencer Express

(Ambion, Inc., Austin, TX). The SECs were
cloned into pSEC vector (Ambion) to become
functional shRNA, and the shRNAs were trans-
fected into NRVMs by siPORT XP-1 (Ambion).
The silencing of each gene is confirmed by check-
ing its protein levels via immunoblotting.

Statistics
The relative intensities of protein were ana-

lyzed using the Digital Sciences 1D program
from Kodak Scientific Imaging Systems (New
Haven, CT). All of the results were expressed as
the mean � SD or the means and the coefficient of
variation of at least three independent experi-
ments. Standard curves were plotted, and the
data that were obtained were within the linear
range of the curve. In addition, all values were
normalized to their respective lane loading con-
trols. Results in Figs. 1, C and D, 2, 4, 5, B and
C, and 6A were analyzed by an unpaired Stu-
dent’s t test. Densitometric analysis of immuno-
blots in bar charts (Figs. 1A, 3A, 4C, 5A, and 6B)
and the percentage of TUNEL-positive cardiac
myocytes (Figs. 1B, 3C, and 6C) were analyzed
by one-way ANOVA with preplanned contrast
comparisons against the serum-free control
group or against the treated group. In all cases, P
values less than 0.05 were considered statisti-
cally significant.

Results

IGF-IIR plays a critical role in the
regulation of myocardium cell
apoptosis

To avoid the cross talking IGF-IR sig-
nals, IGF-IR shRNA was used before any
IGF-II treatment of NRVMs. The result re-
vealed that IGF-IR shRNA transfection de-
creased protein expression of IGF-IR by
more than 60% compared with control,

whereas an increase of active-form caspase 3 and cell apoptosis
were observed (Fig. 1, A and B and supplemental Fig. S1A, pub-
lished on The Endocrine Society Journals web site at http://
endo.endojournals.org). Further treatment with IGF-II synergis-
tically enhanced active-form caspase 3 and cell apoptosis dose
dependently. A 2-fold higher apoptosis level was found in the
IGF-II plus IGF-IR shRNA group than that of IGF-IR shRNA
alone (Fig. 1, A and B and supplemental Fig. S1A), suggesting
that IGF-II-induced apoptosis might occur exclusively through
activating IGF-IIR signaling cascades. To clarify whether the
IGF-II-induced apoptotic effect in the loss of IGF-IR is mediated
through IGF-IIR, an analog of IGF-II that specifically interacts
with IGF-IIR (20), Leu27IGF-II, was used. Western blots re-
vealed that treatments of IGF-I or IGF-II, but not Leu27IGF-II,
increased the phosphorylation of AKT, a key downstream mo-
lecular of both insulin receptor and IGF-IR, after 30 min (Fig. 1C
and supplemental Fig. S1B). The data suggested that
Leu27IGF-II might distinctly bind to IGF-IIR, not to insulin re-
ceptor or IGF-IR, and activate IGF-IIR-derived cell signaling. In

FIG. 4. IGF-II causes the mitochondria damage by activating calcineurin signaling. A, NRVMs preloading
with Fluo3-AM for 30 min were maintained in Ca2�-free resting media and then stimulated with IGF-II
(10�7 M). Using a fluorescence microscopy equipped with a CCD camera, the serial CaP2� images of Fluo4-
AM fluorescence in NRVMs were recorded at the indicated time points. B, Protein lysates from NRVMs
treated with Leu27IGF-II (10�8 M) in 24 and 48 h were subjected to detection of calcineurin activity by
monitoring the interaction between CaM1 and calcineurin by co-IP. There was an increase in the ability of
CaM1 to associate with calcineurin in the cells treated with Leu27IGF-II compared with untreated control.
�-Tubulin functioned as a loading control; anti-IgG antibody (NS-Ab) used as a negative control. Data were
quantified by densitometry and are presented as mean � SEM. Statistical significance: *, P � 0.05; #, P �
0.01, Leu27IGF-II treated vs. untreated controls (n � 3 independent experiments for each data point). C,
After preincubation with calcineurin inhibitors, CsA, and FK506, for 2 h, NRVMs were treated with
Leu27IGF-II (10�8 M) for 24 h and extracted protein lysates into two subcellular sections (cytoplasm and
mitochondria) for Western blot analysis using the indicated antibodies. Either Bad translocation to
mitochondria section or cytochrome c release from mitochondria in the treatment of the cells with
Leu27IGF-II was diminished in the presence of both CsA and FK506. D, Treatment of NRVMs with
Leu27IGF-II (10�8 M) after being exposed to calcineurin inhibitors, CsA, and FK506, for 2 h was subjected to
detection of MOMP by loading cationic lipophilic probe JC-1 Both CsA and FK506 treatments restored the
impairment of MOMP induced by Leu27IGF-II (n � 3 independent experiments for each data point).

Endocrinology, June 2009, 150(6):2723–2731 endo.endojournals.org 2727

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/150/6/2723/2456178 by guest on 11 April 2024



TUNEL, only Leu27IGF-II treatment could induce NRVM ap-
optosis (Fig. 1D). Together, our findings exhibited that the dis-
ruption of IGF-IR expression leads IGF-II mainly binding to IGF-
IIR and synergistically increased the cell apoptosis, whereas
Leu27IGF-II, specific binding to IGF-IIR, could directly induce
NRVM apoptosis.

Leu27IGF-II induction of mitochondrial-dependent
apoptosis

To investigate the molecular mechanisms of cell apoptosis
underlying the Leu27IGF-II treatment, we recognized the ex-
pression of various proteins involved in the intrinsic death re-
ceptor pathway or the extrinsic mitochondrial pathway by West-
ern blotting and detection of mitochondrial outer-membrane
permeability (MOMP) by JC-1 stain. The results revealed that
Leu27IGF-II increased the active form of caspase 3 and 9, but not
those of caspase 8 and 12 (Fig. 2A and supplemental Fig. S2A).
For the first time, Leu27IGF-II was found to inhibit Bcl-2 and
phospho-Bad, which has played a critical role in MOMP (25),
whereas it had no effect on the other proteins involved in ex-
trinsic death receptor pathway (Fig. 2B and supplemental Fig.
S2B). We have further prepared the lysates from both mitochon-
dria and cytoplasm sections separately, and found that once
Leu27IGF-II was added to NRVM, Bad was translocated from
cytoplasm into mitochondria, and cytochrome c was released
from mitochondria into cytoplasm, and Bcl-2 was reduced in
both the mitochondria and cytoplasm (Fig. 2C and supplemental
Fig. S2C). In addition, among IGF-I, IGF-II, and Leu27IGF-II,
Leu27IGF-II could enhance more apoptotic mitochondria sig-
nificantly than IGF-I and IGF-II did (Fig. 2D), whereas the nor-

mal mitochondria partition was unchanged. These results indi-
cated that Leu27IGF-II-induced apoptosis occurred via
impairment of MOMP, but not via the death receptor pathway.

Leu27IGF-II induction of cell apoptosis is blocked by
disrupting IGF-IIR

To confirm that the Leu27IGF-II-induced cell apoptosis was
distinctly dependent upon IGF-IIR, the siRNA technique was
used to inhibit IGF-IIR protein expression (Fig. 3A). The re-
sults revealed that IGF-IIR shRNA could significantly reduce
its protein expression, and the increased active-form caspase
3 by Leu27IGF-II was suppressed by IGF-IIR shRNA, not by
NS-siRNA (Fig. 3A and supplemental Fig. S3). Furthermore,
IGF-IIR shRNA could also rescue the Leu27IGF-II-induced cell
apoptosis and impairment of MOMP (Fig. 3, B and C). These
results suggested that the effects of Leu27IGF-II on cell apoptosis
were specifically via IGF-IIR, not IGF-IR.

IGF-II causes the mitochondria damage by activation of
the calcineurin signaling

Calcineurin activation has been identified as an apoptotic
inducer to impair MOMP by Bad dephosphorylation (26). In Fig.
2, Leu27IGF-II-induced phospho-Bad reduction and Bad trans-
location have raised our curiosity as to whether calcineurin
activation was involved in the Leu27IGF-II impairment of mi-
tochondria. To investigate this, immunofluorescence and IP
were performed to determine whether Leu27IGF II could induce
Ca2� influx and activate calcineurin (26, 27). Fluo-4-AM fluo-
rescent indicator was used for monitoring the Ca2� fluxes and
intracellular Ca2� concentration. After IGF-II treatment of
NRVMs maintained in Ca2�-containing solution, a fast and
transient (5 sec) increase of intracellular Ca2� concentration was
observed in both the nucleus and cytoplasm, lasting over 120 sec
(Fig. 4A). IGF-II very possibly triggered the intracellular signal-
ing transduction mainly dependent on Ca2� influx and down-
stream molecules, such as calcineurin. Because activated cal-
cineurin interacts with calmodulin in the presence of Ca2� (27),
we investigated the interaction between calcineurin and calmod-
ulin to confirm the activation of calcineurin. As deduced, a syn-
chronized increase in both calmodulin and calcineurin at 24 h
after Leu27IGF-II treatment indicated that calcineurin was in-
deed activated in cells treated with Leu27IGF-II (Fig. 4B and
supplemental Fig. S4A). Furthermore, we investigated whether
this calcineurin activation was required for Leu27IGF-II to im-
pair MOMP. Two calcineurin inhibitors, CsA and FK506,
were used to inhibit the calcineurin activity in NRVMs treated
with Leu27IGF-II, and the data showed that Bad could be
prevented from translocating into mitochondria, and cyto-
chrome c could not be released to cytoplasm (Fig. 4C and
supplemental Fig. S4B). Likewise, the Leu27IGF-II-impaired
MOMP could be rescued by CsA and FK506 (Fig. 4D). To-
gether, these findings demonstrated that up-regulation of cal-
cineurin was very critical for Leu27IGF-II-induced mitochon-
drial-dependent apoptosis.

FIG. 5. IGF-IIR interacted with G�q to activate downstream signaling. A, Protein
lysates from NRVMs treated, respectively, with IGF-I, IGF-II, and Leu27IGF-II (10�8 M)
for 1 h. IP assay was performed to detect the interaction between IGF-IIR and
G�q using anti-IGF-IIR or anti-IgG antibody (NS-Ab; negative control) and
followed by immunoblot assay with anti-G�q antibody. An increase in the
interaction of IGF-IIR and G�q was presented in those cells treated with IGF-II
and Leu27IGF-II, but not IGF-I. B, After transfection with nonspecific siRNA (NS
siRNA) (100 nM) or G�q siRNA (100 nM) for 24 h, NRVMs were treated with or
without Leu27IGF-II (10�8 M) for an additional 48 h to prepare protein lysates for
immunoprecipitation assay. C, Western analyses of cell lysates of NRVMs treated
with IGF-I, IGF-II, and Leu27IGF-II (10�8 M each), respectively, for the indicated
times using indicated antibodies. There was an increase in PLC-� phosphorylation
in the cell treated with IGF-II at 0.5 h and Leu27IGF-II 0.5�12 h, but not IGF-I.
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IGF-IIR interaction with G�q to activate downstream
signaling

To investigate whether G�q might be involved in Leu27IGF-II-
induced calcineurin activation, the interaction of IGF-IIR and G�q
in treatments of NRVMs with IGF-I, IGF-II, and Leu27IGF-II was
detected. As shown in Fig. 5A and supplemental Fig. S5A, both
treatments with IGF-II and Leu27IGF-II separately enhanced the
interaction between IGF-IIR and G�q, indicating that IGF-IIR
might function as a G protein-coupled receptor contributing to cal-
cineurin activation. Furthermore, G�q siRNA could reduce the
CaM1-calcineurin interaction, which is referred to as calcineurin
activation, inLeu27IGF-II treatment (Fig.5BandsupplementalFig.
S5B). Based on these novel and interesting findings, we proposed
that binding of IGF-II to IGF-IIR could enhance IGF-IIR to interact
with G�q, which was necessary for further calcineurin activation.
Finally, using Western blots to detect the phosphorylation of the
G�q downstream molecule PLC-�, we found that IGF-II and
Leu27IGF-II, but not IGF-I treatment, phosphorylated PLC-�
within 30 min in NRVMs (Fig. 5C and supplemental Fig. S5C). In
addition, Leu27IGF-II could sustain the PLC-� phosphorylation
status to 12 h after treatment (Fig. 5C and supplemental Fig. S5C).
Together, these findings indicated that by increasing the binding of
IGF-IIR and G�q, IGF-II can regulate the activity of G�q down-
stream effectors.

Inhibition of G�q and calcineurin blocks Leu27IGF-II-
induced apoptosis

To determine whether G�q and calcineurin were essential to
Leu27IGF-II-induced apoptosis, the siRNA method was again

developed to inhibit specifically the endog-
enous G�q and calcineurin in the NRVMs.
The expressions of G�q and calcineurin
were found to be inhibited in the G�q and
calcineurin shRNA transfected cells, re-
spectively (Fig. 6A and supplemental Fig.
S6A). When G�q and calcineurin protein
were suppressed by siRNA, active-form
caspase 3 induced by Leu27IGF-II was sig-
nificantly suppressed (Fig. 6B and supple-
mental Fig. S6B). Moreover, the induction
of cell apoptosis by Leu27IGF-II was sig-
nificantly reduced by disruption of either
G�q or calcineurin expression (Fig. 6C).
These findings suggested that Leu27IGF-II
induced cell apoptosis through G�q and its
downstream molecular calcineurin.

Discussion

In this study, we investigated the molecular
mechanisms behind the induction of cell
apoptosis by IGF-IIR in myocardial cells.
To specify the signaling transduction trig-
gered after activating IGF-IIR, two exper-
imental strategies had been developed. One
is “loss of cross talking,” using the siRNA
to inhibit the expression of IGF-IR; the

other is “gain of function,” directly treating the cells with
Leu27IGF-II, which was reported to interact distinctly with the
IGF-IIR (20). We found that cell apoptosis in disruption of
IGF-IR was synergistically enhanced by IGF-II (Fig. 1). More
interestingly, in response to Leu27IGF-II, IGF-IIR could act as a
G protein-coupled receptor, by direct interaction with G�q, to
activate its downstream modulator calcineurin and contribute to
mitochondrial-dependent apoptosis (Figs. 4 and 5). A depiction
of these processes is summarized in Fig. 7. These findings provide
a new insight into how IGF-IIR signaling induces cardiomyocyte
apoptosis.

Although IGF-I and IGF-II have highly homologous protein
structures and play similar roles in cell growth and development,
they have acted differently in the regulation of endogenous ace-
tylcholine release inhippocampal formationandpromotionof fetal
growth (28, 29). Our previous findings have reported that up-reg-
ulation of IGF-II/IGF-IIR involved in angiotensin II induced cell
apoptosis inH9c2cardiomyoblasts,andcorrelatedwithpromoting
the cardiomyocytes apoptosis in hypertensive rat hearts (19). These
results urged us to examine further the role of IGF-II in regulation
of cell apoptosis via IGF-IIR and its signaling transduction. In this
study, inhibition of IGF-IR expression by siRNA led IGF-II to begin
to exert a synergistically apoptotic effect in NRVMs (Fig. 1, A and
B). According to the evidence that IGF-II has higher binding affinity
for IGF-IIR than IGF-IR and insulin receptor, our data implied that
after confirming that IGF-IR was blocked, the cell apoptosis in-
ducedby IGF-IImayoccurmainly throughactivationof IGF-IIR(1,
2).Furthermore,wetreatedcellswithLeu27IGF-II,which isknown

FIG. 6. Inhibition of G�q or calcineurin blocks the Leu27IGF-II-induced myocardium cell apoptosis. A, After
transfection with nonspecific siRNA (NS siRNA) (100 nM), G�q siRNA (100 nM), and calcineurin shRNA (200 nM),
respectively, for 48 h, NRVMs were extracted from the cell lysates for Western blots. A reduction of G�q and
calcineurin protein levels were specifically detected in the transfection of those cells with G�q siRNA and
calcineurin shRNA, respectively, but not NS siRNA. �-Tubulin served as a loading control. B, The NRVMs were
treated with or without Leu27IGF-II (10�8 M) for an additional 48 h after the transfection with the indicated
siRNA (100 nM) for 48 h. Western blots were performed to detect the protein expression by using the indicated
antibodies. The results showed that the active form of caspase 3 increased by Leu27IGF-II could be rescued by the
transfection of G�q and calcineurin shRNA. �-Tubulin functioned as a loading control. C, After transfection with
nonspecific siRNA (NS siRNA) (20 nM), G�q siRNA (20 nM), and calcineurin shRNA (50 nM), respectively, for 48 h,
NRVMs were treated with Leu27IGF-II (10�8 M) for 24 h and stained with TUNEL assay. DAPI staining was used to
mark nuclei. Partition of positive apoptotic cells was based on percentages calculated from three sections of each
treatment. Data are presented as mean � SEM. *, P � 0.05 values based on comparisons with untreated controls;
&, P � 0.05 values based on comparisons with treated Leu27IGF-II only.
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to bind directly to IGF-IIR, in the concentration of 10�8 M to study
the function of IGF-IIR activation in the cardiomyocytes. In such a
subtle concentration, we cannot find that the Akt protein, a key
downstream molecule of either IGF-IR or insulin receptor (1, 2),
could be activated in the presence of Leu27IGF-II (Fig. 1C), imply-
ing that Leu27IGF-II (10�8 M) can neither directly bind to IGF-IR
or insulin receptor, nor be activated by IGF-IR or insulin receptor
downstream molecules in cardiomyocytes. In addition, IGFBP
functioned in the IGF transport in the blood and kept it stable.
Subsequently, IGFs released from IGFBPs to target the local tissue
are referred to as the endocrine pathway. Although the effect of
IGFBPs on Leu27IGF-II exposure cannot be excluded in this study,
we believe that in this NRVM system, Leu27IGF-II may trigger
IGF-IIR signaling, which does not need the delivery by IGFBP.
Moreover,we foundthat theLeu27IGF-II effectonapoptosis could
be inhibited by disrupting IGF-IIR (Fig. 3). Based on our findings,
IGF-II may differ from IGF-I via triggering distinct downstream
signaling by binding to IGF-IIR. For further research, it would be
interesting to investigate whether IGF-IIR, in addition to serving as
“clearance receptor” for IGF-II, is involved in the regulation of
various physiological functions, including cell metabolism, devel-
opment, and growth, all of which are modulated by IGF-II.

Our results showed that Leu27IGF-II impaired MOMP and
then released cytochrome c from mitochondria into cytoplasm,
activating initiator caspase 9 and effector caspase 3, but not
caspase 8 and 12 (Fig. 2), indicating that the extrinsic death

receptor pathway and endoplasmic reticulum stress are not in-
volved in Leu27IGF-II-induced cell apoptosis. Previous investi-
gations that have reported that down-regulation of the IGF-IIR
reduces cell susceptibility to hypoxia- and TNF-induced extrin-
sic death receptor apoptosis (13) suggested that despite impair-
ment of MOMP to trigger cell apoptosis in response to IGF-II,
IGF-IIR might regulate cardiomyocyte growth and apoptosis in
a ligand-independent manner.

Intracellular Ca2� has been implicated with the initiation of
cardiac hypertrophy, which plays a role in coordinating physi-
ological responses to improve cardiac output (30, 31). More-
over, alterations in myocyte Ca2� regulation may be critically
important in both the mechanical dysfunction and arrhythmo-
genesis associated with congestive heart failure (31). We found
that IGF-II enhanced Ca2� influx in NRVMs, resulting in the
activation of Ca2�-dependent protein phosphatase calcineurin
in a G�q-dependent manner (Figs. 4, A and B, and 5B). In a study
investigating the gain- and loss-of-function in transgenic mice,
calcineurin was found to play a critical role in cardiac remodel-
ing, heart failure, and death (32). It was also reported that in-
hibition of calcineurin activity by cyclosporin and FK506 was
able to prevent cardiac hypertrophy and dilated myopathy (33).
In this paper our results straightforwardly provided evidence that
calcineurin activation was necessary for Leu27-IGF-II-induced ap-
optosis (Figs. 4 and 6). The data suggested that IGF-IIR activation
might be involved in the dysregulation of excitation-contraction
coupling and cause pathological cardiac remodeling.

IGF-IIR induction of intracellular signaling has affected cell
behaviors by cross talking to G�i in various cell lines (6–8),
though in mouse L-cell membrane and phospholipid vesicles, the
IGF-IIR has not been found to interact with any small G protein
(34). In the study, we first demonstrated that IGF-IIR directly
interacted with G�q (Fig. 5B), and the interaction between IGF-
IIR and small G protein may be tissue specific. We found that the
ability of IGF-IIR to associate with G�q is altered after its bind-
ing with IGF-II, resulted in the activation of PLC-� (Fig. 5C). In
previous studies investigating the overexpression of G�q in
transgenic mice, a similar activation of the calcineurin and mi-
tochondrial death pathway was found able to enhance cardio-
myocyte death and lead to heart failure (32, 35). We propose that
after IGF-II-binding, IGF-IIR may change its conformation to
attract and create multiple protein complexes, including GTP
exchange factor, that promote the binding of G�q to GTP and
dissociation from the G�� subunits (36), resulting in the activa-
tion of intracellular signaling cascades.

In conclusion, our study provided new insight into the function
of IGF-IIR and related signaling molecules, and proposed possible
molecular mechanisms of IGF-II/IGF-IIR in the regulation of apo-
ptosis, specifically in cardiomyocytes. Most interestingly, we also
found that despite suppression of the mitotic effect of IGF-II
through degradation in lysosome, IGF-IIR could also function as a
G protein-coupled receptor to modulate calcineurin together with
G�q, contributing to the impairment of MOMP and induce apo-
ptosis. Our systematic methodology may provide a base for further
exploration and development of therapeutic agents, such as IGF-II
modulators, for myocardial infarction and heart failure.

FIG. 7. A working model for the IGF-IIR-dependent signaling pathway induces
myocardium cell apoptosis. First, disruption of IGF-IR using siRNA that leads to
the synergistic induction of cell apoptosis by IGF-II treatment highlights the
importance of IGF-IIR. Furthermore, the Leu27IGF-II analog, which specifically
activates the IGF-IIR signaling pathway, is able to induce cell apoptosis in a
mitochondrial-dependent manner. These effects are inhibited in the loss of IGF-
IIR. Finally, the induction of calcineurin activity by an increase of interaction
between G�q and IGF-IIR is required for Leu27IGF-II impairment of MOMP,
inducing the release of cytochrome c from mitochondria into cytoplasm by
dephosphorylated Bad, and cell apoptosis in NRVMs. RNAi, RNA interference.
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