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The receptors for IGF-I (IGF-IR) and insulin (IR)
have been implicated in physiological cardiac
growth, but it is unknown whether IGF-IR or IR
signaling are critically required. We generated
mice with cardiomyocyte-specific knockout of
IGF-IR (CIGF1RKO) and compared them with car-
diomyocyte-specific insulin receptor knockout
(CIRKO) mice in response to 5 wk exercise swim
training. Cardiac development was normal in
CIGF1RKO mice, but the hypertrophic response
to exercise was prevented. In contrast, despite
reduced baseline heart size, the hypertrophic re-
sponse of CIRKO hearts to exercise was pre-
served. Exercise increased IGF-IR content in
control and CIRKO hearts. Akt phosphorylation
increased in exercise-trained control and CIRKO
hearts and, surprisingly, in CIGF1RKO hearts as
well. In exercise-trained control and CIRKO
mice, expression of peroxisome proliferator-ac-
tivated receptor-� coactivator-1� (PGC-1�) and

glycogen content were both increased but were
unchanged in trained CIGF1RKO mice. Activation
of AMP-activated protein kinase (AMPK) and its
downstream target eukaryotic elongation factor-2
was increased in exercise-trained CIGF1RKO but not
in CIRKO or control hearts. In cultured neonatal rat
cardiomyocytes, activation of AMPK with 5-amino-
imidazole-4-carboxamide-1-�-D-ribofuranoside
(AICAR) prevented IGF-I/insulin-induced cardiomyo-
cyte hypertrophy. These studies identify an essential
role for IGF-IR in mediating physiological cardiomy-
ocyte hypertrophy. IGF-IR deficiency promotes en-
ergetic stress in response to exercise, thereby ac-
tivating AMPK, which leads to phosphorylation of
eukaryotic elongation factor-2. These signaling
events antagonize Akt signaling, which although
necessary for mediating physiological cardiac hyper-
trophy, is insufficient to promote cardiac hypertrophy
in the absence of myocardial IGF-I signaling. (Molec-
ular Endocrinology 22: 2531–2543, 2008)

CARDIAC HYPERTROPHY DEVELOPS in re-
sponse to a variety of extrinsic and intrinsic

stimuli. For the physiological stimulus of endurance
exercise (e.g. swim training), hemodynamic stress
results in adaptive myocyte growth with preserved

contractile function. Conversely, pathological stim-
uli such as pressure overload (e.g. aortic stenosis or
hypertension) induce hypertrophy, which often
progresses to heart failure (1). The functional out-
comes of physiological or pathological cardiac hy-
pertrophy are likely due to differences in proximal
signaling pathways. It is generally accepted that
activation of G protein-coupled receptors are
necessary for inducing pathological hypertrophy,
whereas insulin or IGF-I coupled to the phosphati-
dylinositol 3-kinase (PI3K)/Akt1 pathway has been
associated with physiological growth of the heart (2,
3). Inhibition of PI3K or genetic ablation of Akt1
prevents exercise-induced hypertrophy (4–7), sug-
gesting that PI3K/Akt is required for compensatory
growth in the heart.

Multiple lines of evidence suggest that IGF-I may
be involved in the development of physiological
cardiac hypertrophy. Cardiac IGF-I levels are in-
creased in swim-trained rats (8); and increased
cardiac IGF-I production was associated with

First Published Online September 18, 2008
Abbreviations: ACC, Acetyl coenzyme A carboxylase;

AICAR, 5-Aminoimidazole-4-carboxamide-1-�-D-ribofurano-
side; AMPK, AMP-activated protein kinase; CIRKO, cardiom-
yocyte-restricted knockout of the insulin receptor; BW, body
weight; CIGF1RKO, cardiomyocyte-specific IGF-IR gene ab-
lation; CREB, cAMP response element-binding protein; eEF2,
eukaryotic elongation factor-2; FITC, fluorescein isothiocya-
nate; FOXO, forkhead box class O; GSK3�, glycogen syn-
thase kinase-3�; HW, heart weight; IGF-IR, IGF-I receptor; IR,
insulin receptor; KO, knockout; LV, left ventricular; mTOR,
mammalian target of rapamycin; PGC-1�, peroxisome prolif-
erator-activated receptor-� coactivator-1�; PI3K, phosphatidyl-
inositol 3-kinase; TL, tibia length; VW, ventricular weight; WT,
wild type.

Molecular Endocrinology is published monthly by The
Endocrine Society (http://www.endo-society.org), the
foremost professional society serving the endocrine
community.

0888-8809/08/$15.00/0 Molecular Endocrinology 22(11):2531–2543
Printed in U.S.A. Copyright © 2008 by The Endocrine Society

doi: 10.1210/me.2008-0265

2531

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/22/11/2531/2738120 by guest on 23 April 2024



physiological cardiac hypertrophy in athletes (9).
Despite evidence for a role of IGF-I signaling in
physiological cardiac growth, transgenic overex-
pression studies show conflicting results. Persistent
local IGF-I expression in the heart and skeletal mus-
cle results in physiological cardiac hypertrophy at
early time points but ultimately leads to cardiac
dysfunction (10). In contrast, transgenic mice over-
expressing IGF-I receptors (IGF-IR) in cardiomyo-
cytes show cardiac hypertrophy without evidence of
fibrosis (11).

In addition to its metabolic effects, insulin also
regulates cardiac growth and function. We have pre-
viously reported that mice with cardiomyocyte-
restricted knockout (KO) of the insulin receptor
(CIRKO) exhibit reduced heart size and mildly im-
paired contractile function (12–14). Thus, insulin sig-
naling appears to be an important physiological reg-
ulator of postnatal cardiac growth and function. In
CIRKO hearts, insulin receptor (IR) recombination
likely begins as early as embryonic d 11.5 (15),
which is consistent with a developmental role. No
studies, however, have directly demonstrated whether
IGF-I or IRs are necessary upstream regulatory signals
for exercise-induced cardiac hypertrophy. In the cur-
rent study, we generated mice with cardiomyocyte-
specific IGF-IR gene ablation (CIGF1RKO) to deter-
mine the impact of IGF-IR loss of function in
cardiomyocytes on the hypertrophic and contractile
response of the heart to long-term swimming exercise
and compared their response to that of similarly
treated CIRKO mice. We found that CIGF1RKO mice
exhibited normal cardiac development but blunted
hypertrophic responses to swimming exercise train-
ing. This is in contrast to CIRKO mice that show a
developmental reduction in cardiac size but a normal
hypertrophic response to swim training. The mecha-
nism for the absence of cardiac hypertrophy in IGF-
IR-deficient hearts is not due to reduced Akt signaling
but may be related to energetic stress that activates
AMP-activated protein kinase (AMPK), which we pos-
tulate antagonizes Akt-mediated cardiac hypertrophy.
Thus, IGF-IR but not IR signaling is an important
regulator of exercise-induced, physiological cardiac
hypertrophy.

RESULTS

Characterization of CIGF1RKO Mice

In CIGF1RKO mice, deletion of IGF-IR protein in iso-
lated cardiomyocytes was nearly complete, but ex-
pression of IGF-IR in liver and skeletal muscle was
preserved (Fig. 1). From postnatal d 10 to 8 wk of age,
there was no difference in heart weight (HW) to body
weight (BW) ratio between the CIGF1RKO and wild-
type (WT) mice (Fig. 2A). At 8 wk of age, myocyte area
and circumference were not different between the two
groups (Fig. 2B).

Attenuation of Exercise-Induced Cardiac
Hypertrophy by IGF-IR Deletion But Not by
Insulin Receptor Deletion

To determine whether IGF-I signaling is required for
physiological hypertrophy, CIGF1RKO and control
mice were exposed to 36 d swimming exercise. There
were no differences in serum IGF-I concentrations be-
tween WT and CIGF1RKO mice before exercise, and
there was no significant change in either group after
exercise (supplemental Fig. S1, published as supple-
mental data on The Endocrine Society’s Journals
Online web site at http://mend.endojournals.org).
Ventricular weight (VW) normalized to tibia length
(TL) ratios increased by 13.8% in WT mice after
swim training (5.42 � 0.18 vs. 6.17 � 0.13, P �
0.05), but by a nonsignificant 3.8% in swim-trained
CIGF1RKO mice (5.54 � 0.16 vs. 5.75 � 0.16, P �
0.75) (Fig. 3A). The fold increase in VW/TL was sig-
nificantly greater in swim-trained WT vs. swim-
trained CIGF1RKO (P � 0.05). Cross-sectional area
of individual myocytes increased by 23.3% in swim-
trained WT mice (P � 0.05) and by 10.9% in swim-
trained CIGF1RKO mice (P � 0.46) compared with
sedentary controls (Fig. 3B). Despite attenuated hy-
pertrophy, left ventricular (LV) systolic function and
LV cavity dimensions were preserved in exercise-
trained CIGF1RKO mice (supplemental Table 1A,
published as supplemental data on The Endocrine
Society’s Journals Online web site at http://mend.
endojournals.org). Parallel studies were performed
in CIRKO and littermate controls. Both trained WT

Fig. 1. Cardiomyocyte Deletion of IGF-IR
Western blot analysis of IGF-IR protein (molecular mass 95 kDa) obtained from lysates of isolated cardiomyocytes (40 �g), liver

(60 �g), and skeletal muscle (60 �g) from WT and CIGF1RKO mice. GAPDH is the loading control.
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and CIRKO mice developed significant cardiac hy-
pertrophy. Relative to sedentary mice, VW/TL ratios
increased by 19.1% in WT mice after swim training
(5.76 � 0.18 vs. 6.86 � 0.22, P � 0.01) and by
23.5% in swim-trained CIRKO mice (4.59 � 0.14 vs.
5.67 � 0.20, P � 0.01) (Fig. 3C). Cross-sectional
area of individual myocytes was increased by 37.6%
in swim-trained WT (P � 0.05) and by 72.7% in
swim-trained CIRKO (P � 0.01) (Fig. 3D). LV systolic
function was maintained in both swim-trained
groups (supplemental Table 1B).

Increased Cardiac IGF-IR Expression in
Trained Mice

In whole heart homogenates, IGF-IR protein was
reduced by more than 50% in sedentary CIGF1RKO
mouse hearts (P � 0.05) (Fig. 4A). The residual levels
likely reflect expression in other cell types such as
fibroblasts and endothelial cells. In whole hearts,
IGF-IR mRNA and protein were coordinately in-
creased in swim-trained WT mice (P � 0.05) (Fig. 4,
A and B). In contrast, swim training failed to increase

Fig. 2. Impact of IGF-IR Deletion on Cardiac Growth
A, HW/BW ratio in male WT and CIGF1RKO mice at postnatal d 10 and 3 or 8 wk of age, respectively. Numbers of mice in each

group are indicated on the bars. B, Representative phase contrast images of isolated cardiomyocytes from hearts of 8-wk-old
male WT and CIGF1RKO mice. Magnification, �10. Myocyte area and circumference (at least 100 cells in each of three mice) are
shown in the table. Data are mean � SEM.
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IGF-IR expression in CIGF1RKO hearts (P � 0.83). In
CIRKO hearts, a compensatory increase in IGF-IR
protein and mRNA was observed (P � 0.05), and in
contrast to CIGF1RKO mice, exercise further in-
creased IGF-IR protein and mRNA levels in WT
and CIRKO mice (Fig. 4, A and B). In distinction to
IGF-IR gene expression, levels of IGF-I or IGF-bind-
ing protein-3, which can be generated in cardiac
muscle and which may modulate IGF-I activity (16),

were not changed by exercise training (Fig. 4B).
Moreover, there was no compensatory change in
IR content in CIGF1RKO hearts, and there was no
increase in IR expression in WT or CIGF1RKO hearts
after exercise training (supplemental Fig. S2). Taken
together, these data suggest that transcriptional up-
regulation of IGF-IR but not IR expression in response
to exercise represents an important myocardial adap-
tation to exercise-induced cardiac hypertrophy.

Fig. 3. Attenuated Cardiac Hypertrophy in Swim-Trained CIGF1RKO Mice
A, VW/TL ratio in exercise-trained (Sw) and sedentary (Sed) WT and CIGF1RKO mice. Numbers of ventricles are indicated on

the bars. B, Immunostaining of ventricular sections with FITC-conjugated wheat germ agglutinin (magnification, �40) and
quantification of cross-sectional area from at least 100 myocytes per ventricle in randomly selected fields of sections from WT
and CIGF1RKO hearts. Numbers of sections are indicated on the bars. C, VW/TL in exercise-trained (Sw) and sedentary (Sed) WT
and CIRKO mice. Numbers of ventricles are indicated on the bars. D, Immunostaining of ventricular sections with FITC-conjugated
wheat germ agglutinin (magnification, �40) and quantitation of cross-sectional area in WT and CIRKO mice. Numbers of sections
are indicated on the bars. NS, Not significant.
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Loss of IGF-IR or IR Signaling Does Not Limit Akt
Activation in Exercise-Trained Hearts

It is widely accepted that activation of PI3K/Akt sig-
naling are critical mediators of physiological cardiac
hypertrophy (5, 7, 17, 18). Thus, we hypothesized that
the increase in IGF-IR expression with exercise might
correlate with activation of Akt. Phosphorylation of Akt
was significantly increased at Ser473 (1.8-fold, P �
0.05) and Thr308 (2.1-fold, P � 0.01) in trained WT vs.
sedentary controls (Fig. 5A). Unexpectedly, Akt phos-
phorylation at the Ser473 and Thr308 sites was also
increased in trained CIGF1RKO mice vs. sedentary
controls (2.2- and 2.8-fold; P � 0.01 and P � 0.001,
respectively) (Fig. 5A). Consistent with the changes in
Akt phosphorylation, phosphorylation of glycogen
synthase kinase-3� (GSK3�) was significantly in-
creased (P � 0.05) in both trained WT (1.9-fold) and
CIGF1RKO (1.7-fold) mice relative to sedentary con-
trols (Fig. 5B). Phosphorylation of Akt was significantly
increased at Thr308 (2.5-fold, P � 0.05) but not at
Ser473 (1.2-fold, P � 0.72) in swim-trained CIRKO
hearts (Fig. 5A), whereas phosphorylation of GSK3�
was increased in swim-trained WT and CIRKO mice
relative to sedentary controls (P � 0.05 both) (Fig. 5B).

Thus exercise-induced Akt activation in the heart is
independent of upstream signals that are mediated via
IRs or IGF-IRs, respectively.

Potential Mechanisms for Attenuation of Cardiac
Hypertrophy in Swim-Trained CIGF1RKO Mice

The question arises why activation of Akt was not
sufficient to induce cardiac hypertrophy in swim-
trained CIGF1RKO mice. To address this, we exam-
ined AMPK signaling pathways. In general, AMPK is
not considered to be an intrinsic component of hyper-
trophic signaling cascades (19). However, it has been
reported that activation of AMPK inhibited hypertro-
phic growth via phosphorylation of eukaryotic elon-
gation factor-2 (eEF2) kinase (20). Basal AMPK
phosphorylation tended to be lower in sedentary
CIGF1RKO vs. sedentary WT (P � 0.08). However,
swim training resulted in a significant increase in
AMPK phosphorylation in CIGF1RKO (3-fold vs. sed-
entary KO, P � 0.002) but was not increased in swim-
trained WT. Relative to swim-trained WT, phosphory-
lated AMPK was 64% greater in trained CIGF1RKO
(P � 0.05) (Fig. 6A). Phosphorylation of the AMPK
target, acetyl coenzyme A carboxylase (ACC), exhib-

Fig. 4. IGF-IR Expression
A, IGF-IR expression in the hearts of sedentary (Sed) and swim-trained (Sw) WT, CIGF1RKO, and CIRKO mice. Upper panels

are representative blots, and lower panel is densitometry of results from five to seven hearts per group. *, P � 0.05; **, P � 0.01;
NS, not significant. a, P � 0.05 vs. WT Sed (by Student’s t test). B, mRNA levels expressed as fold change compared with
sedentary WT. n � 7–8 per group. *, P � 0.05; **, P � 0.01 vs. WT Sed; †, P � 0.001 vs. WT swim; ¶, P � 0.001 vs. CIRKO Sed.
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ited a similar pattern and was increased by 2.3-fold
(P � 0.006) in trained vs. sedentary CIGF1RKO but
was not increased in trained WT (Fig. 6A). AMPK-
mediated phosphorylation of eEF2 kinase, which leads
to phosphorylation and inhibition of eEF2 at Thr56, was
unchanged in control animals but was increased by
1.7-fold (P � 0.05) in trained CIGF1RKO mice (Fig. 6B).
These data support the hypothesis that increased
eEF2 phosphorylation could lead to decreased protein
synthesis, thereby blunting the hypertrophic response
in swim-trained CIGF1RKO hearts. In contrast, phos-
phorylation of AMPK and eEF2 were not changed in
swim-trained CIRKO hearts (supplemental Fig. S3, A
and B). The increase in AMPK activation suggested
that CIGF1RKO were subjected to increased energetic
stress, as was supported by lower concentrations of
glycogen after exercise (Fig. 6C). We therefore deter-
mined levels of peroxisome proliferator-activated re-
ceptor-� coactivator-1� (PGC-1�), which mediates
the exercise-induced increase in mitochondrial func-
tion in the heart (17) and postexercise glycogen accu-
mulation in skeletal muscle (21). The induction of
PGC-1� expression evident in exercise-trained CIRKO
and WT mice was severely blunted in exercise-trained
CIGF1RKO hearts (Fig. 7A). We then examined levels

of two proteins that have been reported to regulate the
PGC-1� promoter, namely forkhead box class O (FOXO)
transcription factors and cAMP response element-
binding protein (CREB) (22, 23). Exercise training was
associated with a significant increase in phosphor-
ylation of FOXO3 in CIGF1RKO but not in controls
(Fig. 7B). There were no differences in the relative
content of phosphorylated CREB (Fig. 7C).

ERK1/2 signaling has been implicated in physiolog-
ical cardiac hypertrophy. Transgenic activation of
MAPK kinase-1 (MEK1) and its downstream target
ERK1/2 produced compensated concentric cardiac
hypertrophy (24). Although it is unclear whether acti-
vated AMPK can directly suppress ERK phosphoryla-
tion in the setting of physiological hypertrophy, adi-
ponectin-stimulated AMPK activation suppressed
endothelin-1-induced ERK phosphorylation in cul-
tured cardiomyocytes (25). Swim training did not alter
phosphorylation levels of MEK and ERK1/2 in WT
hearts. Interestingly, phosphorylation ratios of MEK
and ERK1/2 were significantly decreased in response
to swim training in CIGF1RKO hearts relative to sed-
entary controls (supplemental Fig. S4, A and B). In
contrast, no changes were observed in phosphoryla-
tion levels of MEK and ERK1/2 in hearts from swim-

Fig. 5. Akt-Mediated Signaling
Total and phosphorylated Akt (A) and total and phosphorylated GSK3� (B) in sedentary (Sed) and swim-trained (Sw) CIGF1RKO

and CIRKO and their respective controls. Upper panels are representative blots, and lower panel is densitometry of results from
five to six hearts per group. *, P � 0.05; **, P � 0.01; †, P � 0.001.
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trained CIRKO mice (supplemental Fig. S5, A and B).
Thus, impaired ERK activation could represent an-
other mechanism leading to attenuated cardiac hyper-
trophy in CIGF1RKO mice.

AICAR Treatment Blocks IGF-I-Stimulated
Hypertrophy of Neonatal Rat Cardiomyocytes

To independently evaluate whether AMPK activation
could inhibit growth factor-mediated cardiomyocyte
hypertrophy, we treated cultured neonatal rat cardio-
myocytes with IGF-I and insulin in the presence or
absence of 5-aminoimidazole-4-carboxamide-1-�-D-
ribofuranoside (AICAR) and measured cell size. IGF-I
and insulin treatment for 72 h induced hypertrophic
cell growth by 30%. Compared with cardiomyocytes
treated with IGF-I and insulin, AICAR activated AMPK
and eEF2 phosphorylation and suppressed the IGF-I
and insulin-induced increase in cell surface area (Fig.
8, A and B). Thus, activation of AMPK suppresses
physiological cardiomyocyte growth in vitro.

DISCUSSION

The present study was designed to determine the
potential roles of myocardial insulin and IGF-I signaling
in physiological cardiac hypertrophy induced by exer-
cise training. Although it is widely accepted that acti-
vation of Akt and PI3K are obligate signals for physi-
ological cardiac hypertrophy (5–7, 17, 18), the nature
of the upstream activators of these pathways remains
incompletely understood. Earlier studies suggested
that insulin signal transduction might regulate postna-
tal heart size in part via Akt-dependent mechanisms
(14). Moreover, activation of IGF-IR signaling also pro-
moted PI3K/Akt-dependent hypertrophic remodeling
in the heart that mimicked physiological LV hypertro-
phy (11). The availability of conditional mutants lacking
either insulin or IGF-IRs afforded the unique ability to
directly evaluate the role of these upstream activators
of PI3K/Akt signaling in physiological cardiac hyper-
trophy induced by exercise training. Our study dem-
onstrated that IGF-IR expression is increased in car-

Fig. 6. AMPK Signaling and Glycogen Content
A, Total and phosphorylated AMPK and ACC. Upper panels are representative blots, and lower panel is densitometry of results

from three to four hearts per group expressed as fold change relative to sedentary WT. **, P � 0.01 vs. CIGF1RKO Sed, and P �
0.05 vs. WT swim for p-AMPK; *, P � 0.01 vs. CIGF1RKO Sed; †, P � 0.05 vs. WT Sed for p-ACC. B, Total and phosphorylated
eEF2. Upper panel shows a representative blot, and the lower panel is densitometry of results from five to seven hearts per group.
*, P � 0.05. C, Myocardial glycogen content in sedentary or swim-trained WT or CIGF1RKO mice. Numbers of ventricles are
indicated on the bars.
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diomyocytes in response to exercise training and that
genetic deletion of IGF-IRs but not IRs significantly
attenuated exercise-induced cardiac hypertrophy. The
mechanism for the attenuation of the hypertrophic
response in hearts that lack IGF-IR was unexpected.
Our initial expectation was that impaired up-regulation
of IGF-IR in response to exercise training would limit
exercise-induced Akt phosphorylation if indeed acti-
vation of IGF-IR signaling via paracrine/autocrine or
even endocrine mechanisms played a pivotal role.
Contrary to this hypothesis, Akt activation was not
impaired in exercise-trained CIGF1RKO mice, which
indicates that alternative upstream mechanisms are
responsible for Akt activation in response to exercise
training.

We were still faced with the observation that car-
diac hypertrophy was significantly attenuated in
CIGF1RKO hearts despite robust activation of Akt.
This led us to hypothesize that growth signaling down-
stream of Akt was being antagonized. We turned our
attention initially to AMPK because of recent studies

mainly in cultured cells that suggest that AMPK sig-
naling could prevent mammalian target of rapamycin
(mTOR) and S6 kinase-mediated cardiomyocyte hy-
pertrophy via its effect on eEF2, an important cofactor
in mTOR-mediated peptide elongation (20). EF2 ki-
nase phosphorylates eEF2 and inhibits its activity. EF2
kinase is inactivated via TOR-mediated phosphoryla-
tion. Thus, activation of mTOR signaling promotes
eEF2 activity by inhibiting its phosphorylation by EF2
kinase. It was recently shown that AMPK phosphory-
lates EF2 kinase on a novel site (Ser398) and increases
its activity, which in turn increases the phosphorylation
of eEF2. AMPK-mediated phosphorylation of eEF2
therefore inhibits its activity (26), which limits peptide
elongation. Our observation of increased AMPK acti-
vation and increased phosphorylation of eEF2 in
CIGF1RKO hearts after exercise training is consistent
with the hypothesis that the increase in AMPK activity
might be limiting the hypertrophic response in IGF-IR-
deficient hearts. Previous studies have shown that
activation of AMPK is sufficient to limit protein synthe-

Fig. 7. PGC-1� Expression
A, PGC-1� mRNA in sedentary or swim-trained mice, expressed as fold change relative to sedentary WT. *, P � 0.05 vs. WT

swim; **, P � 0.001 vs. WT Sed; ¶, P � 0.01 vs. WT Sed; †, P � 0.001 vs. CIRKO Sed. or vs. WT swim. B and C, Total and
phosphorylated FOXO3 and FOXO1 (B) and total and phosphorylated CREB (C) in sedentary (Sed) and swim-trained (Sw)
CIGF1RKO and their respective controls. *, P � 0.05 vs. Sed.

2538 Mol Endocrinol, November 2008, 22(11):2531–2543 Kim et al. • IGF-IR Regulates Physiological Hypertrophy
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/22/11/2531/2738120 by guest on 23 April 2024



sis in cells that are exposed to phenylephrine or that
are transduced with a constitutively active Akt adeno-
virus (20). Our in vitro studies also show that AMPK
activation is sufficient to block insulin- and IGF-I-me-
diated hypertrophy in neonatal cardiomyocytes, lend-
ing further support for an anti-hypertrophic effect of
AMPK activation in IGF-IR-deficient hearts. We pro-
pose that this signaling mechanism is specific for
exercise-induced cardiac hypertrophy, because we
observed no reduction in LV hypertrophy in
CIGF1RKO hearts after transverse aortic constriction
(data not shown).

The question arises as to mechanisms responsible
for the increased activation of AMPK in swim-trained
CIGF1RKO hearts. It has previously been shown that
short-term exercise increases AMPK activation in nor-
mal hearts (27). However, the effect of endurance
training on myocardial AMPK activation is unknown.
We observed no consistent increase in AMPK phos-
phorylation in WT hearts after 5 wk swim training,

which suggests that any exercise-induced increase in
myocardial AMPK content might be transient. In con-
trast, AMPK phosphorylation (an index of AMPK acti-
vation), was increased in hearts of swim-trained
CIGF1RKO mice. We interpret this increase in AMPK
activation to be consistent with energetic stress within
the myocardium, and this was supported by a relative
reduction in postexercise glycogen stores. To address
potential mechanisms that could limit the energetic
reserves of exercise-trained CIGF1RKO hearts, we ex-
amined the exercise-mediated induction of PGC-1�,
which is an important mediator of the increase in mi-
tochondrial metabolic capacity that accompanies
physiological cardiac hypertrophy and plays an impor-
tant role in glycogen resynthesis in skeletal muscle
after exercise (17, 21). Remarkably, the induction of
PGC-1� expression was blunted in exercise-trained
CIGF1RKO mice but not in exercise-trained WT or
CIRKO hearts. Impaired induction of PGC-1� would
be predicted to limit the exercise-associated increase

Fig. 8. AICAR Inhibits IGF-I/Insulin-Mediated Cardiomyocyte Hypertrophy
A, Upper panel shows representative fluorescence micrographs of neonatal rat ventricular cardiomyocytes treated with or

without 100 nM insulin plus 10 nM IGF-I for 72 h in the presence of absence of 1 mM AICAR and immunostained with �-actinin
(magnification, �20), and lower panel shows image quantification (mean � SEM) of data from four independent experiments where
at least 100 cells were measured per condition. B, Representative immunoblots showing total and phosphorylated AMPK and
eEF2, respectively. Densitometry is shown below each blot. Significant differences are indicated on each figure.
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in myocardial fatty acid oxidative capacity and mito-
chondrial function (17). We hypothesize that this limi-
tation in exercise-induced mitochondrial adaptations
will limit myocardial high-energy reserves sufficiently
to activate AMPK. We have not yet conducted a com-
prehensive analysis of mitochondrial biogenesis or mi-
tochondrial energetics and high-energy phosphate
content, and we have not yet determined substrate
oxidation rates in the hearts of exercise-trained
CIGF1RKO mice. This is a limitation of the present
study.

The mechanisms by which exercise increases
PGC-1� expression in the heart are incompletely un-
derstood. PGC-1� gene expression is regulated by a
variety of transcriptional regulators that include fork-
head transcription factors (FOXOs), CREB, monocyte
enhancer-factor-2 isoforms, calcium/calmodulin pro-
tein kinases, and calcineurin (22, 23, 28–30). We ini-
tially focused on CREB and FOXO1/FOXO3, which are
highly expressed in the heart. Interestingly, there was
a significant increase in FOXO3 phosphorylation after
exercise only in exercise-trained CIGF1RKO hearts.
Phosphorylation of FOXO3 will lead to its nuclear ex-
clusion, thereby reducing the transactivation of the
PGC-1� promoter. This could therefore be one poten-
tial mechanism for the blunted up-regulation of
PGC-1� expression in exercise-trained CIGF1RKO
hearts. The mechanisms for the selective increase in
FOXO3 phosphorylation
in exercise-trained CIGFIRKO but not WT hearts re-
main to be elucidated. Exercise increased the phos-
phorylation of Akt, which is one potential mediator of
FOXO3 phosphorylation in exercise-trained WT and
CIGF1RKO hearts. However, the degree of Akt in-
duction was somewhat greater in exercise-trained
CIGF1RKO hearts. Although these differences were
not sufficient to alter the degree of GSK3� phosphor-
ylation, the possibility exists that FOXO3 phosphory-
lation could be more susceptible to differences in Akt
activation. There are other kinases such as the serum
and glucocorticoid-inducible kinases SGK1, which
also phosphorylates FOXO3 on the Thr32 site that was
recognized by the antibody used (31) and could rep-
resent an Akt-independent mechanism that could ac-
count for the increased phosphorylation of FOXO3 in
the exercise-trained CIGF1RKO hearts. The possibility
also remains that additional mechanisms could also
be responsible for blunting PGC-1� expression. For
example, cross talk between IGF-I and calcineurin sig-
naling has been described (32). Thus, future studies
will be required to determine whether the dependence
of the exercise-training induction of PGC-1� on IGF-I
signaling is also mediated in part via changes in cal-
cineurin activity. IGF-I signaling has been shown to
play a role in the prevention of muscle atrophy, in part
by activating Akt-mediated phosphorylation of fork-
head transcription factors such as FOXO3 (33). We did
not examine atrophic signaling pathways in the
present study. Although the increase in FOXO3 phos-
phorylation would be predicted to limit atrophic sig-

naling, a recent report suggested that increased cyto-
kine signaling could promote muscle atrophy even in
the face of increased FOXO3 phosphorylation (34).
Thus, it will be important to determine whether activa-
tion of atrophic signaling pathways contributed to the
limited hypertrophic response in exercise-trained
CIGF1RKO mouse hearts.

We previously demonstrated that perinatal deletion
of IRs resulted in a reduction in cardiomyocyte size
(12, 14). However, despite the dramatic effect of im-
paired insulin signaling on postnatal cardiac size, loss
of insulin signaling did not limit subsequent hypertro-
phy after exercise training. Deletion of IRs in CIRKO
mice likely occurs between embryonic d 12 and birth
(15). The predominant IR splice variant in neonatal life
(IRa) is a selective receptor for IGF-II, whereas the
adult splice variant (IRb) has a much higher affinity for
insulin (35). Because the splicing event occurs in exon
11, both isoforms would be deleted in CIRKO mice.
Given the important role of IGF-I signaling in physio-
logical cardiac hypertrophy in the postnatal heart, it is
interesting to speculate that the basis for the reduction
in baseline cardiac size that we observed in CIRKO
mice could be the result of loss of IGF-II signaling in
utero.

In summary, the present study has identified an
essential role for IGF-I signaling in exercise-induced
cardiac hypertrophy via mechanisms that are indepen-
dent of Akt signaling. IGF-I signaling plays an impor-
tant role in the transcriptional regulation of PGC-1�
during exercise, which contributes to the coordinate
increase in mitochondrial capacity. In the absence of
IGF-IRs, there is increased activation of AMPK, which
likely sustained myocardial energy metabolism given
that cardiac function was preserved. The increased
activity of AMPK, in turn, potently inhibits exercise-
induced cardiac hypertrophy. Thus, IGF-I signaling in
the heart may regulate physiological cardiac hypertro-
phy by coordinating signaling pathways that modulate
mitochondrial energy metabolism with pathways such
as Akt that are required for cellular hypertrophy (Fig. 9).

MATERIALS AND METHODS

Generation of Animals

CIGF1RKO mice were generated by crossing mice that were
homozygous for floxed IGF-IR alleles in which loxP sites flank
exon 3 of the IGF-IR gene (IGF-IRlox/lox) (36, 37) with IGF-
IRlox/lox transgenic mice in which cardiac-specific expression
of Cre recombinase was driven by the �-myosin heavy chain
(�-MHC) promoter (38). CIRKO mice were generated as pre-
viously described (12). Animals were fed standard chow and
housed in temperature-controlled facilities with a 12-h light,
12-h dark cycle (lights on at 0600 h). Mice were maintained
on a mixed C57BL6J/129Sv/FVB background, and littermate
controls were used. Animals were killed for tissue isolations
between 1100–1200 h. All animal experiments were con-
ducted in accordance with guidelines approved by the Insti-
tutional Animal Care and Use Committee of the University
of Utah.
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Measurement of Cardiomyocyte Size

Cardiomyocytes were isolated from 8-wk-old male
CIGF1RKO mice and their control littermates using our
previously described protocols (12). Myocyte area and cir-
cumference were calculated by measuring at least 100
cells per mouse heart in three mice using NIH ImageJ
analysis software.

Swimming Exercise

Eight- to 10-wk-old male CIGF1RKO and CIRKO and their
control littermates were subjected to swim training as de-
scribed previously (7, 17). This protocol has been used by
many groups to induce sustained LV hypertrophy after as
little as 21 d of swim training (5–7, 39, 40). Briefly, each day
consisted of two swimming sessions, separated by at least
a 4-h interval, beginning with 10 min duration on the first
day. The swim duration was increased by 10 min/d until
mice were swimming 90 min twice a day. Mice were trained
for 28 additional days (36 d total). In all study groups, one
day before killing, in vivo cardiac function was assessed by
echocardiography. Three to five hours after the final swim-
ming session, mouse hearts were harvested and weighed.
VW, TL, and BW were measured so that VW/TL and
VW/BW could be calculated. Because some mice lost
weight after 36 d swim training, we elected to normalize
VW to TL.

Echocardiographic Studies

Transthoracic M-mode and two-dimensional echocardiogra-
phy examinations were performed in mice under isoflurane
anesthesia using an ultrasound machine (Vivid 7; GE Health-
care, Tampa, FL) with a 13-MHz transducer. One operator
(blinded to genotype and treatment) performed all echocar-
diograms. The echocardiograms were stored digitally and
analyzed offline.

Measurement of Serum IGF-I Concentrations

Serum IGF-I levels were determined using the Quantikine
mouse IGF-I immunoassay (MG100; R&D Systems, Minne-
apolis, MN). Briefly, blood was collected right before killing
and serum obtained after brief centrifugation. Mouse serum
was then diluted 1/500 with calibrator diluent RD5-38 and
assayed for IGF-I levels according to manufacturer’s recom-
mendations. OD at 450 nm was corrected with OD at 540 nm.

Histological Analysis

Immediately after harvest, a midventricular slice of myocar-
dium was fixed in 4% paraformaldehyde and then protected
in a sequential series of 10, 20, and 30% sucrose/PBS so-
lutions, oriented in OCT-filled (Tissue Tek) molds, rapidly
frozen, and then sectioned at 8 �m on a Cryostat microtome
(Leica Instruments, Bannockburn, IL) at �20 C as described
(41). For measurement of myocyte cross-sectional area, sec-
tions were stained for membranes with fluorescein isothio-
cyanate (FITC)-conjugated wheat germ agglutinin (Invitrogen
Corp., Carlsbad, CA). The slides were examined using an
Olympus IX71 inverted microscope (Olympus, Center Valley,
PA) equipped with a fluorescence filter at �40 magnification,
and myocyte area was measured using ImageJ.

Western Blot Analysis

Total protein lysates were extracted from frozen hearts as
described previously (17). Proteins were resolved by SDS-
PAGE and electrotransferred onto nitrocellulose membranes
(GE Healthcare, Piscataway, NJ). The antibodies used were
IGF-IR�, IR-�, phospho-Akt (Thr308), phospho-Akt (Ser473),
Akt, phospho-GSK-3�, phospho-MEK, MEK, phospho-ERK,
ERK, phospho-AMPK (Thr172), AMPK, phospho-ACC (Ser79),
ACC, phospho-eEF2 (Thr56), eEF2, GAPDH, CREB, phospho-
CREB (Ser133), FOXO1, phospho-FOXO1 (Thr24), phospho-
FOXO3a (Thr32) (Cell Signaling Technology, Danvers, MA),
GSK-3�, and FOXO3a (Santa Cruz Biotechnology, Santa
Cruz, CA). Protein detection was carried out with the appro-
priate horseradish peroxidase-conjugated secondary anti-
body and SuperSignal West Femto Maximum Sensitivity
Substrate (ThermoFisher Scientific, Pittsburgh, PA). Blots
were exposed to blue autoradiography film (ISC BioExpress,
Kaysville, UT) for 1–10 min. Films were scanned, and densi-
tometric quantification of protein bands was achieved using
an AlphaImager 2200 (Alpha Innotech Corp., San Leandro, CA).

Gene Expression

mRNA was quantified by real-time PCR using an ABI Prism
7900HT instrument in 384-well plate format as described
previously (42). Cyclophilin (CPHN) was used as a template
normalizer because CPHN levels were unchanged between
groups. Primer sequences are IGF-IR, CTGCGGCGATGAA-
GAGAAGAAAA/TACCGGTGCCACGTTATGATGATT; IGF-I,
GTGGACCGAGGGGCTTTTACTTC/TTTGCAGCTTCGTTT-
TCTTGTTTG; and IGFBP3, AATGGCCGCGGGTTCTGC/
TTCTGGGTGTCTGTGCTTTGAG.

Fig. 9. Proposed Model for the Signaling Mechanisms Re-
sponsible for the Blunted Hypertrophic Response in Mouse
Hearts that Lack IGF-IR (CIGF1RKO)

In WT and CIGF1RKO hearts, exercise training leads to
increased phosphorylation of Akt (p-Akt), which promotes
cardiac hypertrophy by phosphorylating and inhibiting
GSK3� and by activating mTOR and S6 kinase (S6K). In
CIGF1RKO mice, there is increased activation of FOXO3
by mechanisms that might be Akt dependent or Akt inde-
pendent. FOXO3 is a positive regulator of PGC-1� expres-
sion. Nuclear exclusion of FOXO3 by phosphorylation re-
duces the FOXO3-dependent activation of the PGC-1�
gene. Reduced PGC-1� expression limits the mitochon-
drial adaptations to exercise training, thereby promoting
energetic stress, which leads to activation of AMPK. AMPK
activation will increase the phosphorylation of eEF2, which
inhibits protein synthesis and antagonizes pro-hypertro-
phic signaling pathways. Increased AMPK phosphorylation
might also antagonize MAPK signaling which is also
pro-hypertrophic.
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Glycogen Measurement

Within 4 h after final swimming, mouse hearts were harvested
and analyzed as previously described (21). Briefly, snap-
frozen tissue was powdered under liquid nitrogen and ho-
mogenized in a 0.3 M perchloric acid solution. This extract
was assayed with and without amyloglucosidase digestion
(A7420; Sigma-Aldrich, St., Louis, MO) in 50 mM Na acetate
(pH 5.5) and 0.02% BSA. Resulting changes in absorption at
340 nM were compared with a standard of 0–80 �M glucose.
Results are presented as glucose released from glycogen
corrected to tissue weight.

Cell Culture

Primary cultures of neonatal rat ventricular cardiomyocytes
were made from 1- to 3-d-old Sprague Dawley rats as de-
scribed previously with some modification (17). Cardiomyo-
cytes were seeded at 105 cells per well onto Permanox two-
well chamber slides (Nunc Nalge International, Rochester,
NY) precoated with 0.1% gelatin in serum- and growth factor-
free DMEM/M199 (Invitrogen). After 24 h recovery, cells were
incubated with or without 100 nM insulin, 10 nM IGF-I (Na-
tional Hormone and Peptide Program, Torrance, CA) for 72 h
in the presence or absence of 1 mM AICAR (Toronto Research
Chemicals Inc., Toronto, Canada), a pharmacological activa-
tor of AMPK. Media and treatments were refreshed every
24 h. Cells were fixed, and immunofluorescence studies were
performed by applying antibodies against �-actinin (clone
EA53; Sigma-Aldrich) to stain cardiomyocytes. The areas of
at least 100 individual cells per condition from randomly
selected fields were examined from four individual cell prep-
arations using ImageJ software.

Statistical Analysis

All values are presented as the mean � SEM. Statistical anal-
yses were performed using either a Student’s t test or a
one-way ANOVA with Fisher’s protected least significance
squares or Tukey’s post hoc test using SPSS for Windows,
version 11.5 (SPSS, Chicago, IL) or Statview 5.0.1 (SAS In-
stitute Inc., Cary, NC). A two-tailed P � 0.05 was considered
significant.
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