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Abstract

Insulin-like growth factor-1 (IGF-1) signaling is a key pathway in
the control of cell growth and survival. Three critical nodes in
the IGF-1 signaling pathway have been described in cardiomyo-
cytes: protein kinase Akt/mammalian target of rapamycin
(mTOR), Ras/Raf/extracellular signal-regulated kinase (ERK),
and phospholipase C (PLC)/inositol 1,4,5-triphosphate (InsPs)/
Ca®*. The AkmTOR and Ras/Raf/ERK signaling arms govern
survival in the settings of cardiac stress and hypertrophic
growth. By contrast, PLC/InsP5/Ca* functions to regulate meta-
bolic adaptability and gene transcription. Autophagy is a cata-
bolic process involved in protein degradation, organelle
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Introduction

Numerous studies have shown that deregulation of autophagy
contributes to the pathogenesis of cardiovascular disease, dia-
betes, and cancer (1). Autophagy is a catabolic process
involved in protein degradation, organelle turnover, and non-
selective breakdown of cytoplasmic components during nutri-
ent starvation or stress. Autophagy initiates with formation of
the autophagosome, a double-membrane intracellular struc-
ture of reticular origin that engulfs cytoplasmic contents and
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turnover, and nonselective breakdown of cytoplasmic compo-
nents during nutrient starvation or stress. In the heart, autoph-
agy is observed in a variety of human pathologies, where it can
be either adaptive or maladaptive, depending on the context.
We proposed the hypothesis that IGF-1 protects the heart by res-
cuing the mitochondrial metabolism and the energetics state,
reducing cell death and controls the potentially exacerbate auto-
phagic response to nutritional stress. In light of the importance
of IGF-1 and autophagy in the heart, we review here IGF-1 sig-
naling and autophagy regulation in the context of cardiomyo-
cyte nutritional stress. © 2013 IUBMB Life, 65(7):593-601, 2013

ultimately fuses with lysosomes for cargo degradation. Materi-
als degraded within these newly formed autolysosomes are
recruited to anabolic reactions to maintain energy levels and
provide macromolecules for the synthesis of higher order
structures (nucleic acids, proteins, or organelles), thereby sus-
taining cell metabolism, homeostasis, and survival (see Fig. 1)
(2). Despite its key role in survival, autophagy also contributes
to cell death when activated excessively or inefficiently, as
occurs during tissue and organ development or in certain
pathological states. Indeed, the terms “cell death with autoph-
agy” or “autophagy cell death” have been coined based on
death stimulus that results in morphological features of
autophagy, where the pharmacological or genetics inhibition
of autophagy blocks the morphological features. In the case of
“cell death with autophagy,” the inhibition of autophagy does
not alter the fate of the cell. By contrast, in “autophagy cell
death,” the inhibition of autophagy changes the fate of the cell
and protects the cell from the death stimulus (3).

In the presence of abundant nutrient supply, growth factors
stimulate anabolic processes. In this context, autophagic flux is
relatively suppressed. In contrast, autophagy is triggered by
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The autophagy cascade. Nutrient sensing cascades regulates mTOR and AMPK, which sense the presence or absence of
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energy respectively. These proteins control the initiation of autophagy via their control over the ULK1/2 protein complex. The

initial phagophore formation requires Beclin1 and expansion of the membrane is mediated by 2 ubiquitin-like conjugation sys-
tems, Atg12-Atg5 and LC3. The membrane elongates until the edges fuse around its target forming the autophagosome. The
autophagosome then fuses with the lysosome to form the autophagolysosome. Finally, the content is degraded.

nutritional stress or by defects in growth factor-dependent sig-
naling to replenish intracellular stores of key components of
energy metabolism. Two key growth factors, insulin and insu-
lin-like growth factor (IGF-1), serve as important regulators of
autophagy. Particularly, IGF-1 has shown to be cardioprotec-
tive. These effects have been attributed to the regulation of
metabolism, inhibition of apoptosis, stimulation of cardiac hy-
pertrophy, intracellular Ca®* regulation, direct effects on cardi-
omyocyte contractility and the recent finding of the regulatory
action on autophagy. Regarding to autophagy, IGF-1 avoids
nutritional stress-induced autophagy by increasing cellular ATP
levels through the increase in mitochondrial metabolism (4).

In this article, we review the literature regarding the car-
diac role of IGF-1 with emphasis in the regulation of autoph-
agy and the signaling pathways that governs IGF-1 actions.

IGF-1 Signaling

IGF-1 is a peptide that mediates cellular processes involved
mostly in cell growth and protection. IGF-1 is essential for nor-
mal growth, development, and differentiation events in specific
tissues (5). IGF-1 initiates its signaling cascade through activa-
tion of the IGF-1 receptor (IGF-1R). Upon binding of ligand to
the receptor, autophosphorylation occurs at a specific tyrosine
residue in the IGF-1R, resulting in activation of two down-
stream signaling pathways: phosphatidylinositol 3-kinase
(PI3K)Akt and Ras/Raf/extracellular signal-regulated kinase
(ERK) cascades (6) (see Fig. 2).

The PI3K-Akt pathway commences with tyrosine auto-
phosphorylation of IGF-1R f subunit. This leads to recruitment
of insulin receptor substrates-1/2 (IRS1/2) to the receptor phos-
photyrosines for subsequent phosphorylation of IRS1/2 by the
intrinsic tyrosine kinase activity of the IGF-1R. PI3K binds to
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IRS1/2 and catalyzes addition of a third phosphate moiety to
phosphatidylinositol 4,5-biphosphate (PIP,) to produce a sec-
ond messenger of lipid origin, phosphatidylinositol 3,4,5-tri-
phosphate (PIP3). This latter event is required for activation of
the serine/threonine kinase Akt, a critical node in this molecu-
lar cascade. When PIP3 is formed, Akt translocates to the
plasma membrane, where it is phosphorylated by 3-phospho-
inositide-dependent protein kinase-1. This phosphorylation
event leads to incomplete Akt activation. An additional phos-
phorylation event mediated by mammalian target of rapamy-
cin complex 2 (mTORC2) is necessary to fully activate Akt (7).
Recently, it has been shown that ubiquitination of Akt by the
E3-ligase TRAF6 is also required to achieve full activation (8).

The Ras/Raf/ERK pathway mainly regulates cell growth,
survival, and differentiation. The initial step in the cascade
involves binding of growth factor receptor-bound protein-2
(Grb2) and son-of-sevenless to phosphotyrosines on the IRS
proteins Grb2-associated-binding protein 1 (Gab1l) and Src
homology 2 domain-containing protein (Shc). This induces Ras
and Raf activity, followed by activation of downstream kinases.
Next, phosphorylation of mitogen-activated protein kinase
(MAPK)/ERK kinase 1/2 (MEK1/2) leads to phosphorylation of
its substrate, ERK 1/2, which then activates its own targets (9).
IGF-1 induces cell growth and proliferation through the Ras/
Raf/ERK pathway in concert with the Akt/mTOR pathway
which mediates protein synthesis (10).

Beyond this classical pathway, our laboratory has studied a
third signaling pathway, which involves the increases in cyto-
solic Ca®" levels through the activation of phospholipase C
(PLC)/inositol 1,4,5-trisphosphate (InsP3) pathway (11). In addi-
tion, we have observed that IGF-1 induces a rapid increase in
nuclear Ca®" that is independent of cytosolic Ca®>" and regulates
gene transcription by promoting migration of a plasma mem-
brane receptor in close proximity to the nucleus (12).

Cardiac Autophagy and IGF-1
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of the receptor, three key pathways are activated. The first, Ras/Raf/ERK pathway mainly regulates cell growth, survival, and

differentiation. Second, AktmTOR pathway controls survival and protein synthesis. Third, the PLC/InsPy/Ca®?" pathway, which

control protein synthesis and metabolism.

IGF-1 and Cardioprotection

The myocardium comprises long-lived, post-mitotic cardiomyo-
cytes (13). Therefore, despite the ongoing controversy regard-
ing the regenerative capacity of adult heart, elucidation of cel-
lular mechanism underlying cardiomyocyte viability is of
fundamental importance to cardiovascular medicine.

Apoptosis, programmed cell death type I, is a key physio-
logical process in embryonic development, cell turnover, and
removal of inflammatory cells. Conversely, defects in the
apoptotic program contribute to several diseases, including
cancer, ischemic damage, neurodegenerative diseases, and
autoimmune disorders. A variety of stimuli that are known to
participate in the pathogenesis of heart failure induce cardio-
myocyte apoptosis, including hypoxia, ischemia and reperfu-
sion, oxidative stress, and hyperosmotic stress (14-16).

Antiapoptotic effects of IGF-1 are mediated by IGF-1R and
the consequent activation of PI3K/Akt/mTOR and the Ras/Raf/
MEK/ERK signaling pathways (17). Akt activity appears to be
of major importance for the antiapoptotic properties of IGF-1,
where the targets are the Bcl-2-family member Bad, procaspase-
9, the transcription factors nuclear factor-xB, cAMP response ele-
ment-binding protein (CREB), Forkhead family of transcription
factors (Fox0), and glycogen synthase kinase-3f (14).

Several studies reported phosphorylation and inactivation of
Bad as one mechanism for Akt-mediated survival (18). Bad exerts
its apoptotic function by forming heterodimers with mitochon-
dria-bound Bcl-2 and Bcl-y;, neutralizing their protective effects,
and promoting cell death. IGF-1-stimulation is followed by PI3K-
dependent phosphorylation of Bad by Akt and by MEK1-depend-
ent phosphorylation of ERK1 and ERK2 (17). IGF-I also stimulates
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phosphorylation of CREB in a PI3K- and MEK1-dependent man-
ner (14). Ectopic overexpression of a dominant-negative mutant
of CREB abolished the antiapoptotic effect of IGF-1 (14). Protein
levels of the antiapoptotic factor Bcl-2 increased after prolonged
periods of IGF-1-stimulation, a phenomenon that could be
reversed by pharmacological inhibition of PI3K and by overex-
pression of dominant-negative CREB (14,19).

Caveolin 1 (Cav-1), the major caveolar protein, is critical
to IGF-1 signaling, as it interacts directly with IGF-1R and its
intracellular substrates (20). IGF-1 does not prevent apoptosis
in Cav-1-siRNA H9C2 cells, suggesting that Cav-1 is required
to mediate the antiapoptotic effects of IGF-1 in cardiomyo-
blasts (21). Cav-1 downregulation suppresses IGF-1R tyrosine
phosphorylation, resulting in reduced activation of IRS-1, Shc,
and Akt. Cav-1 is also involved in IGF-1R-dependent antiapop-
totic signaling after serum deprivation (21).

In addition to its antiapoptotic effects, IGF-1 exerts pleio-
tropic antioxidant and anti-inflammatory actions. This has
been shown to be important in atherosclerosis, a chronic
inflammatory disease in which early endothelial dysfunction
and subintimal modified lipoprotein deposition progresses to
complex, advanced lesions predisposed to erosion, rupture,
and thrombosis (22). IGF-1 also suppresses autophagic cell
death of plaque-derived vascular smooth muscle cells via Akt-
dependent inhibition of LC3 expression (23).

IGF-1 and Cardiac Autophagy

Autophagy occurs at low, basal levels in virtually all cells to
maintain homeostatic functions such as protein and organelle
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turnover (1). Autophagy can be induced by a wide range of
stress conditions, including nutrient starvation, growth factor
withdrawal, oxidative stress, infection, hypoxia, and endoplas-
mic reticulum stress (24). Stress-induced autophagy is con-
trolled primarily by two critical signaling elements: mTOR and
5'-AMP-activated protein kinase (AMPK). mTOR integrates
information about availability of nutrients and growth factors
and is a central negative regulator of autophagy. AMPK is acti-
vated by a high ratio of AMP to ATP and induces autophagy by
phosphorylating mammalian Atgl homolog UNC-51-like kinase
1 (ULK1) and through mTOR inhibition (24).

Cardiomyocyte function and survival rely critically on the
presence of basal levels of autophagy (25,26). In a model of
controlled cardiomyocyte-specific Atg5-deficiency, autophagy
was found to play a beneficial role in the heart under basal,
resting conditions and in response to pressure overload (27).
In complete absence of autophagy, pressure overload triggered
rapid-onset cardiac hypertrophy, left ventricular dilation, and
diminished cardiac output. Thus, constitutive autophagy con-
trols cardiomyocyte size and function (27). By contrast, the
long-term consequences of Atg5 deficiency in the heart include
cardiomyocyte hypertrophy and diminished cardiac output by
the age of 10 months in mice, a consequence of accumulation
of defective proteins and organelles (28). Deficiency of LAMP2
in Danon disease triggers severe and progressive cardiomyop-
athy stemming from defective fusion of autophagosomes with
lysosomes (29). Together, these facts highlight the vital house-
keeping role of cardiomyocyte autophagy as a mechanism of
protein and organelle surveillance, recycling, and quality con-
trol (25,26).

Autophagy is induced by fasting, consistent with activa-
tion the catabolic pathways (4,30). Moreover, 72 h of starva-
tion affects myocardial ATP content without altering cardiac
function, and suppression of autophagy by bafilomycin Al
during starvation results in pronounced ATP reductions and
impaired heart performance (30). Similar results have been
reported in glucose-deprived neonatal cardiomyocytes (4,31).
In contrast, pressure-overload stress, a common clinical sce-
nario which can lead to heart failure, induces autophagy,
which is required for hypertrophic growth of the myocardium
(32). Consistent observations were reported by Nakai et al.,
noting that autophagy was increased in mice exposed to
1-week of pressure overload (27). Together, these data rein-
force the idea that myocyte remodeling requires significant
shifts in mechanisms of cell growth and protein degradation,
including autophagy.

Robust levels of autophagy have been associated with mul-
tiple stressors that induce cardiac pathology, including ele-
vated afterload, chronic ischemia, and ischemia/reperfusion
injury (33). Autophagy acts as a double-edge sword; it can ei-
ther antagonize or promote disease pathogenesis, depending
on the context and amplitude of its induction (34). Autophagy
induction is protective when cells are starved during ischemia
(31). On the other hand, autophagy is maladaptive in the set-
ting of severe afterload stress (35).
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IGF-1 plays an important role in the regulation of cell sur-
vival, proliferation, differentiation, and metabolism (4).
Through activation of the PI3K pathway, IGF-1 activates
mTOR, a central negative regulator of autophagy (4,23,36). An
inhibitory effect of IGF-1 on autophagy has been observed in
human osteocarcinoma cells (37), vascular cells from patients
with atherosclerotic lesions (23), mammary epithelial cell invo-
lution (38), human fibroblasts (36), and rat cardiomyocytes (4).
In addition, mice with diminished production of IGF-1 manifest
augmented levels of autophagy in diverse tissues (36). By con-
trast, IGF-1 promotes autophagy in H9c2 cell lines (39) and in
Purkinje neurons (40).

Work from our lab has revealed that short-term treatment
with IGF-1 is cardioprotective against nutrient-deprivation
stress (28). In this regard, IGF-1 prevented cardiomyocyte
stress-induced autophagy by increasing ATP levels and pro-
moting mitochondrial metabolism, including mitochondrial
Ca*" uptake and oxygen consumption, through the Akt/mTOR
and AMPK/mTOR axis (4). Mitochondrial Ca?* uptake is
required to provide optimal bioenergetics maintaining cellular
ATP levels and autophagy at basal state (41). Cardenas et al.
showed that basal InsP3R activity is required to provide a
physiological Ca®* signal sensed by the mitochondria, thereby
controlling mitochondrial bioenergetics. Absence of this Ca*"
transfer results in enhanced phosphorylation of pyruvate dehy-
drogenase and AMPK activation and stimulation of autophagy
(42). Thus, we proposed that the control of the Ca®" transfer
to the mitochondria by IGF-1 results in ATP production that
supports the energetic requirements of the cell, avoiding
AMPK activation responsible of autophagy induction.

mTOR Signaling

TOR is an atypical serine/threonine kinase that belongs to the
PI3K-related kinase family first identified in yeast Saccharomy-
ces cerevisiae and later in humans and other mammals. The
mammalian homolog of yeast TOR is called mTOR (43,44).
mTOR interacts with other proteins and forms two complexes,
referred to as mTORC1 and mTORC2, which have different
sensitivities to rapamycin. Both complexes include the catalytic
mTOR subunit, the mammalian lethal with sec-13 protein 8,
DEP domain containing mTOR-interacting protein (Deptor),
and the Ttil/Tel2 complex (45). Regulatory-associated protein
of mTOR (Raptor) and proline-rich Akt substrate 40 kDa
(PRAS40) participate only in mTORC1 (46,47). By contrast,
rapamycin-insensitive companion of mTOR (Rictor), mamma-
lian stress-activated MAPK-interacting protein 1 (mSinl), and
protein observed with rictor 1 and 2 (Protor1/2) are specific to
mTORC2 (48). The inhibition of mTORC1 by rapamycin results
in growth arrest and lack of a cellular response to growth fac-
tor and nutrient stimulation (43).

The TSC1/2 protein complex is an important regulator of
mTORC1, acting as a GTPase-activating protein for the Ras
homolog enriched in brain (Rheb) GTPase (49). When Rheb

Cardiac Autophagy and IGF-1



binds GTP, it interacts with mTORC1, stimulating its activity.
Thus, the TSC1/2 complex acts as an inhibitor of mTORC1 by
inactivating Rheb (44). mTORC1 can be regulated by growth
factors, stress, energy status, oxygen, and amino acids. In par-
ticular, IGF-1 regulates mTOR to maintain normal levels of
nutrients and cell growth and division after mitogen stimula-
tion (50). Regulation of mTORC1 by the IGF-1/Akt pathway
occurs through phosphorylation of the TSC1/2 complex, which
leads to its inhibition and subsequent activation of mTORC1
(50). Activation of mTORC1 by Akt can also occur in a TSC1/2-
independent manner by phosphorylating and promoting disso-
ciation of PRAS40 from raptor, which in turn, inhibits mTORC1
(44). The two major downstream targets of mTORC1 are the
elF4E binding protein (4EBP1) and the p70 ribosomal protein
S6 kinase (S6K), which upon activation, promote protein syn-
thesis and cell growth (50). Activation of mTOR by IGF-1
results in the biosynthetic effects mentioned above, but it also
negatively regulates autophagy (4,38). Moreover, our group
has shown that autophagy and cell death induced by nutri-
tional stress in cardiomyocytes are inhibited by IGF-1 through
a mechanism that depends on the Akt/mTOR pathway (4).

Inhibition of autophagy by mTORC1 occurs through
phosphorylation and suppression of the ULKl/mammalian
autophagy-related gene 13 (Atg 13)/focal adhesion kinase fam-
ily-interacting protein of 200 kDa (FIP200) protein complex
(51,52). Two hypotheses have been proposed to explain
mTORC1-dependent regulation of the ULK1 complex. Under
normal nutrient conditions, mTORC1 interacts with ULK1 and
phosphorylates ULK1 and Atg13, which leads to an open (inac-
tive) conformation of the complex; under conditions of nutrient
deprivation, mTORC1 no longer interacts with ULK1, which
makes it unable to phosphorylate ULK1 and Atg13, leading to
a closed (active) conformation of the ULK1 complex (53).
Autophagy can also be regulated by mTORC1 through its mod-
ulation of death-associated protein 1 (DAP1), an inhibitor of
autophagy. Moreover, mTORC1 can inhibit the biogenesis of
lysosomes by phosphorylating the transcription factor EB
(TFEB) (54). When mTORC1 is inhibited by nutrient starvation,
it allows the translocation of TFEB to the nucleus and its con-
sequent activation, which in turn, promotes the expression of
genes involved in autophagosome formation and autophago-
some-lysosome fusion (54).

AMPK Signaling

A decrease in cellular energy stores (ATP) activates AMPK and
stimulates autophagy (55). This protein is a heterotrimeric
kinase comprising «fy subunits and is a critical integrator of
multiple signals in the control of energy balance (56). Different
kinds of stressors elicit decreases in the ATP/AMP ratio, acti-
vating liver kinase B1 (LKB1), which then triggers AMPK to
phosphorylate the TSC1/2 complex, leading to mTOR inhibition
through Rheb (57). However, AMPK can also regulate mTORC1
by an alternative mechanism, as this kinase directly phospho-
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rylates Raptor, leading to mTORC1 inhibition (58). The
upstream Ca®'/CaM-dependent protein kinase kinase §
(CaMKKp) also phosphorylates AMPK in an AMP-independent
and Ca®’-dependent manner (59). Cytokines and increases in
intracellular Ca®" each activate autophagy via this AMPK-
dependent mechanism (58).

Finally, AMPK can directly phosphorylate ULK1 on serines
317 and 777 leading to its dissociation from the mTORC1 com-
plex and consequently enhancing autophagic turnover in
response to glucose deprivation (60). In addition, the Guan’s
and Shawn’s groups showed that AMPK phosphorylation of
ULK1 occurs in vivo and in vitro in different phosphorylation
sites, depicting the requirements of these targets sites for effi-
cient autophagy induction (61,62). Under basal conditions,
mTOR phosphorylates ULK1 on serine 757 preventing its acti-
vation and interaction with AMPK (56). On the other hand, loss
of AMPK or ULK1 induces p62 accumulation and defective
mitophagy, revealing that ULK1 is necessary for mitochondrial
homeostasis and cell survival (63).

AMPK is an essential regulator of glucose deprivation-
induced protective autophagy in cultured cardiomyocytes (31).
Also transgenic mice overexpressing a dominant negative
AMPK manifest reduced autophagy on exposure to nutrient
deprivation (31). Moreover, we showed that IGF-1 inhibits
autophagy by increasing ATP levels, which controls AMPK
activation, in glucose-deprived cultured cardiomyocytes (4).

Ca’* Signaling

IGF-1 induces a fast and transient increase in Ca®' levels in
the nucleus and cytosol of cultured cardiomyocytes by releas-
ing this ion from intracellular stores through an InsP;-depend-
ent signaling pathway (11,12). This increase in Ca®" is depend-
ent on both tyrosine kinase activity and pertussis toxin-
sensitive G protein-dependent activation of PI3K (11). This ki-
nase, through indirect activation of PLC, is responsible, in
turn, for elevating intracellular InsP3; and consequent activa-
tion of InsP3 receptors (InsPsR) (11).

On the other hand, Ca?*-CaMKK}p can also activate AMPK;
this provides a link between Ca®" signaling and autophagy.
Several reports have described increases in cytoplasmic Ca®"
by diverse mechanisms, including ionomycin, thapsigargin,
vitamin D, ATP, and Ca®" channel agonists (41). Ca*" signaling
has also been linked to mTOR-dependent and independent
pathways. Among the mTOR-independent pathways, roles for
the InsP;R-Ca®" release channel and Ca®' signaling to mito-
chondria have been emphasized. The InsP3R at the ER
provides Ca?" to mitochondria constitutively, which in turn
promotes conversion of pyruvate into acetyl-CoA, tricarboxylic
acid cycle activity, and production of ATP via the electron
transport chain (41). By contrast, when Ca®" is not transferred
to mitochondria, energy levels drop, which leads to AMPK acti-
vation and autophagy induction (42). Findings from our group,
consistent with the role of mitochondrial Ca®*, revealed that
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ing AMPK and autophagy to restore the energetic state of cardiomyocytes and to prevent cell death. IGF-1 rescues ATP levels

and activated the Akt/mTOR pathways inhibiting the activation of autophagy.

IGF-1 improves mitochondrial bioenergetics through mitochon-
drial Ca®* uptake in cardiomyocytes in the setting of either
nutritional stress or normal conditions, restoring oxygen con-
sumption and thus promoting ATP production (4). In addition,
we showed that inhibition of mitochondrial Ca®* uptake by
pharmacological inhibition of the mitochondrial Ca?" uniporter
significantly reduced the effects of IGF-1 on oxygen consump-
tion and LC3 processing (4).

Metabolic Regulation by IGF-1

IGF-1 and insulin receptors share more than 80% homology in
their kinase domains (64), and they share downstream effec-
tors for metabolic utilization (PI3K-Akt). In light of this, a con-
siderable body of literature refers to insulin/IGF-1 signaling as
one pathway, assuming insulin to be responsible for metabolic
changes and IGF-1 responsible for increases in protein synthe-
sis and growth (65). However, the two peptides have critical
dissimilarities in their pathways, as they act through different
Akt isoforms (66). Akt1l is required for normal cardiac growth,
while Akt2 regulates cardiomyocyte metabolism and survival;
thus, IGF-1 exerts its action through the Akt1 isoform, control-
ling cell growth, whereas insulin preferentially activates Akt2,
regulating metabolism. Additionally, preferential stimulation of
the Ras-Raf-ERK pathway by IGF-1—and not insulin—may
account for distinct net effects of the two hormones (66).

On the other hand, emerging evidence points to the exis-
tence of insulin/IGF-1 hybrid receptors (67-69). Hybrid recep-
tors are heterologous, covalently linked IGF-1R and IR «-§
hemireceptors that maintain trans-autophosphorylation activ-
ity upon ligand binding and are present in a variety of
mammalian tissues, including the heart (67). These hybrid
receptors can be activated by insulin as well as IGF-1,
although IGF-1 has greater affinity (64).
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Whereas IGF-1 signaling has not been elucidated com-
pletely in cardiac tissue, genetic models in mice have been in-
formative. Reduced IGF-1 levels are associated with obesity,
cardiovascular disease, atherosclerosis, and diabetes mellitus;
conversely, high-fat feeding reduces cardiomyocyte IGF-1 sig-
naling, leading to mitochondrial dysfunction, intracellular Ca*"
deregulation, and abnormal insulin signaling (70). A mouse
model of liver-specific inducible inactivation of the IGF-1 gene
revealed that absence of circulating IGF-1 reduces myocardial
creatine content, a compound essential to cardiac energy
homeostasis, by regulating the cardiomyocyte creatine trans-
porter gene (71). Moreover, in a cardiomyocyte-specific IGF-1
transgenic model, IGF-1 overexpression blunted high-fat diet-
induced declines in insulin-stimulated glucose uptake and in-
sulin receptor activation and signaling, suggesting that IGF-1
may bypass the membrane insulin receptor by exerting its
biological actions through either the IGF-1 receptor or insulin-
IGF-1 receptor hybrid (72). Also IGF-1 is critical to the mainte-
nance of cardiac bioenergetics in nutrient stress conditions,
because IGF-1 increases mitochondrial metabolism and cellu-
lar ATP levels, by a provoking a rise in mitochondrial Ca*"
uptake and respiration (4). Additionally, IGF-1 deficiency dur-
ing starvation increases cardiac AMPK activity, suggesting a
distinct role for IGF-1 in preserving cardiac energetics under
these conditions (4).

Conclusions

An expanding body of evidence highlights the cardioprotective
role of IGF-1 (4,15,17,72). These effects have been attributed
to regulation of metabolism, inhibition of apoptosis, increases
in cardiomyocyte size, intracellular Ca®* regulation, and direct
effects on cardiomyocyte contractility (17). Yet, little is known
regarding the effects IGF-1 on autophagy, a major adaptive

Cardiac Autophagy and IGF-1



mechanism in most cells. Thus, in light of our recent work,
and that of others, we propose that IGF-1 primarily protects
from nutritional insult to the heart. The inhibitory effects of
IGF-1 on autophagy can be explained by stimulation of the
IGF-1R/Akt/mTOR axis and by increasing mitochondrial Ca*"
levels, oxygen consumption, and cellular ATP levels that to-
gether lead to AMPK inhibition. Additionally, we have observed
that IGF-1 deficiency increases cardiac AMPK activity during
starvation conditions, suggesting a distinct role for IGF-1 in
preserving cardiac energetics in this setting. Thus, by main-
taining ATP levels, IGF-1 additionally regulates autophagy by
inhibiting the AMPK/mTOR axis during nutritional stress (see
Fig. 3).

In conclusion, IGF-1 exerts important cardioprotective
actions through the well-known Akt/mTOR pathway, as well as
via regulation of autophagy. However, governance of the cellu-
lar energetic state has emerged as a novel mechanism for the
beneficial actions of IGF-1. Thus, when autophagy becomes
activated during nutritional challenge, IGF-1 upregulates the
energetic state of the cardiomyocyte, obviating the need for
autophagy to replenish nutrient stores. Thereby, IGF-1 may
reduce permanent cellular damage elicited during nutrient
stress-related pathological states, such as ischemic heart dis-
ease or myocardial infarction.
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