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The leading cause of death in diabetic patients is cardiovascular disease; diabetic cardiomyopathy is typified by 
alterations in cardiac morphology and function, independent of hypertension or coronary disease. However, 
the molecular mechanism that links diabetes to cardiomyopathy is incompletely understood. Insulin resis-
tance is a hallmark feature of diabetes, and the FoxO family of transcription factors, which regulate cell size, 
viability, and metabolism, are established targets of insulin and growth factor signaling. Here, we set out to 
evaluate a possible role of FoxO proteins in diabetic cardiomyopathy. We found that FoxO proteins were per-
sistently activated in cardiac tissue in mice with diabetes induced either genetically or by high-fat diet (HFD). 
FoxO activity was critically linked with development of cardiomyopathy: cardiomyocyte-specific deletion of 
FoxO1 rescued HFD-induced declines in cardiac function and preserved cardiomyocyte insulin responsive-
ness. FoxO1-depleted cells displayed a shift in their metabolic substrate usage, from free fatty acids to glucose, 
associated with decreased accumulation of lipids in the heart. Furthermore, we found that FoxO1-dependent 
downregulation of IRS1 resulted in blunted Akt signaling and insulin resistance. Together, these data suggest 
that activation of FoxO1 is an important mediator of diabetic cardiomyopathy and is a promising therapeutic 
target for the disease.

Introduction
Diabetes mellitus affects more than 180 million people around 
the world, and the number of patients is anticipated to increase 
to 300 million by 2025. Within this burgeoning healthcare prob-
lem of worldwide proportions, type 2 diabetes (T2D) accounts for 
90%–95% of all diagnosed diabetes in adults (1). Cardiovascular 
disease, including heart failure, is the leading cause of morbidity 
and mortality in these individuals. Although the underlying causes 
of diabetes-associated heart disease are multifactorial, the impor-
tance of ventricular dysfunction independent of coronary artery 
disease or hypertension, a condition termed diabetic cardiomyopathy, 
has been emphasized (2, 3).

The FoxO (forkhead box proteins, O) family of transcription 
factors plays a key role in a number of cellular processes, includ-
ing cell growth, metabolism, and survival (4–6). FoxO proteins are 
established downstream targets of insulin signaling; at the same 
time, they mediate feedback control to govern critical aspects of 
the signaling cascade (5, 7). For example, insulin and IGF-1 inacti-
vate FoxO through the PI3K/Akt pathway. FoxO factors, in turn, 
trigger upstream signaling elements that control both insulin sen-
sitivity and glucose metabolism (7, 8). To our knowledge, whether 
a FoxO-dependent signaling axis plays a role in diabetic cardiomy-
opathy has not previously been determined.

T2D is typified by hyperglycemia, hyperinsulinemia, and obesity, 
and insulin resistance is a cardinal feature (2). In cultured neonatal 
cardiomyocytes, sustained activation of FoxO1 or FoxO3 leads to 
diminished insulin signaling and impaired glucose metabolism 
(7). Here, we tested the hypotheses that persistent activation of 

FoxO contributes to myocardial insulin resistance and diabetic 
cardiomyopathy and that cardiomyocyte-specific FoxO silencing 
will sustain cardiac function in the setting of metabolic stress.

Results
FoxOs are persistently active in HFD and db/db hearts. We examined 
the activation status of FoxO transcription factors in 2 established 
experimental models of T2D: one induced by high-fat diet (HFD), 
the other characterized by mutation in the leptin receptor gene 
(db/db). As expected, both models manifested increases in body 
weight, nonfasting serum glucose (db/db line), and serum insulin, 
recapitulating hallmark features of T2D (Supplemental Figure 
1, A–C; supplemental material available online with this article; 
doi:10.1172/JCI60329DS1). In association, we observed marked 
myocardial dysfunction, exemplified by decreased percent frac-
tional shortening (FS) and increased LV end-diastolic diameter 
(LVEDD), LV end-systolic diameter (LVESD) (Supplemental Fig-
ure 2, A–C), and isovolumetric relaxation time, as well as decreased 
isovolumetric contraction time and mitral valve deceleration time 
(Supplemental Table 1). These functional and morphological 
changes were accompanied by hypertrophic growth of the LV, 
with increased cross-sectional area (CSA) of cardiomyocytes and 
increased abundance of known hypertrophic marker transcripts, 
including β-MHC and ANF (Supplemental Figure 3, A and B). Col-
lectively, these results confirmed the development of robust dia-
betic cardiomyopathy in both experimental models.

Activation of cardiac FoxOs was initially tested by monitoring 
the phosphorylation status of FoxO1 and FoxO3 proteins (at 
Thr32 and Thr24, respectively). Immunoblot analysis of whole cell 
extracts from chow- and HFD-fed mouse hearts revealed signifi-
cant decreases in the level of phosphorylated (inactive) FoxO pro-
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teins under HFD conditions (Supplemental Figure 4A), suggestive 
of FoxO activation. Nuclear extracts from these same experimen-
tal groups revealed a significant increase in nuclear localization 
of FoxO1 and FoxO3 under HFD conditions (Figure 1A). To con-
firm activation of FoxO in HFD-fed mouse hearts, we evaluated 
transcript levels of known FoxO-specific target genes (Supple-
mental Figure 5). All 7 genes tested showed a significant increase 
in mRNA levels (Figure 1B), confirming increased FoxO activity. 
Similar observations were made in hearts of db/db mice: decreased 
phosphorylation of FoxO proteins, increased nuclear localization, 
and increased levels of 6 of the 7 FoxO-specific target genes tested 
(Supplemental Figure 4B, Figure 1, C and D, and Supplemental 
Figure 5), providing further evidence of chronic FoxO activation.

HFD-induced heart failure requires FoxO activation. We next tested 
whether FoxO transcription factors contribute to the pathogen-
esis of cardiomyopathy in these models, by using mice lacking 
both FoxO1 and FoxO3 genes exclusively in cardiomyocytes. Mice 
harboring floxed alleles of FoxO1 and FoxO3 were crossed with an 
αMHCMer-Cre-Mer (MCM) mouse line to allow for cardiomyocyte-
specific inactivation of the targeted genes upon tamoxifen injection 
(Supplemental Figure 6, A and B). The resulting double-knockout 
MCMFoxO1fl/flFoxo3fl/fl mice are referred to herein as DKO. Mice 
were monitored after tamoxifen treatment for 5 weeks until cardiac 
function (assessed by serial M-mode echocardiography) returned 
to baseline levels observed prior to beginning the study (Supple-
mental Figure 7A). Tamoxifen/Cre-induced mortality was modest 
(about 10%) and similar across the genotypes (Supplemental Figure 
7B and ref. 9). DKO, WT, and MCM mice were fed standard chow or 
HFD for 25 weeks, with metabolic and cardiac functions assessed at 

5-week intervals. Baseline measurements were identical among the 
chow-fed controls for these groups; hence, results were combined 
and presented as a single control group (Figure 2, A–D). Cardio-
myocyte-specific inactivation of FoxO transcription factors had no 
effect on the systemic effects of a HFD: increases in body weight, 
serum glucose levels, serum insulin levels, and total cholesterol 
and decreases in glucose tolerance were indistinguishable from 
WT or MCM littermates (Figure 2, A–D, and Supplemental Figure 
8, A and B). In striking contrast, cardiomyocyte-specific deletion 
of FoxO1 and FoxO3 was associated with preservation of cardiac 
function despite the presence of systemic insulin resistance (Figure 
2E). This rescue was observed across multiple indices of ventricular 
size and function, including LVEDD and LVESD (Table 1). Rescue 
of diabetic cardiomyopathy by FoxO inactivation was associated 
with marked survival improvement: after 45 weeks on HFD, WT 
and MCM mice manifested greater than 50% mortality (8 of 15 
mice died), whereas DKO mice showed 25% mortality even after 60 
weeks on the HFD (3 of 12 mice died; P < 0.01; Figure 2F).

Next, we tested whether loss of FoxO1 alone (MCMFoxO1fl/fl 
mice; referred to herein as FoxO1 KO), as opposed to FoxO1 and 
FoxO3 together, is sufficient to rescue the cardiomyopathic phe-
notype. Similar to our findings in the DKO line, FoxO1 KO mice 
manifested robust systemic metabolic derangements, similar to 
HFD-fed WT mice (Figure 2, A–D, and Supplemental Figure 8, 
A and B). FoxO1 KO mice showed an identical survival rate (2 of 
10 mice died) and sustained rescue of cardiac size and function 
(Figure 2, E and F, Table 1, and Supplemental Table 1). Together, 
these data implicate FoxO1 activation in the cardiomyopathic 
phenotype of HFD-induced metabolic stress.

Figure 1
FoxOs are persistently active in HFD and db/db hearts. (A and B) For HFD studies, hearts were collected from mice fed HFD starting at 8 weeks 
of age for 10 weeks and compared with age-matched chow diet–fed mice. (C and D) For db/db studies, hearts were collected from 13- to 15-
week-old db/db mice and compared with age-matched controls (Cntr; db/+ and WT combined). (A and C) Immunoblot detection of FoxO3 and 
FoxO1 proteins from the nuclear extract. Quantification of band density normalized to lamin A/C is also shown. (B and D) mRNA expression 
of FoxO downstream target genes using real-time RT-PCR, normalized to 18S RNA. n = 5 per group. *P < 0.05; **P < 0.01 versus respective 
control group.
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Hypertrophy is a pathologic response of cardiomyocytes to 
the stress of the HFD condition (10). Given that the systemic 
effects of HFD were present in the FoxO1 KO mice, we next eval-
uated HFD-induced hypertrophy in cardiomyocyte-restricted 
FoxO1 KO mice. HFD-fed WT mice developed enlarged hearts, 
with a 2-fold increase in cardiomyocyte CSA compared with 
chow-fed controls (494 μm2 vs. 263 μm2, 15 cells per section 
and 3 sections per group; P < 0.05; Figure 3, A, C, and D). Addi-
tionally, these hearts manifested increased βMHC and ANF and 
decreased αMHC expression (Figure 3, A and B), indicative of a 
hypertrophic response. In contrast, regardless of dietary expo-
sure, hearts of FoxO1-inactivated mice showed none of these 
pathological changes; rather, each of these markers of hypertro-
phy parameters was similar to that of chow-fed WT mice.

FoxOs are required for HFD-induced lipotoxicity and metabolic derange-
ments. Metabolic perturbations stemming from HFD can lead to 
accumulation of lipids in tissues, including the liver and heart. 
Indeed, cardiomyocyte lipotoxicity is thought to contribute to dia-
betic cardiomyopathy (11). To examine the effect of cardiomyocyte-
restricted FoxO1 loss on HFD-elicited lipid accumulation, we ana-
lyzed heart and liver triglyceride (TG) content in WT and FoxO1 
KO mice under both chow and HFD conditions. Direct measure-
ment of TG content in both tissues revealed selective HFD-induced 
accumulation of TG in livers, but not hearts, of FoxO KO animals 
(Figure 4, A and B); tissue sections from HFD-fed mice manifested 
significant lipid accumulation in the livers of both of these lines, 
as evidenced by Oil Red O staining patterns (Figure 4C). Similarly, 
HFD-fed WT hearts were marked by high levels of lipid staining, 

Figure 2
FoxOs are required for HFD-induced cardiac dysfunction and mortality. Body weight (A), oral glucose tolerance (B), serum insulin (C), total 
cholesterol (D), percent FS (E), and survival (F) in WT, DKO, and FoxO1 KO mice fed HFD for 25 weeks (A–E) or longer (F) and in normal 
chow–fed controls (Cntr; respective genotypes combined). (B) Mice were fasted for 16 hours prior to the oral glucose challenge. (E) Heart failure 
was defined as FS ≤ 40%. (F) Survival curve was generated using at least 12 mice per group. *P < 0.05 versus chow-fed control group.
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but in striking contrast, no cardiomyocyte lipid accumulation was 
detected in HFD-fed FoxO1 KO hearts (Figure 4C).

Lipid accumulation results from increased lipid uptake relative 
to utilization (11–13). Therefore, we examined the relative enzy-
matic activities of key glycolytic and fatty acid (FA) oxidation pro-
teins. Extracts from HFD-fed WT mouse hearts revealed a decrease 
in both hexokinase and pyruvate kinase activities and an increase 
in citrate synthase and β-hydroxy acyl-COA dehydrogenase activi-

ties compared with chow-fed mice (Figure 5, A–D). Additionally, 
transcriptional analysis confirmed the shift from glycolytic genes, 
such as hexokinase 1 (HK1) and Glut4, and an increase in CD36 
gene expression (refs. 5, 11, 12, 14, 15, and Supplemental Figure 9, A 
and B). Together, these findings are consistent with a HFD-induced 
shift from glycolytic to FA oxidation pathways (14, 16). In contrast, 
FoxO1 KO mice, regardless of diet, manifested none of these meta-
bolic changes and appeared unaltered compared with chow-fed 
WT mice in terms of both enzymatic and transcriptional metabolic 
markers (Figure 5, A–D, and Supplemental Figure 9, A and B).

To corroborate this phenotype, we measured myocardial glucose 
uptake using [18F]fluorodeoxyglucose (FDG) and positron emis-
sion tomography (PET). Here, we observed a significant decrease 
in myocardial FDG uptake in HFD-fed WT mice compared with 
chow-fed controls (Figure 5, E and F). Strikingly, myocardial glu-
cose uptake in vivo was rescued in FoxO1 KO hearts (Figure 5, E 
and F). These data strongly suggest that the changes in cardiomyo-
cyte metabolism driven by HFD are mediated through FoxO1.

Although overexpression of FoxO1 in C2C12 cells increases 
lipoprotein lipase (LPL) expression (17), we did not observe sig-
nificant alteration of LPL gene expression in WT and FoxO1 KO 
mice (Supplemental Figure 9). However, transcriptional analysis 
revealed that PDK4 was highly upregulated in hearts of HFD-

Table 1
Cardiomyocyte-restricted inactivation of FoxO rescues cardiac 
function in the setting of insulin resistance

	 HFD (25 weeks)

Variable	 WT	 MCM	 DKO	 FoxO1 KO
FS (%)	 34 ± 3	 32 ± 4	 62 ± 4A	 67 ± 4A

LVEDD (mm)	 4.8 ± 0.1	 4.6 ± 0.2	 2.9 ± 0.2A	 2.7 ± 0.3A

LVESD (mm)	 3.2 ± 0.3	 3.3 ± 0.2	 1.2 ± 0.2A	 1.1 ± 0.2A

Heart rate (bpm)	 585 ± 15	 570 ± 20	 600 ± 10	 610 ± 10

n = 5 per group. Animals were unanesthetized to obtain these variables. 
AP < 0.05 vs. WT and MCM.

Figure 3
FoxOs are essential for HFD-induced cardiac hypertrophy. Gross morphology (A) and mRNA expression of fetal gene markers, assessed by 
real-time RT-PCR and normalized to 18S RNA (B), in hearts from WT and FoxO1 KO mice fed either chow or HFD. (C and D) Hearts from HFD-
fed WT mice demonstrated larger cardiomyocyte CSA. (C) Representative images of LV cardiomyocytes (obtained from a transverse section of 
LV) stained with wheat germ agglutinin (red). (D) Cardiomyocyte CSA was quantified from at least 15 cells per section and 3 sections per group. 
Scale bars: 2 mm (A); 20 μm (C). n = 5. *P < 0.05 versus chow-fed WT and HFD-fed FoxO1 KO.
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fed WT animals (Figure 1B and Supplemental Figure 9B). PDK4 
is believed to function as a metabolic switch, shifting the cell 
toward FA utilization and away from glycolysis (5, 16, 18–20). 
Loss of FoxO1 blunted PDK4 gene expression (Supplemental 
Figure 5 and Supplemental Figure 9B), a finding consistent 
with PDK4’s being a known FoxO1 gene target (5, 18, 19). How-
ever, it is unlikely that the entire cardiomyopathic response to 
HFD derives from PDK4 gene upregulation and resulting shifts 
in metabolic substrate utilization, as a cardiomyocyte-specific 
transgenic mouse line over-expressing PDK4 was not marked by 
apparent cardiomyopathy (18, 20).

FoxO1-dependent downregulation of IRS1 activity. Metabolic altera-
tions in cells exposed to HFD conditions are related, in part, to 
their response to insulin (10, 16, 21, 22). We therefore examined 
alterations in insulin signaling under HFD conditions in WT and 
FoxO1 KO cells by isolating cardiomyocytes from these mice and 
subjecting them to an insulin sensitivity assay. Isolated cardiomy-
ocytes from chow- and HFD-fed mice were incubated with 100 nM 
insulin for 0–60 minutes, and extracts at specific time points were 
analyzed by immunoblotting. Cardiomyocytes isolated from WT 
and FoxO1 KO chow-fed hearts showed an immediate increase in 
phosphorylated IRβ (Supplemental Figure 10), indicative of nor-
mal insulin binding and activation (19, 23). Additionally, levels of 
phosphorylated IRS1 (Ser636/639 residue) (pIRS1Ser) decreased 
over the 1-hour time period, consistent with activation of IRS1 
in the setting of loss of this IR-IRS1 uncoupling phosphoryla-
tion event (19, 23). Total IRS1 levels remained constant in both 
of these lines. Akt, a key downstream regulator of insulin signal-
ing, manifested increased serine phosphorylation, indicative of 
its activation in response to insulin (16). Thus, under chow-fed 
conditions, normal insulin signaling was seen in both WT and 
FoxO1 KO cardiomyocytes (Supplemental Figure 10).

In contrast, HFD conditions blunted insulin signaling, and, as 
expected, cardiomyocytes from HFD-fed WT mice showed char-
acteristics of insulin resistance (16), evidenced by an increase in 
basal pIRS1Ser and persistence of this isoform upon exposure 
to insulin (ref. 23 and Figure 6, A and B). Additionally, Akt was 
only weakly and transiently activated by insulin under these con-
ditions. However, no perturbation in activation of the IR was 
observed (Figure 6, A and B), which indicates that the alteration 

is downstream of this molecule. Remarkably, cardiomyocytes 
isolated from hearts of HFD-fed FoxO1 KO mice demonstrated 
preserved responsiveness to insulin, indistinguishable from that 
of chow-fed controls (Figure 6, A and B).

These data suggest a model in which persistent activation of 
FoxO1 under diabetic conditions alters pIRS1Ser levels, which ulti-
mately leads to insulin resistance. To test this directly, we expressed 
constitutively active FoxO1 (caFoxO1) in isolated cardiomyocytes 
and examined levels of pIRS1Ser. Cells transfected either with GFP 
or with GFP-tagged caFoxO1 were harvested 24 hours after infec-
tion, and extracts were prepared and tested by immunoblotting. In 
the case of caFoxO1-expressing cells, pIRS1Ser levels increased and 
total IRS1 levels decreased (Figure 7, A and B, and ref. 7). These 
results are consistent with FoxO1 activation leading to increased 
IRS1 phosphorylation and turnover (24, 25).

Proteolytic degradation of IRS1 results in impaired insulin sig-
naling in a number of cell types (26). Additionally, low levels of 
IRS1 are correlated with the subsequent development of T2D (23). 
Indeed, decreased IRS1 activity is central to insulin resistance in a 
number of diet-induced and genetic models of T2D (27). Earlier 
studies from our lab showed that caFoxO1 expression in cultured 
rat cardiomyocytes decreases insulin-induced Glut4 membrane 
localization and glucose uptake (7). Consistent with this, we found 
that HFD-exposed cardiomyocytes with selective FoxO1 inactiva-
tion manifested enhanced responsiveness to insulin-induced Akt 
activation (Figure 6, A and B, and ref. 7). Together, these data point 
to FoxO1-dependent increases in lipid uptake, imbalances in ener-
gy metabolism, inactivation of IRS1, and subsequent decreases in 
insulin responsiveness as a mechanism contributing to insulin 
resistance–induced diabetic cardiomyopathy (Figure 7C).

Discussion
Diabetic cardiomyopathy — heart disease independent of hyper-
tension or coronary atherosclerosis — is a significant contribu-
tor to the morbidity and mortality associated with diabetes and 
metabolic syndrome (2, 3). A large body of evidence implicates 
insulin resistance in the pathogenesis of these disorders. As FoxO 
transcription factors are inhibited by insulin/PI3K/Akt signaling 
and yet also signal upstream to govern the cascade, we set out to 
define a possible role for FoxO-dependent transcriptional activity 

Figure 4
FoxOs are required for HFD-induced lipotoxicity. TG content (A and B) and lipid accumulation, evidenced by Oil Red O staining (C), were 
elevated in both hearts and livers from WT animals, and only in livers from FoxO1 KO mice fed HFD. Scale bar: 100 μm. n = 3–5. *P < 0.05.
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in diabetic heart disease. Here, we report that FoxO factors were 
activated in cardiac tissue from 2 models of T2D. Moreover, we 
uncovered a signaling axis linking FoxO activation and shifts in 
metabolic substrate use, cardiomyocyte insulin resistance, myo-
cyte steatosis, and the cardiomyopathic phenotype. Finally, we 
identified metabolic stress–induced downregulation of IRS1 as 
the molecular site of FoxO1-elicited insulin resistance. Together, 
these data uncover what we believe to be a previously unrecognized 
FoxO1-dependent negative feedback mechanism in the regulation 
of insulin signaling and implicate FoxO1 activation in the patho-
genesis of diabetic cardiomyopathy.

Diabetes and cardiac metabolism. Diabetes mellitus is a complex 
disease characterized by hyperglycemia stemming from abso-
lute or relative insulin deficiency. In the majority of instances, 
it is associated with insulin resistance. The hormone insulin is 
central to the control of intermediary metabolism, orchestrat-
ing substrate utilization for storage or oxidation in all cells (28). 
As a result, insulin has profound effects on both carbohydrate 
and lipid metabolism throughout the body as well as substantial 
influence on protein metabolism. Consequently, derangements 
in insulin signaling have widespread and devastating effects in 
numerous tissues, including the cardiovascular system.

In patients with T2D, endogenous glucose production is 
accelerated (29). Resulting hyperglycemia can trigger gluco-
toxicity, which contributes to cardiac injury through multiple 
mechanisms, including direct and indirect effects of glucose 
on cardiomyocytes, cardiac fibroblasts, and endothelial cells. 
Chronic hyperglycemia promotes the overproduction of ROS 
through the electron transport chain, which can induce apop-
tosis (30) and activate poly (ADP-ribose) polymerase-1 (PARP). 
This enzyme mediates the direct ribosylation and consequent 
inhibition of GAPDH, diverting glucose from the glycolytic path-
way toward alternative biochemical cascades that participate in 
hyperglycemia-induced cellular injury. These include increases 
in advanced glycation end products (AGEs) and activation of the 
hexosamine pathway, the polyol pathway, and protein kinase C 
(30, 31). Hyperglycemia-induced apoptosis is stimulated by ROS 
(32), PARP (33), AGEs (34), and aldose reductase (35). Hypergly-
cemia also contributes to altered cardiac structure and function 
through posttranslational modification of extracellular matrix 
components (e.g., collagens) and altered expression and function 
of both the ryanodine receptor (RyR) and sarco(endo)plasmic 
reticulum Ca2+-ATPase (SERCA), which in aggregate contribute 
to decreased systolic and diastolic function (30).

Figure 5
HFD-induced changes in cardiac metabolism require FoxO1. Hearts from HFD-fed WT mice manifested lower glycolytic activity (A and B), 
higher oxidative activity (C and D), and reduced glucose uptake (E and F) compared with chow-fed WT and HFD-fed FoxO1 KO mouse hearts. 
(A–D) Maximal activities of the glycolytic enzymes hexokinase (A) and pyruvate kinase (B) and the oxidative enzymes citrate synthase (C) and  
β-hydroxyl acyl-CoA dehydrogenase (D). (E) Myocardial glucose uptake, visualized by FDG PET. (F) FDG uptake was proportional to the inten-
sity of radioactive contrast, quantified as the radioactivity in a myocardial region-of-interest and expressed as a percentage of the total injected 
dose. n = 3–5. *P < 0.05, **P < 0.01 as indicated by brackets.



research article

	 The Journal of Clinical Investigation      http://www.jci.org	 �

Enhanced lipid synthesis in hepatocytes and increased lipolysis 
in adipocytes together lead to increases in circulating FAs and TGs 
in patients with diabetes. Also, insulin stimulates FA transport 
into cardiomyocytes (36). Thus, elevated circulating lipids and 
hyperinsulinemia together increase FA delivery to cardiac cells, 
which rapidly adapt by promoting FA utilization. However, if FA 
delivery exceeds the oxidative capacity of the cell, FAs accumu-
late and lipotoxicity ensues (37). Several mechanisms contribute 
to cardiac lipotoxicity, including ROS accumulation, ceramide 
production, insulin resistance, and impaired contractility due to 
altered electromechanical coupling. Thus, high FA uptake and 
metabolism not only stimulate accumulation of FA intermedi-
ates, but also increase oxygen demand, provoke mitochondrial 
uncoupling and ROS generation, decrease ATP synthesis, induce 
mitochondrial dysfunction, and trigger apoptosis. Together, 
these events play an important role in the pathogenesis of diabe-
tes-associated heart disease.

Diabetic cardiomyopathy and myocardial insulin resistance. Diabetes 
and insulin resistance are powerful predictors of cardiovascular 
morbidity and mortality and are independent risk factors for 
death in patients with established heart failure (38). Patients with 
diabetes often develop atherosclerosis and hypertension, both of 
which are major contributors to the development of heart dis-
ease. However, cardiomyopathy can also develop in the absence 
of established risk factors (39). Indeed, Rubler et al. coined the 
term diabetic cardiomyopathy 4 decades ago to describe this form of 
disease (40). Currently, it is clear that this process, which some-
times emerges in isolation, is widespread and synergizes with the 
numerous diabetic comorbidities.

In a normal heart, approximately two-thirds of the energy 
required for cardiac contractility derives from FA oxidation, 
with the remainder deriving from glucose and lactate metabo-

lism. In conditions of insulin resistance or diabetes, myocar-
dial glucose utilization is significantly reduced, and a greater 
proportion of substrate utilization shifts to β-oxidation of 
FA (41). Associated with the reduced glucose utilization by 
diabetic myocardium is depletion of the glucose transporter 
proteins GLUT-1 and GLUT-4. Indeed, altered myocardial sub-
strate metabolism favoring FAs over glucose as energy source 
has been identified as a metabolic target of relevance. The dia-
betic heart relies on FA oxidation and is unable to switch to 
glucose, despite the lower oxygen consumption requirement of 
that substrate. As a consequence, cardiac efficiency (the ratio 
of cardiac work to myocardial oxygen consumption) decreases; 
diminished cardiac efficiency has been reported in humans and 
experimental animals with diabetes (42–45).

Insulin resistance is defined as diminished insulin-dependent 
stimulation of myocardial glucose uptake (42–45). Underlying 
mechanisms include FA accumulation that impairs insulin-medi-
ated glucose uptake through inhibition of IRS and Akt. The serine 
protein kinases PKC-θ and IKK, which elicit serine phosphoryla-
tion of IRS, are activated (23). Phosphorylation and activation of 
PI3K and Akt are reduced, with substantial consequences for insu-
lin actions in the heart (46).

FoxO transcription factors. FoxO proteins are emerging as impor-
tant targets of insulin and other growth factor action in the 
myocardium (4, 6). Originally identified by their involvement in 
chromosomal translocations associated with leukemias and rhab-
domyosarcomas (4, 6), abundant evidence now suggests that 3 
members of the FoxO subfamily, FoxO1, FoxO3, and FoxO4, are 
critical for maintenance of cardiac function and cardiac stress 
responsiveness. The direct metabolic effects of FoxO signaling are 
not yet entirely clear, and actions of FoxO in nonmyocyte cellular 
elements of the heart are largely unknown.

Figure 6
Sustained insulin sensitivity in FoxO1 KO hearts is regulated at the level of IRS1 and Akt phosphorylation. (A) Immunoblot detection of proteins 
involved in the insulin signaling cascade. (B) Quantification of band density normalized to α-tubulin. Proteins were studied from whole cell 
extracts of isolated adult cardiomyocytes treated with insulin (100 nM) for 0, 2, 10, or 60 minutes. pIR, phosphorylated IRβ (Tyr1150/1151 resi-
due); pAKTSer, phosphorylated Akt (Ser473 residue). n = 3. *P < 0.05 versus 0 minutes; †P < 0.05 as indicated by brackets.
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With respect to cardiac function, FoxO factors participate in 
remodeling (47, 48), autophagy (49), apoptosis (50), responses to oxi-
dative stress (51), regulation of metabolism (52), and cell cycle con-
trol (53). Through a variety of transcriptional targets, FoxO factors 
facilitate the response to changes in the environment via regulation 
of metabolic enzymes and energy-dependent proteins. Work in Cae-
norhabditis elegans has demonstrated a link among hormonal inputs, 
Akt signaling, and FoxO (51, 54). Whereas the traditional notion is 
that FoxO-dependent transcriptional activity is inhibited by PI3K-
Akt signaling, a more complex feedback regulatory network has 
been reported by our group (7), positioning FoxO proteins as central 
elements in the control of insulin signaling. Forced expression of 
FoxO in primary cardiomyocytes triggers Akt phosphorylation via 
a calcineurin/PP2A-dependent mechanism, culminating in reduced 
insulin sensitivity and impaired glucose metabolism. Our present 
results extended these findings by uncovering a role for FoxO1 in the 
pathogenesis of this clinically prevalent disease process, demonstrat-
ing that FoxO1 activation, observed in 2 models of T2D, provoked 
insulin resistance, altered substrate metabolism, myocyte steatosis, 
and cardiomyopathy. Our findings further pinpointed the molecular 
defect at IRS1 within the insulin signaling cascade.

Potential therapeutic implications. The pathogenesis of diabetic 
cardiomyopathy is at once intricate, multifactorial, and clinically 
significant. The multiple, interlacing events occurring in patients 
with diabetes culminate in an environment which, coupled with 
insulin resistance, leads to diabetic cardiomyopathy. However, the 
central role of myocyte insulin resistance in the pathogenesis of 
cardiomyopathy suggests that this signaling cascade is a logical 
starting point for targeted treatment. The well-established myo-
cardial dysfunction in diabetic individuals independent of hyper-
tension and coronary artery disease suggests that the altered meta-
bolic state of cardiac myocytes brought about by T2D is, in itself, 
sufficient to provoke cardiomyopathy (55). However, treatment of 
hypertension or atherosclerosis alone may not be enough to alter 
the development of heart disease in T2D patients (55).

Over time, constant and unremitting metabolic stress on the 
heart leads to progressive deterioration of myocardial structure 
and function. This suggests that therapeutic interventions early 
in the disease, targeting specific metabolic and structural derange-
ments, may be required. This is especially relevant as strict control 
of hyperglycemia, however central to treatment, has not fulfilled 
hopes of meaningful morbidity and mortality benefit.

Perspective. Our present findings suggest that metabolic stress–
induced activation of FoxO1 is central to the development of dia-
betic cardiomyopathy. Indeed, our data lend strong credence to a 
model in which persistent activation of FoxO1 under conditions 
of T2D provokes alteration in cardiac metabolism, which may 
be driven, at least in part, by a PDK4-induced shift in metabolic 
substrate utilization and an increase in lipid uptake. This change 
is exacerbated by the attenuation in insulin signaling through 
FoxO1-dependent inhibition of protein phosphatases (7) and by 
inactivation of IRS1, ultimately culminating in cardiomyopathy, 
heart failure, and death. Data reported here suggest that normal-
ization of myocardial substrate metabolism by targeting FoxO1 
activity may diminish the prevalence of heart failure and improve 
long-term survival of patients withT2D.

Methods
Animals. 8-week-old male C57BL/6 and db/db (leptin receptor mutant) mice 
were purchased from Jackson Labs. Starting at 8 weeks of age, C57BL/6 
mice were maintained on a HFD (60% fat) for 25 weeks or longer, as indi-
cated in Results. Controls were fed either 10%-fat diet (initial studies) or 
standard rodent food (chow) for the same duration as the respective HFD 
group. HFD is calorie rich (5.24 kcal/g, compared with 3.1 kcal/g in con-
trols) as a result of higher fat composition. 10- to 12-week-old db/db mice 
were included in the study.

To generate cardiomyocyte-specific FoxO KO mice, MCM mice were 
crossed with DKO and FoxO1 KO lines. Cre was activated by i.p. injec-
tion of tamoxifen (40 mg/kg) for 5 days. Mice were allowed to recover 
from the tamoxifen/Cre-induced toxicity for 4–5 weeks before starting 
them on HFD. Recovery was judged by periodic assessment of cardiac 
function by 2D echocardiography. DKO, FoxO1 KO, and corresponding 
control floxed or MCM mice were maintained on both FVB and mixed 
genetic backgrounds.

Whole cell extract and subcellular fractionation. Nuclear and cytosolic 
extracts were prepared using lysis buffer (4 mM HEPES, pH 7.4; 320 mM 
sucrose; 1 mM dithiothreitol; 10 mM MgCl2; 5 mM KCl dithiothreitol; 
and 0.1% Triton X-100) containing protease inhibitors and phosphatase 
inhibitors. Rapidly flash-frozen tissues were homogenized with a Dounce 
homogenizer in ice-cold lysis buffer. An aliquot was collected and resus-
pended with 2% SDS sample buffer (65 mM Tris HCl, pH 6.8; 4% SDS; 20% 
glycerol; 50 mM dithiothreitol; and bromophenol blue) to serve as whole 
cell extract. The remaining homogenate was centrifuged at low speed 
(2,000 g) for 3 minutes at 4°C. The supernatant was further recentrifuged 

Figure 7
Constitutive expression of FoxO1 inactivates IRS1. (A) Immunoblot detection of pIRS1Ser and IRS1 in isolated neonatal ventricular cardiomyo-
cytes overexpressing GFP or GFP-tagged caFoxO1. (B) Quantification of band density normalized to α-tubulin. n = 3. *P < 0.05, **P < 0.01 
versus GFP. (C) Working model of the role of FoxO1 in insulin resistance–induced diabetic cardiomyopathy. FRE, FoxO response element.
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at 2,000 g for 10 minutes at 4°C, mixed with an equal volume of 2× sample 
buffer, and used as the cytosolic fraction. The pellet (nuclear fraction) 
was washed with lysis buffer several times before resuspending with sam-
ple buffer at a volume equal to the final volume of the supernatant, to 
ensure that equal volumes of each fraction contained protein from the 
same number of cells. All extracts were passed through glass wool. Equal 
volumes (adjusted to protein concentration) of each fraction were used for 
Western blotting. Separation between the nuclear and cytosolic fractions 
was verified by blotting for the cytosolic protein GAPDH and the nuclear 
membrane protein lamin A/C.

Western blotting. Proteins were separated by SDS/PAGE, transferred to a 
supported nitrocellulose membrane, and immunoblotted. Antibodies were 
purchased from Cell Signaling Technology, excepting α-tubulin (Sigma-
Aldrich) and GAPDH (Santa Cruz Biotechnology). Blots were scanned, and 
bands were quantified using Odyssey Licor (version 3.0) imaging system.

Blood and tissue biochemistry. Serum glucose and insulin assays were per-
formed using a standard ELISA kit (Sigma-Aldrich) per the manufacturer’s 
instructions. Tissue TG content was measured according to the manufac-
turer’s recommendations (Thermo-Scientific).

Echocardiography. Echocardiograms were performed on conscious, gently 
restrained mice using either a Sonos 5500 system with a 15-MHz linear 
probe or a Vevo 2100 system with a MS400C scanhead. LVEDD and LVESD 
were measured from M-mode recordings. FS was calculated as (LVEDD — 
LVESD)/LVEDD and expressed as a percentage. Measurements of diastolic 
dysfunction, such as mitral valve E/A ratio, isovolumetric extraction and 
relaxation times, mitral valve deceleration time, and ejection time, were 
made from 2D parasternal short axis views in diastole. LV mass was calcu-
lated by the cubed method as 1.05 × ([IVS + LVID + LVPW]3 – LVID3), where 
IVS is interventricular septum thickness, LVID is LV internal diameter, and 
LVPW is LV posterior wall thickness, and expressed in milligrams (56). All 
measurements were made at the level of the papillary muscles.

Histology. All tissues were fixed in 4% paraformaldehyde and were either 
transferred to 1× PBS, followed by paraffin embedding or cryoembedding 
after sucrose infiltration for Oil Red O staining.

CSA. Images of tissues stained with wheat germ agglutinin were paraffin 
fixed (Vector Laboratories), and images were acquired on a confocal micro-
scope (TCS SP5; Leica) with Leica LAS AF software. The following lenses 
were used: HC PL APO 20×/0.70, HCX PL APO 40×/1.25-0.75 oil, and HCX 
PL APO 63×/1.40-0.60 oil. All images were taken at room temperature and 
processed in ImageJ for CSA analysis. Occasionally, images were linearly 
rescaled to optimize brightness and contrast uniformly without altering, 
masking, or eliminating data. CSA was calculated from at least 15 cells per 
condition and from representative triplicate experiments.

Enzyme activity. Maximal enzyme activity was measured from tissue 
lysates using established protocols (57) at 37°C.

High-resolution PET. Myocardial glucose uptake was noninvasively 
assessed in vivo by monitoring FDG uptake in intact mice. Mice were fast-
ed for 12 hours prior to imaging, then anesthetized with isoflurane (1.5%) 
and maintained at 37°C. Each mouse was injected with 10 MBq FDG in 
100 μl 0.9% saline i.v. (tail vein). After 60 minutes, mice were positioned 
on the bed of a submillimeter-resolution PET camera, and a 15-minute 
acquisition was initiated. Coronal images were then reconstructed, and 
myocardial FDG uptake was quantified as the ratio of radioactivity in a 
myocardial region of interest relative to the total injected dose (expressed 
as percent injected dose).

Adult mouse cardiomyocyte isolation. Adult mouse ventricular cardiomyo-
cytes were isolated after enzymatic dissociation as previously described 
(58). Briefly, after retrograde perfusion with Krebs-Ringer solution (2 ml/
min for 5 minutes), the heart was perfused with fresh solution containing 
0.8 mg/ml collagenase (Worthington type II) for another 12–15 minutes. 

The LV was removed and cut into small pieces in KB solution (10 mM tau-
rine; 70 mM glutamic acid; 25 mM KCl; 10 mM KH2PO4; 22 mM glucose; 
and 0.5 mM EGTA, pH 7.2). After filtration, cells were kept in KB buffer 
and studied within 4–6 hours. All isolation steps were carried out at 36°C 
with continuous gassing with 95% O2, 5% CO2. Only Ca2+-tolerant, quies-
cent, rod-shaped cells showing clear cross striations were used.

Primary cardiac cell preparation and adenovirus infection. Neonatal rat ven-
tricular myocytes were isolated from the ventricles of Sprague-Dawley 
rat pups on postnatal day 1–2. Cells were preplated (2 hours) to enrich 
for cardiac myocytes, plated at a density of 1,200 cells/mm2, and cultured 
for 24 hours in DMEM/M199 (3:1) containing 5% FBS, 10% horse serum, 
and 100 μmol/l BrdU (Sigma-Aldrich) (7). For adenovirus-mediated pro-
tein overexpression, cells were infected 48 hours after plating with GFP 
or GFP-tagged caFoxO1 adenovirus at a multiplicity of infection of 15 
plaque-forming units per cell. Cells were cultured for an additional 24 
hours in fresh DMEM/M199 supplemented with 3% FBS, then harvested 
in M-PER buffer (Thermo Scientific) containing phosphatase and protease 
inhibitors (Roche).

RNA isolation, RT, and quantitative PCR analysis. Mouse tissues were har-
vested and frozen immediately in liquid nitrogen and stored at –80°C 
until use. Total RNA was isolated using the RNeasy Mini kit according 
to the recommendations of the manufacturer (Qiagen). A total of 1 μg 
RNA from each sample was used for RT using iScript cDNA synthesis 
kit (Bio-Rad). The cDNA was diluted by 10 using ddH2O and used for 
quantitative PCR analysis (Roche). Primer pairs used for RT-PCR are 
listed in Supplemental Table 2. A ΔCt method was used to calculate rela-
tive gene expression.

Statistics. Depending on the experimental design, averaged data (expressed 
as mean ± SD) were analyzed either by Student’s unpaired, 2-tailed t test or 
by 2-way ANOVA followed by Holm-Sidak post-hoc test. Comparison of FS 
over time between groups was performed using 2-way repeated-measures 
ANOVA. For statistical comparisons, a P value less than 0.05 was consid-
ered statistically significant. All statistical analyses were performed using 
Sigma Stat (version 3.1) software.

Study approval. All studies were reviewed and approved by the Institution-
al Animal Care and Use Committee of University of Texas Southwestern 
Medical Center.
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