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Abstract

Circulating insulin-like growth factor-1 (IGF-1) levels are linked to cardiac performance and lifespan. However,
the role of IGF-1 levels in aging-associated cardiac dysfunction has not been defined. This study was designed
to evaluate the impact of severe liver IGF-1 deficiency (LID) on aging-induced cardiomyocyte contractile and
intracellular Ca�� dysfunction. Cardiomyocytes were isolated from young (2- to 4-month-old) and old (24- to
26-month-old) male C57BL/6 and LID mice. Cardiomyocyte contractile and intracellular Ca�� transient prop-
erties were evaluated, including peak shortening (PS), maximal velocity of shortening/relengthening (�dL/dt),
time-to-PS (TPS), time-to-90% relengthening (TR90), electrically stimulated change in fura-fluorescence inten-
sity (�FFI), and intracellular Ca�� decay rate. Aged C57BL/6 myocytes displayed reduced PS, �dL/dt and
�FFI as well as prolonged TR90 and intracellular Ca�� decay. IGF-1 deficiency decreased �dL/dt, and pro-
longed TR90 with little change in other mechanical indices. Interestingly, LID dampened aging-induced changes
in cardiomyocyte function. Aging and IGF-1 deficiency both contributed to whole-body glucose intolerance.
Aging downregulated expression of Akt, Klotho, and pAMPK, whereas it upregulated p53 expression, the ef-
fects of which were cancelled by IGF-1 deficiency. Aging and IGF-1 deficiency significantly reduced expression
of the transcriptional factor Foxo3a without an overt effect on the mammalian target of rapamycin (mTOR)
level. Collectively, these data depicted that IGF-1 deficiency may reduce the cardiomyocyte sensitivity to ag-
ing-induced mechanical dysfunction. Our data suggest that regulation of Akt, p53, adenosine monophosphate-
activated protein kinase (AMPK) phosphorylation, and Klotho may play a role, at least in part, in IGF-1 defi-
ciency-induced “desensitization” of cardiac aging.
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Introduction

INSULIN-LIKE GROWTH FACTOR-1 (IGF-1) is critical to the main-
tenance of cardiac architecture and function through its

myocardial protective properties in the settings of both
healthy and failing hearts.1 Deficiency in IGF-1 has been as-
sociated with altered body composition, neuroendocrine ac-
tivation, cardiac atrophy, and compromised cardiac func-
tion.2,3 IGF-1 secretion and its circulating levels are known
to be reduced dramatically with advantaged aging, indicat-
ing its likely role in the regulation of the biological aging
process.4 Nevertheless, the precise role of IGF-1 is still am-
biguous with regard to cardiac function, aging process, and
longevity. Evidence from our laboratory and others has dem-
onstrated compromised cardiac function in IGF-1-deficient
states5–7 in conjunction with enhanced cardiac function in
IGF-1 overexpression specifically in the hearts.8,9 Not sur-
prisingly, some “rejuvenation clinics” with growth hormone

(GH)/IGF-1 treatment have been established in the elderly.10

To the contrary, signs of premature aging, such as wrinkled
skin, are obvious in patients with IGF-1 deficiency, despite
a longer life expectancy.11–13 This seems to be supported by
the observation of prolonged lifespan in animal models with
genetic mutation of IGF-1 or its receptor (e.g., the Ames
Dwarf and igf-1r�/� mice).14 Given that laboratory findings
may not be truly reflective of human beings because of dif-
ferent fitness costs during early life, a recent study focusing
on genetic variations in a cohort of Ashkenazi Jewish cente-
narians and their offspring demonstrated a gender-specific
increase in serum IGF-1 associated with a smaller stature in
female offspring of centenarians.15 Furthermore, female cen-
tenarians displayed overrepresentation of heterozygous mu-
tation in the IGF-1 receptor gene associated with high serum
IGF-1 levels,15 supporting the experimental finding of in-
creased susceptibility to longevity with altered IGF-1–IGF-1
receptor signaling.12,14 Similarly, our recent study using the
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liver IGF-1 deficiency (LID) also revealed enhanced resis-
tance against paraquat-induced decrease in survival and car-
diomyocyte dysfunction.16 LID mice possess only �25% of
the normal circulating IGF-1 levels.17 In the current study,
we took advantage of the LID mouse model to examine the
impact of severe liver IGF-1 deficiency on cardiomyocyte
sensitivity to cardiac aging. We also examined several 
post IGF-1 receptor signaling molecules, including Akt,
mammalian target of rapamycin (mTOR), the forkhead 
transcription factor Foxo3a, p53, the cellular energy fuel 
regulator adenosine monophosphate-activated protein ki-
nase (AMPK), and the anti-aging protein Klotho, in an effort
to understand better the mechanism of action behind the
IGF-1 deficiency-induced effect on cardiac aging.

Materials and Methods

Experimental animals and genotyping

The experimental procedure was approved by the In-
stitutional Animal Use and Care Committee at the Uni-
versity of Wyoming (Laramie, WY). All animal procedures
were in accordance with the National Institutes of Health
standard. LID mice on a mixed C57BL/6, FVB/N, and
129sv background were generated using the Cre/loxP sys-
tem.17 To determine the presence of the IGF-1/loxP and
Cre transgene, genomic DNA was isolated from tail clips
using a Quick extraction and amplification kit (BioPioneer
Inc. San Diego, CA). Mice homozygous or heterozygous
for IGF-1/loxP carrying the albumin-Cre transgene were
crossed. The homozygous offspring, along with negative
controls, were used for experiment. The mouse genotyp-
ing was executed using a double PCR strategy. To iden-
tify the genotype of IGF-1/loxP, primers of IA6, IA8, and
ID3 were used in PCR reaction. Mice that yielded one 0.4-
kb band were considered to be negative for IGF-1/loxP,
whereas those with one 0.2-kb band were positive. The
presence of both 0.4-kb and 0.2-kb bands indicated het-
erozygous IGF-I/loxP. To determine the presence of the
Cre transgene, primers Cre-5� and Cre-3� were used, which
yielded a 0.6-kb band. Mice positive for both IGF-1/loxP
and the Cre transgene were deemed as the LID mice,
whereas the IGF-I/loxP-negative mice with or without the
Cre transgene were used as LID-negative (C57BL/6) mice.
Male positive transgenic mice and negative littermates
were used for our current study at 2–4 months or 24–26
months of age.

Cell isolation procedures

Mouse hearts were removed under anesthesia (keta-
mine/xylazine at 3:1, 1.32 mg/kg) and perfused with Krebs-
Henseleit bicarbonate buffer containing 118 mM NaCl, 4.7
mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3,
10 mM HEPES, 11.1 mM glucose, and 10 mM butanedione
with 5% CO2 and 95% O2. Hearts were subsequently di-
gested with 0.1 mg/mL Liberase Blendzymes (Roche Diag-
nostics, Indianapolis, IN) for around 10 min at 37°C. After
perfusion, left ventricles were removed and minced. Extra-
cellular Ca�� was added back to 1.25 mM. Functional stud-
ies were conducted between 1 and 8 h of isolation and my-
ocytes with obvious sarcolemmal blebs or spontaneous
contractions were not used for study.18

Cell shortening/relengthening

Mechanical properties of ventricular myocytes were as-
sessed using a SoftEdge MyoCam® system (IonOptix Cor-
poration, Milton, MA).18 In brief, left ventricular myocytes
were placed in a chamber mounted on the stage of an in-
verted microscope (Olympus Incorporation, Model IX-70,
Tokyo, Japan) and superfused at 25°C with a buffer con-
taining 131 mM NaCl, 4 mM KCl, 1 mM CaCl2, 1 mM MgCl2,
10 mM glucose, and 10 mM HEPES (pH 7.4). The cells were
field stimulated with suprathreshold voltage at a frequency
of 0.5 Hz (unless otherwise stated) and 3 msec duration, us-
ing a pair of platinum wires placed on opposite sides of the
chamber connected to a FHC stimulator (Brunswick, NE).
The myocyte being studied was displayed on a computer
monitor using an IonOptix MyoCam camera. An IonOptix
SoftEdge software was used to capture changes in cell length
during shortening and relengthening. In the case of altering
stimulus frequency, the steady-state contraction of myocytes
was achieved (usually after the first five to six beats) before
peak shortening (PS) was recorded.18

Intracellular Ca�� transient measurement

Intracellular Ca�� was measured using a dual-excitation,
single-emission photomultiplier system (IonOptix) in my-
ocytes loaded with fura 2-AM (0.5 �M). Myocytes were
placed on an inverted microscope and imaged through an
Olympus (IX-70) Fluor 40� oil objective. Myocytes were ex-
posed to light emitted by a 75 W halogen lamp through ei-
ther a 360- or 380-nm filter while being stimulated to con-
tract at 0.5 Hz. Fluorescence emissions were detected
between 480 and 520 nm by a photomultiplier tube after ini-
tial illumination at 360 nm for 0.5 sec and then at 380 nm for
the duration of the recording protocol. The 360-nm excita-
tion reading was repeated at the end of the protocol. Quali-
tative evaluation of intracellular Ca�� was inferred from
fura fluorescence intensity (FFI) changes (�FFI). A Cheby-
shev equation was used to evaluate the intracellular Ca��

decay constant. Myocyte shortening was also evaluated in a
cohort of the fura 2-loaded ventricular myocytes simultane-
ously to compare their temporal relationship with the fluo-
rescence signal. However, their mechanical properties were
not used for data summary due to the apparent Ca2� buffer-
ing effect of fura-2.19

Intraperitoneal glucose tolerance test

Mice from four groups were fasted for 12 h before an in-
traperitoneal injection of glucose (2 g/kg body weight).
Blood glucose levels were determined by clipping the mouse
tail immediately before glucose challenge, as well as at 15,
30, 60, and 120 min thereafter. Blood glucose levels were de-
termined using an ACCU-CHEK Advantage Glucose Ana-
lyzer (Roche Diagnostics, Indianapolis, IN).20

Western blot analysis of Akt, Foxo3a, mTOR, AMPK,
pAMPK, Klotho, and p53

Heart tissue from young and old C57BL/6 and LID mice
were homogenized and sonicated in a lysis buffer contain-
ing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton, 0.1% sodium dodecyl sulfate (SDS), and
protease inhibitor cocktail. Protein levels of Akt, foxo3a,
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mTOR, AMPK, pAMPK, Klotho, and p53 were examined by
standard western immunoblotting.18 Membranes were
probed with anti-rabbit Akt (1:1000, Cell Signaling Technol-
ogy Inc, Beverly, MA), anti-rabbit Foxo3a (1:1000, Cell Sig-
naling Technology Inc., Beverly, MA), anti-rabbit mTOR
(1:1000, Cell Signaling), anti-rabbit AMPK (1:1000, Cell Sig-

naling), anti-rabbit phosphor-AMPK (Thr172, 1:1000, Cell
Signaling), anti-mouse P53 monoclonal (1:1000, Oncogene,
Cambridge, MA), and anti-rabbit Klotho (1:200, Abcam Inc.,
Cambridge, MA) ,and anti-rabbit GAPDH (1:1,000, as inter-
nal loading control, Cell Signaling), followed by incubation
with horseradish peroxidase (HRP)-coupled anti-rabbit or
anti-mouse secondary antibody (Cell Signaling Technology
Inc, Beverly, MA). After immunoblotting, the film was
scanned and detected with a Bio-Rad Calibrated Densito-
meter and the intensity of immunoblot bands was normal-
ized to the loading control glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH).

Statistical analysis

Data are presented as mean � SEM. Statistical significance
(p � 0.05) for the glucose tolerance test was evaluated by a
two-way analysis of variance (ANOVA), whereas all other
variables were analyzed by a one-way ANOVA. The Dun-
nett’s test was used for post hoc analysis.

Results

Genotyping of LID mice

Mice homozygous or heterozygous for IGF-1/loxP carry-
ing the albumin-Cre transgene were backcrossed. The ho-
mozygous offspring along with negative controls were used
for experimentation. The mouse genotyping was carried out
using a double PCR strategy. To identify the genotype of
IGF-1/loxP, primers of IA6, IA8, and ID3 were used in the
PCR reaction. Mice that yielded one 0.4-kb band were neg-
ative for IGF-1/loxP, whereas those with one 0.2-kb band
were positive. Presence of both 0.4-kb and 0.2-kb bands in-
dicated heterozygous IGF-1/loxP (Fig. 1). To determine the
presence of the Cre transgene, primers Cre-5� and Cre-3�
were used, which yielded a 0.6-kb band. Mice positive for
both IGF-1/loxP and the Cre transgene were deemed the LID
mice (Fig. 1).

General features of young and old mice

The impacts of aging on body, heart, liver, and kidney
weight and blood glucose level are shown in Table 1. At a
young age, IGF-1 deficiency did not elicit any notable effect
on body, heart, liver, and kidney weights compared with age-
matched C57BL/6 mice. Advanced age increased the absolute
weight of body, heart, liver, and kidney but did not affect the
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TABLE 1. GENERAL FEATURES OF YOUNG (2- TO 4-MONTH-OLD) OR OLD (24- TO 26-MONTH-OLD) C57BL/6 AND LID MICE

C57BL/6 young C57BL/6 old LID young LID old

BWa (g) 14.35 � 1.15 30.13 � 0.82a 14.86 � 1.19 25.46 � 1.09a,b

HW (mg) 86 � 8 171 � 8a 89 � 7 158 � 9a

HW/BW (mg/g) 5.93 � 0.17 5.69 � 0.20 6.04 � 0.19 6.22 � 0.25
LW (g) 0.70 � 0.07 1.50 � 0.07a 0.79 � 0.08 1.31 � 0.07a,b

LW/BW (mg/g) 48.4 � 1.16 49.9 � 2.0 52.0 � 1.7 51.5 � 1.9
KW (g) 0.19 � 0.02 0.40 � 0.03a 0.17 � 0.02 0.31 � 0.02a,b

KW/BW (mg/g) 12.91 � 0.55 13.15 � 0.67 11.29 � 0.46 12.21 � 0.52

aHW 	 heart weight; LW 	 liver weight; KW 	 kidney weight.
Mean � SEM; bp � 0.05 versus corresponding young group; cp � 0.05  versus C57BL/6-old group, n 	 11–14 mice/group.

FIG. 1. Identification of LID transgenic mice. Genomic
DNA prepared from tails was employed as a template for
PCR reaction using IA6/IA8/ID3 and Cre5/Cre3 primers to
detect IGF-I/LoxP and Cre transgenes, respectively. (A)
Lanes 1, 2, 3, and 6 are positive; lanes 4 and 7 are heterozy-
gous; and lane 5 is negative for IGF-I/LoxP transgene. (B)
Lanes 1, 2, 3, 4, 6, and 7 are positive and lane 5 is negative
for the Cre transgene. Mice with genotypes similar to lanes
1, 2, 3, and 6 are LID-positive mice. 



size of these organs when normalized to body weight. Aged
LID mice had lighter body, liver, and kidney weights, but had
similar organ sizes (organ weight normalized to body weight)
compared with old counterparts (Table 1).

Glucose tolerance test

Following an acute intraperitoneal glucose challenge (2
g/kg body weight), the plasma glucose levels started to de-
cline after peaking at 15 min. The plasma blood glucose lev-
els returned to near baseline value after 120 min in all four
mouse groups. Interestingly, the postchallenge plasma glu-
cose levels continued to rise and peaked at 30 min in old
C57BL/6 and LID mice. The plasma glucose levels obtained
30 min following glucose challenge were significantly higher
in aged C57BL/6 and LID mice compared with respective
young groups. Furthermore, the plasma glucose levels re-
mained at higher levels between 15 and 60 min in LID mice
at both ages compared with aged-matched C57BL/6 mice
(Fig. 2). These data indicated the presence of the whole-body
glucose intolerance in both aging and IGF-1 deficiency con-
ditions.

Baseline mechanical and intracellular Ca�� properties of
left ventricular myocytes

Data shown in Figure 3 indicate that aging significantly
reduced peak shortening (PS) amplitude, maximal velocity
of shortening/relengthening (�dL/dt), and prolonged time-
to-90% relengthening (TR90) without affecting time-to-PS
(TPS) in C57BL/6 group. In LID young mice, �dL/dt val-
ues were significantly reduced and TR90 values were pro-
longed with no change in PS, as compared with young
C57BL/6 mice. More interestingly, LID old mice had simi-
lar mechanical properties with LID young, except for pro-

longed TPS. This result means reduced PS by aging was
masked by IGF-1 deficiency. To explore the possible role of
intracellular Ca�� homeostasis in IGF-1 deficiency and ag-
ing-induced mechanical responses, we evaluated intracellu-
lar Ca�� transients using the fura-2 fluorescence technique.
Our result indicated that aging reduced resting and rise of
(peak � resting) intracellular Ca�� levels as well as a slowed
down intracellular Ca�� clearing rate (single and biexpo-
nential decay), all of which were nullified or masked by IGF-
1 deficiency. IGF-1 deficiency itself did not affect the intra-
cellular Ca�� homeostasis in young mice, but it significantly
increased the resting and peak intracellular Ca�� levels and
reduced the single exponential intracellular Ca2� decay rate
as well as the biexponential intracellular Ca�� decay rate in
old mice (Fig. 4).
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FIG. 3. Contractile properties of cardiomyocytes isolated
from young or old C57BL/6 and LID mouse hearts. (A) Rest-
ing cell length. (B) Peak shortening (PS, normalized to cell
length). (C) Maximal velocity of shortening (�dL/dt). (D)
Maximal velocity of relengthening (�dL/dt). (E) Time-to-
peak shortening (TPS). (F) Time-to-90% relengthening (TR90);
mean � SEM, n 	 160 cells/group, (*) p � 0.05 versus the
C57BL/6 young group. 

FIG. 2. Serum glucose levels in response to intraperitoneal
glucose challenge (2 grams glucose/kg of body weight) in
C57BL/6 and LID mice. The mice were fasted for 12 h be-
fore the glucose challenge. Mean � SEM, n 	 5–6 mice per
group, (*) p � 0.05 between the age-matched C57BL/6 and
LID groups, (#) p � 0.05 versus the respective young mouse
group. 



Effect of increasing stimulation frequency on 
myocyte shortening

Murine hearts contract at high frequencies (�450/min),
whereas our baseline stimulus was only at 0.5 Hz (30/min).
To probe possible derangement of cardiac contractile func-
tion at higher frequencies, stimulating frequency was in-
creased stepwise from 0.1 Hz to 5.0 Hz (300 beat/min) and
PS was recorded at a steady state. All recordings were nor-
malized to PS value obtained at 0.1 Hz of the same myocyte.
Results shown in Figure 5 revealed that PS amplitude de-
creases dramatically with the increased stimulus frequency
from 0.1 Hz to 5.0 Hz. The degree of decline in peak short-
ening amplitude was significantly greater in aging C57BL/6
mice and LID young mice, indicating decreased cardiac con-
tractile reserve capacity at higher stress level. Interestingly,
IGF-1 deficiency blunted aging-induced decline in peak
shortening at high frequencies.

Impact of IGF-1 deficiency on expression of Akt, mTOR,
Foxo3a, AMPK, pAMPK, p53, and Klotho

To determine the potential mechanism(s) involved in LID-
elicited antagonism against aging-induced heart dysfunction,
we evaluated post-receptor signals for IGF-1 such as Akt,
mTOR, Foxo3a, p53, energy regulator AMPK, and anti-aging
protein in heart using western blotting. Our data suggested
that IGF-1 deficiency significantly alleviated aging-induced
decrease in Akt expression with no effect on young mice (Fig.
6A). The expression of mTOR was markedly decreased in old
LID mice compared to the young LID group, although aging

or LID failed to produce any significant effect on mTOR (Fig.
6B). Both aging and IGF-1 deficiency decreased the expression
of Foxo3a (Fig. 6C). Phosphorylation of the cellular energy reg-
ulator AMPK was enhanced by IGF-1 deficiency. Aging re-
duced AMPK phosphorylation in both C57 and LID mice. In-
terestingly, there was no difference in AMPK phosphorylation
between the old LID and young C57 control. Aging upregu-
lated p53 levels, whereas IGF-1 deficiency was capable of in-
hibiting p53 expression in young and old mice. Therefore, p53
expression in LID old mice was restored to normal levels.
Klotho is an antiaging protein, the serum level of which fell
with aging.21 Our data suggested that expression of Klotho
was reduced with aging, the effect of which was restored by
IGF-1 deficiency. In addition, LID itself was capable of up-
regulating expression of Klotho (Fig. 7B).

Discussion

Cardiovascular disease and its complications are major
risk factors in the elderly.11 Current knowledge regarding
the impact of IGF-1 or its receptor deficiency on life span in
both human and animals prompts the notion that IGF-1 de-
ficiency possesses a beneficial effect in delaying aging-in-
duced deterioration in bodily functioning, including heart
function. Data from our current study demonstrated that se-
vere IGF-1 deficiency reduced the sensitivity of aging-asso-
ciated cardiac contractile and intracellular Ca�� dysfunction.
Reduced peak shortening in advanced age was masked by
IGF-1 deficiency. Aged LID mice displayed a comparable
cardiomyocyte contractile profile similar to that of the young
LID mice, with the exception of prolonged systolic duration
(TPS). Aging reduced resting and electrically stimulated rise
of intracellular Ca�� levels as well as slowed intracellular
Ca�� clearing rate, all of which were nullified or masked by
IGF-1 deficiency.

Severe IGF-1 deficiency reduced cardiac contractile func-
tion (�dL/dt) and prolonged relaxation (TR90), indicating a
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FIG. 4. Intracellular Ca�� transient properties of car-
diomyocytes isolated from young or old C57BL6 and LID
mouse hearts. (A) Resting fura-2 fluorescence intensity (FFI).
(B) Fura-fluorescence intensity change (�FFI) in response to
electrical stimuli. (C) Single-exponential Ca�� transient de-
cay rate. (D) Biexponential Ca�� transient decay rate.
Mean � SEM, n 	 105–112 cells/group, (*) p � 0.05 versus
the C57BL/6 young group, (#) p � 0.05 versus the C57BL/6
old group. 

FIG. 5. Influence of stimulus frequency (0.1–5.0 Hz) on
peak shortening (PS) amplitude of cardiomyocytes from
young or old C57BL/6 and LID mice. PS at each stimulus
frequency was normalized to that of 0.1 Hz from the same
cell. Mean � SEM, n 	 22 cells/group, (*) p � 0.05 versus the
C57 young group. 



key role of IGF-1 in the maintenance of physiological cardiac
function.1 Although IGF-1 deficiency itself reduced the car-
diomyocyte contractile capacity and prolonged diastolic du-
ration, it effectively ablated aging-induced cardiomyocyte
contractile and intracellular Ca�� abnormalities as well as
reduced tolerance to high stimulus frequency. The lack of
changes in intracellular Ca�� transients in conjunction with
dampened cell shortening in LID young mouse cardio-
myocytes seems to indicate a likelihood-enhanced myofila-
ment Ca�� sensitivity under IGF-1 deficiency. IGF-1 has
been shown to be essential to the maintenance of myocar-
dial Ca�� sensitivity.22,23 Moreover, IGF-1 deficiency
blunted aging-induced decline in peak shortening at high
stimulus frequencies. IGF-1 deficiency-elicited effects against
cardiac aging in contractile and intracellular Ca�� proper-
ties were causally correlated with antagonism against aging-
elicited reduction in Akt, AMPK phosphorylation, Klotho,
and upregulated p53. Our data did not favor a major role of
mTOR in IGF-1 deficiency-elicited beneficial effects in the
hearts. Our findings indicate that although IGF-1 deficiency
itself appears to dampen cardiac contractile function, it ef-
fectively enhanced resistance against aging-induced cardiac
dysfunction. However, it should be pointed out that cardiac
IGF-1 mRNA expression is unchanged in these LID mice
compared with the wild-type controls, despite the severely
reduced circulating IGF-1 levels.17 These data seem to indi-
cate that IGF-1 may regulate cardiac physiological function
and architecture using an endocrine/paracrine rather than
an autocrine route. It is also possible that locally released
IGF-1 may simply be overridden by the overwhelmed cir-
culating IGF-1 levels and thus plays a minimal role in the
overall myocardial IGF-1 levels.

As an important growth factor, IGF-1 is one of the most
potent natural activators of Akt signaling. A plethora of
knowledge has been enriched over the past 10 years en-
compassing Akt, mTOR, and p53. These signaling pathways
may integrate a variety of cell signals that arise from growth
factor, nutrient, and intrinsic and extrinsic stress signals.24

Among these signaling molecules, Akt facilitates cell sur-
vival by inhibiting apoptosis though inactivation of several
targets, such as the forkhead transcription factor Foxo3a. Re-
duction in Akt signaling itself directly contributes to cardiac
contractile dysfunction.25 Our data revealed that aging and
IGF-1 deficiency reduced the expression of Foxo3a, which is
known to regulate apoptosis, cell cycle, differentiation, and
DNA repair.26 Activation of Akt resulted in reduced Foxo
transcriptional activity.26 The p53 pathway may respond to
a wide variety of cellular stress signals, including DNA dam-
age, telomere shortening, hypoxia, and inflammation. Up-
regulation of p53 may result in cell cycle arrest, senescence,
or apoptosis. mTOR is an evolutionarily conserved kinase

LI ET AL.730

FIG. 6. Protein expression of Akt (A), mTOR (B), and
Foxo3a (C) in heart tissue from young or old C57BL/6 and
LID mice. (Inset) Representative gel blots of Akt, mTOR,
Foxo3a, and GAPDH (loading control) using specific anti-
bodies against Akt, mTOR, Foxo3a, and GAPDH; Mean �
SEM, n 	 4–7 per group, (*) p � 0.05 versus the C57BL/6
young group. 



central to ribosome biogenesis, protein synthesis, and cell
growth. Akt, p53 and mTOR pathways play critical roles in
determining cell growth or arrest, cell survival, or death.
Regulation of these signals in aged cardiomyocytes may play
an important role in the cardiac aging process. This is sup-
ported by our current observations in the altered Akt-p53
signaling in aged cardiomyocytes.

IGF-1 deficiency significantly alleviated an aging-induced
decrease in Akt expression and an increase in p53 expres-
sion, which play beneficial roles in cell growth and cardiac
function. mTOR expression was downregulated in aged LID
mice compared with young LID mice, indicating a role of
IGF-1 in age-associated changes in mTOR. It is possible that
IGF-1 deficiency-induced changes in Akt and AMPK signal-
ing may contribute to reduced mTOR expression in aged LID
mice. It has been demonstrated that mTOR is positively and
negatively regulated by Akt and AMPK, respectively.27 Our
study showed that pAMPK was enhanced in response to
IGF-1 deficiency. The active AMPK positively regulates the
activity of the TSC1–TSC2 complex, which then downmod-
ulates mTOR activity.28,29 AMPK has emerged as a chief 
regulator of energy balance, the activation of which plays
pivotal role in the protection against a cardiac ischemia-
reperfusion injury. In addition, reduced AMPK activation
has been shown to be associated with aging.30 In our study,

IGF-1 deficiency failed to downregulate Akt expression, in-
dicating the existence of an alternative pathway for Akt ac-
tivation. Last, but not least, data from our glucose tolerance
test do not favor glucose clearance at the systemic level con-
tributing to the desensitized cardiac aging in LID mice.

Klotho, a newly discovered hormone, possesses an anti-
aging function.21 The mouse lifespan is prolonged by Klotho
overexpression, which results in inhibited signaling of in-
sulin/IGF-1.31 Klotho also significantly impacts the human
aging phenotype and vascular endothelial function.32 These
findings have shed some new light on intricate interplay
among IGF-1, insulin, and aging. It has been demonstrated
that serum Klotho levels decline with age,21 which is con-
sistent with our data. Interestingly, IGF-1 deficiency is ca-
pable of upregulating expression of Klotho in both young
and old mice. Recent study shows that Klotho is a regulator
of Ca�� homeostasis.33 IGF-1 deficiency-upregulated Klotho
may contribute to improvement of intracellular Ca�� ho-
meostasis in LID mice during aging. Further study is war-
ranted to elucidate the precise role of Klotho in the regula-
tion of cardiovascular function throughout lifespan.

In conclusion, our present study has indicated that IGF-1
deficiency enhances resistance of cardiomyocytes against ag-
ing. Our findings are consistent with our most recent report
that IGF-1 deficiency enhances resistance against paraquat-
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FIG. 7. Protein expression of AMPK (A), pAMPK (B), p53 (C), and Klotho (D) in heart tissue from young or old C57BL/6
and LID mice. (Inset) Representative gel blots of AMPK, pAMPK, p53, Klotho, and GAPDH (loading control) using specific
antibodies against AMPK, pAMPK, p53, Klotho, and GAPDH. Mean � SEM, n 	 4–7 per group, (*) p � 0.05 versus the
C57BL/6 young group, (#) p � 0.05 versus the C57BL/6 old group.



induced mortality and cell injury.16 Our study suggests that
Akt, p53, forkhead transcription factor, cellular fuel AMPK
phosphorylation, and the antiaging hormone Klotho may
have contributed to IGF-1 deficiency-induced beneficial ef-
fects in cardiomyocytes. Given the fact that long-term IGF-1
deficiency prolongs lifespan in human and experimental an-
imals, the role of progressive decline in GH/IGF-1 secretion
in adulthood remains a puzzle in biological aging and the
aging-associated complications.34 Our present study using
LID mice may provide certain useful information toward the
ultimate elucidation of this question and a way to reach the
human dream of longevity.
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