MOLECULAR AND CELLULAR BIOLOGY, Mar. 2007, p. 1649-1664
0270-7306/07/$08.00+0  doi:10.1128/MCB.01110-06

Vol. 27, No. 5

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Essential Role of Insulin and Insulin-Like Growth Factor 1 Receptor
Signaling in Cardiac Development and Function’

Palle G. Laustsen,' Steven J. Russell,' Lei Cui,”> Amelia Entingh-Pearsall," Martin Holzenberger,’
Ronglih Liao,” and C. Ronald Kahn'*

Joslin Diabetes Center and Department of Medicine, Harvard Medical School, Boston, Massachusetts 02215"; Boston University School of

Medicine, Boston, Massachusetts 02218% and INSERM U515, Hépital Saint-Antoine, 75571 Paris, France®

Received 20 June 2006/Returned for modification 8 August 2006/Accepted 11 December 2006

Cardiovascular disease is the leading cause of death in people with type 2 diabetes and is linked to
insulin resistance even in the absence of diabetes. Here we show that mice with combined deficiency of the
insulin receptor and insulin-like growth factor 1 (IGF-1) receptor in cardiac and skeletal muscle develop
early-onset dilated cardiomyopathy and die from heart failure within the first month of life despite having
a normal glucose homeostasis. Mice lacking the insulin receptor show impaired cardiac performance at
6 months, and mice lacking the insulin receptor plus one IgfIr allele have slightly increased mortality. By
contrast, mice lacking the IGF-1 receptor or the IGF-1 receptor plus one Ir allele appear normal.
Morphological characterization and oligonucleotide array analysis of gene expression demonstrate that
prior to development of these physiological defects, mice with combined deficiency of both insulin and
IGF-1 receptors have a coordinated down-regulation of genes encoding components of the electron
transport chain and mitochondrial fatty acid beta-oxidation pathways and altered expression of contrac-
tile proteins. Thus, while neither the insulin receptor nor IGF-1 receptor in muscle is critical for glucose
homeostasis during the first month of life, signaling from these receptors, particularly the insulin

receptor, is required for normal cardiac metabolism and function.

Type 2 diabetes is associated with a significant increase in
the risk of cardiovascular disease (CVD), and CVD is the
leading cause of death in people with type 2 diabetes (24).
Important mediators of increased CVD risk are dyslipidemia
and hyperglycemia, and treatment of these factors significantly
decreases the risk of CVD events (10, 36). Increasing evidence
indicates that insulin resistance, a major factor in the patho-
genesis of type 2 diabetes, is associated with increased risk of
CVD even in the absence of hyperglycemia (18, 51). Most of
the cardiac morbidity and mortality in diabetic patients relates
to atherosclerotic disease, but there may also be an increased
risk of heart failure independent of vascular pathology associ-
ated with diabetes (15, 40). The direct role of insulin signaling
in cardiomyocytes has been investigated in transgenic mouse
models. Mice with a cardiac muscle-specific deletion of the
insulin receptor (CIRKO) and mice lacking the insulin recep-
tor (IR) in both cardiac and skeletal muscle (MIRKO) have a
small heart phenotype but show only modest reductions in
cardiac function (4, 22). MIRKO mice that have deletion of
the insulin receptor in both skeletal muscle and cardiac muscle
also exhibit dyslipidemia, another aspect of the metabolic syn-
drome and a risk factor for CVD (8). One interpretation of the
preserved cardiac function in CIRKO and MIRKO mice is that
signaling from the insulin receptor is not critical for cardiac
development and function. Another possibility is that other
mechanisms activating the same signaling pathway may com-
pensate for the absence of the IR.
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The IR and insulin-like growth factor 1 (IGF-1) receptor
(IGF-1R) are structurally similar. Both are found at the cell
surface as a,f, heterotetramers with transmembrane li-
gand-binding a-subunits and intracellular, tyrosine kinase-
containing B-subunits. Furthermore, both receptors, once
activated, can phosphorylate and/or interact with the same
intracellular protein substrates, including members of the
insulin receptor substrate (IRS) family, and Src homology
and collagen domain protein (Shc). IR and IGF-1R also
activate many of the same downstream signaling molecules,
such as phosphatidylinositol 3-kinase (PI3K) and mitogen-
activated protein kinase (5, 44).

IGF-1R signaling, like IR signaling, in cardiac and skeletal
muscle has been suggested to play key roles in the growth,
development, and differentiation of these organs as well as in
the regulation of whole-body metabolism (16, 17, 32, 42, 43).
To investigate a possible functional overlap of the two recep-
tors in cardiac and skeletal muscle tissue, we generated mus-
cle-specific IR and IGF-1R double-knockout (MI?’RKO) mice.
We report here that while disruption of either IR or IGF-1R
alone in cardiac and skeletal muscle has no effect on mortality
in the mouse, the combined lack of both receptors results in
early-onset dilated cardiomyopathy and death from heart fail-
ure within the first month of life. Thus, some level of IR or
IGF-1R signaling is required for normal cardiac development
and function and based on combinatorial knockouts, the IR
seems more critical than the IGF-1R. Oligonucleotide array
experiments and morphological analysis demonstrate that
changes in the cardiac muscle contractile apparatus, the elec-
tron transport chain (ETC), and the mitochondrial fatty acid
beta-oxidation (MFABO) pathways in MI°’RKO, and to a
lesser extent, in MIRKO hearts may be responsible for the
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development of heart failure in animals lacking IR and
IGF-1R signaling in the heart.

MATERIALS AND METHODS

Animals and genotyping. MCK-Cre, [r'°%, and IgfIr'°* mice were generated as
previously described (8, 19). In the initial breeding protocol, mice doubly het-
erozygous for floxed alleles of the Ir and Igflr genes (IF'™' Igf1r'o™" [wt
indicates wild type] [DLoxHet]) were crossed with DLoxHet MCK-Cre mice,
which in addition to being heterozygous for Ir'°* and Igf1r'°%, were heterozygous
for MCK-Cre, i.e., a transgene for the Cre recombinase under the control of the
muscle-specific muscle creatine kinase (MCK) promoter. Because of the low
expected frequency of double- and single-knockout progeny (3.1% each based on
a Mendelian distribution) from this protocol, two lines that had higher expected
frequencies of study group animals were established as follows. For line A,
IO [of [ mice were crossed with Iro¥1% [gf[r o™t MCK-Cre mice to
produce Ir'¥1% Jof[/19¥1°% double Lox control (DLox) mice (expected frequency,
12.5%), Ir'*¥'** MCK-Cre (muscle-specific IR knockout [MIRKO]; expected
frequency, 12.5%) mice, Ir'°¥/'°% Jgf1r'ox* MCK-Cre (MIRKO/muscle-specific
IGF-1R [MIGF1R] heterozygous [MIRKO/+]; expected frequency, 25%) mice,
and Ir'o¥1°x Jgf1y'ox/lox MCK-Cre (MI?RKO; expected frequency, 12.5%) mice.
For line B, Ir'o™* [gf17'9¥1°% mice were crossed with I/ [gf17'*¥1°X MCK-Cre
mice to produce I/ [gf1r'°¥'°% control mice (DLox mice; expected frequency,
12.5%), Igf1r'**"** MCK-Cre (muscle-specific IGF-1R knockout [MIGF1RKO];
expected frequency, 12.5%) mice, '™ IgfIr'*'** MCK-Cre (MIGF1RKO/
mouse-specific IR [MIR] heterozygous [MIGFIRKO/+]; expected frequency,
25%) mice, and Ir'o¥'°* [gfl'o/1ox MCK-Cre (MI?RKO; expected frequency,
12.5%) mice. The final strains were on a mixed background of C57BL/6J, 129Sv,
and FVB. Accordingly, all experiments were performed with littermate controls
as the best genetic match to the study group. Mice were housed in pathogen-free
facilities on a 12-h light, 12-h dark cycle and had free access to food (Mouse Diet
9F; PMI Nutrition International) and water. Genotyping was performed by PCR
analysis of genomic DNA extracted from tail snips. Each mouse was genotyped
for MCK-Cre, Ir'%, and IgfIr'°*. The sense and antisense primers for the genes
were as follows: for the MCK-Cre transgene, sense (5'-AGA TGA CCT TGA
ACT GCT GG-3') and antisense (5'-CGC CGC ATA ACC AGT GAA AC-3)
primers; for the Ir'°* allele, sense (5'-GAT GTG CAC CCC ATG TCT G-3") and
antisense (5'-CTG AAT AGC TGA GAC CAC AG-3'); and for the Igf1r'°*
allele, sense (5'-ATG AAT GCT GGT GAG GGT TGT CTT-3’) and antisense
(5'"-ATC TTG GAG TGG TGG GTC TGT TTC-3'). All procedures involving
animals were approved by the Animal Care Committee of the Joslin Diabetes
Center.

Analytical procedures. Blood glucose levels were measured from whole venous
blood using an automatic glucometer (Glucometer Elite; Bayer, Tarrytown, NY).
Plasma insulin levels were determined by an enzyme-linked immunosorbent
assay using mouse insulin as a standard (Crystal Chem, Downers Grove, IL).
Prior to the glucose tolerance tests, 2.5-week-old mice were fasted for 3 hours,
and 4- and 6-month-old animals were fasted overnight. At time zero, glucose was
injected intraperitoneally (2 g/kg body weight), and blood glucose levels were
determined from samples drawn at the indicated time points. Insulin tolerance
tests were performed on random-fed mice by intraperitoneal injection of human
insulin (Humulin; Eli Lilly, Indianapolis, IN) using a dose of 0.75 U/kg body
weight for 2.5-week-old mice and a dose of 1.25 U/kg body weight for 4- and
6-month-old mice, respectively. Blood glucose levels were determined from sam-
ples drawn immediately before and at the indicated time points after injection of
insulin.

Light microscopy and EM. For light microscopy, male mice were anesthetized
at postnatal day 8 (P8) and postnatal day 20 (P20). The heart was quickly
removed and fixed in Bouin’s solution. Sections (5 wm) perpendicular to the long
axis of cardiomyocytes were prepared for hematoxylin and eosin and trichrome
staining. Cell size was determined by delineating cell borders with fluorescein-
tagged wheat germ agglutinin staining (Sigma) and measuring the cell circum-
ference using commercially available software (SigmaPro). For electron micros-
copy (EM), hearts from anesthetized mice were quickly removed and fixed with
a 2.5% solution of glutaraldehyde in a 0.1 M phosphate buffer, pH 7.4. After the
samples were postfixed in 2% osmium tetroxide, they were dehydrated in etha-
nol, cleared with propylene oxide, and embedded in propylene oxide and
Araldite 502 epoxy resin (1:1). One-micron sections were stained with methylene
blue and analyzed to determine the regions of proper orientation. Blocks were
then trimmed for thin sectioning. Thin sections were cut on an LKB Nova
ultramicrotome and were stained with uranyl acetate and lead citrate before
being photographed on a Philips 301 transmission electron microscope.
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Echocardiography. Transthoracic echocardiography on nonanesthetized ani-
mals was conducted as described previously (26) using an Acuson Sequoia C-256
echocardiograph machine and a 15-MHz probe. In brief, the heart was imaged in
the two-dimensional parasternal short-axis view, and an M-mode echocardio-
gram of the midventricle was recorded at the level of papillary muscles. The heart
rate, posterior wall thickness, and end-diastolic and end-systolic internal dimen-
sions of the left ventricle (LV) were measured from the M-mode image. LV
fractional shortening was defined as the end-diastolic dimension minus the end-
systolic dimension normalized for the end-diastolic dimension and was used as an
index of cardiac contractile function.

Immunoprecipitation and immunoblot analysis. Western blot analysis was
performed using a protocol modified from the method of Briining et al. (8). In
brief, mice were anesthetized by injection of pentobarbital and then injected with
either saline, 3 TU of insulin, or 1 mg/kg recombinant human IGF-1 (PeproTech,
Rocky Hill, NJ) via the inferior vena cava. After 5 min, the liver, heart, and
skeletal muscle were removed and immediately frozen in liquid nitrogen. For
preparation of protein extracts, tissues were homogenized in homogenization
buffer (25 mM Tris-HCI, pH 7.4, 10 mM Na;VO,, 100 mM NaF, 50 mM
Na,P,0,, 10 mM EGTA, 10 mM EDTA, protease inhibitor cocktail [P8340;
Sigma, St. Louis, MO], 1% NP-40) using a Polytron homogenizer. Particulate
matter was removed by two rounds of centrifugation (both at 4°C), once on a
Jouan CR312 centrifuge (3,000 rpm, 10 min) and once on a Beckman Ti70
centrifuge (55,000 rpm, 1 h). Immunoprecipitation and immunoblotting were
performed essentially as previously described (25) except that adsorbed proteins
were released from protein A beads by incubation in sodium dodecyl sulfate
sample buffer with 100 mM dithiothreitol at 95°C for 10 min. For immunopre-
cipitation and immunoblotting of the IR, we used an antibody against the C-
terminal sequence of the IR B-subunit (JD433) that we produced, whereas for
immunoprecipitation of IGF-1R, we used an antibody against the N terminus of
the IGF-1R B-subunit (catalog no. sc-713; Santa Cruz Biotechnology, Santa
Cruz, CA). For immunoblotting of phosphotyrosine, we used anti-phosphoty-
rosine, clone 4G10 (Upstate, Lake Placid, NY). For inmunoblotting of phospho-
Akt and total Akt, we used antibodies against phospho-Ser473 Akt and the
carboxy terminus of Akt (catalog no. 9271 and 9272, respectively; Cell Signaling,
Beverly, MA).

Microarray analysis. Hearts were quickly removed from male mice and snap-
frozen in liquid nitrogen on postnatal days 8 and 20. Total RNA was extracted
from the heart muscle by homogenizing in TRIzol. Total RNA was purified using
the RNeasy kit (QIAGEN) and used for cRNA synthesis (54). Fifteen micro-
grams of cRNA was hybridized to Affymetrix MG430A 2.0 chips. Intensity values
were quantitated by using MAS 5.0 software (Affymetrix). Array values were
normalized for overall intensity using linear regression and then normalized to a
median of 1,500. To avoid loss of information regarding genes expressed at low
levels, the data were not further filtered before analysis. Differences between
groups were evaluated by the ¢ test with unequal variance. GenMAPP and
MAPPFINDER (12) were used to integrate expression data with known path-
ways, utilizing all probe sets with P < 0.05 for the MI’RKO, MIRKO, or
MIGF1RKO versus DLox comparison. The pathways with the highest scores for
each genotype versus DLox were further analyzed. For each gene with at least
one probe set meeting the P < 0.05 criterion, the mean ratio of all probe sets
(even those not meeting statistical significance criteria) is reported. This
procedure had the effect of limiting the effect of outlier probe sets but may
underestimate the true changes in gene expression. All primary array data are
available at the Diabetes Genome Anatomy Project (DGAP) website (www
.diabetesgenome.org).

Quantitative reverse transcriptase PCR (RT-PCR). Total RNA isolated from
day 8 hearts (1 pg) was used as the template for cDNA synthesis using the
RT-for-PCR kit and random hexamer primers (BD Biosciences). Quantitative
PCR was performed using the ABI Prism 7000 instrument and software and a
SYBR green reaction mixture (Applied Biosystems) according to the manufac-
turer’s instructions. All reactions yielded products with a single dissociation peak
and a single band on ethidium-stained agarose gels. PCRs using as the template
the product of mock ¢cDNA synthesis reactions lacking reverse transcriptase
yielded values more than 10 threshold cycles (C;) greater than reactions using
cDNA template. Signals were normalized to the expression of TATA-binding
protein (TBP), which was not expressed differently in the four strains studied
according to the microarray data. Arbitrary units were calculated as follows:
2ICHTBE) = Crlgene of interest] The amplification primers were chosen from PrimerBank
(http://pga.mgh.harvard.edu/primerbank) (53) and were as follows: TBP (TCT
ACCGTGAATCTTGGCTGT/CTGGCTCATAGCTCTTGGCTC), the fetal
form (beta) of myosin heavy chain (3-MHC) (TTCATCCGAATCCATTTTGG
GG/GCATAATCGTAGGGGTTGTTGG), Cycs (ATCAGGGTATCCTCTCC
CCAG/CCAAATCTCCACGGTCTGTTC), Ndufa3 (ATGGCCGGGAGAAT
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CTCTG/AGGGGCTAATCATGGGCATAAT), Cox4il (ATTGGCAAGAGA
GCCATTTCTAC/CACGCCGATCAGCGTAAG T), Atp5b (AATCCCTCAT
CGAACTGGACG/GGTTCATCCTGCCAGAGACTA), Slc25a20 (GACGAG
CCGAAACCCATCAG/AGTCGGACCTTGACCGTGT), Cpt2 (TCCCAATG
CCGTTCTCAAAAT/CAGCACAGCATCGTACCCA), Pecr (CTCCGCCATA
CAGTGCAACAT/CAGGTTGGTTTCTATCACAGCA), and Hadha (TGCAT
TTGCCGCAGCTTTAC/GTTGGCCCAGATTTCGTTCA).

Statistics. Values are expressed as means *+ standard errors of the means.
Data were subjected to statistical analysis using Student’s ¢ test (unequal vari-
ance) with differences between means considered significant for P values of
<0.05.

RESULTS

Generation of MI’RKO mice. To obtain muscle-specific dis-
ruption of Ir and/or Igflr, we used the Cre-loxP gene recom-
bination approach with the Cre recombinase under the control
of the MCK promoter, which we have previously shown will
restrict the deletion of a LoxP flanked gene to cardiac and
skeletal muscle (8). Using this approach, six groups of mice
were generated for study: control double Lox mice, muscle-
specific IR knockout mice, muscle-specific IGF-1R knockout
mice, MIRKO/MIGF1R heterozygous mice, MIGF1RKO/
MIR heterozygous mice, and muscle-specific IR/IGF-1R dou-
ble knockout mice. To validate the tissue-specific knockout of
IR and/or IGF-1R, we analyzed tyrosine phosphorylation in
vivo in the liver, heart, and skeletal muscle of DLox, MIRKO,
MIGF1RKO, and MI’RKO mice in response to exogenous
insulin or IGF-1. In the liver, insulin stimulation resulted in
increased IR tyrosine phosphorylation in all genotypes, indi-
cating normal IR signaling (Fig. la). Furthermore, liver IR
protein levels were comparable in all four genotypes. In heart
and skeletal muscle, IR phosphorylation in response to insulin
was markedly reduced (>90%) in MIRKO and MI*RKO mice
than in DLox and MIGF1RKO mice. While insulin-stimulated
tyrosine phosphorylation of IR was barely detectable, some IR
protein (15 to 30% of DLox) was found in MI?’RKO whole-
muscle protein extract, especially the heart. This most likely
represents IR expressed in noncardiomyocyte cell types within
the heart (4) and appears to be greater in MI?’RKO heart
lysate than in MIRKO heart lysate, suggesting that the com-
bined lack of IR and IGF-1R in the cardiomyocyte, which leads
to cardiac failure (see below), results in an increase in the
expression of IR in surrounding noncardiomyocyte cells and/or
an increase in the number of noncardiomyocyte cells within the
heart itself. As expected, IGF-1R tyrosine phosphorylation in
response to IGF-1 was markedly reduced in cardiac and skel-
etal muscle tissue of MIGFIRKO and MI?RKO mice than in
DLox and MIRKO mice (Fig. 1b).

MI?’RKO mice die within the first month of life. Mice of all
genotypes were born at the expected frequency (the frequency
expected if the genotype had a Mendelian distribution) and
grew normally for the first 2 weeks of life (data not shown).
However, during the third week of life, MI?’RKO growth rate
slowed, and at postnatal day 20, MI?’RKO mice weighed 15 to
20% less than control mice (Table 1). Furthermore, starting as
early as P16, some MI?RKO mice appeared to be gasping for
air and were less active. Once an individual MI?’RKO mouse
entered this stage, it would typically die within the next 2 days,
with death being spontaneous or precipitated by even the stress
of routine handling. In a study group of 69 mice, all 15
MI?’RKO mice died between P17 and P27, whereas there were
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FIG. 1. Invivo IR and IGF-1R signaling deficiency in muscle tissue
of MI’RKO mice. Phosphotyrosine (pY) immunoblot analysis of (a)
IR or (b) IGF-1R immunoprecipitates of tissue protein extracts from
mice injected with saline (—) or with insulin or IGF-1 (+).

no deaths among 54 DLox, MIRKO, MIGF1RKO, MIRKO/+,
and MIGF1RKO/+ pups during this time period (Fig. 2). In a
second study group, again all MI?’RKO mice died between P17
and P27. In addition, 3 mice out of a total of 13 MIRKO/+
mice in this group died within the first 6 months of life, includ-
ing 1 mouse that showed symptoms similar to those described
for MI’RKO mice beginning at 3 months of age. No deaths
were observed in the two study groups for DLox, MIRKO,
MIGFIRKO, and MIGF1RKO/+ mice up to 6 months of
age. Furthermore, there was no statistical difference in body
weight between DLox, MIRKO, MIGFIRKO, MIRKO/+,
and MIGF1RKO/+ male mice between 1 and 6 months of age
(data not shown). Thus, deficiency of both IR and IGF-1R
signaling in muscle results in early death. One Ir allele in
muscle is sufficient for survival and normal growth in the ab-
sence of IGF-1R, whereas loss of both Ir alleles and one IgfIr
allele in the MIRKO/+ mice is sufficient for normal growth but
appears to be associated with some increased early death, i.e.,
prior to 6 months of age.
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TABLE 1. MI’RKO male mice have small hearts at postnatal days 8 and 20 and small cardiomyocytes at postnatal day 20

Time* Mice Heart wt (mg)? Body wt (g)* HW/BW (%) Cell circumference (um)®

P8 DLox 27.6 + 0.8 (13) 44 +02(13) 0.64 + 0.02 (13) 26.5 = 1.1(7)
MI’RKO 23.5 = 1.17(10) 4.5 +0.2(10) 0.54 = 0.037 (10) 268 = 1.2 (5)

P20 DLox 68.6 = 2.5 (14) 9.9 +0.3(22) 0.67 = 0.03 (9) 49.7 = 0.6 (4)
MIRKO 57.2 + 2.6 (6) 103 + 0.7 (12) 0.49 + 0.01°¢ (4) 49.4 + 0.4 (4)
MIGF1RKO 79.3 = 2.77(11) 10.4 £ 0.3 (15) 0.75 +0.03 (9) 49.0 = 1.2 (4)
MI’RKO 50.5 = 2.3% (11) 8.3 + 0.2¢%" (15) 0.60 = 0.04" (7) 39.7 = 0.9¢ (4)

“ P8, postnatal day 8; P20, postnatal days 19 to 21.

® Values are means *+ standard errors of the means. The number of mice is shown in parentheses.
¢ Values are means *+ standard errors of the means. The number of sections is shown in parentheses. At least 100 cell outlines per heart were measured for volume

estimation.
“ Significantly different from value obtained with DLox mice (P < 0.01).
¢ Significantly different from value obtained with DLox mice (P < 0.001).

/ Significantly different from value obtained with MIGF1IRKO mice (P < 0.01).
& Significantly different from value obtained with MIGF1RKO mice (P < 0.001).

" Significantly different from value obtained with MIRKO mice (P < 0.05).

MI’RKO mice have normal glucose homeostasis. Despite
the lack of insulin and IGF-1 receptors in muscle, at 2 weeks of
age, MI?’RKO mice had slightly lower random-fed blood glu-
cose levels compared with DLox control mice, and plasma
insulin levels were normal (Fig. 3a and b). Furthermore, 2- to
3 week-old MI?RKO mice showed normal responses in glucose
and insulin tolerance tests (Fig. 3c and d) despite nearly abol-
ished insulin- and IGF-1-stimulated Akt phosphorylation (Fig.
3e), indicating that in young mice, muscle IR and IGF-1R
signaling are not required for normal glucose homeostasis.
Consistent with this observation, mice with all of the interme-
diate genotypes, MIRKO, MIGFIRKO, MIRKO/+, and
MIGF1RKO/+, also had normal blood glucose and plasma
insulin levels at 2 weeks of age (Fig. 3a and b). Moreover, no
statistically significant differences were observed in MIRKO,
MIGF1RKO, MIRKO/+, or MIGF1RKO/+ mice compared
with DLox control mice up to 6 months of age in fed and fasted
blood glucose and fasted plasma insulin levels or in glucose
and insulin tolerance tests. There were also no significant dif-
ferences in fed plasma insulin levels between the groups, al-
though there was large variation within groups (Fig. 4a to e).

100

80 1

60

40

-@- MIZRKO

Mice alive (%)

20 - =/~ DLox and all
other genotypes
0 4
5 10 15 20 25 30
Age (days)

FIG. 2. MI?’RKO mice die within 4 weeks of birth. A group of 69
mice including all study group genotypes were monitored closely for 4
weeks after birth. All 15 MI’RKO mice died within this time period.

MI?RKO mice have small hearts and reduced cardiomyo-
cyte size. Necropsy of mice sacrificed at day P8 and P20 re-
vealed significant reductions in MI?’RKO heart weight of ap-
proximately 15% and 25%, respectively, compared to DLox
control mice (Table 1). When heart weight was expressed rel-
ative to body weight (as a ratio of heart weight to body weight
[HW/BW]), MI?’RKO animals also had a significantly reduced
HW/BW ratio at 8 days of age. However, by 20 days of age,
MI?RKO mice had reduced body weight compared to all other
genotypes, such that the HW/BW ratio was not statistically
different from that of DLox control mice. Consistent with pre-
vious reports (4, 22), MIRKO mice also had smaller hearts
than the control mice did, both in terms of absolute weight and
HW/BW ratio, but they were significantly larger than those of
MI?RKO mice. In contrast, the hearts from MIGF1RKO mice
were slightly heavier than the hearts from control mice.

To determine whether the reduced heart weight was due to
reduction in cell size or cell number, we estimated cell size in
DLox and MI*?RKO mice at day 8 and in all genotypes at day
20 by staining heart muscle sections with wheat germ aggluti-
nin to allow accurate measurement of cell circumference.
There was no significant difference in the circumference of
cardiomyocytes from MIRKO, MIGFR1KO, and DLox hearts
at day 20, but cardiomyocytes from the hearts of MI’RKO
animals were significantly reduced in size. This is similar to the
finding in cardiac muscle-specific insulin receptor knockout
mice at 12 weeks of age (4). The fact that our MIRKO mice did
not show any reduction in cardiomyocyte size may be explained
by the much younger age of the MIRKO mice in the current
study. Indeed, differences in cardiomyocyte size between wild-
type and MI?RKO hearts were not apparent at postnatal day 8
(Table 1) consistent with an age-dependent development of
this clinical phenotype. The finding that the cell size phenotype
in young mice is exaggerated in MI*’RKO mice compared to
MIRKO mice is consistent with a role for both IR and IGF-1R
in cardiomyocyte growth.

Prior studies have implicated the IR/IGF-1R-PI3K pathway
and the downstream target Akt in the regulation of cardiac
growth (see Discussion). In DLox, MIRKO, and MIGF1RKO
mice, intravenous injection of both insulin and IGF-1 caused
activation of Akt as measured by Akt phosphorylation (Fig.
5a). The activation of Akt by insulin in MIRKO mice and by
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FIG. 3. MI’RKO mice have normal glucose homeostasis. (a) Blood glucose and (b) plasma insulin levels were measured in 2-week-old (2 wks),
random-fed male mice (four to nine mice per group). The value that was significantly different (P < 0.05) from the value for DLox mice is indicated by
an asterisk. (c) Glucose tolerance tests were performed on 2.5-week-old DLox and MI?RKO male mice (three to five mice per group). (d) Insulin
tolerance tests were performed on 2.5-week-old DLox and MI?’RKO male mice (three mice per group). (€) Phospho-Akt (pAkt) (phospho-Serd73) and
total Akt immunoblot analysis of whole-skeletal-muscle protein extracts from mice stimulated with saline (—), insulin (Ins), or IGF-1 (IGF1).

IGF-1 in MIGF1RKO mice reflects the cross-reaction of insu-
lin and IGF-1 with the IGF-1R and IR, respectively. In the
MI’RKO heart, insulin and IGF-1 caused little or no activation
of Akt, consistent with the lack of signaling by these receptors

and inadequate Akt activation as a contributing factor to the
small heart phenotype in these mice.

MI’RKO mice develop heart failure. Echocardiographic
analysis of in vivo heart function in 17-day-old animals showed
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a significant increase in the left ventricle diameter in MI’RKO
mice in both the diastolic (6.7% increase versus DLox) and
systolic states (57.1%). This resulted in a 33% reduction in left
ventricular fractional shortening (Table 2 and Fig. 5b). Despite
this defect in in vivo heart function, there was no compensatory
increase in the heart rate. The echocardiographic data also
revealed a thinning of the interventricular septum and the
posterior wall of the left ventricle in MI’RKO mice, consistent
with MI’RKO mice developing dilated cardiomyopathy. This
conclusion was supported by histological analysis showing a
marked thinning of the ventricular walls and enlarged ventri-
cles in MI’RKO hearts (Fig. 5b and c). By contrast, knockout
of either receptor alone in MIRKO and MIGF1RKO mice had
no effect on echocardiographic parameters at P17.

To investigate whether mice with partial deficiency in IR/
IGF-1R signaling would develop reduced cardiac function with
age, 6-month-old DLox, MIRKO, MIGF1RKO, MIRKO/+,
and MIGF1RKO/+ male mice were subjected to echocardio-
graphic analysis. Consistent with data from CIRKO mice (4),
MIRKO mice showed a 16% reduction in left ventricular frac-
tional shortening versus DLox mice, although this did not
reach statistical significance (data not shown). Additional
knockout of one allele of the Igflr in MIRKO/+ mice resulted
in an even greater reduction (23% [P < 0.05]) in left ventric-
ular fractional shortening, indicating a more severe heart de-
fect and providing a possible explanation for the small number
of premature deaths observed among MIRKO/+ mice. By
contrast, MIGFIRKO and MIGF1RKO/+ mice had normal
echocardiographic parameters. Thus, complete knockout of IR
and IGF-1R signaling in muscle results in dilated cardiomyop-
athy and death from heart failure. One Ir allele was sufficient
for normal cardiac function even in the absence of IGF-1R.
Mice lacking IR in cardiac muscle had reduced cardiac func-
tion, but one IgfIr allele was sufficient to prevent heart failure
in most animals.

MI?RKO hearts have ultrastructural abnormalities. Histo-
logical analysis of MI?RKO hearts at postnatal day 20 revealed
normal gross tissue architecture without increased interstitial
fibrosis on hematoxylin and eosin and trichrome staining (data
not shown). Electron microscopy, however, revealed irregular
and disrupted sarcomeric Z and M lines, as well as increased
mitochondria with central crowding in MI’RKO hearts relative
to wild-type control hearts (Fig. 6). The mitochondria in
MI*RKO hearts also appeared less electron dense than those
from wild-type control hearts.

Altered gene expression in MI’RKO hearts. To further in-
vestigate the cause of the abnormalities in cardiac function in
MI’RKO hearts, we performed microarray gene expression
analysis. RNA was isolated from the hearts of three to six
animals of each genotype at both postnatal days 8 and 20 and
was used for microarray analysis. Of 22,602 probe sets repre-
sented on the array (Affymetrix MG403A 2.0 chips), 529 were
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differentially expressed (nominal P < 0.01) between DLox and
MI?RKO hearts as early as postnatal day 8. Similar numbers of
genes were changed in the hearts of MIRKO and MIGF1RKO
mice at day 8, with approximately equal numbers of genes
up-regulated and down-regulated (Fig. 7). By day 20, far more
genes were significantly changed in the MI?RKO hearts than in
the hearts of the two single knockout strains, likely in response
to the developing heart failure. All of the primary data are
available on the Diabetes Genome Anatomy Project (DGAP)
website (www.diabetesgenome.org), and thus, we focus here on
those alterations that are most likely contributory to the car-
diac failure.

In agreement with the observed ultrastructural abnormali-
ties in the contractile apparatus of MI’RKO hearts, by day 20,
expression of 10 genes encoding sarcomeric proteins were
changed by more than 1.5-fold (Table 3). Interestingly, all were
up-regulated from 1.6- to 54.3-fold in MI?RKO hearts com-
pared to DLox hearts. Of these genes, seven are structural
components of the Z disk (41), suggesting that changes in the
stoichiometry of these proteins might contribute to the disor-
ganization of Z lines seen by EM. One of these proteins,
cardiac ankyrin repeat protein (CARP) (up-regulated eight-
fold), is found both in the nucleus and at the Z disk and has a
role in regulation of other structural genes of the sarcomere (3,
20, 57). By contrast, the expression of these genes was not
substantially altered in MIGF1RKO hearts at day 20, consis-
tent with the normal cardiac function in this strain. Tmp2,
CARP, alpha-actin 1 (Actal), and myomesin 2 were also up-
regulated by at least twofold in MIRKO hearts compared to
DLox hearts at day 20. These changes are consistent with the
nonsignificant reduction in cardiac function (left ventricular
fractional shortening) in MIRKO hearts at day 20 and 6
months (Table 2).

The most up-regulated gene was the fetal form (beta) of
myosin heavy chain, with expression 54-fold greater in
MI’RKO mice than in DLox mice at day 20. 3-MHC was also
up-regulated by 4.3-fold at day 8 and was the only gene of the
contractile apparatus with greatly altered expression at the
early time point. Quantitative RT-PCR confirmed an up-reg-
ulation of B-MHC (5.7-fold [P < 0.01]) at day 8 (Table 3, lower
values indicated by the bracket). The expression of the adult
form of myosin heavy chain, a-MHC, was not significantly
altered at day 8 or 20 compared to DLox. A shift from the
adult (alpha, fast) to fetal (beta, slow) isoform of MHC has
been observed in failing hearts, and it has been suggested that
this isotype switch might cause further deterioration in cardiac
function (35). Near complete experimental replacement of
o-MHC with B-MHC in transgenic mice results in a modest
defect in LV shortening, but no signs of LV failure even with
chronic exercise (23, 50). Therefore, the approximately fivefold
increase in B-MHC seen in day 8 MI?’RKO mice cannot ex-
plain subsequent development of heart failure and likely rep-

FIG. 4. Mice with combinatorial knockouts have normal glucose homeostasis. (a) Blood glucose levels in random-fed and fasted 6-month-old
male DLox, MIRKO, MIGF1RKO, MIRKO/+, and MIGF1RKO/+ mice (7 to 10 mice per group). (b and c¢) Plasma insulin levels were measured
in 6-month-old random-fed mice (b) or mice fasted overnight (c) (six to nine mice per group). (d) Glucose tolerance tests were performed on 4-
and 6-month-old DLox, MIRKO, MIGF1RKO, MIRKO/+, and MIGF1RKO/+ male mice (five to seven mice per group). (¢) Insulin tolerance
tests were performed on mice of the same genotypes and at the same ages as in panel d (seven to nine mice per group).
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TABLE 2. Echocardiographic analysis of in vivo heart function in 17-day-old male mice®
Mice (1) IVSD (mm)  IVS-S (mm) LV-D(mm)  LV-S(mm) PW-D(mm) PW-S(mm)  LVFS (%) HR (no. of
" ¢ contractions min~')
DLox (8) 040 =0.00 0.75*x0.04 3.09*0.06 126*+0.08 040=*=0.00 076 £0.04 59.1x23 728 £ 11
MIRKO (3) 037003 0.70£0.06 3.07*0.09 140*=0.15 040=*=0.00 073003 54832 700 *= 20
MIGFIRKO (2) 040*+0.00 0.75%=0.05 320=*x0.10 1.10x020 040*0.00 0.75*=0.05 66.0*=5.6 705 £ 15
MI?RKO (6) 028 =0.02° 0.48 =0.02° 3.30=0.07" 1.98=0.07" 0.30=0.03* 0.50=0.03* 394 =2.1° 645 + 152

“ Values are means * standard errors of the means. IVS-D, diastolic interventricular septum wall thickness; IVS-S, systolic interventricular septum wall thickness;
LV-D, diastolic left ventricle diameter; LV-S, systolic left ventricle diameter; PW-D, diastolic left ventricle posterior wall thickness; PW-S, systolic left ventricle posterior

wall thickness; LVFS, left ventricular fractional shortening; HR, heart rate.
* Significantly different from value obtained with DLox mice (P < 0.05).

resents a response to early myocardial dysfunction that is not
clinically apparent.

Expression of electron transport and mitochondrial fatty
acid beta-oxidation genes is reduced in MI’RKO hearts. In
order to identify changes in gene expression that might cause
the heart failure phenotype, rather than be secondary to car-
diac failure, we chose to focus further on gene expression
changes at day 8, when all strains appeared healthy and were
growing normally. At this point, a total of 2,501 genes were
altered in expression in MI?’RKO hearts versus DLox hearts at
the P < 0.05 level, but of these, only 53 genes were changed by
more than 2.5-fold with a nominal P value of <0.01; the max-
imal change was 9-fold (data not shown). Using MAPP-
FINDER and GenMAPP (12) to integrate gene expression
data with known pathways for all probe sets with nominal P
values of <0.05, the top ranked map annotator and pathway
profiler (MAPP) terms for the comparison between MI?RKO
and DLox hearts were electron transport chain and mitochon-
drial fatty acid beta-oxidation genes with Z scores of 4.3 and
3.1, respectively. Of 27 genes included in the ETC MAPP
(complexes I through IV, F,F, ATPase, and cytochrome c)
meeting the P < 0.05 significance level, 27 of 27 were down-
regulated, although as has been observed in other situations
with insulin resistance, the magnitude of decrease was modest
(mean of 19%) (Table 4). Similarly, of MFABO genes with
P < 0.05, all eight genes were down-regulated by a mean of
22% (Table 5).

The top ranked MAPP terms for the comparison between
MIRKO and DLox hearts were also ETC genes (Z = 6.6), and
of the 30 ETC genes with P < 0.05 for the MIRKO versus
DLox comparison, 26 were down-regulated by a mean of 19%
(Table 3). By contrast, in the MIRKO mouse heart, none of
the genes involved in MFABO were significantly decreased
(Table 5).

MFABO was one of the two top ranked MAPP terms for the
MIGF1RKO versus DLox heart comparison (Z = 2.22) with
ribosomal proteins being the other (Z = 3.18). However, of
the five genes on the MFABO MAPP that met the P < 0.05
criterion for this comparison, two were down-regulated,
while the others were up-regulated (Table 5), in contrast to
the consistent pattern of down-regulation seen in MI?’RKO

hearts. The ETC MAPP achieved a Z score of only 1.66 for
the MIGF1RKO versus DLox heart comparison, with 13 of
17 genes with P < 0.05 down-regulated (Table 4). Inspection
of the ribosomal protein MAPP revealed 16 genes up-reg-
ulated by a mean of 22% and 2 genes down-regulated by a
mean of 16%.

These data demonstrate that there is coordinate down-reg-
ulation of ETC genes in MIRKO and MI’RKO hearts (Z
scores of 4.3 and 6.6, respectively) but that ETC genes were not
greatly overrepresented among genes with altered expression
in MIGF1RKO hearts (Z score of 1.66). This suggests that the
coordinate decrease in ETC genes in MI?RKO and MIRKO
hearts is due to their common defect, deletion of the insulin
receptor. A similar coordinated down-regulation is found in
the MFABO pathway of MI?RKO hearts, and this is unique to
the double mutant hearts.

We chose four genes of the ETC pathway and four genes of
the MFABO pathway for measurement of gene expression by
quantitative RT-PCR experiments (Tables 4 and 5, lower val-
ues indicated by each set of brackets). Significantly reduced
expression in MI?RKO versus DLox hearts was confirmed for
cytochrome ¢ (21% decrease) and Ndufa3 (complex I, 27%
decrease), and reductions in Cox4il (complex IV, 18% de-
crease) and AtpSb (complex V, 15% decrease) just missed
statistical significance (P = 0.08 and P = 0.07, respectively). In
the MFABO pathway, significantly reduced expression in
MI’RKO versus DLox hearts was confirmed for Cpt2 (40%
reduction [P < 0.0005]) and Hadha (23% decrease [P <
0.005]), while a decrease in Slc25a20 expression (20% [P =
0.08]) narrowly missed significance. Quantitative PCR did not
confirm a reduction in Pecr expression in MI?’RKO hearts.

Taken together, the gene expression data suggest a coordi-
nated down-regulation of ETC genes in MI?RKO and MIRKO
hearts and a coordinated down-regulation of MFABO genes in
MI?RKO hearts. These alterations in genes required for en-
ergy generation correspond to alterations in cardiac function:
MIRKO hearts exhibit mild defects in contractility at 6
months, while MI?’RKO hearts fail by 3 weeks of age. This
suggests a model in which lack of insulin signaling down-
regulates genes of the ETC pathway and decreases ATP
production capacity in MIRKO hearts, leading to decreased

FIG. 5. MI’RKO mice develop dilated cardiomyopathy. (a) Phospho-Akt (pAkt) (phospho-Ser473) and total Akt immunoblot analysis of
whole-heart protein extracts from mice stimulated with saline (=), insulin (Ins), or IGF-1 (IGF1). (b) Longitudinal sections of hearts removed from
20-day-old DLox, MIRKO, MIGF1RKO, and MI’RKO mice (left panels). Representative echocardiograms from 17-day-old male mice (right
panels). (c) Transverse sections of hearts in 20-day-old DLox and MI?RKO mice. The right ventricle (RV) and left ventricle (LV) are indicated.
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FIG. 6. Altered morphology of cardiac muscle of MI’RKO hearts at the ultrastructural level. The Z and M lines of MI’RKO hearts are
disrupted, and the number of mitochondria is increased. Arrows indicate Z lines in DLox (Lox) and MI?’RKO (DKO) myofibrils. Electron
microscopic images were obtained from longitudinal sections of cardiac muscle from DLox and MI?RKO mice at postnatal day 20 and processed

as described in Materials and Methods. Scale bars, 1 pm.

myocardial contractile force, but not overt heart failure. We
hypothesize that the additional down-regulation of MFABO
genes required for utilization of the hearts favored fuel,
fatty acids, in MI?’RKO hearts decreases the input of acyl
coenzyme A into the Krebs cycle. This second hit decreases
production of ATP below a sustainable threshold during a
period of rapid cardiac growth, contributing to the develop-
ment of heart failure.

DISCUSSION

Despite the homology between the IR and IGF-1R and their
intracellular signaling pathways, disruption of the Ir and IgfIr
genes in mice at the whole-body level produces very different
phenotypes (1, 21, 28), indicating that IR signaling and
IGF-1R signaling are physiologically distinct. This functional
in vivo differentiation could be due to a number of factors,
including tissue-specific differences in the relative expression
of the two receptors, differences in signaling pathways acti-
vated by each receptor, modulation of IGF-1 activity by spe-

cific binding proteins, and differences in the rate of ligand
dissociation and receptor internalization (5). Since a combined
lack of both receptors at the whole-body level results in peri-
natal lethality (29), we have studied the overlap between these
two pathways in muscle by creating a double tissue-specific
knockout. We find that while disruption of IGF-1R alone in
muscle has no effect on mortality in the mouse and disruption
of IR plus one Igfir allele, MIRKO/+, leads to a modest
increase in mortality at 6 months, the combined lack of both
receptors results in early-onset dilated cardiomyopathy and
death from heart failure within the first month of life. Thus,
some level of IR or IGF-1R signaling is required for heart
development and function, and on the basis of combinatorial
knockout data, the IR seems more critical than the IGF-1R.

Prior studies have implicated IR/IGF-1R signaling in the
regulation of cardiac development, growth, and function. Mice
with a cardiac muscle-specific disruption of IR (CIRKO)
present with a small heart phenotype due to a decrease in
cardiomyocyte size (4). Deletion of both IR and IGF-1R in the
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FIG. 7. Number of probe sets detecting altered gene expression (P <
0.01). Heart failure is accompanied by a large shift in gene expression
patterns. This graph indicates the number of probe sets up- and down-
regulated in the hearts of MIRKO, MIGF1RKO, and MI?’RKO mice at
postnatal days 8 and 20. The Affymetrix chip contained 22,602 probe sets.
Between three and six hearts were analyzed, each with an individual RNA
preparation and chip hybridization, for each genotype and time point.

heart causes a more severe cell growth defect such that
MI’RKO hearts are even smaller than those of the MIRKO
mouse and already have reduced cell size by day 20, whereas
the cell size is not changed in MIRKO heart at day 20. Con-
versely, overexpression of IGF-1R specifically in the mouse
heart produces cardiac hypertrophy and an increase in cardio-
myocyte size (32). This effect on cardiomyocyte growth seems
to be mediated via the PI3K pathway. Thus, cardiac hypertro-
phy is also observed in mice in which this pathway is stimulated
by cardiac muscle-specific expression of constitutively active
forms of PI3K (47) and in animals in which the phosphatase
PTEN (phosphatase and tensin homologue deleted on chro-
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mosome 10) has been knocked out (11). PTEN inhibits PI3K
signaling by dephosphorylating phosphatidylinositol (3,4,5)-
trisphosphate [PtdIns(3,4,5)P,], the product of PI3K activity.
Conversely, cardiac hypotrophy is observed in mice in which
this pathway is down-regulated by cardiac muscle-specific ex-
pression of a dominant-negative form of PI3K (47) or by mus-
cle-specific deletion of 3'-phosphoinositide-dependent protein
kinase 1 (mPDK-1"/"). Interestingly, the mPDK-1"/" mouse
presents with a phenotype very similar to the one described
here for MI’RKO mice, including enlarged ventricles, a thin-
ning of the heart walls, reduced in vivo cardiac function by
echocardiography, and early death, although mPDK-1""" mice
live longer than MI?RKO mice (5 to 11 weeks versus 3 to 4
weeks) (34). These observations suggest that an early event in
causing the death of the MI?’RKO mouse is a failure to activate
the PI3K pathway and the downstream effector PDK-1, al-
though the more severe phonotype of MI’RKO mice may be
due to actions of the insulin and/or IGF-1 receptor not med-
icated through PDK-1. PDK-1 is an important regulator of
several downstream kinases, including protein kinase C,
p70S6K, and protein kinase B/Akt. Cardiac muscle-specific
expression of Akt results in cardiomyocyte hypertrophy (9, 48)
and rescues the small heart phenotype of CIRKO mice (49),
indicating that Akt plays a role in regulating heart growth.
Consistent with this hypothesis, Akt activation in response to
insulin or IGF-1 was markedly reduced in MI?RKO hearts.
In addition to effects on cardiac muscle growth, IGF-1 has
been shown to have a role in response to increased myocardial
loading. Rats subjected to swimming exercise increase expres-
sion of IGF-1 in heart tissue (45), and IGF-1 has a rapid,
calcium-dependent, positive inotropic effect on human heart
muscle isolated from failing hearts that is PI3 kinase pathway
dependent (52). These findings suggest that increased IGF-1
signaling is part of the normal response to increased loading
and that increased IGF-1 signaling can improve compromised
cardiac function. Thus, intact IGF-1 signaling may be impor-

TABLE 3. Genes of the contractile apparatus are up-regulated in MI?’RKO hearts at postnatal day 20

Mean ratio of expression® at:

Contractile apparatus

p P8 P20

protein

MI’RKO MIRKO MIGFIRKO MI’RKO MIRKO MIGFIRKO
B-MHC 432 +0.52 54.31 =5.20

5.74 +0.924 1.88 + 0.53 0.99 = 0.24

Tnnil 22.55*+5.52
Tpm2 1.44 = 0.10 0.91 = 0.04 1.50 = 0.11 8.63 £ 1.16 2.26 = 0.24 1.24 = 0.15
CARP 0.96 = 0.06 7.96 = 0.31 212 = 0.19 1.31 £ 0.12
Actal 3.92 +0.71 2.65 = 0.28
FInc 2.81 £ 0.41
Myom?2 0.68 = 0.04 2.82 =024 2.16 = 0.23
Actnd 1.75 = 0.09
Smpx 1.55 +0.18
Des 0.77 = 0.07 0.78 = 0.05 1.57 = 0.17

“ Genes encoding proteins associated with the contractile apparatus were selected if the mean change in expression (n-fold change) by microarray for any pairwise
comparison of MI’RKO, MIRKO, or MIGF1RKO mice versus the mean change in expression for DLox mice for all probe sets at either time point was >1.5.

? Genes encoding proteins directly associated with the Z disk are shown in bold type. B-MHC, myosin heavy chain, beta isoform; Tnnil, troponin, slow skeletal, 1;
Tpm2, tropomyosin 2; CARP, cardiac ankyrin repeat protein; Actal, alpha-actin 1; Flnc, filamin C; Myom2, myomesin 2; Actn4, alpha-actinin 4; Smpx, small muscle
protein, X-linked; Des, desmin.

¢ The mean ratio of expression of the indicated mice versus that of DLox mice for all probe sets specific to the genes encoding the listed proteins is reported. Values
are means * standard errors of the means. Cells are blank when no probe sets met the significance criterion. The lower values for 3-MHC at P8 indicated by the bracket
represent quantitative real-time PCR data, for which mean ratios versus that of DLox mice are reported regardless of significance.

4 Significantly different from value obtained with DLox mice (P < 0.01).
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TABLE 4. Genes of the electron transport chain are down-regulated in MI’RKO and MIRKO hearts

Mean ratio of expression”

Electron transport chain protein®

MI’RKO MIRKO MIGFIRKO
Cytochrome ¢
Cycs 0.84 = 0.04
0.79 = 0.07¢ 1.04 = 0.04 1.07 = 0.04
Cyct 0.55 = 0.13
Complex I (NADH dehydrogenase [ubiquinone])
Ndufa3 0.72 = 0.04 0.72 = 0.04
0.73 = 0.03¢ 0.93 = 0.07 0.99 = 0.06
Ndufa6 0.84 = 0.04
Ndufa7 0.83 = 0.02 0.86 = 0.03
Ndufb4 0.84 = 0.04 0.90 = 0.06
Ndufb9 0.80 = 0.03 0.76 = 0.03 0.80 = 0.04
Ndufb2 0.82 = 0.03
Ndufa4 0.73 = 0.06
Ndufal 0.73 = 0.06 0.75 = 0.04 0.68 = 0.03
Ndufv2 0.79 = 0.03 0.87 = 0.03
Ndufa9 0.79 = 0.03 0.81 = 0.03 0.77 = 0.05
Complex II (succinate dehydrogenase)
Sdhc 113 £ 0.12 1.08 = 0.16
Sdhd 1.25 = 0.15
Complex IIT (ubiquinol-cytochrome c¢) reductase
Uqerel 0.98 = 0.06 1.00 = 0.11
Ugqcre2 0.93 = 0.07 1.00 = 0.11
Ugqcrb 0.87 = 0.08
1500040F11Riken 0.71 = 0.07 0.71 = 0.05 0.69 = 0.08
Complex IV (cytochrome ¢ oxidase)
Cox4il 0.77 = 0.05 0.73 = 0.04
0.82 = 0.08° 0.94 = 0.07 0.88 = 0.09
Cox5a 1.02 = 0.10
Cox5b 0.75 = 0.04 0.77 = 0.05 0.75 = 0.04
Cox6a2 0.77 = 0.04 0.60 = 0.05
Cox7a2 0.86 = 0.12 0.86 = 0.04
Cox8b 0.75 = 0.06 0.73 = 0.06
Cox8a 0.71 = 0.07 0.85 = 0.17
Complex V (ATP synthase)
Atpsal 0.94 = 0.08
Atp5b 0.83 = 0.03 0.82 = 0.05
0.85 = 0.05 0.87 = 0.05¢ 0.97 = 0.08
Atp5cl 0.95 = 0.07
Atpsd 0.83 = 0.03 0.84 = 0.06 0.90 = 0.08
AtpSe 0.82 = 0.04
Atp5j 0.83 = 0.04
Atp5o0 0.96 = 0.06 1.16 = 0.15
Atp5gl 0.85 = 0.04 0.82 = 0.06
Atp5g2 0.99 = 0.10
Atp5g3 0.79 = 0.04 0.77 = 0.05 0.78 = 0.05
Atp5Sh 0.80 = 0.03 0.84 = 0.02 0.80 = 0.02
AtpSk 0.67 = 0.06
Atp5j2 0.85 = 0.03 0.85 = 0.03
AtpSl 0.80 = 0.04
AtpSs 0.82 = 0.06 0.84 = 0.04
Atpi (inhibitor) 1.37 £ 0.15
No. of genes significantly decreased (microarray data)/total no. of genes 27/27 26/30 13/17

“ All genes encoding electron transport chain proteins for which at least one probe set had a P value of <0.05 for one of the pairwise comparisons of MI’RKO,
MIRKO, or MIGF1RKO heart versus DLox heart are listed.

® For each individual pairwise comparison, the mean ratio of expression of the indicated mice versus that of DLox mice for all probe sets specific to genes encoding
the listed proteins is reported. Cells are blank when no probe set met the significance criterion. The lower set of values indicated by each set of brackets is quantitative
real-time PCR data, for which mean ratios versus that of DLox are reported regardless of significance.

¢ Significantly different from value obtained with DLox mice (P < 0.05).

4 Significantly different from value obtained with DLox mice (P < 0.0005).

¢ Significantly different from value obtained with DLox mice (P = 0.08).

/ Significantly different from value obtained with DLox mice (P = 0.07).
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TABLE 5. Genes of mitochondrial fatty acid beta-oxidation are down-regulated in MI*RKO hearts

Mean ratio of expression”

Fatty acid beta-oxidation protein® Enzyme

MI’RKO MIRKO MIGF1RKO
Facl2 Fatty acid-CoA ligase,® long chain, 2 0.90 = 0.03 1.09 = 0.05 1.05 = 0.05
Cptla Carnitine palmitoyltransferase 1a 1.25 £ 0.14
Slc25a20 Carnitine/acylcarnitine translocase 0.85 = 0.08
0.80 = 0.07 1.06 = 0.11 1.12 *0.10
Cpt2 Carnitine palmitoyltransferase 2 0.80 = 0.12 1.31 £ 0.12
0.60 = 0.05¢ 0.84 = 0.05¢ 1.03 = 0.08
Acadm Acyl-CoA dehydrogenase, medium chain 0.77 = 0.04
Acads Acyl-CoA dehydrogenase, short chain 0.65 = 0.04 0.73 = 0.05
Pecr Peroxisomal trans-2-enoyl-CoA reductase 0.65 = 0.04
0.99 = 0.10 0.92 = 0.09 1.05 = 0.13
Hadha Trifunctional enzyme alpha subunit 0.80 = 0.04
0.77 = 0.05¢ 0.96 = 0.05 0.97 = 0.05
Scp2 Sterol carrier protein 2 0.81 = 0.06 0.85 = 0.03
No. of genes significantly decreased 8/8 0/1 2/5

(microarray data)/total no. of genes

“ The genes encoding all proteins for which at least one probe set on the microarray had a P value of <0.05 for one of the pairwise comparisons of MI’RKO, MIRKO,
or MIGFIRKO heart versus DLox heart are listed.

® For each individual pairwise comparison, the mean ratio of expression of the indicated mice versus DLox mice for all probe sets specific to the genes encoding the
listed proteins is reported. Cells are blank when no probe set met the significance criterion. The lower set of values in brackets are quantitative real-time PCR data,

for which mean ratios versus DLox are reported regardless of significance.
¢ Significantly different from value obtained with DLox mice (P < 0.05).
4 Significantly different from value obtained with DLox mice (P < 0.005).
¢ Significantly different from value obtained with DLox mice (P < 0.0005).
/ Significantly different from value obtained with DLox mice (P = 0.08).
& CoA, coenzyme A.

tant in limiting the degree of cardiac dysfunction in CIRKO
and MIRKO hearts that lack only the IR.

Mechanistically, the double insulin—-IGF-1 signaling defect
appears to produce both structural and functional abnormali-
ties in the heart. The cells of MI?RKO hearts have severe
abnormalities in the organization of the sarcomere, including
disorganization of the Z and M lines. This is accompanied by
changes in the expression level of several genes encoding struc-
tural components of the sarcomere, including up-regulation of
the fetal form of myosin heavy chain, as well as multiple struc-
tural components of the Z disk. It is possible that this results in
altered stoichiometry of sarcomeric Z-disk components and
the ultrastructural disorganization observed.

Increased expression of B-MHC and CARP has been asso-
ciated with pressure overload heart failure (2, 35, 56), and
high-level overexpression of 3-MHC reduces cardiac contrac-
tility (7, 23). However, only B-MHC was overexpressed in
MI?RKO hearts prior to the onset of overt heart failure, and
the level of overexpression at day 8 is not as high as that which
is associated with heart failure based on overexpression studies
of otherwise normal hearts (23, 50). Therefore, it is possible
that alterations in sarcomeric gene expression are a response
to cardiac dysfunction, rather than its cause.

Gene array analysis also revealed coordinated down-regula-
tion of electron transport chain gene expression in MI?’RKO
hearts as early as day 8. A similar, but somewhat less severe,
change is also observed in MIRKO, but not MIGF1RKO,
hearts. This is consistent with the fact that in contrast to
MIGF1RKO mice, MIRKO mice do develop nonsignificant,
but consistent, defects in left ventricular shortening at 20 days
and 6 months, suggesting that the down-regulation of ETC
genes may have consequences for cardiac function. This is also

consistent with the phenotype of the cardiac muscle-specific
deletion of the insulin receptor (CIRKO), which also had
mildly increased LV systolic dimension, decreased posterior
wall thickness, and decreased fractional shortening as the
mouse ages (4).

Deletion of both the IR and IGF-1R was required for a
coordinated down-regulation of mitochondrial fatty acid 8-ox-
idation genes, and this was observed as early as day 8. Fatty
acids are the primary fuel of the adult heart, and thus, a defect
in MFABO might be poorly tolerated, especially in the context
of a defect in the electron transport chain. Although the mag-
nitude of the gene expression changes detected by microarray
and quantitative RT-PCR analysis was modest (maximum 40%
reduction [Tables 4 and 5]), many genes in both pathways were
decreased. This is similar to the modest, but coordinated,
changes in gene expression observed in skeletal muscle in in-
sulin-deficient diabetic mice and type 2 diabetic humans (33,
37). According to metabolic control theory, modest changes in
multiple sites of control may lead to large changes in flux
through pathways required for ATP production (7). This sug-
gests that the changes identified here could have a significant
effect in a tissue that is highly dependent on a steady supply of
ATP, such as the heart. Ultrastructural analysis of MI’RKO
hearts revealed increased numbers of mitochondria that ap-
pear less electron dense than in control animals. This is con-
sistent with a proliferative response to lack of available ATP,
which would be the expected consequence of a combined de-
fect in the electron transport chain and mitochondrial fatty
acid B-oxidation. Together these combined defects are likely to
be important contributors to the cardiomyopathy phenotype of
MI’RKO mice.

Diabetic patients and lean, insulin-resistant offspring of di-
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abetic parents have decreased rates of insulin-stimulated ATP
synthesis and increased intramyocellular lipid concentrations
(30, 38, 39). Consistent with this finding, electron transport and
mitochondrial fatty acid beta-oxidation genes are down-regu-
lated in the skeletal muscles of patients with diabetes mellitus
(DM) or those with a family history of DM (33, 37). The levels
of PGCla and NREF, transcription factors involved in the ac-
tivation of electron transport and mitochondrial fatty acid be-
ta-oxidation genes were found to be down-regulated in DM
patients (33, 37). We examined expression of genes that reg-
ulate transcription of nucleus-encoded mitochondrial genes
and genes in the MFABO pathway, including NRF-1, PGCla,
PGCI1B (PERC), TFAM, MEF isotypes, YY1, CREM, CREBI,
CREB3, PPARq, ERRq, and SIN3. There was equivocal evi-
dence for a modest increase in MEF2c in MI’RKO hearts (two
of five probe sets showed 30% and 50% increases, while the
other three probe sets showed no change). None of the other
genes were differentially regulated in MI’RKO hearts. There-
fore, we did not find evidence that changes in the levels of
these transcription factor that could serve as a proximate cause
of the observed changes in expression of ETC and MFABO
genes. In previous studies from our laboratory of adipose tissue
taken from the fat-specific IR knockout in which we compared
a proteomic analysis to gene expression analysis, we found
additional changes at the protein level without a corresponding
change in RNA levels (6). Thus, future studies using a pro-
teomic approach may uncover additional factors leading to
altered mitochondrial electron transport and fatty acid beta-
oxidation.

Skeletal muscle is a major site of glucose disposal, account-
ing for up to 80% of glucose uptake in humans after a glucose
load (13, 31). Insulin stimulates glucose uptake in most tissues,
and peripheral insulin resistance is an early stage in humans
predisposed to type 2 diabetes (27, 31). Mice lacking the insu-
lin-sensitive glucose transporter GLUT4 specifically in muscle
develop insulin resistance and glucose intolerance, showing
that muscle glucose uptake is indeed important for glucose
homeostasis in the mouse (55). Surprisingly, MIRKO mice
have normal whole-body glucose homeostasis (8). This can in
part can be explained by a shunting of glucose from the muscle
to adipose tissue (22) and also suggests that other, IR-inde-
pendent signals can regulate glucose uptake in muscle.

IGF-1, presumably acting through IGF-1R, has been dem-
onstrated to have a hypoglycemic effect in mice lacking IR
(14). Furthermore, IGF-1R activity and insulin- and IGF-1-
stimulated glucose uptake were found to be increased in myo-
tubes lacking IR (46). Although IGF-1R protein level is un-
changed in MIRKO muscle (8), it is possible that normal
IGF-1R signaling could compensate for the absence of IR in
stimulating glucose uptake. However, we show here that
MI?RKO mice maintain normal glucose homeostasis, despite a
combined deficiency of IR and IGF-1R in muscle. This obser-
vation contrasts with the results of a study of a transgenic
mouse model expressing a dominant-negative form of IGF-1R
in muscle, leading to functional interference of both the IR and
the IGF-1R due to the formation of hybrid receptors (17).
These mice develop insulin resistance associated with elevated
serum insulin as early as 2 weeks of age and become hypergly-
cemic at 5 weeks of age. The reason for the phenotypic dis-
crepancy between MI?’RKO mice and the IGF-1R dominant-
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negative transgenic mice is not clear. One possibility is that the
discrepancy was due to differences in the genetic background
of the two mouse models. The IGF-1R dominant-negative trans-
genic mice have a FVB background, whereas the MI’RKO mice
are on a mixed (C57BL/6J, 129 Sv, and FVB) background. An-
other possibility is that when highly overexpressed, the dominant-
negative IGF-1R interferes with signaling through other tyrosine
kinases to alter muscle glucose metabolism. Finally, it is possible
that there is some minimal residual IR/IGF-1R signaling in
MI*RKO mice, which is sufficient to prevent the development of
systemic insulin resistance and type 2 diabetes.

In conclusion, we have shown that combined deficiency in IR
and IGF-1R in cardiac and skeletal muscle leads to early death
from heart failure in the mouse and that cardiac muscle-spe-
cific deletion of IR signaling is most important in this process.
At these young ages, combined deletion of IR and IGF-1R
produces no abnormalities in glucose homeostasis but do pro-
duce a coordinated down-regulation of electron transport and
mitochondrial fatty acid beta-oxidation. Therefore, a defect in
ATP production may be an important contributor to the car-
diomyopathy observed in MI?RKO mice. There is also a myo-
cardial growth defect leading to reduced heart mass relative to
body size. These factors, possibly combined with reduced ino-
tropic effect due to absent IGF-1 signaling, may account for the
development of overt heart failure. Defining the precise roles
of each of these mechanisms will require further study.
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