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Abstract: Diabetic cardiomyopathy (DCM) has emerged as a relevant cause of heart failure among the
diabetic population. Defined as a cardiac dysfunction that develops in diabetic patients independently
of other major cardiovascular risks factors, such as high blood pressure and coronary artery disease,
the underlying cause of DCMremains to be unveiled. Several pathogenic factors, including glucose
and lipid toxicity, mitochondrial dysfunction, increased oxidative stress, sustained activation of the
renin-angiotensin system (RAS) or altered calcium homeostasis, have been shown to contribute to the
structural and functional alterations that characterize diabetic hearts. However, all these pathogenic
mechanisms appear to stem from the metabolic inflexibility imposed by insulin resistance or lack
of insulin signaling. This results in absolute reliance on fatty acids for the synthesis of ATP and
impairment of glucose oxidation. Glucose is then rerouted to other metabolic pathways, with harmful
effects on cardiomyocyte function. Here, we discuss the role that impaired cardiac insulin signaling
in diabetic or insulin-resistant individuals plays in the onset and progression of DCM.
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1. Introduction

Diabetes has become the most common metabolic disorder in the world and is nowadays
recognized by the World Health Organization as one of the most deadly non-communicable diseases
worldwide [1]. Cardiovascular diseases, including heart failure, ischemic heart, and stroke, lead the
ranking of causes of death among the diabetic population. Decades ago, the Framingham study
already showed that diabetes increases the risk of heart failure by two- and five-fold in men and
women, respectively [2]. The elevated rates of heart failure in diabetic patients could be attributed, in
part, to hypertension and atherosclerosis, two conditions that appear in diabetic patients with higher
frequency than in the non-diabetic population. In support of a causal relationship between diabetes
and cardiovascular diseases, it has been reported that an increase by 1% in the circulating levels of
HbA1c is associated with 8% increase in the risk of cardiovascular disease in type 2 diabetic patients,
even after adjusting for age, sex, obesity, alcohol, and tobacco consumption, hypertension or type and
duration of diabetes [3]. The risk increases by up to 30% among the type 1 diabetic population [4].
Conversely, 1% reduction in the HbA1c is associated with a 16% lower risk of developing chronic heart
failure [5]. These data support the notion that diabetes and the pathophysiologic alterations associated
with this endocrine disease represent a unique and independent risk factor for the development of
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cardiac dysfunction. In fact, it is now recognized that heart failure in diabetic individuals can also be
the consequence of diabetic cardiomyopathy (DCM), a pathological condition originally described
by Rubler and collaborators in 1972 that is defined as a heart failure syndrome appearing in diabetic
patients in the absence of coronary artery disease and high blood pressure [6]. However, the mechanistic
basis of the development of DCM is still poorly understood.

Loss or attenuation of insulin signaling is a distinctive trait of diabetes. Whereas lack of insulin
synthesis and/or secretion defines type 1 diabetes, tissue resistance to the action of insulin constitutes
the hallmark of type 2 diabetes, which represents more than 90% of the cases of diabetes. Insulin
resistance is considered the primary cause of type 2 diabetes. Although the metabolic disturbances
and cellular alterations that insulin resistance causes in major insulin target tissues, such as muscle,
liver or adipose tissue are well defined, less is known about the effects that insulin resistance has on
cardiac function. In this review, we summarize the current knowledge about the role that impaired
insulin signaling in heart plays in the pathogenesis of DCM.

2. Epidemiology and Pathophysiology of DCM

Even though increasingly recognized as a distinct pathological entity, only a few studies have
been conducted to estimate the prevalence of DCM within the diabetic population. Due to the small
number of participants and the disparity of the non-invasive imaging techniques used for the diagnosis
of DCM, such studies have yielded very variable prevalence rates of DCM, ranging from 30% to 60%,
depending on the study [7–9].

DCM is characterized by functional and structural changes in the heart of diabetic patients.
At the functional level, patients with DCM exhibit early development of left ventricular diastolic
dysfunction, featured by a reduction in the left ventricle filling velocity and delayed relaxation pattern.
Left ventricle systolic dysfunction, being recognized by diminished ejection fraction, develops later as
the disease progresses. Patients with DCM also show left ventricular hypertrophy, often accompanied
by fibrosis. Interstitial fibrosis increases in parallel to the progression of the disease as a result of
the replacement with the connective tissue of cardiomyocytes that have died from apoptosis and/or
necrosis [10,11]. The developed fibrosis contributes to cardiac stiffness and impaired contractility of
the heart. Another common feature of the heart of patients with DCM is cardiac steatosis [11], an
abnormal accumulation of triglycerides in the myocardium that reflects the metabolic derangements
occurring in cardiomyocytes of DCM patients (discussed in Section 3.1.3).

3. Insulin Resistance and the Pathogenesis of DCM

Established DCM is characterized by the clinical symptomatology described in the previous
paragraph. However, DCM has a long subclinical course before the appearance of the first overt cardiac
contractile and structural alterations, precluding an early detection and treatment of the disease. A
fundamental question is how diabetes alters proper cardiomyocyte function and leads to the cardiac
alterations that define DCM?

Numerous cellular and molecular factors have been proposed to play a causative role in the
cardiac functional defects found in patients with DCM. This includes excessive production of advanced
glycation end-products (AGEs), activation of the hexosamine biosynthetic pathway, lipotoxicity,
mitochondrial dysfunction, increased oxidative stress, activation of the RAS or impaired calcium
homeostasis (Figure 1). All these processes often concur in the same diabetic individual and interact
among each other to exacerbate the structural and functional alterations of the diabetic heart. Despite
their different nature and mechanisms of action, most of these pathogenic factors appear to stem from
the same fundamental process commonly altered in diabetic patients: Impaired insulin signaling.
Consequently, the reduction in the cardiac action of insulin could be considered as the primary cause
of DCM.
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Figure 1. Overview of the molecular derangements linked to the pathogenesis of DCM. As a result of 
the metabolic inflexibility imposed by impaired insulin signaling, glucose is not oxidized by 
cardiomyocytes but instead is diverted into other metabolic pathways that lead to the synthesis of  
AGEsor to the O-GlyNacylation of proteins. The increased intracellular accumulation of glucose also 
activates the RAS pathway and alters calcium homeostasis. In addition, hyperlipidemia facilitates 
fatty acid uptake and leads to lipotoxicity and cardiac steatosis. Furthermore, enhanced but 
inefficient oxidation of fatty acids leads to the production of reactive oxygen species (ROS) and 
further promotes mitochondrial dysfunction. All these factors have been shown to contribute to 
some extent to the functional alterations that characterize DCM. 

Although its role may seem obvious, the precise contribution of altered insulin signaling to the 
cardiac alterations in humans has not been comprehensively studied yet, and it remains 
controversial. In fact, some studies have reported a failure to find insulin resistance in hearts of the 
same type 2 diabetic patients in which other insulin target tissues, such as skeletal muscle or adipose 
tissue, exhibit a clear resistance to the action of the hormone [12,13]. In such studies, it has been 
speculated that, in the absence of cardiac insulin resistance, the hyperinsulinemia that accompanies 
type 2 diabetes at some point along the progression of the disease could contribute to cardiomyocyte 
hypertrophy, given the known action of insulin as an anabolic hormone involved in cell growth. 
Nevertheless, numerous studies in animal models clearly support the notion that cardiac insulin 
resistance does exist in the context of type 2 diabetes or obesity with whole-body insulin resistance 
[14–16]. 

3.1. Molecular and Cellular Mechanisms of DCM 

3.1.1. Increased Production of AGEs 

AGEs mostly consist of proteins, but also lipids and nucleic acids that have been glycated by the 
non-enzymatic action of reducing sugars. Secondary to the hyperglycemia that characterizes 
uncontrolled diabetic patients, AGEs promote the crosslinking of collagen and other extracellular 

Figure 1. Overview of the molecular derangements linked to the pathogenesis of DCM. As a result of the
metabolic inflexibility imposed by impaired insulin signaling, glucose is not oxidized by cardiomyocytes
but instead is diverted into other metabolic pathways that lead to the synthesis of AGEsor to the
O-GlyNacylation of proteins. The increased intracellular accumulation of glucose also activates the
RAS pathway and alters calcium homeostasis. In addition, hyperlipidemia facilitates fatty acid uptake
and leads to lipotoxicity and cardiac steatosis. Furthermore, enhanced but inefficient oxidation of fatty
acids leads to the production of reactive oxygen species (ROS) and further promotes mitochondrial
dysfunction. All these factors have been shown to contribute to some extent to the functional alterations
that characterize DCM.

Although its role may seem obvious, the precise contribution of altered insulin signaling to the
cardiac alterations in humans has not been comprehensively studied yet, and it remains controversial.
In fact, some studies have reported a failure to find insulin resistance in hearts of the same type 2
diabetic patients in which other insulin target tissues, such as skeletal muscle or adipose tissue, exhibit
a clear resistance to the action of the hormone [12,13]. In such studies, it has been speculated that, in
the absence of cardiac insulin resistance, the hyperinsulinemia that accompanies type 2 diabetes at
some point along the progression of the disease could contribute to cardiomyocyte hypertrophy, given
the known action of insulin as an anabolic hormone involved in cell growth. Nevertheless, numerous
studies in animal models clearly support the notion that cardiac insulin resistance does exist in the
context of type 2 diabetes or obesity with whole-body insulin resistance [14–16].

3.1. Molecular and Cellular Mechanisms of DCM

3.1.1. Increased Production of AGEs

AGEs mostly consist of proteins, but also lipids and nucleic acids that have been glycated by
the non-enzymatic action of reducing sugars. Secondary to the hyperglycemia that characterizes
uncontrolled diabetic patients, AGEs promote the crosslinking of collagen and other extracellular matrix
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proteins, impairing their normal degradation (Figure 2). The changes in the mechanical properties of
the extracellular matrix proteins lead to increased fibrosis and myocardial stiffness [17]. Furthermore,
the interaction of AGEs with specific receptors (RAGEs) leads to enhanced expression of collagen and
other extracellular matrix proteins through the upregulation of TGFβ, contributing by this means
to the exacerbation of the cardiac dysfunction induced by fibrosis. In addition, AGEs induce the
expression of their specific RAGEs receptors, and generate a positive feedback loop that exacerbates the
negative impact of AGEs on cardiac function. AGEs-RAGE signaling also activates a pro-inflammatory
response through MAPK, JNK, and NF-kB that leads to the recruitment and activation of T helper
lymphocytes and induces the production of pro-fibrotic cytokines, favoring interstitial fibrosis and
impairing diastolic function [18]. The relevant contribution of AGEs to the etiopathogenesis of DCM
has been demonstrated by the use of molecules with RAGE antagonistic activity, which were able to
improve the systolic function and reduce the expression of pro-fibrotic proteins in a mouse of type 2
diabetes associated with obesity [19].
Int. J. Mol. Sci. 2018, 19, x 5 of 16 

 

 
Figure 2. Pathogenic mechanisms of hyperglycemia through the production of AGEs. 
Hyperglycemia and inhibition of glycolysis favor the accumulation of glucose and the production of 
AGEs in cardiomyocytes. Activation of AGE–specific receptors (RAGE) signaling pathway increases 
collagen production and turns on intracellular inflammatory pathways, both of which enhance 
fibrosis. 

3.1.3. Lipotoxicity 

As previously mentioned, DCM is often associated with the accumulation of lipids in the 
myocardium. The cardiac steatosis observed in diabetic patients and animal models of DCM is the 
result of increased fatty acid uptake and storage under the form of triglycerides (Figure 3). 
Intracellular lipid accumulation is unequivocally favored by the hyperlipidemic milieu that 
characterizes diabetes, which results from enhanced hepatic lipid synthesis and uncontrolled 
lipolysis in adipose tissues. Although triglyceride accumulation within cardiomyocytes is the most 
evident and detectable manifestation of intracellular lipid accumulation, lipotoxicity cannot be 
attributed to triglycerides themselves but to the accumulation of noxious lipid intermediates, such as 
ceramides, diacylglycerols or acylcarnitines [26,27]. The accumulation of these lipid species 
promotes mitochondrial dysfunction, endoplasmic reticulum stress or apoptosis by mechanisms 
that are not fully understood. For instance, ceramides and diacylglycerols have been shown to 
activate different protein kinase C isoforms, like PKCβ, PKCδ, or PKCθ. Activation of 
PKCs-mediated signaling pathways promotes inflammation, fibrosis or cell death, all of which have 
been shown to contribute to cardiac dysfunction [28]. Excessive lipid uptake by the myocardium also 
alters cardiomyocyte metabolism, favoring fatty acid oxidation in detriment of glucose as the main 
energetic substrate [29]. The increased flux of fatty acids into the mitochondria for their oxidation 
results in uncoupling of mitochondria and excessive production of ROS (see Section 3.1.4), which 
promote cell death and contribute to cardiac dysfunction [30]. 

Figure 2. Pathogenic mechanisms of hyperglycemia through the production of AGEs. Hyperglycemia
and inhibition of glycolysis favor the accumulation of glucose and the production of AGEs in
cardiomyocytes. Activation of AGE–specific receptors (RAGE) signaling pathway increases collagen
production and turns on intracellular inflammatory pathways, both of which enhance fibrosis.

3.1.2. Increased Substrate Flux through the Hexosamine Biosynthetic Pathway

Once into the cell, accumulated glucose can be diverted towards the hexosamine biosynthetic
pathway. The hexosamine pathway provides the UDP-N-acetylglucosamine that serves as a
donor for O-linked-β-N-acetylglucosamine (O-GlcNAc) protein modification. Post-translational
O-GlcNAcylation of targeted proteins, including transcription factors, structural proteins or enzymes,
leads to changes in their activity and function. Whereas the flux of glucose through the hexosamine
pathway under non-pathological conditions must be considered as a regulatory mechanism of the
cellular function in response to nutrients, the sustained activation of this pathway, as it occurs in
diabetes, is known to have detrimental effects.

Increased accumulation of O-GlcNAcylated proteins has been observed in the heart of rodent
models of type 1 and type 2 diabetes [20,21]. Several relevant cardiac proteins have been found
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to be O-GlcNAcylated, including phospholamban (a regulator of the calcium pump SERCA2a),
calmodulin-dependent protein kinase II (CAMKII) or proteins of the contractile machinery (i.e., actin
and troponin I) [22,23]. The O-GlcNAcylation of phospholamban and CAMKII is compatible with the
contractile dysfunction observed in DCM that results from impaired calcium handling (see Section 3.1.6).
On the other hand, O-GlcNAcylation of contractile proteins has been shown to alter their sensitivity
to calcium, and by this means it contributes to the contractile dysfunction of the diabetic heart [24].
Although the negative effects on cardiomyocyte function of increased flux through the hexosamine
biosynthetic pathways and the resulting protein O-GlcNAcylation have been demonstrated in vitro
using cultured cardiac cells [25], compelling evidence that unequivocally demonstrates the contribution
of the hexosamine pathway to DCM in vivo is still missing.

3.1.3. Lipotoxicity

As previously mentioned, DCM is often associated with the accumulation of lipids in the
myocardium. The cardiac steatosis observed in diabetic patients and animal models of DCM is the result
of increased fatty acid uptake and storage under the form of triglycerides (Figure 3). Intracellular lipid
accumulation is unequivocally favored by the hyperlipidemic milieu that characterizes diabetes, which
results from enhanced hepatic lipid synthesis and uncontrolled lipolysis in adipose tissues. Although
triglyceride accumulation within cardiomyocytes is the most evident and detectable manifestation of
intracellular lipid accumulation, lipotoxicity cannot be attributed to triglycerides themselves but to the
accumulation of noxious lipid intermediates, such as ceramides, diacylglycerols or acylcarnitines [26,27].
The accumulation of these lipid species promotes mitochondrial dysfunction, endoplasmic reticulum
stress or apoptosis by mechanisms that are not fully understood. For instance, ceramides and
diacylglycerols have been shown to activate different protein kinase C isoforms, like PKCβ, PKCδ,
or PKCθ. Activation of PKCs-mediated signaling pathways promotes inflammation, fibrosis or cell
death, all of which have been shown to contribute to cardiac dysfunction [28]. Excessive lipid uptake
by the myocardium also alters cardiomyocyte metabolism, favoring fatty acid oxidation in detriment
of glucose as the main energetic substrate [29]. The increased flux of fatty acids into the mitochondria
for their oxidation results in uncoupling of mitochondria and excessive production of ROS (see
Section 3.1.4), which promote cell death and contribute to cardiac dysfunction [30].

3.1.4. ROS Production and Mitochondrial Dysfunction

Oxidative stress has been identified as a major contributing factor to the onset and development of
DCM. Numerous studies in animal models of type 1 or type 2 diabetes and few others in humans have
demonstrated the presence of oxidative stress in the diabetic heart. For instance, increased levels of
hydrogen peroxide, which correlate with a high content of peroxidized lipids and nitrosylated proteins,
as well as cell death by apoptosis, have been found in hearts of patients with type 2 diabetes [31,32].
Similarly, ROS-induced modification of lipids and proteins has been described in several rodent
models of DCM, together with other markers of oxidative stress, such as altered expression levels
of detoxifying enzymes (i.e., catalase, peroxidase) or gluthation [33–37]. In support of a relevant
causative contribution of oxidative stress to the pathogenesis of DCM, reduction of ROS levels by the
administration of antioxidants, such as dehydroepiandrosterone (DHEA) [33] to rodent models, as
well as the ectopic overexpression of catalase [37] or superoxide dismutase [35], have been shown to
reduce cardiac fibrosis and to improve cardiac contractile function.
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oxidation of fatty acids by dysfunctional mitochondria leads to excessive production of ROS and cell 
death. Lipid intermediates and other lipid species, such as ceramides and diacylglycerols, also 
accumulate in cardiomyocytes and activate PKCs, promoting fibrosis and cell death. 
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demonstrated that diabetic patients exhibit a reduction of mitochondrial mass and/or activity in 
multiple tissues, including skeletal muscle and adipose tissue (reviewed in [38]). The heart does not 
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Figure 3. Lipotoxicity as a main pathogenic mechanism of DCM. Increased uptake of fatty acids
by cardiomyocytes favors their accumulation as triglycerides within the cells. Moreover, inefficient
oxidation of fatty acids by dysfunctional mitochondria leads to excessive production of ROS and
cell death. Lipid intermediates and other lipid species, such as ceramides and diacylglycerols, also
accumulate in cardiomyocytes and activate PKCs, promoting fibrosis and cell death.

It is necessary to remark that mitochondria are the major source of cellular ROS. It has been
suggested that an impaired capacity of mitochondria to efficiently oxidize substrates, such as fatty
acids, would favor the production of ROS. In this regard, numerous studies have comprehensively
demonstrated that diabetic patients exhibit a reduction of mitochondrial mass and/or activity in multiple
tissues, including skeletal muscle and adipose tissue (reviewed in [38]). The heart does not appear to be
an exception and evidence of impaired mitochondrial function, such as a decrease in the PCr/ATP ratio,
has been observed in diabetic patients, tightly correlating with diastolic dysfunction [39]. Impaired
mitochondrial oxidative capacity has also been observed in several rodent models of type 1 or type 2
diabetes [15,30,35,40,41]. The primary cause of such mitochondrial dysfunction in diabetic individuals
is unclear. Whereas some authors have reported a decrease in the expression of genes encoding for
mitochondrial proteins of the OxPhos system [15,30], some others have reported the absence or even
an increase in the expression of such genes [35,42]. Regardless of whether the mitochondrial oxidative
machinery is reduced or not in diabetic individuals, numerous studies in rodent models have shown
that the heart of diabetic individuals exhibits increased fatty acid uptake and oxidation, a metabolic
signature of diabetic heart. The exacerbated fatty acid oxidation observed in diabetic hearts is, at
least in part, the result of the increased levels of circulating fatty acids that characterizes the diabetic
milieu. Still, the question is: How increased fatty acid oxidation results in mitochondrial dysfunction
and increased ROS production? According to the data gathered from rodent models of diabetes, it is
thought that mitochondria of diabetic hearts cannot handle the overwhelming amount of fatty acids
that are delivered into the cardiomyocytes. This results in inefficient oxidation of lipids, the uncoupling
of mitochondria and enhanced production of ROS [30,43]. In turn, the abnormally high levels of ROS
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produced within cardiac cells further favor mitochondrial dysfunction, aggravating the worsening of
cardiac energetics and further reducing cardiac efficiency and function.

3.1.5. Activation of RAS

Diabetes has been documented to suppress the circulating RAS, causing a decrease in the blood
levels of renin and angiotensin II [44]. Paradoxically, local activation of the RAS pathway, independently
of the global circulating RAS, has been described in several tissues of diabetic patients, including
heart [45]. The cardiac activation of RAS has been suggested to contribute to cardiac dysfunction in
individuals with DCM by promoting fibrosis, increased oxidative stress, and cardiomyocyte death.

Diabetes activates local RAS by different means (Figure 4). It has been demonstrated that
hyperglycemia can directly stimulate the production of angiotensin II in cardiomyocytes, an effect that
contributes to cardiomyocyte death by apoptosis through the activation of p53 [45,46]. In addition,
diabetes exacerbates the expression of angiotensin receptor 1 (AT1R) in heart, amplifying the activation
of RAS signaling in cardiomyocytes [47]. Other indirect mechanisms by which diabetes increases
the activity of cardiac RAS are related to dyslipidemia and the exacerbated production of AGEs and
ROS associated with diabetes, all of which stimulate the cardiac RAS pathway by up-regulating AT1R
expression [48]. Although most of the experimental evidence linking abnormal RAS activation with
DCM has been obtained in rodent models of diabetes, the significant improvement of left ventricle
hypertrophy and systolic function in diabetic patients treated with the RAS antagonist aliskiren, a renin
inhibitor, clearly supports the notion that RAS activation is a major contributor to the pathogenesis of
DCM [49,50].
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Figure 4. Role of the RAS and the hexosamine biosynthetic pathways in DCM. High intracellular glucose
levels promote the activation of the hexosamine biosynthetic pathway, leading to the O-GlcNAcylation
of key proteins related to the cardiac contractile function or involved in calcium homeostasis. In
addition, high glucose levels directly stimulate the production of angiotensinogen II, leading to the
activation of RAS in cardiomyocytes and cell death. AGEs and ROS promote the synthesis of the ATR1,
further enhancing RAS activation.
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3.1.6. Calcium Mishandling

Calcium is an essential regulator of muscle contraction. Upon cardiomyocyte depolarization,
calcium enters the cell through the L-type calcium channels and promotes the release of more
calcium from the sarcoplasmic reticulum. The large increase in intracellular calcium concentration
triggers cellular contraction by binding to the contractile proteins. Subsequently, calcium returns
to the sarcoplasmic reticulum through the action of several ion transporters, including the
sarcoplasmic reticulum calcium pump (SERCA2a), the sodium–calcium exchanger and the sarcolemmal
calcium ATPase.

Alterations in calcium homeostasis have been linked to the functional derangements found in heart
of diabetic individuals. Studies in animal models of diabetes have reported that calcium release and
reuptake by the sarcoplasmic reticulum is depressed in cardiomyocytes of diabetic individuals [51–54].
As a result, calcium transients are smaller and slower, altering the normal contractile activity of the
heart. Several studies coincide in pointing at reduced activity of the SERCA2a pump, but also of others
calcium transporters, such as the sodium–calcium exchanger or the sarcolemmal calcium ATPase,
the expression of which is reduced in heart of diabetic individuals, as one of the major causes of the
disturbances in calcium handling in DCM [55,56].

3.2. Effects of Insulin Resistance on Metabolic Flexibility and its Implications on Cardiac Dysfunction

Reduced or complete lack of insulin signaling is a hallmark of diabetes. Whereas in type 1
diabetic individuals insulin signaling is absent as a result of the lack of insulin synthesis and/or
secretion, type 2 diabetes is characterized by impaired, but still active, insulin signaling. Regardless of
the type of diabetes, altered insulin signaling in diabetic individuals leads to profound, but similar,
alterations in metabolism, which is characterized by reduced insulin-dependent glucose uptake and
utilization, and exacerbated usage of lipids as metabolic substrates. Altered metabolism directly
impacts cardiomyocyte function, ultimately being accountable for most of the functional and structural
alterations found in DCM.

The heart requires an enormous amount of energy to maintain its contractile function. Cardiac
cells can use a wide variety of substrates as a source of energy, including amino acids and ketone
bodies, although carbohydrates and lipids are their preferred substrates to obtain ATP via oxidative
phosphorylation in mitochondria. Overall, a healthy heart predominantly obtains around 70% of the
energy from fatty acids and 20–30% from glucose [57]. However, the use of carbohydrates or lipids
varies along the day depending on substrate availability and is tightly controlled by hormones, like
insulin and glucagon. During the feeding state, secretion of insulin inhibits adipose tissue lipolysis and
promotes hepatic lipogenesis, decreasing the availability of fatty acids for the heart and other tissues.
Simultaneously, insulin promotes glucose uptake and utilization by cardiomyocytes. Contrarily, in
fasting conditions, the decrease in insulin levels and the rise in glucagon decrease glucose uptake and
oxidation, while promoting fatty acid utilization. Therefore, metabolic flexibility, the capacity to switch
from one substrate to another, is the main feature of a healthy heart.

The diabetic heart, however, is characterized by an unusual metabolic inflexibility. Indeed, the
diabetic heart is unable to use glucose for the production of ATP and exclusively relies on fatty acids
for such purpose. Such metabolic defect can be almost exclusively attributed to blunted insulin
signaling. Thus, despite the hyperglycemia that characterizes the diabetic milieu, impaired insulin
action results in reduced glucose uptake by cardiomyocytes through the insulin-sensitive glucose
transporter GLUT4, which represents 70% of glucose transporters in the heart. Nevertheless, glucose
gets into cardiomyocytes by other insulin-independent glucose transporters, such as the sodium
glucose co-transporter SGLT1, whose expression is increased in diabetic individuals [58]. Intracellular
glucose accumulation is also favored by a reduction in the glycolytic flux as a result of the inhibition of
the pyruvate dehydrogenase complex (PDH) by pyruvate dehydrogenase kinase 4 (PDK4), whose
expression and activity are dramatically increased in diabetic heart as a consequence of the negative
action of insulin on Pdk4 gene expression [59]. Increased intracellular accumulation of glucose,
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as mentioned in previous sections, is known to cause toxic effects by enhancing the formation of
AGEs. Furthermore, high glucose intracellular concentration favors the rerouting of glucose into the
hexosamine biosynthetic pathway, resulting in the O-GlcNAcylation of target proteins. As discussed
earlier (see Sections 3.1.1 and 3.1.2), the increased flux of glucose through the AGE and hexosamine
pathways contributes to the functional derangements of the diabetic heart.

Insulin resistance or lack of insulin signaling in adipose tissue of diabetic individuals impairs
the inhibition of triglyceride lipolysis by insulin, leading to high levels of circulating fatty acids. This,
together with the incapacity of diabetic heart to use glucose as a substrate for the production of
ATP, favors the uptake and oxidation of fatty acids. Still, as mentioned previously, the inability of
cardiac mitochondria to deal with such an overwhelming amount of lipids results in lipotoxicity. The
exacerbated lipid metabolism observed in DCM is not simply the result of increased lipid uptake
and increased flux through oxidative pathways as a direct result of increased activity of catabolic
enzymes, but it implies a complete reprogramming of the entire cellular metabolism through broad
changes in the transcriptional programs that govern lipid metabolism. Indeed, gene expression
profiling studies in hearts of db/db diabetic mice have revealed an overall increase in the expression
of genes related to different aspects of lipid metabolism, including triglyceride hydrolysis, cellular
transport and both peroxisomal and mitochondrial β-oxidation of fatty acids [42]. In addition, an
increase in the expression of genes related to lipid synthesis has been also observed, which together
with the increase in the expression of genes involved in fatty acids transport yields a plausible
explanation for the cardiac steatosis that characterizes DCM. The metabolic reprogramming of diabetic
hearts appears mediated at the transcriptional level by the activation of hormone nuclear receptors
estrogen-related receptor γ (ERRγ) and Peroxisome Proliferator-Activated Receptor α (PPARα), the
expression of which is increased in diabetic models of DCM [42,60]. Both ERRs and PPARα are
well-known regulators of oxidative metabolism by regulating, among others, the expression of genes
involved in fatty acid catabolism [61,62]. In support of PPARα playing a relevant role in the metabolic
reprogramming of diabetic hearts, transgenic mice that overexpress PPARα specifically in heart show
an increase in fatty acid oxidation rates that is accompanied by cardiomyocyte hypertrophy and
contractile dysfunction [60,63]. On the other hand, a key role of ERRγ in DCM has been recently
suggested by in vitro studies showing that adenoviral-mediated ectopic overexpression of ERRγ in
mouse cardiomyocytes is sufficient to recapitulate most of the alterations found in diabetic hearts,
including increased Pdk4 expression, enhanced fatty acid oxidation, activation of the transcriptional
program related to lipid metabolism, particularly lipid catabolism, and increased cardiomyocyte
size [42]. Interestingly, in addition, ERRγ controls the expression of PPARα by directly binding to the
Ppara promoter [42,64], highlighting the role of the ERRγ-PPARα axis in the metabolic reprogramming
of the diabetic heart.

4. Rodent Models of Impaired Insulin Signaling for the Study of DCM

The studies aimed at unraveling the factors involved in the onset and progression of DCM have
been based on the use of rodent models. Still, the use of cultured cells has been instrumental in precisely
defining the mechanisms of action and pathogenic relevance of such mechanisms. The rat H9C2 and
mouse HL-1 cell lines together with primary rat neonatal cardiomyocytes have been extensively used.
However, these in vitro models are not exempt from severe limitations. Thus, whereas HL-1 cells
have an atrial origin, H9C2 myoblasts are frequently used without any further differentiation into
mature muscular cells, precluding in both cases any conclusion about the real impact of the results
obtained on adult ventricular cardiomyocytes. More recently, the use of induced pluripotent stem cell
(iPSC)-derived cardiomyocytes has proven to be very valuable for the study of DCM [65,66]. However,
one of the major drawbacks of this model, but which can be extended to others cellular models, is
the difficulty to accurately reproduce all the cellular and environmental features the define DCM,
including glucotoxicity, lipotoxicity, and insulin resistance. Although this has been partially achieved
by culturing iPSC-derived cardiomyocytes in media with high levels of fatty acids (i.e., palmitate) and



Int. J. Mol. Sci. 2019, 20, 2833 10 of 16

glucose [67,68], the culture conditions are far from accurately reproduce the complex metabolic and
hormonal features, as well as (dys)functional characteristics found in diabetic subjects. Therefore, the
use of animal models still remains the best approach for the study of DCM.

4.1. Genetic Models of Cardiac-Specific Disruption of Insulin Signaling for the Study of DCM

The use of genetically-engineered mouse models that lack specific components of the insulin
signaling pathway has proven extremely useful to precisely define the contribution of impaired insulin
signaling to DCM without the confounding effects derived from the systemic metabolic alterations
found in genetic- or diet-induced models of insulin resistance/diabetes associated with chronic obesity.

Mice lacking insulin receptor (IR) specifically in the heart show impaired cardiac function
accompanied by decreased heart size, which results in part from a reduction in cardiomyocyte
size [69,70]. The reduction in heart size found in heart-specific IR knockout mice highlights the
relevance of proper insulin signaling in cardiac growth, beyond its effects on metabolism. At the
metabolic level, however, loss of insulin signaling causes an unexpected increase in basal glycolysis
rates, although both glucose and fatty acid oxidation are reduced. The loss of IR results in a reduction
in GLUT1 but, surprisingly, such loss is accompanied by an increase in GLUT4, which is apparently
sufficient to compensate for impaired glucose transport in the absence of proper insulin signaling.
Contrary to what it has been observed in rodent models of obesity-associated type 2 diabetes or
streptozotocin-induced type 1 diabetes (see Section 4.2), mice lacking IR exhibit a reduction in the
expression of fatty acid oxidation genes (Mcad, Lcad, Vlcad, Ppara), as well as a reduction in the
expression of Pdk4, what would explain the reduced fatty acid oxidation rates found in these mice [69].

Knockout mice with simultaneous deletion of genes encoding for insulin receptor substrate-1
and -2 (IRS-1 and IRS-2) specifically in heart show a phenotype similar to that of heart-specific
IR knockout mice. Far from showing cardiac hypertrophy, cardiac-specific IRS1/2 knockout mice
develop dilated cardiopathy, characterized by increased diameter of cardiac chambers and thinned
cardiac walls [71]. Loss of IRS1/2 leads to increased cardiomyocyte death and interstitial fibrosis that
contribute to depressed cardiac function and early death by two months of age. Consistent with lack
of proper insulin signaling and contrary to what was described for heart-specific IR knockout mice,
cardiac-specific IRS1/2 knockout mice exhibit a reduction in the expression of genes related to glucose
metabolism (i.e., Glut1, Glut4, Gck) and an increase in the expression of Pdk4. However, in contrast with
the characteristic gene expression pattern of DCM, the expression of genes related to lipid catabolism
(i.e., Vlcad) was reduced [71], what is suggestive of a decreased fatty acid oxidation in the absence
of IRS1/2.

3-phosphoinositide-dependent kinase-1 (PDK1) is another key component of the insulin signaling
pathway that is required for the activation of AKT/PKB. Mice lacking PDK1 specifically in the heart
show a phenotype very similar to the one shown by the models described earlier. Cardiac-specific
PDK1 knockout mice die around 5–11 weeks of age from severe heart failure [72]. Hearts from mice
lacking PDK1 exhibit clear signs of wall thinning accompanied by interstitial fibrosis and reduced
cardiomyocyte size. To overcome the early lethality of the cardiac-specific PDK1 knockout mice, Ito
and collaborators generated a tamoxifen-inducible cardiac-specific PDK1 knockout mouse model [73].
Lack of PDK1 during adulthood leads to death from heart failure 5–15 weeks after Pdk1 deletion. Wall
thinning and chamber dilation, together with increased fibrosis and cardiomyocyte apoptosis were
developed soon after Pdk1 was deleted [73]. Unfortunately, how metabolism is affected by the lack of
PDK1 in those mice has not been addressed.

4.2. Rodent Models of Diabetes or Systemic Insulin Resistance for the Study of DCM

The mouse models defective in specific components of the insulin signaling pathway in cardiac
tissue highlight the relevance of insulin for proper cardiac function and development, as well as in
cardiomyocyte growth and survival. However, complete lack of insulin signaling specifically in the
heart does not always phenocopy all the cellular and molecular derangements found in DCM. This
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suggests that DCM is the result of complex interactions between cardiac cells in which insulin signaling
is impaired and the diabetic milieu that results from insulin resistance or absence of insulin signaling
in other tissues. In this regard, the use of rodent models of diabetes or systemic insulin resistance
has proven very valuable for the study of DCM. The use of such rodent models has been extensively
reviewed elsewhere [15] and, therefore, here, we will only highlight some of the main features of the
most commonly used models.

Streptozotocin (STZ)-induced type 1 diabetes rat or mouse models have been frequently used
for the study of DCM. The toxic effects of STZ on pancreatic β-cells result in loss of β-cells, with the
consequent deficiency in insulin secretion, despite insulin sensitivity being maintained in peripheral
tissues. STZ-induced diabetes rodent models exhibit cardiac dysfunction, the severity of which is
proportional to the time of diabetes evolution. Both systolic and diastolic left ventricular dysfunction
has been reported in some studies, associated with reduced ejection fraction and/or reduced rate of
relaxation [74–76]. However, other studies have reported no major alterations in heart function [77].
Nevertheless, STZ-induced type 1 diabetic mice and rats show most of the cellular and metabolic
features described in DCM, including cardiomyocyte hypertrophy and death, oxidative stress, fibrosis,
decreased cardiac efficiency, altered calcium homeostasis and increased expression of genes related to
fatty acid uptake and oxidation [33,45,60,75,76,78].

Rodent models of severe insulin resistance and type 2 diabetes associated with obesity as a
result of a defect in the leptin signaling pathway have been also extensively used for the study of
DCM. The ob/ob mice show a recessive mutation in the gene encoding for leptin, an adipose-specific
anorexigenic hormone, whereas the db/db mice -and their equivalent Zucker diabetic fatty (ZDF)
rats- are characterized by a point mutation in the leptin receptor gene. As a result of the disruption
in leptin signaling, ob/ob and db/db mice and ZDF rats are hyperphagic and develop severe obesity,
insulin resistance and type 2 diabetes. Although both models show impaired leptin signaling, a major
difference between ob/ob and the db/db mice is the temporal course of diabetes, which develops earlier in
db/db mice. This might be responsible for the subtle differences found between ob/ob and db/db mice with
regard to the cardiac outcome. In addition, the technical approaches used in the different studies to
evaluate cardiac structure and function could be blamed for the variable, sometimes even contradictory,
results obtained in different studies using the same mouse model. For instance, echocardiographic
studies have yielded very variable results with regard to cardiac structure and function. Thus, whereas
a reduction in left ventricular mass and decreased diameter of the ventricular cavities, both at systole
or diastole, have been reported by some studies in db/db mice [42], others researchers have reported an
increased in the left ventricle internal cavity diameter without major changes in ventricular mass [41,79]
or the lack of noticeable and consistent structural alterations [80–83]. Contrarily, the assessment of
cardiac function in isolated working hearts unequivocally revealed altered cardiac function in hearts of
ob/ob and db/db mice, both of which exhibit a decrease in left ventricle systolic pressure and cardiac
output (measured as aortic flow) and an increase in left ventricle developed pressure [29,30,43,55,84–86].
Moreover, ob/ob and db/db mice and ZDF rats accurately reproduce all the cellular and metabolic traits
that define DCM, including cardiomyocyte hypertrophy, cardiac steatosis and cell death [27,42,80,81].
At the metabolic level, type 2 diabetic rodent models show metabolic inflexibility, characterized by
reduced glucose oxidation and increased fatty oxidation and oxidative stress [29,43,84–86]. Consistent
with the increase in fatty acid oxidation, these rodent models exhibit increased expression of genes
involved in lipid uptake, mobilization, and oxidation [42,43,60,85].

5. Conclusions

From the numerous epidemiologic studies that show a steady rise in the prevalence of diabetes, it
would not be too daring to predict that the prevalence of DCM will also escalate proportionally in
the upcoming years. Our comprehension of the pathogenic mechanisms of DCM remains limited, in
part due to the difficulty to diagnose the disease at the early stages of its development and also as a
consequence of the scarcity of studies carried out in diabetic patients. Most of our knowledge about
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the pathogenic factors involved in DCM has been provided by studies performed in a variety of rodent
models of type 1 and type 2 diabetes or genetically engineered mouse models that lack important
molecular components of the insulin signaling pathway. These studies have identified mitochondrial
dysfunction, increased AGEs production, oxidative stress, calcium mishandling, lipotoxicity, enhanced
flux through the hexosamine biosynthetic pathway and activation of the RAS pathway as factors
that trigger or contribute to the structural and functional alterations of cardiac cells. Because these
pathogenic factors may concur in the same patient, the use of specific drugs to target one of these
components of the disease might not be sufficient to revert or prevent heart failure. However,
compelling evidence obtained from the studies in rodent models supports the notion that the factors
that mediate the cellular derangements in diabetic hearts are the direct result of impaired insulin
signaling in cardiomyocytes. Therefore, improving insulin signaling in the heart appears as a more
effective strategy for the integral treatment of DCM.

Author Contributions: Writing, review and editing, M.Z. and J.A.V.; Conceptualization and funding acquisition, J.A.V.

Funding: This work was supported by grants BFU2015-64462R from the Ministerio de Economía y Competitividad
(MINECO/FEDER, UE) and HR17-00627 from La Caixa Foundation to J.A.V. Figures were produced using elements
from Servier Medical Art (https://smart.servier.com).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Helath Organization. Global Report on Diabetes. 2016. Available online: www.who.int (accessed on
10 June 2019).

2. Abbott, R.D.; Donahue, R.P.; Kannel, W.B.; Wilson, P.W. The impact of diabetes on survival following
myocardial infarction in men vs women. The Framingham Study. JAMA 1988, 260, 3456–3460. [CrossRef]
[PubMed]

3. Iribarren, C.; Karter, A.J.; Go, A.S.; Ferrara, A.; Liu, J.Y.; Sidney, S.; Selby, J.V. Glycemic control and heart
failure among adult patients with diabetes. Circulation 2001, 103, 2668–2673. [CrossRef] [PubMed]

4. Lind, M.; Bounias, I.; Olsson, M.; Gudbjornsdottir, S.; Svensson, A.M.; Rosengren, A. Glycaemic control and
incidence of heart failure in 20,985 patients with type 1 diabetes: an observational study. Lancet 2011, 378,
140–146. [CrossRef]

5. Stratton, I.M.; Adler, A.I.; Neil, H.A.; Matthews, D.R.; Manley, S.E.; Cull, C.A.; Hadden, D.; Turner, R.C.;
Holman, R.R. Association of glycaemia with macrovascular and microvascular complications of type 2
diabetes (UKPDS 35): Prospective observational study. BMJ 2000, 321, 405–412. [CrossRef]

6. Rubler, S.; Dlugash, J.; Yuceoglu, Y.Z.; Kumral, T.; Branwood, A.W.; Grishman, A. New type of cardiomyopathy
associated with diabetic glomerulosclerosis. Am. J. Cardiol. 1972, 30, 595–602. [CrossRef]

7. Di Bonito, P.; Cuomo, S.; Moio, N.; Sibilio, G.; Sabatini, D.; Quattrin, S.; Capaldo, B. Diastolic dysfunction in
patients with non-insulin-dependent diabetes mellitus of short duration. Diabet. Med. 1996, 13, 321–324.
[CrossRef]

8. Nicolino, A.; Longobardi, G.; Furgi, G.; Rossi, M.; Zoccolillo, N.; Ferrara, N.; Rengo, F. Left ventricular
diastolic filling in diabetes mellitus with and without hypertension. Am. J. Hypertens. 1995, 8, 382–389.
[CrossRef]

9. Poirier, P.; Bogaty, P.; Garneau, C.; Marois, L.; Dumesnil, J.G. Diastolic dysfunction in normotensive men with
well-controlled type 2 diabetes: Importance of maneuvers in echocardiographic screening for preclinical
diabetic cardiomyopathy. Diabetes Care 2001, 24, 5–10. [CrossRef]

10. Di Bello, V.; Talarico, L.; Picano, E.; Di Muro, C.; Landini, L.; Paterni, M.; Matteucci, E.; Giusti, C.; Giampietro, O.
Increased echodensity of myocardial wall in the diabetic heart: an ultrasound tissue characterization study.
J. Am. Coll. Cardiol. 1995, 25, 1408–1415. [CrossRef]

11. Regan, T.J.; Lyons, M.M.; Ahmed, S.S.; Levinson, G.E.; Oldewurtel, H.A.; Ahmad, M.R.; Haider, B. Evidence
for cardiomyopathy in familial diabetes mellitus. J. Clin. Investig. 1977, 60, 884–899. [CrossRef]

12. Jagasia, D.; Whiting, J.M.; Concato, J.; Pfau, S.; McNulty, P.H. Effect of non-insulin-dependent diabetes
mellitus on myocardial insulin responsiveness in patients with ischemic heart disease. Circulation 2001, 103,
1734–1739. [CrossRef] [PubMed]

https://smart.servier.com
www.who.int
http://dx.doi.org/10.1001/jama.1988.03410230074031
http://www.ncbi.nlm.nih.gov/pubmed/2974889
http://dx.doi.org/10.1161/01.CIR.103.22.2668
http://www.ncbi.nlm.nih.gov/pubmed/11390335
http://dx.doi.org/10.1016/S0140-6736(11)60471-6
http://dx.doi.org/10.1136/bmj.321.7258.405
http://dx.doi.org/10.1016/0002-9149(72)90595-4
http://dx.doi.org/10.1002/(SICI)1096-9136(199604)13:4&lt;321::AID-DIA3&gt;3.0.CO;2-7
http://dx.doi.org/10.1016/0895-7061(95)00022-H
http://dx.doi.org/10.2337/diacare.24.1.5
http://dx.doi.org/10.1016/0735-1097(95)00026-Z
http://dx.doi.org/10.1172/JCI108843
http://dx.doi.org/10.1161/01.CIR.103.13.1734
http://www.ncbi.nlm.nih.gov/pubmed/11282903


Int. J. Mol. Sci. 2019, 20, 2833 13 of 16

13. Utriainen, T.; Takala, T.; Luotolahti, M.; Ronnemaa, T.; Laine, H.; Ruotsalainen, U.; Haaparanta, M.; Nuutila, P.;
Yki-Jarvinen, H. Insulin resistance characterizes glucose uptake in skeletal muscle but not in the heart in
NIDDM. Diabetologia 1998, 41, 555–559. [CrossRef] [PubMed]

14. Briat, A.; Slimani, L.; Perret, P.; Villemain, D.; Halimi, S.; Demongeot, J.; Fagret, D.; Ghezzi, C. In vivo
assessment of cardiac insulin resistance by nuclear probes using an iodinated tracer of glucose transport.
Eur. J. Nucl. Med. Mol. Imaging 2007, 34, 1756–1764. [CrossRef] [PubMed]

15. Bugger, H.; Abel, E.D. Rodent models of diabetic cardiomyopathy. Dis. Model. Mech. 2009, 2, 454–466.
[CrossRef] [PubMed]

16. Gray, S.; Kim, J.K. New insights into insulin resistance in the diabetic heart. Trends Endocrinol. Metab. 2011,
22, 394–403. [CrossRef] [PubMed]

17. Bodiga, V.L.; Eda, S.R.; Bodiga, S. Advanced glycation end products: Role in pathology of diabetic
cardiomyopathy. Heart Fail. Rev. 2014, 19, 49–63. [CrossRef] [PubMed]

18. Yu, Q.; Vazquez, R.; Zabadi, S.; Watson, R.R.; Larson, D.F. T-lymphocytes mediate left ventricular fibrillar
collagen cross-linking and diastolic dysfunction in mice. Matrix Biol. 2010, 29, 511–518. [CrossRef]

19. Nielsen, J.M.; Kristiansen, S.B.; Norregaard, R.; Andersen, C.L.; Denner, L.; Nielsen, T.T.; Flyvbjerg, A.;
Botker, H.E. Blockage of receptor for advanced glycation end products prevents development of cardiac
dysfunction in db/db type 2 diabetic mice. Eur. J. Heart Fail. 2009, 11, 638–647. [CrossRef]

20. Fricovsky, E.S.; Suarez, J.; Ihm, S.H.; Scott, B.T.; Suarez-Ramirez, J.A.; Banerjee, I.; Torres-Gonzalez, M.;
Wang, H.; Ellrott, I.; Maya-Ramos, L.; et al. Excess protein O-GlcNAcylation and the progression of diabetic
cardiomyopathy. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 303, R689–R699. [CrossRef]

21. Hu, Y.; Belke, D.; Suarez, J.; Swanson, E.; Clark, R.; Hoshijima, M.; Dillmann, W.H. Adenovirus-mediated
overexpression of O-GlcNAcase improves contractile function in the diabetic heart. Circ. Res. 2005, 96,
1006–1013. [CrossRef]

22. Erickson, J.R.; Pereira, L.; Wang, L.; Han, G.; Ferguson, A.; Dao, K.; Copeland, R.J.; Despa, F.; Hart, G.W.;
Ripplinger, C.M.; et al. Diabetic hyperglycaemia activates CaMKII and arrhythmias by O-linked glycosylation.
Nature 2013, 502, 372–376. [CrossRef] [PubMed]

23. Yokoe, S.; Asahi, M.; Takeda, T.; Otsu, K.; Taniguchi, N.; Miyoshi, E.; Suzuki, K. Inhibition of phospholamban
phosphorylation by O-GlcNAcylation: Implications for diabetic cardiomyopathy. Glycobiology 2010, 20,
1217–1226. [CrossRef] [PubMed]

24. Ramirez-Correa, G.A.; Ma, J.; Slawson, C.; Zeidan, Q.; Lugo-Fagundo, N.S.; Xu, M.; Shen, X.; Gao, W.D.;
Caceres, V.; Chakir, K.; et al. Removal of Abnormal Myofilament O-GlcNAcylation Restores Ca2+ Sensitivity
in Diabetic Cardiac Muscle. Diabetes 2015, 64, 3573–3587. [CrossRef] [PubMed]

25. Ducheix, S.; Magre, J.; Cariou, B.; Prieur, X. Chronic O-GlcNAcylation and Diabetic Cardiomyopathy: The
Bitterness of Glucose. Front. Endocrinol. 2018, 9, 642. [CrossRef] [PubMed]

26. Son, N.H.; Yu, S.; Tuinei, J.; Arai, K.; Hamai, H.; Homma, S.; Shulman, G.I.; Abel, E.D.; Goldberg, I.J.
PPARγ-induced cardiolipotoxicity in mice is ameliorated by PPARα deficiency despite increases in fatty acid
oxidation. J. Clin. Investig. 2010, 120, 3443–3454. [CrossRef] [PubMed]

27. Zhou, Y.T.; Grayburn, P.; Karim, A.; Shimabukuro, M.; Higa, M.; Baetens, D.; Orci, L.; Unger, R.H. Lipotoxic
heart disease in obese rats: Implications for human obesity. Proc. Natl. Acad. Sci. USA 2000, 97, 1784–1789.
[CrossRef] [PubMed]

28. Geraldes, P.; King, G.L. Activation of protein kinase C isoforms and its impact on diabetic complications.
Circ. Res. 2010, 106, 1319–1331. [CrossRef] [PubMed]

29. Belke, D.D.; Larsen, T.S.; Gibbs, E.M.; Severson, D.L. Altered metabolism causes cardiac dysfunction in
perfused hearts from diabetic (db/db) mice. Am. J. Physiol. Endocrinol. Metab. 2000, 279, E1104–E1113. [CrossRef]

30. Boudina, S.; Sena, S.; O’Neill, B.T.; Tathireddy, P.; Young, M.E.; Abel, E.D. Reduced mitochondrial oxidative
capacity and increased mitochondrial uncoupling impair myocardial energetics in obesity. Circulation 2005,
112, 2686–2695. [CrossRef]

31. Anderson, E.J.; Kypson, A.P.; Rodriguez, E.; Anderson, C.A.; Lehr, E.J.; Neufer, P.D. Substrate-specific
derangements in mitochondrial metabolism and redox balance in the atrium of the type 2 diabetic human
heart. J. Am. Coll. Cardiol. 2009, 54, 1891–1898. [CrossRef]

32. Anderson, E.J.; Rodriguez, E.; Anderson, C.A.; Thayne, K.; Chitwood, W.R.; Kypson, A.P. Increased propensity
for cell death in diabetic human heart is mediated by mitochondrial-dependent pathways. Am. J. Physiol.
Heart Circ. Physiol. 2011, 300, H118–H124. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s001250050946
http://www.ncbi.nlm.nih.gov/pubmed/9628273
http://dx.doi.org/10.1007/s00259-007-0453-y
http://www.ncbi.nlm.nih.gov/pubmed/17530249
http://dx.doi.org/10.1242/dmm.001941
http://www.ncbi.nlm.nih.gov/pubmed/19726805
http://dx.doi.org/10.1016/j.tem.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21680199
http://dx.doi.org/10.1007/s10741-013-9374-y
http://www.ncbi.nlm.nih.gov/pubmed/23404649
http://dx.doi.org/10.1016/j.matbio.2010.06.003
http://dx.doi.org/10.1093/eurjhf/hfp070
http://dx.doi.org/10.1152/ajpregu.00548.2011
http://dx.doi.org/10.1161/01.RES.0000165478.06813.58
http://dx.doi.org/10.1038/nature12537
http://www.ncbi.nlm.nih.gov/pubmed/24077098
http://dx.doi.org/10.1093/glycob/cwq071
http://www.ncbi.nlm.nih.gov/pubmed/20484118
http://dx.doi.org/10.2337/db14-1107
http://www.ncbi.nlm.nih.gov/pubmed/26109417
http://dx.doi.org/10.3389/fendo.2018.00642
http://www.ncbi.nlm.nih.gov/pubmed/30420836
http://dx.doi.org/10.1172/JCI40905
http://www.ncbi.nlm.nih.gov/pubmed/20852389
http://dx.doi.org/10.1073/pnas.97.4.1784
http://www.ncbi.nlm.nih.gov/pubmed/10677535
http://dx.doi.org/10.1161/CIRCRESAHA.110.217117
http://www.ncbi.nlm.nih.gov/pubmed/20431074
http://dx.doi.org/10.1152/ajpendo.2000.279.5.E1104
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.554360
http://dx.doi.org/10.1016/j.jacc.2009.07.031
http://dx.doi.org/10.1152/ajpheart.00932.2010
http://www.ncbi.nlm.nih.gov/pubmed/21076025


Int. J. Mol. Sci. 2019, 20, 2833 14 of 16

33. Aragno, M.; Mastrocola, R.; Alloatti, G.; Vercellinatto, I.; Bardini, P.; Geuna, S.; Catalano, M.G.; Danni, O.;
Boccuzzi, G. Oxidative stress triggers cardiac fibrosis in the heart of diabetic rats. Endocrinology 2008, 149,
380–388. [CrossRef] [PubMed]

34. Lashin, O.M.; Szweda, P.A.; Szweda, L.I.; Romani, A.M. Decreased complex II respiration and HNE-modified
SDH subunit in diabetic heart. Free Radic. Biol. Med. 2006, 40, 886–896. [CrossRef] [PubMed]

35. Shen, X.; Zheng, S.; Thongboonkerd, V.; Xu, M.; Pierce, W.M., Jr.; Klein, J.B.; Epstein, P.N. Cardiac
mitochondrial damage and biogenesis in a chronic model of type 1 diabetes. Am. J. Physiol. Endocrinol.
Metab. 2004, 287, E896–E905. [CrossRef] [PubMed]

36. Turko, I.V.; Murad, F. Quantitative protein profiling in heart mitochondria from diabetic rats. J. Biol. Chem.
2003, 278, 35844–35849. [CrossRef] [PubMed]

37. Ye, G.; Metreveli, N.S.; Donthi, R.V.; Xia, S.; Xu, M.; Carlson, E.C.; Epstein, P.N. Catalase protects cardiomyocyte
function in models of type 1 and type 2 diabetes. Diabetes 2004, 53, 1336–1343. [CrossRef] [PubMed]

38. Zamora, M.; Villena, J.A. Targeting mitochondrial biogenesis to treat insulin resistance. Curr. Pharm. Des.
2014, 20, 5527–5557. [CrossRef] [PubMed]

39. Metzler, B.; Schocke, M.F.; Steinboeck, P.; Wolf, C.; Judmaier, W.; Lechleitner, M.; Lukas, P.; Pachinger, O.
Decreased high-energy phosphate ratios in the myocardium of men with diabetes mellitus type I. J. Cardiovasc.
Magn. Reson. 2002, 4, 493–502. [CrossRef] [PubMed]

40. Kuo, T.H.; Moore, K.H.; Giacomelli, F.; Wiener, J. Defective oxidative metabolism of heart mitochondria from
genetically diabetic mice. Diabetes 1983, 32, 781–787. [CrossRef] [PubMed]

41. Pierce, G.N.; Dhalla, N.S. Heart mitochondrial function in chronic experimental diabetes in rats. Can. J.
Cardiol. 1985, 1, 48–54. [PubMed]

42. Lasheras, J.; Vila, M.; Zamora, M.; Riu, E.; Pardo, R.; Poncelas, M.; Cases, I.; Ruiz-Meana, M.; Hernandez, C.;
Feliu, J.E.; et al. Gene expression profiling in hearts of diabetic mice uncovers a potential role of
estrogen-related receptor gamma in diabetic cardiomyopathy. Mol. Cell. Endocrinol. 2016, 430, 77–88.
[CrossRef] [PubMed]

43. Boudina, S.; Sena, S.; Theobald, H.; Sheng, X.; Wright, J.J.; Hu, X.X.; Aziz, S.; Johnson, J.I.; Bugger, H.;
Zaha, V.G.; et al. Mitochondrial energetics in the heart in obesity-related diabetes: direct evidence for
increased uncoupled respiration and activation of uncoupling proteins. Diabetes 2007, 56, 2457–2466.
[CrossRef] [PubMed]

44. Giacchetti, G.; Sechi, L.A.; Rilli, S.; Carey, R.M. The renin-angiotensin-aldosterone system, glucose metabolism
and diabetes. Trends Endocrinol. Metab. 2005, 16, 120–126. [CrossRef] [PubMed]

45. Singh, V.P.; Le, B.; Khode, R.; Baker, K.M.; Kumar, R. Intracellular angiotensin II production in diabetic rats is
correlated with cardiomyocyte apoptosis, oxidative stress, and cardiac fibrosis. Diabetes 2008, 57, 3297–3306.
[CrossRef] [PubMed]

46. Singh, V.P.; Le, B.; Bhat, V.B.; Baker, K.M.; Kumar, R. High-glucose-induced regulation of intracellular ANG
II synthesis and nuclear redistribution in cardiac myocytes. Am. J. Physiol. Heart Circ. Physiol. 2007, 293,
H939–H948. [CrossRef]

47. Sechi, L.A.; Griffin, C.A.; Schambelan, M. The cardiac renin-angiotensin system in STZ-induced diabetes.
Diabetes 1994, 43, 1180–1184. [CrossRef] [PubMed]

48. Bernardi, S.; Michelli, A.; Zuolo, G.; Candido, R.; Fabris, B. Update on RAAS Modulation for the Treatment
of Diabetic Cardiovascular Disease. J. Diabetes Res. 2016, 2016, 8917578. [CrossRef]

49. Shah, A.M.; Shin, S.H.; Takeuchi, M.; Skali, H.; Desai, A.S.; Kober, L.; Maggioni, A.P.; Rouleau, J.L.; Kelly, R.Y.;
Hester, A.; et al. Left ventricular systolic and diastolic function, remodelling, and clinical outcomes among
patients with diabetes following myocardial infarction and the influence of direct renin inhibition with
aliskiren. Eur. J. Heart Fail. 2012, 14, 185–192. [CrossRef]

50. Solomon, S.D.; Appelbaum, E.; Manning, W.J.; Verma, A.; Berglund, T.; Lukashevich, V.; Cherif Papst, C.;
Smith, B.A.; Dahlof, B. Effect of the direct Renin inhibitor aliskiren, the Angiotensin receptor blocker losartan,
or both on left ventricular mass in patients with hypertension and left ventricular hypertrophy. Circulation
2009, 119, 530–537. [CrossRef]

51. Choi, K.M.; Zhong, Y.; Hoit, B.D.; Grupp, I.L.; Hahn, H.; Dilly, K.W.; Guatimosim, S.; Lederer, W.J.; Matlib, M.A.
Defective intracellular Ca2+ signaling contributes to cardiomyopathy in Type 1 diabetic rats. Am. J. Physiol.
Heart Circ. Physiol. 2002, 283, H1398–H1408. [CrossRef]

http://dx.doi.org/10.1210/en.2007-0877
http://www.ncbi.nlm.nih.gov/pubmed/17901230
http://dx.doi.org/10.1016/j.freeradbiomed.2005.10.040
http://www.ncbi.nlm.nih.gov/pubmed/16520240
http://dx.doi.org/10.1152/ajpendo.00047.2004
http://www.ncbi.nlm.nih.gov/pubmed/15280150
http://dx.doi.org/10.1074/jbc.M303139200
http://www.ncbi.nlm.nih.gov/pubmed/12851409
http://dx.doi.org/10.2337/diabetes.53.5.1336
http://www.ncbi.nlm.nih.gov/pubmed/15111504
http://dx.doi.org/10.2174/1381612820666140306102514
http://www.ncbi.nlm.nih.gov/pubmed/24606798
http://dx.doi.org/10.1081/JCMR-120016387
http://www.ncbi.nlm.nih.gov/pubmed/12549236
http://dx.doi.org/10.2337/diab.32.9.781
http://www.ncbi.nlm.nih.gov/pubmed/6414861
http://www.ncbi.nlm.nih.gov/pubmed/2996724
http://dx.doi.org/10.1016/j.mce.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27062900
http://dx.doi.org/10.2337/db07-0481
http://www.ncbi.nlm.nih.gov/pubmed/17623815
http://dx.doi.org/10.1016/j.tem.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15808810
http://dx.doi.org/10.2337/db08-0805
http://www.ncbi.nlm.nih.gov/pubmed/18829990
http://dx.doi.org/10.1152/ajpheart.00391.2007
http://dx.doi.org/10.2337/diab.43.10.1180
http://www.ncbi.nlm.nih.gov/pubmed/7926285
http://dx.doi.org/10.1155/2016/8917578
http://dx.doi.org/10.1093/eurjhf/hfr125
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.826214
http://dx.doi.org/10.1152/ajpheart.00313.2002


Int. J. Mol. Sci. 2019, 20, 2833 15 of 16

52. Lopaschuk, G.D.; Tahiliani, A.G.; Vadlamudi, R.V.; Katz, S.; McNeill, J.H. Cardiac sarcoplasmic reticulum
function in insulin- or carnitine-treated diabetic rats. Am. J. Physiol. 1983, 245, H969–H976. [CrossRef]
[PubMed]

53. Pereira, L.; Matthes, J.; Schuster, I.; Valdivia, H.H.; Herzig, S.; Richard, S.; Gomez, A.M. Mechanisms of
[Ca2+]i transient decrease in cardiomyopathy of db/db type 2 diabetic mice. Diabetes 2006, 55, 608–615.
[CrossRef] [PubMed]

54. Yu, J.Z.; Quamme, G.A.; McNeill, J.H. Altered [Ca2+]i mobilization in diabetic cardiomyocytes: responses to
caffeine, KCl, ouabain, and ATP. Diabetes Res. Clin. Pract. 1995, 30, 9–20. [CrossRef]

55. Belke, D.D.; Swanson, E.A.; Dillmann, W.H. Decreased sarcoplasmic reticulum activity and contractility in
diabetic db/db mouse heart. Diabetes 2004, 53, 3201–3208. [CrossRef] [PubMed]

56. Hattori, Y.; Matsuda, N.; Kimura, J.; Ishitani, T.; Tamada, A.; Gando, S.; Kemmotsu, O.; Kanno, M. Diminished
function and expression of the cardiac Na+-Ca2+ exchanger in diabetic rats: Implication in Ca2+ overload. J.
Physiol. 2000, 527, 85–94. [CrossRef]

57. Bertrand, L.; Horman, S.; Beauloye, C.; Vanoverschelde, J.L. Insulin signalling in the heart. Cardiovasc. Res.
2008, 79, 238–248. [CrossRef]

58. Banerjee, S.K.; McGaffin, K.R.; Pastor-Soler, N.M.; Ahmad, F. SGLT1 is a novel cardiac glucose transporter
that is perturbed in disease states. Cardiovasc. Res. 2009, 84, 111–118. [CrossRef]

59. Huang, B.; Wu, P.; Bowker-Kinley, M.M.; Harris, R.A. Regulation of pyruvate dehydrogenase kinase
expression by peroxisome proliferator-activated receptor-alpha ligands, glucocorticoids, and insulin. Diabetes
2002, 51, 276–283. [CrossRef]

60. Finck, B.N.; Lehman, J.J.; Leone, T.C.; Welch, M.J.; Bennett, M.J.; Kovacs, A.; Han, X.; Gross, R.W.; Kozak, R.;
Lopaschuk, G.D.; et al. The cardiac phenotype induced by PPARα overexpression mimics that caused by
diabetes mellitus. J. Clin. Investig. 2002, 109, 121–130. [CrossRef]

61. Lee, C.H.; Olson, P.; Evans, R.M. Minireview: Lipid metabolism, metabolic diseases, and peroxisome
proliferator-activated receptors. Endocrinology 2003, 144, 2201–2207. [CrossRef]

62. Villena, J.A.; Kralli, A. ERRα: A metabolic function for the oldest orphan. Trends Endocrinol. Metab. 2008, 19,
269–276. [CrossRef] [PubMed]

63. Burkart, E.M.; Sambandam, N.; Han, X.; Gross, R.W.; Courtois, M.; Gierasch, C.M.; Shoghi, K.; Welch, M.J.;
Kelly, D.P. Nuclear receptors PPARβ/δ and PPARα direct distinct metabolic regulatory programs in the
mouse heart. J. Clin. Investig. 2007, 117, 3930–3939. [CrossRef] [PubMed]

64. Huss, J.M.; Torra, I.P.; Staels, B.; Giguere, V.; Kelly, D.P. Estrogen-related receptor α directs peroxisome
proliferator-activated receptor α signaling in the transcriptional control of energy metabolism in cardiac and
skeletal muscle. Mol. Cell. Biol. 2004, 24, 9079–9091. [CrossRef] [PubMed]

65. Graneli, C.; Hicks, R.; Brolen, G.; Synnergren, J.; Sartipy, P. Diabetic cardiomyopathy modelling using induced
pluripotent stem cell derived cardiomyocytes: Recent advances and emerging models. Stem Cell Rev. 2017,
15, 13–15. [CrossRef] [PubMed]

66. Pant, T.; Mishra, M.K.; Bai, X.; Ge, Z.D.; Bosnjak, Z.J.; Dhanasekaran, W.I. Microarray analysis of long
non-coding RNA and mRNA expression profiles in diabetic cardiomyopathy using human induced
pluripotent stem cell-derived cardiomyocytes. Diab. Vasc. Dis. Res. 2019, 16, 57–68. [CrossRef] [PubMed]

67. Geraets, I.M.E.; Chanda, D.; van Tienen, F.H.J.; van den Wijngaard, A.; Kamps, R.; Neumann, D.; Liu, Y.;
Glatz, J.F.C.; Luiken, J.J.F.P.; Nabben, M. Human embryonic stem cell-derived cardiomyocytes as an in vitro
model to study cardiac insulin resistance. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1984, 1960–1967.
[CrossRef] [PubMed]

68. Liu, Y.; Steinbusch, L.K.M.; Nabben, M.; Kapsokalyvas, D.; van Zandvoort, M.; Schonleitner, P.; Antoons, G.;
Simons, P.J.; Coumans, W.A.; Geomini, A.; et al. Palmitate-induced vacuolar-type H+-ATPase inhibition
feeds forward into insulin resistance and contractile dysfunction. Diabetes 2017, 66, 1521–1534. [CrossRef]
[PubMed]

69. Belke, D.D.; Betuing, S.; Tuttle, M.J.; Graveleau, C.; Young, M.E.; Pham, M.; Zhang, D.; Cooksey, R.C.;
McClain, D.A.; Litwin, S.E.; et al. Insulin signaling coordinately regulates cardiac size, metabolism, and
contractile protein isoform expression. J. Clin. Investig. 2002, 109, 629–639. [CrossRef] [PubMed]

70. Boudina, S.; Bugger, H.; Sena, S.; O’Neill, B.T.; Zaha, V.G.; Ilkun, O.; Wright, J.J.; Mazumder, P.K.;
Palfreyman, E.; Tidwell, T.J.; et al. Contribution of impaired myocardial insulin signaling to mitochondrial
dysfunction and oxidative stress in the heart. Circulation 2009, 119, 1272–1283. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpheart.1983.245.6.H969
http://www.ncbi.nlm.nih.gov/pubmed/6362435
http://dx.doi.org/10.2337/diabetes.55.03.06.db05-1284
http://www.ncbi.nlm.nih.gov/pubmed/16505222
http://dx.doi.org/10.1016/0168-8227(95)01144-7
http://dx.doi.org/10.2337/diabetes.53.12.3201
http://www.ncbi.nlm.nih.gov/pubmed/15561951
http://dx.doi.org/10.1111/j.1469-7793.2000.00085.x
http://dx.doi.org/10.1093/cvr/cvn093
http://dx.doi.org/10.1093/cvr/cvp190
http://dx.doi.org/10.2337/diabetes.51.2.276
http://dx.doi.org/10.1172/JCI0214080
http://dx.doi.org/10.1210/en.2003-0288
http://dx.doi.org/10.1016/j.tem.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18778951
http://dx.doi.org/10.1172/JCI32578
http://www.ncbi.nlm.nih.gov/pubmed/18037994
http://dx.doi.org/10.1128/MCB.24.20.9079-9091.2004
http://www.ncbi.nlm.nih.gov/pubmed/15456881
http://dx.doi.org/10.1007/s12015-018-9858-1
http://www.ncbi.nlm.nih.gov/pubmed/30343468
http://dx.doi.org/10.1177/1479164118813888
http://www.ncbi.nlm.nih.gov/pubmed/30482051
http://dx.doi.org/10.1016/j.bbadis.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29277329
http://dx.doi.org/10.2337/db16-0727
http://www.ncbi.nlm.nih.gov/pubmed/28302654
http://dx.doi.org/10.1172/JCI0213946
http://www.ncbi.nlm.nih.gov/pubmed/11877471
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.792101
http://www.ncbi.nlm.nih.gov/pubmed/19237663


Int. J. Mol. Sci. 2019, 20, 2833 16 of 16

71. Qi, Y.; Xu, Z.; Zhu, Q.; Thomas, C.; Kumar, R.; Feng, H.; Dostal, D.E.; White, M.F.; Baker, K.M.; Guo, S.
Myocardial loss of IRS1 and IRS2 causes heart failure and is controlled by p38α MAPK during insulin
resistance. Diabetes 2013, 62, 3887–3900. [CrossRef]

72. Mora, A.; Davies, A.M.; Bertrand, L.; Sharif, I.; Budas, G.R.; Jovanovic, S.; Mouton, V.; Kahn, C.R.; Lucocq, J.M.;
Gray, G.A.; et al. Deficiency of PDK1 in cardiac muscle results in heart failure and increased sensitivity to
hypoxia. EMBO J. 2003, 22, 4666–4676. [CrossRef] [PubMed]

73. Ito, K.; Akazawa, H.; Tamagawa, M.; Furukawa, K.; Ogawa, W.; Yasuda, N.; Kudo, Y.; Liao, C.H.; Yamamoto, R.;
Sato, T.; et al. PDK1 coordinates survival pathways and β-adrenergic response in the heart. Proc. Natl. Acad.
Sci. USA 2009, 106, 8689–8694. [CrossRef] [PubMed]

74. Crespo, M.J.; Zalacain, J.; Dunbar, D.C.; Cruz, N.; Arocho, L. Cardiac oxidative stress is elevated at the onset
of dilated cardiomyopathy in streptozotocin-diabetic rats. J. Cardiovasc. Pharmacol. Ther. 2008, 13, 64–71.
[CrossRef] [PubMed]

75. Flarsheim, C.E.; Grupp, I.L.; Matlib, M.A. Mitochondrial dysfunction accompanies diastolic dysfunction in
diabetic rat heart. Am. J. Physiol. 1996, 271, H192–H202. [CrossRef] [PubMed]

76. Glyn-Jones, S.; Song, S.; Black, M.A.; Phillips, A.R.; Choong, S.Y.; Cooper, G.J. Transcriptomic analysis of
the cardiac left ventricle in a rodent model of diabetic cardiomyopathy: Molecular snapshot of a severe
myocardial disease. Physiol. Genom. 2007, 28, 284–293. [CrossRef] [PubMed]

77. Finck, B.N.; Han, X.; Courtois, M.; Aimond, F.; Nerbonne, J.M.; Kovacs, A.; Gross, R.W.; Kelly, D.P. A critical
role for PPARα-mediated lipotoxicity in the pathogenesis of diabetic cardiomyopathy: Modulation by dietary
fat content. Proc. Natl. Acad. Sci. USA 2003, 100, 1226–1231. [CrossRef] [PubMed]

78. Zhao, X.Y.; Hu, S.J.; Li, J.; Mou, Y.; Chen, B.P.; Xia, Q. Decreased cardiac sarcoplasmic reticulum Ca2+ -ATPase
activity contributes to cardiac dysfunction in streptozotocin-induced diabetic rats. J. Physiol. Biochem. 2006,
62, 1–8. [CrossRef]

79. Carley, A.N.; Semeniuk, L.M.; Shimoni, Y.; Aasum, E.; Larsen, T.S.; Berger, J.P.; Severson, D.L. Treatment
of type 2 diabetic db/db mice with a novel PPARγ agonist improves cardiac metabolism but not contractile
function. Am. J. Physiol. Endocrinol. Metab. 2004, 286, E449–E455. [CrossRef]

80. Barouch, L.A.; Berkowitz, D.E.; Harrison, R.W.; O’Donnell, C.P.; Hare, J.M. Disruption of leptin signaling
contributes to cardiac hypertrophy independently of body weight in mice. Circulation 2003, 108, 754–759.
[CrossRef]

81. Daniels, A.; van Bilsen, M.; Janssen, B.J.; Brouns, A.E.; Cleutjens, J.P.; Roemen, T.H.; Schaart, G.; van der
Velden, J.; van der Vusse, G.J.; van Nieuwenhoven, F.A. Impaired cardiac functional reserve in type 2 diabetic
db/db mice is associated with metabolic, but not structural, remodelling. Acta Physiol. 2010, 200, 11–22.
[CrossRef]

82. Li, R.J.; Yang, J.; Yang, Y.; Ma, N.; Jiang, B.; Sun, Q.W.; Li, Y.J. Speckle tracking echocardiography in the
diagnosis of early left ventricular systolic dysfunction in type II diabetic mice. BMC Cardiovasc. Disord. 2014,
14, 141. [CrossRef] [PubMed]

83. Semeniuk, L.M.; Kryski, A.J.; Severson, D.L. Echocardiographic assessment of cardiac function in diabetic
db/db and transgenic db/db-hGLUT4 mice. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H976–H982. [CrossRef]
[PubMed]

84. Aasum, E.; Hafstad, A.D.; Severson, D.L.; Larsen, T.S. Age-dependent changes in metabolism, contractile
function, and ischemic sensitivity in hearts from db/db mice. Diabetes 2003, 52, 434–441. [CrossRef] [PubMed]

85. Buchanan, J.; Mazumder, P.K.; Hu, P.; Chakrabarti, G.; Roberts, M.W.; Yun, U.J.; Cooksey, R.C.; Litwin, S.E.;
Abel, E.D. Reduced cardiac efficiency and altered substrate metabolism precedes the onset of hyperglycemia
and contractile dysfunction in two mouse models of insulin resistance and obesity. Endocrinology 2005, 146,
5341–5349. [CrossRef] [PubMed]

86. Mazumder, P.K.; O’Neill, B.T.; Roberts, M.W.; Buchanan, J.; Yun, U.J.; Cooksey, R.C.; Boudina, S.; Abel, E.D.
Impaired cardiac efficiency and increased fatty acid oxidation in insulin-resistant ob/ob mouse hearts.
Diabetes 2004, 53, 2366–2374. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2337/db13-0095
http://dx.doi.org/10.1093/emboj/cdg469
http://www.ncbi.nlm.nih.gov/pubmed/12970179
http://dx.doi.org/10.1073/pnas.0900064106
http://www.ncbi.nlm.nih.gov/pubmed/19429709
http://dx.doi.org/10.1177/1074248407307854
http://www.ncbi.nlm.nih.gov/pubmed/18287592
http://dx.doi.org/10.1152/ajpheart.1996.271.1.H192
http://www.ncbi.nlm.nih.gov/pubmed/8760175
http://dx.doi.org/10.1152/physiolgenomics.00204.2006
http://www.ncbi.nlm.nih.gov/pubmed/17062650
http://dx.doi.org/10.1073/pnas.0336724100
http://www.ncbi.nlm.nih.gov/pubmed/12552126
http://dx.doi.org/10.1007/BF03165800
http://dx.doi.org/10.1152/ajpendo.00329.2003
http://dx.doi.org/10.1161/01.CIR.0000083716.82622.FD
http://dx.doi.org/10.1111/j.1748-1716.2010.02102.x
http://dx.doi.org/10.1186/1471-2261-14-141
http://www.ncbi.nlm.nih.gov/pubmed/25292177
http://dx.doi.org/10.1152/ajpheart.00088.2002
http://www.ncbi.nlm.nih.gov/pubmed/12181126
http://dx.doi.org/10.2337/diabetes.52.2.434
http://www.ncbi.nlm.nih.gov/pubmed/12540618
http://dx.doi.org/10.1210/en.2005-0938
http://www.ncbi.nlm.nih.gov/pubmed/16141388
http://dx.doi.org/10.2337/diabetes.53.9.2366
http://www.ncbi.nlm.nih.gov/pubmed/15331547
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Epidemiology and Pathophysiology of DCM 
	Insulin Resistance and the Pathogenesis of DCM 
	Molecular and Cellular Mechanisms of DCM 
	Increased Production of AGEs 
	Increased Substrate Flux through the Hexosamine Biosynthetic Pathway 
	Lipotoxicity 
	ROS Production and Mitochondrial Dysfunction 
	Activation of RAS 
	Calcium Mishandling 

	Effects of Insulin Resistance on Metabolic Flexibility and its Implications on Cardiac Dysfunction 

	Rodent Models of Impaired Insulin Signaling for the Study of DCM 
	Genetic Models of Cardiac-Specific Disruption of Insulin Signaling for the Study of DCM 
	Rodent Models of Diabetes or Systemic Insulin Resistance for the Study of DCM 

	Conclusions 
	References

