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The induction of autophagy in the mammalian heart during the perinatal period is an essential adaptation
required to survive early neonatal starvation; however, the mechanisms that mediate autophagy suppression
once feeding is established are not known. Insulin signaling in the heart is transduced via insulin and IGF-1
receptors (IGF-1Rs). We disrupted insulin and IGF-1R signaling by generating mice with combined cardio-
myocyte-specific deletion of Irs1 and Irs2. Here we show that loss of IRS signaling prevented the physiological
suppression of autophagy that normally parallels the postnatal increase in circulating insulin. This resulted
in unrestrained autophagy in cardiomyocytes, which contributed to myocyte loss, heart failure, and premature
death. This process was ameliorated either by activation of mTOR with aa supplementation or by genetic sup-
pression of autophagic activation. Loss of IRS1 and IRS2 signaling also increased apoptosis and precipitated
mitochondrial dysfunction, which were not reduced when autophagic flux was normalized. Together, these
data indicate that in addition to prosurvival signaling, insulin action in early life mediates the physiological

postnatal suppression of autophagy, thereby linking nutrient sensing to postnatal cardiac development.

Introduction
Autophagy is a conserved cellular process that is activated under
conditions of nutrient stress to promote cell survival. However,
excessive and long-term induction of autophagy may ultimately lead
to destruction of essential proteins and organelles, which, beyond
a certain threshold, results in cell death (1-3). Constitutive levels
of autophagy are low during embryogenesis, but are significantly
induced after birth. Myocardial autophagy reaches a maximum at
3-6 hours after birth and maintains organ function in the postnatal
starvation period until a consistent nutrient supply is restored via
the maternal milk supply (4, 5) and insulin levels rise. However, the
underlying mechanisms for the decline in autophagy once feeding is
established are incompletely understood. During late gestation, glu-
cose and insulin levels are higher than adult levels, and aas are abun-
dant, which parallels low rates of autophagy (4). Immediately after
birth, serum levels of glucagon increase and insulin levels fall (6, 7), in
concert with a rapid decline of glucose and aa concentrations (8-10).
Cardiac insulin signaling is transduced via insulin and IGF-1
receptors (IGF-1Rs) (11), which phosphorylate IRSs. IRS proteins
bind to PI3K, resulting in the generation of the lipid product PIP;
and activation of the kinase AKT. AKT orchestrates diverse effects
by phosphorylating proteins involved in glycogen synthesis, inhi-
bition of apoptosis, and regulation of gene expression. In addi-
tion, AKT mediates the phosphorylation of mechanistic target of
rapamycin (mTOR), thereby controlling cellular growth and pro-
tein translation via S6 kinase and 4E-BP1 (12). mTOR consists of
2 distinct complexes, mMTORC1 and mTORC2. mTOR signaling
suppresses autophagy in the presence of nutrients and growth fac-
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tors (13), and the mTOR inhibitor rapamycin induces autophagy
(14). Studies in cell culture models identified the RAGA-RAGD
family of GTPases as aa sensors for mTORC1 (15, 16). Mice
expressing a constitutively active form of RAGA (RAGAS™), which
prevents the inhibition of mTORC1 under conditions of nutrient
starvation during the postnatal starvation period, fail to induce
autophagy, resulting in accelerated neonatal death (17).

6 members of the IRS family have been identified (18-22). IRS1
and IRS2 are widely expressed, whereas IRS3 is largely restricted to
adipose tissue (23). Expression of IRS4 is limited to kidney, brain,
thymus, and possibly pancreatic 3 cells (24). Studies in transgenic
mice revealed differential roles for IRS1 and IRS2 signaling in
nutrient homeostasis and somatic growth (25). Mice with germ-
line deletion of IrsI exhibit a 40%-50% reduction in body weight
(26, 27) and a directly proportional reduction in heart weight
(28). Irs2 germline knockout mice have nearly normal birth size
and body weight (29). Irs27~ mice exhibit peripheral insulin resis-
tance and progress toward type 2 diabetes because of pancreatic
B cell failure. Furthermore, decreased IRS2 protein levels resulted
in increased autophagy in the brain and attenuated the progress
of Huntington’s disease in a transgenic mouse model by decreas-
ing the number of protein aggregates (30). Together, these studies
suggest a predominant role for IRS1 in the regulation of somatic
growth and for IRS2 in the regulation of metabolism (26-29).

Given the importance of the insulin/IGF-1/mTOR signaling
pathway in the suppression of autophagy and the decrease of post-
natal autophagy once feeding is established and insulin levels rise,
we sought to test the hypothesis that an important action of insu-
lin in the perinatal period is suppression of postnatal autophagy
in the heart. Therefore, we disrupted insulin and IGF-1R signaling
by combined cardiomyocyte-specific deletion of IrsI and Irs2.
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Figure 1

Impaired insulin-mediated signaling and
loss of cardiomyocytes in CIRS12KO
hearts. (A) Representative immuno-
blots for IRS1 and IRS2 in homogenates
of various tissues from 4-week-old
CIRS12KO mice and ventricle homo-
genates from mice with genotypes as
indicated. (B) Representative photo-
graphs and H&E-stained sections from
WT and CIRS12KO hearts (4 weeks of
age). Scale bars: 2 mm. (C) Increased
mRNA expression of heart failure/
hypertrophy markers in CIRS12KO
mice at 4 weeks of age (n = 8). Data are
expressed as fold change compared
with WT (assigned as 1.0; dashed line)
and normalized to Cphn. (D) Phosphor-
ylation of AKTSe73 in ventricle homo-
genates from 4-week-old CIRS12KO
mice was repressed compared with WT
controls after injection of 0.01 U insulin
into the inferior vena cava. Lanes were
run on the same gel but were noncon-
tiguous. (E and F) Representative H&E
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Results showed increased expression of hypertrophy markers (Figure 1, B

Impaired insulin-mediated signaling and mitochondrial dysfunction pre-
cedes age-dependent contractile dysfunction in CIRS12KO hearts. Cardio-
myocyte-specific deletion of both IRS1 and IRS2 proteins was con-
firmed by immunoblotting in 4-week-old mice (Figure 1A). These
CIRS12KO mouse hearts developed dilated cardiomyopathy and
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and C, and Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI71171DS1). Basal lev-
els of AKTS*r#73 phosphorylation in CIRS12KO hearts were similar
to WT controls in 4-week-old mice. However, insulin-stimulated
AKTSer473 phosphorylation was impaired by 65.2% compared with
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WT controls (P < 0.05; Figure 1D). Histology revealed age-depen-
dent myofibrillar loss and disarray and increased fibrosis (Figure 1,
E and F). To determine when loss of IRS1 and IRS2 induced
cardiac dysfunction, we examined CIRS12KO hearts immedi-
ately after birth. Both IRS isoforms were absent in CIRS12KO
hearts isolated from these 1-day-old mice (Figure 2A). However,
light microscopy revealed normal gross cardiac histology and
no increase in fibrotic tissue (Figure 2B). Cardiac function was
preserved, and mRNA expression of heart failure/hypertrophy
markers was not changed, at 1 day of age (Figure 2, C and D, and
Supplemental Table 1). Phosphorylation of insulin-activated tar-
gets such as AKTSer473 §65¢1235/236 and mTORS2448 was reduced
by 74.7%-95.8% (P < 0.05). Levels of the y-band of 4E-BP1 (cor-
responding to the phosphorylated moiety) were reduced by 51%
(Figure 2E), raising the possibility that global protein synthesis
could be impaired in CIRS12KO hearts.

We monitored a cohort of CIRS12KO mice and WT littermate
controls starting at birth. All CIRS12KO animals died by the age
of 11 weeks, with the majority dying by 8 weeks (Figure 2F). Trans-
thoracic echocardiography revealed age-dependent impairment of
contractile function and LV dilation (Figure 2G and Supplemen-
tal Tables 1 and 2). Transcriptional analysis in 1-day-old hearts
showed preserved expression of genes involved in fatty acid oxida-
tion (FAO), oxidative phosphorylation (OXPHOS), and their tran-
scriptional regulators Ppargcla and Ppargclb (encoding PGC-1a
and PGC-1, respectively; Figure 2H). However, at 4 weeks of age,
when contractile function was markedly impaired, expression of
FAO and OXPHOS genes was repressed by 27.6%-61.5%, in con-
cert with repressed Ppargcla and Ppargclb expression (47.5% and
32.7% reduction, respectively, P < 0.05; Figure 2H). Furthermore,
analysis of the mitochondrial proteome revealed reduced content
of proteins involved in the tricarboxylic acid (TCA) cycle and in
fatty acid metabolism (Supplemental Tables 3 and 4). Importantly,
expression of genes involved in OXPHOS and FAO was decreased
by up to 50% at 2 weeks of age, at a time when cardiac contrac-
tile function was preserved. Saponin-permeabilized cardiac fibers
were then used to assess mitochondrial function. Fibers obtained
from CIRS12KO hearts revealed impaired succinate-supported
ADP-stimulated mitochondrial oxygen consumption (Vapp) and
ATP production at 2 weeks of age (36.2% and 35.1% reduction,
respectively; P < 0.05 for each; Figure 2I). Similarly, Vapp and ATP
synthesis were decreased by 32.7%-41.1% at 4 weeks of age using
pyruvate, palmitoyl-carnitine, or glutamate as substrates (P < 0.05
for each; Figure 2J). ATP/O ratios were not changed at either time
point (data not shown), suggestive of preserved mitochondrial
coupling. Thus, mitochondrial dysfunction clearly precedes the
onset of contractile dysfunction and may contribute to heart fail-
ure in CIRS12KO mice.

IRS signaling suppresses postnatal autophagy in the heart. Cell death,
estimated by the ratio of TUNEL-positive to total nuclei, was
maximally increased in 1-day-old CIRS12KO hearts, but declined
as animals aged (Figure 3, A and B). Autophagosome content,
quantified by cadaverine fluorescence, was increased by 63% in
CIRS12KO hearts at 1 day of age (P < 0.05) and remained increased
by 35% (P = 0.053) at 4 weeks of age (Figure 3C). In addition, lev-
els of the proapoptotic proteins cleaved PARP and cleaved cas-
pase-12 were increased, whereas expression of the antiapoptotic
protein BCL2 was decreased, consistent with increased apoptotic
cell death signaling. LC3-II/LC3-I ratio, assessed by immunoblot-
ting, increased 7.4-fold at 1 day of age. This was paralleled by a 23%

The Journal of Clinical Investigation

http://www.jci.org

research article

increase in protein levels of cathepsin D and a 28.3% reduction in
p62 protein levels (Figure 3D), providing additional evidence for
increased autophagy in CIRS12KO hearts. ULK1 phosphorylation
at the mTOR-dependent Ser757 site was reduced in CIRS12KO
hearts (Figure 3D) and has previously been suggested to mediate
mTOR-dependent repression of autophagy induction (31). Knock-
out of Irs1 and Irs2 resulted in a mobility shift of ULK1, which was
also observed after phosphatase treatment of WT controls (Fig-
ure 3D), further supporting impaired ULK1 phosphorylation in
CIRS12KO hearts. Interestingly, phosphorylation of FoxO1Th24
and FoxO3™32 was preserved, and no differences in the phos-
phorylation of AMPK™172 and of the AMPK downstream target
acetyl-CoA carboxylase at Ser79 (ACCS7?) were observed (Figure
3D). Electron micrographs prepared from 1-day-old CIRS12KO
hearts showed increased numbers of autophagic vesicles (Figure
3E). Expression of genes involved in autophagy regulation and
cell death was largely unchanged (Figure 3F). Thus, regulatory
mechanisms downstream of mTOR may account for the increase
in autophagy and progressive cell loss in CIRS12KO hearts.

To understand potential mechanisms that may induce neona-
tal autophagy and to explore potential mechanisms for autoph-
agy repression after the establishment of feeding, we examined
autophagy levels in WT and CIRS12KO mice in the perinatal time
period and correlated these with changes in circulating concentra-
tions of glucose, insulin, and aas. Loss of both IRS isoforms was
confirmed in CIRS12KO hearts at E19.5 (Supplemental Figure 2).
At 3 hours after Caesarean section, insulin and aa concentrations
fell more than 75%, and glucose concentrations by 30%, in mice
of all genotypes; these increased with feeding at 3 days (Figure 4,
A-C). Autophagy levels were low in cardiac tissue obtained from
E19.5 mice immediately after Caesarian section and increased
equivalently in WT and CIRS12KO hearts 3 hours after Caesar-
ean section (Figure 4D), which suggests that autophagy induction
might be independent of falling insulin concentrations. Although
insulin, glucose, and aa concentrations increased in 3-day-old
mice, autophagy declined in WT mice, but remained elevated in
CIRS12KO mouse hearts (Figure 4, A-D). Milk was found in the
stomachs of all mice sacrificed at 3 days. Importantly, CIRS12KO
hearts exhibited impaired insulin-mediated signaling, both under
basal conditions at 1 day of age and after insulin stimulation (Fig-
ure 1D and Figure 2E). Thus, we conclude that IRS signaling medi-
ates the physiological suppression of postnatal autophagy when
feeding is established and insulin levels rise. Moreover, the rising
circulating concentrations of glucose and aas that correlate with
the suppression of perinatal cardiomyocyte autophagy and may
contribute to autophagy suppression might be insufficient in the
absence of IRS signaling.

Decreased autophagy and attenuated LV remodeling and heart failure
in CIRS12KO hearts by aa treatment. To test the hypothesis that
decreased mTOR signaling could account for increased autoph-
agy leading to heart failure, we hyperactivated mTOR with aas to
determine whether this would be sufficient to inhibit autophagy
and prevent heart failure. Branched-chain aas (BCaas) and argi-
nine are powerful activators of mTOR and p70 S6 kinase (S6K1)
signaling (32, 33). Thus, we restored mTOR activity in CIRS12KO
hearts to levels of WT controls by daily intraperitoneal adminis-
tration of a BCaa/arginine solution starting at the day of birth.
This time point was chosen because we observed the highest rates
of autophagy and cell death that also preceded gross changes in
cardiac structure and function. Metabolomic analysis confirmed
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Figure 2

Mitochondrial dysfunction precedes age-dependent contractile dys-
function in CIRS12KO hearts. (A) Representative immunoblots for
IRS1 and IRS2 in ventricle homogenates obtained from 1-day-old mice.
(B) H&E stains of 2 chamber sections and higher-magnification views
of ventricle sections at 1 day of age. Scale bars: 500 um (top); 10 um
(bottom). (C and D) Representative M-mode images showing normal
contractile function in CIRS12KO mice (C) and mRNA expression
of heart failure/hypertrophy markers (D) at 1 day of age. (E) Dimin-
ished phosphorylation of IRS1/IRS2 downstream targets in 1-day-old
CIRS12KO hearts. (F) Survival curves. (G) Time course for FS and
LVDs (n = 4-15). (H) Age-dependent repression of mRNAs encoding
genes involved in FAO and glucose oxidation, OXPHOS, and their
transcriptional regulators in CIRS12KO hearts (n = 6-8). Data are pre-
sented as fold change compared with same-age WT (assigned as 1.0;
dashed line) and normalized to Cphn (1 day and 4 weeks) or Lama1
(2 weeks). () Vapp and ATP production in cardiac fibers from 2-week-
old CIRS12KO mice with succinate (Suc) as substrate plus rotenone
(n = 6). dw, dry weight. (J) Vapp respiration and ATP synthesis with
pyruvate (Pyr), palmitoyl-carnitine (PC), or glutamate (Glu), each com-
bined with malate as substrate in fibers obtained at 4 weeks of age
(n = 6). *P < 0.05 vs. WT same age, unpaired Student’s t test. See
Supplemental Table 11 for gene names.

increased BCaa/arginine levels in serum and heart tissue compared
with saline-treated controls (data not shown). Compared with
saline-treated controls, aa supplementation attenuated LV dila-
tion and significantly increased the average lifespan of CIRS12KO
mice from 6.6 to 11.1 weeks (Figure 5, A and B). Since heart fail-
ure per se may independently modulate signal transduction path-
ways and autophagy, we examined signaling in 2-week-old mice,
because contractile function was preserved in CIRS12KO hearts
at this age (Figure 2G and Supplemental Table 1).

Autophagic flux was determined by LC3 immunoblotting after
injection of the antimalarial drug chloroquine, which neutralizes
lysosomal pH and impairs autophagosome fusion with lysosomes.
Thus, increased LC3-II accumulation after chloroquine injection
is indicative of increased autophagic flux (34). After chloroquine
injection, we observed an 8.94-fold increase in the LC3-1I/LC3-I
ratio in saline-treated CIRS12KO versus WT mice. This effect was
attenuated by aa treatment in CIRS12KO animals (79.6% reduc-
tion, P < 0.05; Figure SC). The pathological increase in both heart
weight and wet lung weight (pulmonary congestion) was prevented
by 6 weeks of aa treatment (Figure 5, D and E, and Supplemen-
tal Table 5), consistent with reversal of heart failure. Stereological
analysis at 6 weeks of age showed reduced cell loss and replacement
fibrosis in CIRS12KO hearts after aa treatment relative to saline-
treated controls (Figure S, F and G). Moreover, transthoracic echo-
cardiography revealed attenuated LV dilation and partial restora-
tion of contractile function (Figure SH and Supplemental Table 6).

A general linear model was used to compare the adjusted least
square mean values of LV cavity diameter at systole (LVDs) and
fractional shortening (FS). LVDs in week 4 was significantly lower
than week 6 (0.265 vs. 0.308 cm, P < 0.001). In week 4, mean LVDs
in aa-treated CIRS12KO mice (0.256 cm) was lower than that in
saline-treated CIRS12KO mice (0.310 cm, P < 0.001), and not sig-
nificantly different from WT controls (0.247 cm, P = 0.414), where-
as in week 6, mean LVDs in aa-treated CIRS12KO mice (0.321 cm)
was lower than that in saline-treated CIRS12KO mice (0.370 cm,
P =0.007), but higher than WT controls (0.270 cm, P = 0.001).
There was no significant difference in mean FS between weeks 4

The Journal of Clinical Investigation

http://www.jci.org

research article

and 6 (24.27% vs. 22.75%, P = 0.086). Mean FS in aa-treated
CIRS12KO mice (20.76%) was higher than that in saline-treated
CIRS12KO mice (16.97%, P = 0.001); however, it was lower than WT
controls (26.75%, P < 0.001; Figure SH and Supplemental Table 6).
LV catheterization revealed a significant increase in LV developed
pressure (34.7% increase) and in maximal rates of dP/dt increase and
decrease (65.5% and 73.1%, respectively, P < 0.05 for each) in 6-week-
old CIRS12KO mice after aa treatment compared with saline (Fig-
ure 5I). Moreover, the increase in LV minimum pressure was com-
pletely prevented (Figure 5I and Supplemental Table 7). Thus, aa
supplementation attenuated heart failure in CIRS12KO hearts.

Importantly, when contractile function was preserved in
CIRS12KO mice by aa treatment, phosphorylation of mTORSe2448
S65¢1235/236 and ULK15¢7%7 was restored to the physiological range
observed in saline-treated 2-week-old WT mice (Figure 6, A and B).
Levels of the antiapoptotic protein BCL2 was decreased and levels
of the proapoptotic proteins caspase-8 and cleaved caspase-9 were
increased and were not changed after aa supplementation.

Prior studies suggest that BCaa supplementation may increase
mitochondrial biogenesis and PGC-1a expression in cardiomyo-
cytes (35). However, aa treatment did not increase the expression
levels of Ppargcla, Ppargclb, or their transcriptional targets that
regulate mitochondrial OXPHOS or FAO (Supplemental Figure 3).
Compared with saline-treated controls, aa supplementation in WT
mice had no effect on contractile function, heart weight, apoptotic
cell death, glucose tolerance, insulin tolerance, and serum insulin
levels after long-term treatment for 20 weeks (Supplemental Meth-
ods and Supplemental Figures 4 and 5).

Mitochondrial dysfunction persists in CIRS12KO hearts after aa treatment
and normalization of autophagic flux. Protein levels of OXPHOS sub-
units were reduced in parallel with decreased activity of the mito-
chondrial enzymes citrate synthase (CS) and hydroxyacyl-CoA dehy-
drogenase (HADH) in CIRS12KO hearts (Figure 7, A-C). Similatly,
Vapp and ATP production, as assessed in saponin-permeabilized car-
diac fibers, were decreased in CIRS12KO hearts (Figure 7, D and E).
None of these defects were reversed by aa supplementation (Figure
7,A-E). Together, these data support the hypothesis that aa supple-
mentation suppresses autophagy, but has no effect on apoptotic cell
death and mitochondrial dysfunction, in CIRS12KO hearts.

Heterozygous deletion of Becn1 decreases autophagy and attenuates con-
tractile dysfunction in CIRS12KO hearts. To independently confirm
that decreasing autophagy is necessary and sufficient to reverse
heart failure in CIRS12KO hearts, we reduced autophagy levels
in CIRS12KO hearts by crossing them with mice that are haplo-
insufficient for Becnl (referred to herein as CIRS12KOxBecnl*/~
mice; see Methods). BECN1 is required for autophagosome
formation, and heterozygous deletion of BecnI decreases autoph-
agy (36). Similar to aa treatment, heterozygous Becnl deletion
decreased autophagic flux in the CIRS12KOxBecn1”~ hearts to
levels observed in WT controls at 2 weeks of age and extended
lifespan. Normalizing autophagy prevented the increase in heart
and lung weight, reduced LV dilation, improved contractile func-
tion, and decreased cardiomyocyte loss and replacement fibrosis
at 6 weeks of age (Figure 8, A-I, and Supplemental Tables 8-10).
A general linear model with Tukey-Kramer multiple comparison
adjustment was used to compare the adjusted least square mean
values of LVDs and FS. Mean LVDs in week 4 was significantly
lower than in week 6 (0.254 vs. 0.291 cm, P < 0.001). Mean LVDs
was statistically lower in CIRS12KOxBecn1*~ mice (0.274 cm)
than CIRS12KO mice (0.322 cm, P < 0.001), although it was still
Number 12 5323
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Figure 3

Increased autophagy and apoptosis in CIRS12KO hearts. (A) Repre-
sentative TUNEL, DAPI, and wheat germ agglutinin (WGA) staining
and (B) stereological quantification (n = 3—4). Scale bar: 20 um. (C)
Autophagy quantified by cadaverine fluorescence staining of autopha-
gosomes was increased by 63% and 35% at 1 day and 4 weeks of age,
respectively (n = 6). (D) Representative Western blots and densitomet-
ric quantification for proteins involved in autophagy regulation and cell
survival at 1 day of age (n = 3-6). Knockout of Irs7 and Irs2 resulted in
a mobility shift of ULK1, which was also observed after phosphatase
treatment of WT control, suggestive of impaired ULK1 phosphorylation
in CIRS12KO hearts. (E) Representative electron micrographs from
CIRS12KO and WT controls at 1 day of age showing increased for-
mation of autophagosomes (arrows) in CIRS12KO hearts. Original
magnification, x5,000 (top); x20,000 (bottom). (F) mRNA levels of
genes involved in autophagy regulation and cell survival in 1-day-old
CIRS12KO hearts (n = 6). Data are presented as fold change versus
age-matched WT control (assigned as 1.0; dashed line) and normal-
ized to Cphn. *P < 0.05 vs. WT same time point, unpaired Student’s
t test. See Supplemental Table 11 for gene names.

higher than Becn1*~ (0.249 cm, P = 0.037) and WT (0.245 cm,
P =0.010) controls. Mean FS in week 4 was not statistically dif-
ferent from week 6 (26.25% vs. 24.69%, P = 0.161). Mean FS in
CIRS12KOxBecnI*/~ mice (24.81%) was statistically higher than
CIRS12KO mice (18.96%, P < 0.001), although it was still lower
than BecnI*~ (28.79%, P = 0.025) and WT (29.32%, P = 0.003)
controls (Figure 8H and Supplemental Table 10). Echocardio-
graphic findings were supported by LV catheterization that
revealed near-normalization of LV developed pressures and dP/dt
in 6-week-old mice (Figure 8] and Supplemental Table 9). Western
blot analysis at the 2-week time point revealed reduced mTOR
signaling, increased levels of the proapoptotic proteins caspase-8
and cleaved caspase-9, and reduced abundance of the antiapop-
totic protein BCL2 that persisted after heterozygous deletion of
Becnl (Figure 9, A and B).

Mitochondrial dysfunction persists in CIRS12KO hearts after hetero-
zygous deletion of Becnl and normalization of autophagic flux. Similar
to our results with aa supplementation, CIRS12KOxBecnI*/~ mice
exhibited decreased OXPHOS protein content and mitochon-
drial dysfunction (Figure 10, A-E). Furthermore, mRNA expres-
sion levels of Ppargcla and genes involved in FAO and OXPHOS
were reduced (Figure 10F). Thus, despite increased survival and
delayed heart failure onset, heart failure eventually developed
in CIRS12KO animals when the overactivation of autophagy
was prevented. Therefore, additional mechanisms arising from
reduced insulin signaling, such as mitochondrial dysfunction and
increased apoptosis that were not affected by aa supplementation
or heterozygous deletion of Becnl, contribute to the development
of heart failure in CIRS12KO hearts.

Discussion

The present study revealed that loss of IrsI and Irs2 in cardiomyo-
cytes led to heart failure that was multifactorial in nature, result-
ing from increased autophagy, increased apoptosis, and mito-
chondrial dysfunction. The rapid evolution of cardiomyocyte
dysfunction provided a challenge to elucidating the inciting and
proximal mechanisms for the changes observed. For this reason,
we performed a careful analysis of potential pathophysiologi-
cal mechanisms beginning at 1 day of age and subsequently at
2 and then 4 weeks. Given our observation that autophagic flux
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was increased at the earliest time point examined, prior to repres-
sion of transcripts that regulate nuclear-encoded mitochondrial
genes and before structural and functional changes developed,
we focused our investigation on testing the novel hypothesis that
insulin signaling may represent the critical mediator of the sup-
pression of perinatal cardiac autophagy once feeding is estab-
lished. We used 2 independent approaches to suppress autophagy
in CIRS12KO hearts. Activation of mTOR signaling by aa supple-
mentation or heterozygous deletion of Becnl decreased autopha-
gic flux in CIRS12KO hearts to levels observed in WT controls.
This delayed the onset of heart failure and prolonged the lifespan
of CIRS12KO mice. However, normalization of autophagy did not
prevent the increase in apoptosis or mitochondrial dysfunction.
Together, these data support an essential role for insulin signal-
ing in the physiological regulation of perinatal cardiac autophagy
after the onset of feeding, which contributes in part to the patho-
physiology of heart failure in CIRS12KO mice.

Earlier studies by our group confirmed that insulin and IGF-1Rs
can efficiently transduce insulin signaling in cardiomyocytes (11),
which may explain why deletion of insulin receptors and IGF-1Rs
do not result in catastrophic phenotypes (37-39). Deletion of Irs1
and Irs2 in cardiomyocytes using the oMHC promoter led to near-
complete abrogation of insulin signal transduction at 1 day of
age. Notably, there was a significant repression in mTOR signal-
ing and dephosphorylation of ULK1, which likely accounts for the
persistent activation of autophagy in this model. IRS1 and IRS2
are ubiquitously expressed, and we believe that persistent expres-
sion of IRS1 and IRS2 in nonmyocytes such as fibroblasts account
for residual insulin signaling that was more evident in 4-week-old
CIRS12KO hearts, which were characterized by increased fibrosis.
Although CIRS12KO cardiomyocytes were refractory to insulin
signaling, we cannot rule out a role for a defect in IGF-1 signal-
ing in suppressing neonatal autophagy, given recent observations
suggesting that IGF-1 signaling may partially mediate starvation-
induced autophagy in cardiomyocytes (40).

We observed increased levels of proapoptotic proteins and
repression of the antiapoptotic protein BCL2 that persisted when
autophagic flux was normalized by either aa supplementation or
heterozygous deletion of Becn1. Therefore, increased apoptosis like-
ly represents an independent mechanism contributing to increased
cell death in CIRS12KO hearts that is independent of autophagic
flux. Growth factor signaling is a well-established regulator of
apoptosis acting via PI3K and AKT signaling pathways, which were
constitutively repressed in CIRS12KO hearts. Crosstalk between
apoptotic and autophagic signaling has been well described (40).
That the persistence of apoptotic signaling after autophagy was
repressed by either aa-mediated mTOR activation or reducing
Becnl supports the hypothesis that IRS1 and IRS2 signaling may
regulate these cell death pathways via distinct mechanisms.

The present study confirmed an important role for insulin sig-
naling in the regulation of mitochondrial function and oxidative
capacity. We previously reported in mice with cardiomyocyte-
specific deletion of insulin receptors (CIRKO mice) that mito-
chondrial bioenergetics was impaired on the basis of reduced
expression of mitochondrial proteins involved in the TCA cycle
and FAO. These changes were associated with increased oxidative
stress, mitochondrial uncoupling, and an age-dependent defect
in ATP production and oxygen consumption (39). However, in
contrast to CIRS12KO hearts, CIRKO hearts did not develop a
spontaneous cardiomyopathy. Interestingly, deletion of IGF-1Rs
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Figure 4

IRS signaling suppresses postnatal autophagy. (A—D) Time course of (A) serum insulin and (B) serum glucose in WT and CIRS12KO mice, (C)
serum aa levels in WT mice, and (D) autophagy, as assessed by LC3-Il/LC3-I immunoblotting, in WT and CIRS12KO mouse hearts. Newborn
mice were obtained by Caesarean delivery at E19.5. Pups were either immediately sacrificed or placed in a humidified, temperature-controlled
chamber for 3 hours before sacrifice (E19.5 + 3h). For the 3-day time point (P3d), pups were removed from mothers 3 days after natural birth
and immediately sacrificed. *P < 0.05 vs. WT same time point, TP < 0.05 vs. E19.5 same genotype, *P < 0.05 vs. E19.5 + 3h same genotype,

unpaired Student’s t test.

in cardiomyocytes was not associated with any baseline defects in
mitochondrial bioenergetics (38). Thus, the more severe mitochon-
drial phenotype of CIRS12KO mouse hearts likely reflects a more
profound defect in insulin signaling that was offset by a modest
induction in IGF-1R expression in CIRKO hearts, which retain the
ability to respond to insulin (11, 38). A mouse model with com-
bined deficiency of insulin and IGF-1Rs in cardiac and skeletal
muscle has also been described. Similar to our CIRS12KO model,
these mutant mice developed early-onset dilated cardiomyopathy
and died from heart failure within the first month of life (41). This
study suggested mitochondrial dysfunction as a cause for heart
failure, although analyses were performed at a time when cardiac
dysfunction was already present. We also observed mitochondrial
dysfunction in CIRS12KO hearts at the age of 2 weeks that was not
improved by aa supplementation or heterozygous deletion of Becn1.
It is important to emphasize that repression of nuclear-encoded
genes that regulate mitochondrial metabolism was not present at
1 day of age, at a time when autophagy was increased, but was pres-
ent at 2 weeks of age and prior to the onset of heart failure. Thus,
the impairment of mitochondrial function that is attributable to
loss of insulin signaling in cardiomyocytes reflects incompletely
understood mechanisms that may govern mitochondrial homeo-
5326

The Journal of Clinical Investigation

http://www.jci.org

stasis or protein turnover requiring a longer time scale to evolve.
Regardless, because mitochondrial dysfunction preceded contrac-
tile dysfunction, it is likely to contribute to the onset of heart fail-
ure in this model. The changes observed in the mitochondrial pro-
teome and mitochondrial energetics in 4-week-old CIRS12KO mice
were more severe than those previously reported in a model of pres-
sure overload-induced heart failure (42). Our present results are
therefore consistent with a model in which mitochondrial dysfunc-
tion may not only incite heart failure, but progressively becomes
further impaired as heart failure ensues.

Earlier studies from our group and others revealed that genetic
reduction of mTOR expression in cardiomyocytes resulted in
dilated cardiomyopathy and increased mortality (43, 44). In one
study, mTOR knockout hearts exhibited accumulation of 4E-BP1,
which inhibits translation initiation. Cardiomyocytes obtained
from mTOR-knockout hearts showed decreased protein syn-
thesis in vitro, and reducing 4E-BP1 attenuated the heart failure
phenotype of mTOR-knockout hearts (43). We also observed
reduced phosphorylation of 4E-BP1 in CIRS12KO hearts in par-
allel with impaired mTOR signaling, which was not affected by
heterozygous deletion of Becnl. Therefore, the possibility exists
that total protein synthesis might be impaired in CIRS12KO
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Figure 5

Decreased autophagy and attenuated heart failure by aa treatment in CIRS12KO mice. (A) Representative H&E stains from WT and CIRS12KO
hearts (6 weeks of age) after saline or aa treatment. Scale bar: 3 mm. (B) Survival curves showing that aa supplementation increased the aver
age lifespan of CIRS12KO mice from 6.6 to 11.1 weeks (P = 0.0001, log-rank test). (C) Autophagy flux after chloroquine (CQ) injection (2 weeks
of age), as measured by LC3 immunoblotting. (D) Heart weight/tibia length (HW/TL) and (E) wet lung weight/tibia length (WLW/TL) ratios after
saline or aa treatment in 6-week-old mice. (F and G) Representative H&E and trichrome staining (F) and stereological analysis (G; n = 6-7). Scale
bar: 20 um. (H) Time course for LVDs and FS (n = 6-9). (I) Invasive measurement of LV pressures in WT and CIRS12KO hearts after saline or
aa treatment at 6 weeks of age, as assessed by catheterization. LV Dev P, LV developed pressure; LVMP, LV minimum pressure; Max dP/dt and
Min dP/dt, maximal rates of increase and decrease, respectively, in LV pressure. *P < 0.05 vs. WT same treatment, TP < 0.05 vs. saline same
genotype, *P < 0.05 vs. same genotype no chloroquine, ANOVA with Fisher's PLSD.
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hearts and could represent an additional mechanism contrib-
uting to the onset of heart failure in these hearts. In CIRS12KO
hearts, aa supplementation restored mTOR signaling to levels
observed in WT controls. However, heart failure still ensued after
aa supplementation in CIRS12KO hearts. These data suggest
that autophagic and apoptotic cell death and mitochondrial dys-
function may play the predominant role in contributing to heart
failure onset in CIRS12KO hearts relative to any contribution of
impaired protein synthesis.

We used BCaas as a tool to activate mTOR signaling and deter-
mine whether suppression of autophagy is sufficient to restore
cardiac structure and function in CIRS12KO hearts. In addition
to this putative mechanism, it is important to note that BCaas are
anaplerotic substrates (45). This raised the possibility that BCaa/
arginine supplementation could have contributed to improved
cardiac function by providing anaplerotic substrate support.
This possibility cannot be formally excluded. However, the
persistence of mitochondrial dysfunction after aa treatment —
as evidenced by repression of OXPHOS content, reduced mito-
chondrial enzyme activities, and impaired ATP production with
the complex II substrate succinate — suggests that the severity
of mitochondrial dysfunction might not have been mitigated by
increased anaplerotic support. The role of insulin signaling in
the regulation of mitochondrial anaplerosis will be the subject
of future investigation.
5328

The Journal of Clinical Investigation

http://www.jci.org

W WT sal
OWT aa
[l CIRS12KO sal
O CIRS12KO aa

In conclusion, the present study identified IRS signaling as a
critical physiological regulator of cardiomyocyte homeostasis and
survival by suppressing apoptosis and autophagy and facilitating
the developmental increase in mitochondrial energetic capac-
ity. We focused our investigations primarily on the novel role of
insulin signaling in suppressing perinatal cardiac autophagy once
feeding is established after birth. The inability to sense nutrients
promotes a persistent increase in autophagy that contributes to
myocyte loss and heart failure. Thus, insulin/IGF-1 signaling
through IRS proteins represents an important mediator of the
perinatal adaptation of the heart to nutrient availability and the
development of cardiac metabolic pathways, linking nutrient sens-
ing to postnatal cardiac structural and functional maturation.

Methods
Generation of transgenic mouse models. CIRS12KO mice (Irs1lox/lox[ys2lox/lox
aMHC-Cre”~) were generated by breeding Irs1'/!ox[rs2!+/x with aMHC-
Cre”~ mice, then crossing the resulting Irs1*/%~[rs2*/"**oMHC-Cre”~ animals
with Irsilox/lex]ys2lex/lox mice. CIRS12KOxBecn 1"~ mice were bred in an analo-
gous manner (mice with haploinsufficiency for Becnl were provided by B.
Levine, University of Texas Southwestern, Dallas, Texas, USA). Generation
of transgenic Irsi//lox; Iys2lo/lox, aMHC-Cre*/~, and Becnl”/~ mice has been
described previously (36, 46-48). WT controls for CIRS12KO harbored
homozygous floxed alleles for both IrsI and Irs2 in the absence of aMHC-
Cre. Mice expressed both alleles for Becnl unless otherwise indicated. Geno-
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typing of mice was performed as previously described (36, 46-48). All mice
were maintained on a C57BL/6-129Sv mixed genetic background. Animals
were housed with a 12-hour light/12-hour dark cycle at 22°C with free
access to food and water. Data shown are from male mice.

RNA extraction and quantitative RT-PCR. Total RNA was extracted from
hearts with TRIZoL reagent (Invitrogen), purified with the RNeasy kit
(Qiagen Inc.), and reverse transcribed. Quantitative real-time PCR was per-
formed using SYBR Green I and ROX internal reference (49). See Supple-
mental Table 11 for primer sequences and accession numbers.

Evaluation of insulin-stimulated AKT phosphorylation. Mice were anesthe-
tized (single intraperitoneal injection of chloral hydrate, 400 mg/kg body
weight) after a 6-hour fast starting at 6AM, and mice were injected with
0.01 U insulin or saline via the inferior vena cava. Hearts were rapidly
excised 5 minutes after injection, snap frozen in liquid nitrogen, and pro-
cessed for Western blot analysis.

Western blot analysis. Total protein extraction was performed as previously
reported (50). Proteins were resolved by SDS-PAGE and electrotransferred
to nitrocellulose (IRS, P-mTOR/total mTOR, and P-ACC/total ACC) or
PVDF membranes (other targets). Primary antibodies against 4E-BP1,
NADH dehydrogenase (ubiquinone) 1a, subcomplex 9 (NDUFA9); succi-
nate dehydrogenase complex, subunit A (SDHA); ubiquinol-cytochrome ¢
reductase core protein I (UQCRC1); cytochrome ¢ oxidase subunit 3
(MTCO3); and ATP synthase, subunit o (ATPSA), were from Abcam. Pri-
mary antibody against VDAC was from Thermo Scientific. Primary anti-
bodies against IRS1 and IRS2 were from Millipore. Primary antibodies
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against LC3 and a-tubulin were from Sigma-Aldrich. Primary antibodies
against cathepsin D, p62 (SQSTM1), FoxO3 (FKHRL1), and ULK1 were
from Santa Cruz Biotechnology. Primary antibodies against ACC, AKT,
AMPKa, Atg7, BECN1, BCL2, caspase-8, cleaved caspase-9, caspase-12,
cleaved PARPAP214. FoxO1, GAPDH, mTOR, P-ACCSe79, P-AKTSer473,
P-AKTTh308 p AMPKo™h172, P-FoxO 1Th24/FoxO3aThe2, P-FoxO3aSer318/321,
P-mTORSe2448 P-S6 ribosomal proteinSer235/236 P-ULK15¢r555 P-ULK 151757,
and S6 ribosomal protein were from Cell Signaling. Protein detection was
carried out with the appropriate ho rseradish peroxidase-conjugated sec-
ondary antibody/ECL detection systems (Amersham Biosciences) or Alexa
Fluor anti-rabbit 680 (Invitrogen) and anti-mouse 800 (VWR Interna-
tional) as secondary antibodies, and fluorescence was quantified using the
LI-COR Odyssey imager.

Electron microscopy. LV samples were prepared as previously described (51).

Fluorescence determination of autophagosomes. Autophagosomes were iso-
lated from tissue samples and incubated with the fluorescent cadaverine
compound. Fluorescence was read on a plate reader and adjusted by pro-
tein concentration of the sample (52).

Histology and stereology. Myocardial fragments were stained with H&E
(Fisher), Masson’s trichrome (Sigma-Aldrich), TUNEL (Roche), DAPI
(Invitrogen), or wheat germ agglutinin (Invitrogen). Stained slides were
analyzed with a 36-point test system, and stereology was performed as
previously described (53).

Mitochondrial proteome analysis. Mitochondria isolation for mitochon-
drial proteomic analysis, protein in-solution tryptic digestion, expression
Number 12 December 2013
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Figure 8

Heterozygous deletion of Becn1 decreases autophagy and attenuates heart failure in CIRS12KO mice. (A) Representative H&E stains from WT
and CIRS12KO hearts (6 weeks of age) expressing Becn1++ or Becn1+- alleles. Scale bar: 3 mm. (B) Survival curve of WT, Becn1+-, CIRS12KO,
and CIRS12KOxBecn1+- mice. Heterozygous deletion of Becn1 increased the average lifespan of CIRS12KO mice from 7.4 to 16.8 weeks
(P < 0.0001, log-rank test). (C) Autophagy flux after chloroquine injection at 2 weeks of age, as measured by LC3 immunoblotting. (D) Heart
weight/tibia length and (E) wet lung weight/tibia length ratios. (F and G) Representative H&E and trichrome staining (F) and stereological analy-
sis (G; n = 6-7) in hearts from 6-week-old mice. Scale bar: 20 um. (H) Time course for LVDs and FS (n = 5-10). (I) Invasive measurement of LV
pressures in WT and CIRS12KO hearts expressing Becn1++ or Becn1+- alleles at 6 weeks of age, as assessed by catheterization. *P < 0.05 vs.
same Becn1 genotype, TP < 0.05 vs. same Irs genotype, *P < 0.05 vs. same genotype no chloroquine.
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Impaired insulin signaling and increased proapoptotic signaling in CIRS12KOxBecn1+- hearts. Immunoblots (A) and quantification (B) from
ventricle homogenates at 2 weeks of age (n = 6). *P < 0.05 vs. same Becn1 genotype.

analysis by mass spectrometry, and statistical analysis of data were per-
formed as previously described (54).

Mitochondrial function in saponin-permeabilized cardiac fibers. LV subendo-
cardial muscle fibers were used to measure mitochondrial respiration
rates and ATP synthesis as previously described (55). Respiration rates
were determined under 3 different conditions: in the presence of substrate
alone (Vo), after stimulation with 1 mM ADP (Vapp), and after addition of
1 pug/ml of the ATP synthase inhibitor oligomycin (Vorigo).

Mitochondrial enzyme activity assays. CS and HADH enzyme activ-
ity were determined as previously described (56) using a Synergy HT
Multi-Detection Reader (Bio-Tek Instruments) with a total reaction
volume of 200 ul.

Transthoracic echocardiography. Mice were anesthetized with isoflurane,
and 2-dimensional guided M-mode images were taken in both short- and
long-axis projections. A Vevo 660 ultrasound machine (Visualsonics Inc.)
with a 40-MHz transducer was used for 1-day and 2-week-old mice; a Vivid
7 Pro ultrasound machine with a 13-Mhz linear probe (GE Medical Sys-
tems) was used for the other groups.

Treatment with aa supplementation. Injections of aa solution were per-
formed daily. The aa solution was administered intraperitoneally starting
at the day of birth at a dosage of 0.1 ml/g body weight with a maximal
dose of 2 ml/d. All aas were purchased from Sigma-Aldrich. The solution
contained the following aa concentrations: 6.0 g/l isoleucine, 12.0 g/ leu-
cine, 7.2 g/l valine, and 6.04 g/l arginine (pH 7.4). PBS (pH 7.4; Invitrogen)
was used as a control.

Measurement of autophagic flux. CIRS12KO mice, injected with aa solution
starting the day of birth, or CIRS12KOxBecnI*~ mice were injected with
chloroquine (Sigma-Aldrich). The following dose was used: 30 mg/kg body
weight 48 hours prior to harvest (at 12 days of age) and 30 mg/kg body
weight 24 hours prior to harvest. Mice were sacrificed at 2 weeks of age,
after a 6-hour fast starting at 6am and 2 hours after the final injection of
chloroquine (40 mg/kg body weight). Heart tissues were then snap frozen
and subjected to immunoblotting analysis.
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LV catheterization. A 1.4 F micromanometer-tipped pressure catheter (Mil-
lar Instruments) was retrogradely inserted into the LV via the right carotid
artery. Hemodynamic measurements were obtained using LabChart7 Pro
software (ADInstruments) (55).

Caesarean delivery. Mice were anesthetized (single intraperitoneal injec-
tion of chloral hydrate at 400 mg/kg body weight), and Caesarean deliv-
ery was performed at E19.5. Pups were either immediately sacrificed
or placed in a humidified, temperature-controlled chamber (37°C) for
3 hours before sacrifice. Pups for the 3-day time point (after natural
birth) were removed from their mothers and immediately sacrificed. Milk
was found in the stomachs of all pups examined at 3 days of age. Blood
samples were collected following decapitation, and hearts were snap fro-
zen in liquid nitrogen.

Measurement of serum insulin levels. For the 20-week time point, blood sam-
ples were collected by submandibular bleed after a 6-hour fast starting at
6AM. Serum insulin concentrations were measured using a rat insulin RIA
kit (Millipore) for 20-week-old mice or using an Ultra Sensitive Rat Insulin
ELISA Kit (Chrystal Chem Inc.) for newborn mice.

Metabolomic analysis and measurement of serum aa levels. Tissue and serum
were snap frozen in liquid nitrogen and subjected to gas chromatography-
mass spectrometry (GC-MS) and liquid chromatography-mass spectrom-
etry (LC-MS). See Supplemental Methods for details.

Statistics. Data are expressed as mean + SEM. Unpaired 2-tailed Student’s
t test was used to analyze data with 2 groups. For multigroup comparisons,
data were analyzed by ANOVA, and significance was assessed by Fisher’s
protected least significant difference (PLSD) test using StatView 5.0.1 soft-
ware (SAS Institute). In analyses comparing 2 variables, such as cardiac
function in control and knockout mice as a function of age and treatment
or genotype, a general linear model (e.g., 2-way ANOVA) was used. When
significant differences existed across multiple ages, a Tukey-Kramer mul-
tiple-comparison adjustment was performed on post-hoc comparisons to
determine at which ages the measures were different (SAS 9.0.3 software;
SAS Institute). Proteomic data were analyzed using Waters ProteinLynx
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Global Server 2.3 software (Waters) followed by unpaired 2-tailed Student’s
t tests. For all analyses, a P value less than 0.05 was considered significant.

Study approval. All experiments were performed in accordance with pro-
tocols approved by the Institutional Animal Care and Use Committee of
the University of Utah.
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