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IGF-1 receptor (IGF-1R) signaling is implicated in cardiac hypertrophy and longevity. However, the
role of IGF-1R in age-related cardiac remodeling is only partially understood. We therefore sought
to determine whether the deletion of the IGF-1R in cardiomyocytes might delay the development
of aging-associated myocardial pathologies by examining 2-year-old male cardiomyocyte-specific
IGF-1R knockout (CIGF1RKO) mice. Aging was associated with the induction of IGF-1R expression
in hearts. Cardiomyocytes hypertrophied with age in wild-type (WT) mice. In contrast, the cardiac
hypertrophic response associated with aging was blunted in CIGF1RKO mice. Concomitantly, fi-
brosis was reduced in aged CIGF1RKO compared with aged WT hearts. Expression of proinflam-
matory cytokines such as IL-1�, IL-1�, IL-6, and receptor activator of nuclear factor-�B ligand was
increased in aged WT hearts, but this increase was attenuated in aged CIGF1RKO hearts. Phos-
phorylation of Akt was increased in aged WT, but not in aged CIGF1RKO, hearts. In cultured
cardiomyocytes, IGF-1 induced senescence as demonstrated by increased senescence-associated
�-galactosidase staining, and a phosphoinositide 3-kinase inhibitor inhibited this effect. Further-
more, inhibition of phosphoinositide 3-kinase significantly prevented the increase in IL-1�, IL-1�,
receptor activator of nuclear factor-�B ligand, and p21 protein expression by IGF-1. These data
reveal an essential role for the IGF-1-IGF-1R-Akt pathway in mediating cardiomyocyte senescence.
(Endocrinology 157: 336–345, 2016)

The prevalence of cardiovascular disease increases with
advancing age. Most developed countries define el-

derly as individuals with a chronological age of 65 years or
older. The oldest old, commonly defined as older than 85
years of age, have a higher prevalence of heart failure and
cardiovascular mortality (1–3). Traditional cardiovascu-
lar risk factors such as smoking, hypertension, and dia-
betes are associated with the development of heart failure
in the elderly (4). In addition to long-term exposure to risk
factors for heart disease, the aged heart exhibits intrinsic

structural remodeling, which reduces cardiac functional
reserve and predisposes the heart to hemodynamic stress
(5, 6). Senescent remodeling includes left ventricular hy-
pertrophy, diastolic dysfunction, interstitial fibrosis, and
a reduction in maximal heart rate (7).

Prior studies report that the reduction of IGF-1 signal-
ing leads to longevity in Caenorhabditis elegans (8), Dro-
sophila (9), and dwarf mice (10–12). Overexpression of
the Klotho gene, which suppresses tyrosine phosphoryla-
tion of insulin and IGF-1 receptors (IGF-1Rs), extends the
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life span in mice (13). Notably, IGF-1R heterozygous
knockout mice live on average 33% longer than their wild-
type (WT) controls without differences in food intake,
physical activity, or metabolic rate (14, 15). However, it is
not known whether decreasing IGF-1R signaling in the
heart can retard cardiac aging. Interfering with insulin-
IGF-1 signaling in the heart prevents the decline in cardiac
performance in aging fruit flies (16). Furthermore, mice
with hepatic deficiency of IGF-1 leading to reduced cir-
culating IGF-1 levels resist aging-induced cardiomyocyte
contractile dysfunction (17). This contrasts with findings
that the inactivation of cardiomyocyte IGF-1R for 6 weeks
by a 4-hydroxytamoxifen-inducible Cre recombinase in
11-month-old mice resulted in slightly depressed diastolic
cardiac function compared with the age-matched WT an-
imals (18).

Thus, we sought to test the hypothesis that long-term
inactivation of IGF-1R in cardiomyocytes delays the de-
velopment of aging-associated myocardial pathologies us-
ing very old cardiomyocyte-specific IGF-1R knockout
mice.

Materials and Methods

Animals
Mice with cardiomyocyte-specific IGF-1R gene ablation

(CIGF1RKO) were previously generated using Cre recombinase
under the control of the �-myosin heavy-chain promoter (19)
and backcrossed to C57BL6/J for nine generations. Animals
were fed standard chow and housed in temperature-controlled,
pathogen-free facilities with a 12-hour light, 12-hour dark cycle.
WT (IGF-1Rfl/fl) and CIGF1RKO (IGF-1Rfl/fl;�-myosin heavy-
chain-Cre) male mice at 12–14 weeks of age (young), 75 weeks
of age (old), and 105–130 weeks of age (very old) were used in
this study. The numbers of mice used in the various studies were
three to six per group. The survival cohorts consisted of 30 WT
and 31 CIGF1RKO mice and deaths were recorded daily. Sur-
vival data were assessed at 120 weeks of age. Mice were not
subjected to any invasive or metabolic studies other than echo-
cardiography. All animal experiments were conducted in accor-
dance with guidelines approved by the Institutional Animal Care
and Use Committee of the Chung-Ang University. The investi-
gation conforms with the Guide for the Care and Use of Labo-
ratory Animals published by the US National Institutes of
Health.

Echocardiography
Mice were anesthetized using 1.5% isoflurane and echocar-

diography was performed using the Vevo 770 System (Visual-
Sonics Inc) with a 30-MHz transducer in the two-dimensional M
mode (20).

Histological analysis
After anesthesia with isoflurane, mice were killed by cervical

dislocation. Tissue preparation and staining were performed as

described previously (20, 21). For hematoxylin and eosin or Sir-
ius red staining, the myocardium was fixed in 4% paraformal-
dehyde, embedded in paraffin, and sectioned at a thickness of 6
�m. The slides were examined using an Olympus BX51 micro-
scope. For immunostaining, myocardium was fixed in 4% para-
formaldehyde and incubated in 15% sucrose solution overnight
at 4°C and then transferred to 30% sucrose at 4°C until the tissue
sank. Tissue was infiltrated in optimum cutting temperature-
filled (Tissue Tek) molds for 30 minutes at room temperature
before freezing. The molds were cooled with liquid nitrogen.
After the material had frozen, tissue was wrapped in aluminum
foil and stored at �70°C. Tissues were then cryosectioned at
8-�m thickness using a cryostat (Leica) and prefixed in acetone
for 30 minutes at �70°C and then dried briefly until the acetone
was removed. Optimum cutting temperature was removed with
water. Sections were incubated in blocking solution for 4 hours
at 37°C, followed by overnight incubation in primary antibodies
(1:100 anti-IGF-1R, 1:50 anti-IL-1� [Santa Cruz Biotechnol-
ogy], and 1:200 anti-�-actinin [clone EA-53; Sigma]) at 4°C.
After five washes in 0.3% Triton X-100 in PBS for 15 minutes
each, the sections were incubated in secondary antibodies (Alexa
488 conjugated goat antirabbit IgG, Alexa 568 conjugated goat
antimouse IgG, Alexa 488 conjugated goat antimouse IgG [In-
vitrogen Corp]) overnight at 4°C. After washing with 0.3% Tri-
ton X-100 in PBS, the sections were mounted with or without
propidium iodide. For measurement of the myocyte cross-sec-
tional area, sections were stained for membranes with fluores-
cein isothiocyanate-conjugated wheat germ agglutinin (Invitro-
gen). The slides were examined using a confocal microscope
(LSM 510 META; Carl Zeiss).

IGF-1 enzyme-linked immunosorbent assay
Serum IGF-1 levels were measured using a quantikine mouse/

rat IGF-I immunoassay kit (R&D Systems) with a sensitivity of
3.5 pg/mL and an intra- and interassay precision of less than
5.7% and 9.2% coefficient of variation, respectively.

Cell culture
Two- to 3-day-old Sprague Dawley rats were killed by de-

capitation and neonatal rat cardiomyocytes (NRCMs) were pre-
pared as described previously (20). NRCMs were incubated in
the absence or presence of various IGF-1 concentrations (10,
100, and 1000 ng/mL) for 72 hours.

In situ staining for senescence-associated �-
galactosidase (SA-�-gal) activity

The SA-�-gal assay is one of the best-characterized method to
measure senescence and is detected by histochemical staining of
tissue or cells using the artificial substrate X-galactosidase (X-
gal) (22–25). The presence of the SA-�-gal is independent of
DNA synthesis and generally distinguishes senescent cells from
quiescent cells. Frozen heart sections (6 �m) or NRCMs were
washed in PBS (pH 7.4), fixed with 2% formaldehyde and 0.2%
glutaraldehyde, and incubated overnight at 37°C in freshly pre-
pared staining buffer (1 mg mL�1 X-gal [5-bromo-4-chloro-3-
indolyl-�-D-galactoside), 5 mm K3Fe[CN]6, 5 mm K4Fe [CN]6,
and 2 mm MgCl2 in PBS [pH 6.0], or in citrate-buffered saline
[pH 4.5]). At the end of the incubation, tissue or cells were
washed with PBS and examined at �400 magnification. To
quantify the SA-�-gal activity in the heart, cryosections were also
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stained with 4�,6�-diamino-2-phenylindole. SA-�-gal positivity
was calculated as the number of cells positive for SA-�-gal di-
vided by the number of nuclei (26).

Western blot analysis
Mouse hearts or NRCMs were lysed with lysis buffer (20 mM

Tris-HCl, pH 7.4; 1% Triton X-100; 1 mM EDTA; 30 mM
HEPES; 50 mM Na4P2O7; 100 mM NaF) containing 1� pro-
tease inhibitor cocktail (Roche Molecular Biochemicals) and
phosphatase inhibitors. Proteins were resolved by SDS-PAGE
and electrotransferred onto nitrocellulose membranes (GE
Healthcare). The antibodies used were IGF-1R, phospho-Akt
(Ser473), Akt, phospho-ERK (Thr202/Tyr204), ERK, phospho-
p38 MAPK (Thr180/Tyr182), p38 MAPK, phosphorylated c-Jun
N-terminal kinase (JNK; Thr183/Tyr185), JNK (Cell Signaling
Technology), IL-1�, p21 (Santa Cruz Biotechnology), IL-1�,
TNF� (Abbiotec), activator of nuclear factor-�B ligand
(RANKL) (Abcam). Immunoblotting was detected by a Super-
Signal West femto maximum sensitivity substrate (Thermo
Fisher Scientific). Densitometric quantitation was achieved using
an AlphaImager 2000 (Alpha Innotech Corp).

RNA isolation and quantitative RT-PCR analysis
Total RNA was obtained from hearts using the RNA-STAT

60 reagent (AMS Biotechnology). To quantify transcripts, the
LightCycler system (Roche Molecular Biochemicals) was used.
PCRs were performed using SYBR Green I master mix and the
following primers: Igf-1 (5�-CACCAGCTCCACCACAGC-3�
and 5�-GGGCATGTCAGTGTGGCG-3�), p16 (5�-CAGATTC-
GAACTGCGAGGA-3� and 5�-CAGCGGAACACAAAGAGCA-
3�), p19 (5�-GAGAGGGTTTTCTTGGTGA-3� and 5�-AGAA-
GAGCTGCTACGTGA-3�), p21 (5�-ATGTCCAATCCTGGT-
GATGT-3� and 5�-TGCAGCAGGGCAGAGGAAGT-3�), p53
(5�-GAGCTCCCTCTGAGCCAGGA-3� and 5�-TGGGCCTTC-
AAAAAACTCCTCA-3�), IL-1� (5�-CCTACTCGTCGGGAG-
GAGAC-3� and 5�-CCCGAAATAAGGCTGCTTTT-3�), IL-1�
(5�-AGCCCATCCTCTGTCACTCA-3� and 5�-TGTCGTTGCT-
TGGTTCTCCT-3�), IL-6 (5�-CAAGAGACTTCCAGCCAGT-
TGC-3� and 5�-TGGCCGAGTAGACCTCATAGTGACC-3�),

TNF� (5�-TCCCAGGTTCTCTTCAAGGGA-3� and 5�-GGT-
GAGGAGCACGTAGTCGG-3�), and RANKL (5�-CATCGGG-
TTCCCATAAAG-3� and 5�-GAAGCAAATGTTGGCGTA-3�).
To assess the specificity of the amplified PCR products, a postam-
plification melting curve analysis was performed and relative quan-
tification was calculated using the comparative cycle threshold
method.

Statistical analysis
Data are presented as the mean�SEM. The Shapiro-Wilk test

was used to test for normality of variables. Because some vari-
ables did not pass the Shapiro-Wilk test, we additionally checked
q-q plot, which did not show marked deviation from linearity.
Thus, we decided to apply the normal assumptions for the para-
metric tests.

The results are analyzed with one-way ANOVA or two-way
ANOVA, followed by Tukey’s post hoc analysis. A two-way
ANOVA was performed with age (young vs very old) and ge-
notype (WT vs CIGF1RKO) as the fixed factors. Main and in-
teraction effects were tested at a critical level of � � .05. The
statistical analyses were performed with SPSS version 18.0 (IBM
Corp).

Results

Aging induces IGF-1R expression in the heart
To study the role of IGF-1R in cardiac aging, we first

compared IGF-1R levels in young (14 wk old) with old (75
wk old), or very old (130 wk old) WT hearts. Old and very
old mice showed increased IGF-1R expression compared
with young mice (Figure 1A), suggesting a correlation be-
tween IGF-1R signaling and cardiac aging. Immunofluo-
rescence staining of young and very old hearts also con-
firmed that IGF-1R protein content increased in the aged
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Figure 1. Aging induces myocardial IGF-1R expression. A, Western blot analysis of IGF-1R protein from young (14 wk old), old (75 wk old), or
very old (130 wk old) WT mouse hearts (n � 3–4 per group). Data are presented as the mean � SEM. Overall value was P � .01 by one-way
ANOVA. **, P � .01 vs 14-week-old mice by Tukey’s post hoc test. B, Heart cryosections from young and very old WT mice were double stained
by immunofluorescence with anti-IGF-1R antibody (green; arrows) and anti-�-actinin antibody (red). Representative images are shown.
(magnification, �40; scale bars, 30 �m). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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heart and appeared to be predominantly confined to car-
diomyocytes (Figure 1B).

IGF-1R deletion attenuates aging-related cardiac
structural remodeling

To investigate whether cardiomyocyte IGF-1R is re-
quired for the development of aging-associated cardiac
remodeling, structure and function in young and aged
hearts were analyzed. Heart weight (HW) to tibia length
(TL) ratios increased by 26% in very old WT compared
with young WT mice. In contrast, very old CIGF1RKO
mice showed an attenuated increase in HW/TL ratio rel-
ative to young CIGF1RKO mice (Figure 2A). Cardiomy-
ocyte cross-sectional areas measured by wheat germ ag-
glutinin staining significantly increased in very old
compared with young WT heart, whereas very old
CIGF1RKO mice showed no change relative to corre-
sponding young mice (Figure 2B). The increase in the pos-
terior wall thickness by echocardiography further con-
firmed ventricular hypertrophy in very old WT mice
(Supplemental Table 1). Very old CIGF1RKO mice ex-
hibited preserved cardiac contractile function as demon-
strated by comparable fractional shortening despite

blunted hypertrophy (Supplemental Table 1). Serum
IGF-1 concentration or myocardial IGF-1 expression was
not altered in either WT or CIGF1RKO very old mice.
Thus changes in endocrine or paracrine IGF-1 production
might not be involved in aging-related hypertrophy (Sup-
plemental Figure 1). To determine whether deletion of
IGF-1R in cardiomyocytes affects survival rate, we fol-
lowed up a cohort of WT (n � 30) and CIGF1RKO (n �
31) mice for up to 120 weeks. The survival rates at 120
weeks were similar in WT and CIGF1RKO mice (66% and
68%, respectively) (Supplemental Figure 2). Hematoxylin
and eosin staining of very old WT and CIGF1RKO hearts
revealed no gross structural differences (Figure 2C). How-
ever, aged hearts displayed an increase in interstitial fi-
brosis (27), as evidenced by Sirius red staining. Very old
WT hearts showed an increase in fibrosis compared with
young WT hearts, whereas fibrosis was decreased in very
old CIGF1RKO mice relative to very old WT mice (Figure
2D).

Markers of senescence and proinflammatory
cytokines are reduced in very old CIGF1RKO hearts

To detect senescence at the cellular level, we evaluated
SA-�-gal activity and expression of cell cycle inhibitors,
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Figure 2. IGF-1R deletion attenuates aging-related cardiac hypertrophy and interstitial fibrosis. A, HW to TL ratio. B, Representative
immunofluorescence images of ventricular sections stained with fluorescein isothiocyanate-conjugated wheat germ agglutinin (magnification,
�40; scale bars, 30 �m). C, Quantification of cross-sectional area from at least 100 myocytes per ventricle in randomly selected fields of sections
from young and very old WT and CIGF1RKO hearts. D, Representative hematoxylin and eosin staining (magnification, �40; scale bars, 30 �m). E,
Representative Sirius red staining (arrows, magnification, �40; scale bars, 30 �m). F, Quantification of interstitial fibrosis. Numbers of mice are
indicated on the bars. Data are presented as the mean � SEM. Two-way ANOVA was performed to analyze differences by age (young vs very old)
and genotype (WT vs CIGF1RKO). **, P � .01 vs young WT; ***, P � .001 vs young WT; *, P � .05 vs young CIGF1RKO; ###, P � .001 vs very
old WT. VO, very old; Y, young.
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which have been known to be reliable biomarkers (24).
SA-�-gal-positive areas were significantly increased in
very old WT hearts (9.1-fold vs young WT), but this in-
crease was attenuated in very old CIGF1RKO hearts (3.5-
fold vs young CIGF1RKO) (Figure 3, A and B). mRNA
expression of cell cycle inhibitors p16 and p19 were sig-
nificantly increased in both very old WT and very old
CIGF1RKO hearts (Figure 3C). Another hallmark of cel-
lular senescence is development of senescence-associated
secretory phenotype (SASP), which is characterized by the
secretion of inflammatory signals resembling a local im-
mune response (25, 28). Thus, we examined the induction
of well-known proinflammatory cytokines in the hearts
(20, 29). As shown in Figure 4A, IL-1�, IL-1�, IL-6,
TNF�, and RANKL mRNA expressions increased in very
old WT hearts (3.2-fold, 3.2-fold, 5.3-fold, 3.0-fold, and
2.3-fold, respectively) relative to young WT hearts,
whereas IL-1�, IL-1�, and IL-6 mRNA levels in very old
CIGF1RKO hearts were significantly lower than values
obtained in very old WT hearts. In addition, levels of IL-
1�, IL-1�, TNF�, and RANKL proteins increased in very
old WT hearts relative to young WT hearts (Figure 4, B–F).
Moreover, IL-1�, IL-1�, and RANKL protein levels in
very old CIGF1RKO hearts were significantly lower than
those observed in very old WT hearts. In parallel, the
amount of positive immunostaining for IL-1� was signif-
icantly reduced in very old CIGF1RKO compared with
very old WT hearts (Figure 4G). Taken together, these
results demonstrate that aging is associated with the in-
duction of proinflammatory cytokines in the heart, and,
importantly, this myocardial inflammation is attenuated
in the hearts of very old CIGF1RKO mice.

Very old CIGF1RKO mice exhibit impaired
activation of Akt signaling

To further investigate potential signal transduction
mechanisms that were associated with aging-related car-
diac structural remodeling, we measured changes in the
phosphoinositide 3-kinases (PI3K) and MAPK pathways,
which are effectors of IGF-1R signaling. As expected,
IGF-1R expression was nearly absent in both young and
very old CIGF1RKO hearts (Figure 5, A and B). Akt sig-
naling was activated in very old WT hearts but not in very
old CIGF1RKO hearts (Figure 5, A and C). Whereas the
phosphorylation of ERK showed no senescence-associ-
ated differences (Figure 5, A and D), a similar pattern was
found with respect to phosphorylation of phosphorylated
JNK (Figure 5, A and E). The phosphorylation of p38 in
young CIGF1RKO hearts was significantly lower than
that in young WT hearts but higher with aging (Figure 5,
A and F).

IGF-1 induces senescence through Akt pathway in
cultured NRCMs

To clarify whether IGF-1-IGF-1R-Akt signaling could
regulate markers of cardiomyocyte senescence in a cell-
autonomous manner, we treated neonatal ventricular
myocytes (NRCMs) with IGF-1. Treatment of NRCMs
with IGF-1 (10–1000 ng/mL for 72 hours resulted in cel-
lular senescence as assessed by SA-�-gal-positive cells,
reaching a maximum at 100 ng/mL (Figure 6A). To de-
termine whether the IGF-1 modulation of senescence in
NRCMs is specifically mediated through Akt, a PI3K in-
hibitor, LY294002 (30 �m) was added 30 minutes prior
to the addition of IGF-1. LY294002 decreased the per-
centage of SA-�-gal-positive cells (Figure 6, B and C), in-
dicating that Akt signaling is required for IGF-1-induced
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cellular senescence. Furthermore, inhibition of PI3K sig-
nificantly prevented the increase in IL-1�, IL-1�, RANKL,
and p21 protein expression induced by IGF-1 (Figure 6,
D–G). These in vitro data provide additional evidence that
IGF-1 signaling promotes cardiomyocyte senescence po-
tentially through the Akt signaling pathway.

Discussion

The present study demonstrates that deletion of IGF-1R in
cardiomyocytes attenuated aging-related cardiac pathol-
ogies, including ventricular hypertrophy, interstitial fibro-
sis, and inflammation. Mechanistically we showed that
IGF-IGF-1R-Akt signaling may be an essential regulator
of cardiomyocyte senescence in vivo and in vitro.

IGF-1 is primarily produced in the liver after the stim-
ulation by pituitary-derived GH and acts by binding to
IGF-1Rs to promote organ growth. The mRNA expres-
sion of GH in the pituitary declines with age in mice, as

they do in humans (30). In parallel, serum IGF-1 levels
decline progressively in healthy people from early adult-
hood to older age (31). In the Framingham Heart Study,
serum IGF-1 concentrations were inversely related to the
risk of congestive heart failure in elderly people without a
previous myocardial infarction (32). However, both low-
and high-serum concentrations of IGF-I have been re-
ported to correlate with increased risk of cardiovascular
mortality (33). We did not find decreased serum levels of
IGF-1 in aged WT mice, which might represent interspe-
cies differences. Of note, IGF-1 is also produced and re-
leased by cardiac fibroblasts and promotes collagen syn-
thesis by fibroblasts in an autocrine manner and
cardiomyocyte hypertrophy via paracrine signaling (34,
35). It has been reported that continuous myocardial ex-
pression of IGF-1 in transgenic mice initially induced
physiological hypertrophy, but later in life this hypertro-
phy progressed to a pathological condition characterized
by decreased systolic performance and increased intersti-
tial fibrosis (36).
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Figure 4. IGF-1R deletion attenuates aging-related myocardial inflammation. A, mRNA quantification of IL-1�, IL-1�, IL-6, TNF�, and RANKL (n �
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Our data provide novel evidence that physiological
IGF-1R signaling promotes cardiomyocyte senescence
and that long-term deletion of IGF-1R in cardiomyocytes
prevents structural deterioration in aged hearts. It seems
paradoxical that IGF-1R expression increased in aged
hearts, given that local IGF-1 or IGF-1R levels may decline
with aging in mice. For example, in cerebral vasculature,
expression of IGF-1 significantly decreases with age (37).
Although theunderlyingmechanism isnotunderstood,we
speculate that induction of IGF-1R but not IGF-1 in aging
hearts could represent a compensatory mechanism that
promotes aging-associated cardiac remodeling. Indeed,
we showed previously that IGF-1R expression is increased
in cardiomyocytes in response to exercise training and that
genetic deletion of IGF-1R significantly attenuated exer-
cise-induced cardiac hypertrophy (19). Thus, it could be
anticipated that the very old CIGF1RKO mice would dis-
play blunted cardiac hypertrophy under natural aging cir-
cumstances. Furthermore, aging-related fibrosis was di-
minished in CIGF1RKO hearts. Interestingly, despite

substantial structural remodeling in very old WT hearts,
systolic function as measured by M-mode echocardiogra-
phy remained in the normal range. The effect of aging on
systolic function in mice remains controversial (26, 27, 38,
39), but age-related cardiac structural changes have been
known to parallel the development of diastolic dysfunc-
tion in mice (40). Thus, this study is limited by that lack of
Doppler echocardiography or invasive hemodynamic
measurements that would provide information about di-
astolic function. Despite equivalent levels of systolic car-
diac function, the decreased fibrosis in CIGF1RKO could
be associated with an increased ability to adapt to hemo-
dynamic stress. The capacity for adaptation to hemody-
namic stress and ischemia is diminished in aged myocar-
dium (41). Therefore, future studies using models of
pressure overload or ischemia will further elucidate the
protective role of IGF-1R in very old hearts.

Cellular senescence is defined as an essentially irrevers-
ible arrest of cell proliferation or growth that is initiated by
genomic or epigenomic damage (42). In many tissues,
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characteristics of cellular senescence include SA-�-gal ac-
tivity, telomere shortening, DNA damage, proinflamma-
tory properties, and increased reactive oxygen species
(24). Our data showed that SA-�-gal activity was in-
creased in very old WT hearts, which is consistent with
previous reports (26, 43). Inuzuka et al (26) reported that
the expression of p16 and p19 mRNA, but not p21 and
p53 mRNA, was increased in aged FVB mice hearts. How-
ever, aged mice on a mixed genetic background did not
show any increase in cell cycle inhibitor expression (43). In
the present study, of the four cell cycle inhibitors exam-
ined, only p16 and p19 mRNA levels were increased in
very old hearts, suggesting differences that could poten-
tially be attributable to differences in the mouse strain

used. Although expression of p16 and p19 mRNA was not
altered in very old CIGF1RKO hearts, it is interesting that
p21 mRNA expression trended lower in very old
CIGF1RKO compared with young CIGF1RKO hearts.
Further detailed studies will be needed to investigate the
mechanisms and consequences for these differences in cell
cycle regulation in murine hearts.

The heart produces proinflammatory cytokines such as
TNF�, IL-1�, IL-1�, IL-6, and RANKL in pathological
states, and these cytokines may promote cardiac remod-
eling by facilitating hypertrophy and fibrosis (20, 44, 45).
Moreover, chronic inflammation is a characteristic of ag-
ing, and senescent cells secrete components of the SASP,
including proinflammatory cytokines, chemokines, and
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proteases (25). Although the role of SASP in aging phe-
notypes has been extensively investigated, the association
of cardiac inflammation with aging is not clearly defined.
One of the salient features of our findings is that aging
induces proinflammatory cytokines in the heart mediated
by, at least in part, the IGF-1R system.

Phosphorylation of Akt was increased in very old WT
hearts but not in very old CIGF1RKO hearts, suggesting
IGF-1R-Akt signaling pathways may promote cardiac ag-
ing. Previous studies demonstrated that IGF-1 enhances
cellular senescence in rat vascular smooth muscle cells and
human fibroblasts (46). This prompted us to perform in
vitro experiments to determine whether IGF-1 could in-
duce senescence-associated proinflammatory cytokine in-
duction in primary cultured cardiomyocytes. Pretreat-
ment with the PI3K inhibitor LY294002 attenuated IGF-
1-induced senescence in NRCMs. Suppression of PI3K
prevented cardiac aging, whereas cardiac-specific Akt
overexpression accentuated aging-induced cardiac hyper-
trophy and promoted mitochondrial and myocardial con-
tractile dysfunction (26, 47, 48). These data support the
hypothesis that a major mechanism by which disruption of
IGF-1R signaling attenuates senescence cardiomyocytes is
by inhibition of Akt signaling.

In summary, we have provided direct evidence that
long-term deletion of myocardial IGF-1R in mice rescues
aging-related cardiac pathologies and may provide the ra-
tionale for exploring the possibility of antagonizing myo-
cardial IGF-1R signaling to delay aging-related adverse
cardiac remodeling that may predispose to hemodynamic
stress.
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