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Abstract
The growing worldwide epidemic of obesity and diabetes portends a significant increase in
cardiovascular disease. Obesity is associated with insulin resistance, and there is growing evidence
that these conditions independently increase the risk of heart failure. Changes in myocardial substrate
utilization develop in obesity and insulin resistance, and are characterized by increased fatty acid
oxidation and utilization, and decreased glucose utilization. This paper will review the evidence for
altered myocardial fatty acid utilization in obesity and insulin resistance, review mechanisms that are
responsible, and discuss the relative contributions of systemic and myocardial insulin resistance in the
regulation of fatty acid utilization in the heart.
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Introduction
Recent statistics indicate an inexorable increase in
the prevalence of obesity and insulin resistance in the
developed world and emerging economies. These
demographic changes are fueling an increase in
the incidence of obesity-related disorders such as
cardiovascular disease (CVD), diabetes, and sleepdisordered breathing [1,2]. The clustering of obesity,
insulin resistance, and increased CVD risk has been
termed the metabolic syndrome, and is defined by a
clustering of abdominal obesity, increased triglyceride, decreased high-density lipoprotein cholesterol,
glucose intolerance, and hypertension [3]. The
increased prevalence of CVD in individuals with
the metabolic syndrome is multifactorial and results
from increased atherosclerosis, leading to: increased
coronary artery disease (CAD) and myocardial ischemia; hypertension – an important risk factor for left
ventricular hypertrophy and heart failure; increased
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hypercoagulability; sleep-disordered breathing that
increases the risk of cardiac hypertrophy and atrial
fibrillation; and glucose intolerance and diabetes,
which amplify the aforementioned risks and which
may have direct adverse consequences on the myocardium [1]. Obesity and diabetes are also independently associated with heart failure, even after adjusting for underlying CAD, and potential mechanisms
have been reviewed in recent years [4,5]. This review
will focus on the potential role of altered myocardial
fatty acid utilization.

Pathophysiology of insulin resistance
Although genetic predisposition to insulin resistance
and obesity exists, it is widely accepted that a major
contribution to the increasing prevalence of obesity
and insulin resistance is caloric excess and an increasingly sedentary lifestyle [2]. As body weight increases,
5

Basic article
E. Dale Abel

there is expansion of the adipose tissue mass, particularly visceral adipose tissue. Insulin signaling is
downregulated in adipose tissue, skeletal muscle,
and the liver [6]. Because of the central role of insulin
signaling in suppressing lipolysis, insulin resistance in
adipose tissue is associated with increased release of
free fatty acids, which in turns fuels increased hepatic
generation of triglycerides. Expansion of adipose tissue is associated with increased release of adipokines
such as leptin, and various inflammatory cytokines
such as tumor necrosis factor-a. Moreover, there is
reduced release of adiponectin. Insulin resistance also
reduces adipocyte glucose transport, which might
directly lead to increased release of the adipokine,
retinol binding protein 4. These humoral and metabolic changes have all been implicated as potential
mediators of changes in myocardial fatty acid utilization [1]. Insulin resistance also develops in skeletal
muscle and liver. Several mechanisms are responsible
for hepatic and muscle insulin resistance. These
include: (1) lipotoxicity, arising from increased lipid
deposition in these organs, which impairs insulin
action as a consequence of increased accumulation
of triglycerides and lipid intermediates such as ceramide and diacylglycerol (DAG) [7]; (2) increased
activation of nutrient-sensing pathways such as the
hexosamine biosynthetic pathway, which directly
impairs insulin signaling [8]; (3) increased activation
of inflammation-mediated signaling cascades such as
Toll-like receptor (TLR) signaling, and jun N-terminal
kinase (JNK) signaling pathways [9]; (4) mitochondrial dysfunction, which has also been implicated in
insulin resistance, although there is controversy
regarding whether or not these are primary or secondary changes [10]. Many of these changes may also
occur in cardiac muscle, and could potentially contribute to changes in cardiac metabolism. Although
accumulating evidence suggests that myocardial insulin resistance develops in obesity and diabetes, as
characterized by impaired insulin-stimulated glucose
utilization, evidence from animals and humans
suggests that proximal insulin signaling in the heart
might be maintained, meaning that certain intracellular signaling pathways might actually be hyperactivated in the heart as a result of the hyperinsulinemia
that inevitably accompanies systemic insulin resistance [11,12].

Myocardial fatty acid utilization in obesity
and insulin resistance: insights from human
and animal studies
The overwhelming majority of studies in this area
have been performed in individuals or animal models
of type 2 diabetes; they have been the subject of many
review papers [1,4,13]. However, some recent studies
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have examined fatty acid utilization in humans and
animals with obesity before the onset of significantly
impaired glucose tolerance or diabetes. In a study of
obese and insulin-resistant females, Peterson and colleagues [14] observed increased rates of myocardial
fatty acid uptake, utilization, and oxidation, and
increased myocardial oxygen consumption (mVO2),
which increased in proportion to body mass index or
to the degree of glucose intolerance. Independent
studies in obese individuals have also described an
association between obesity and increased myocardial concentrations of triglyceride [7]. Buchanan
et al [15], reported that myocardial fatty acid oxidation and mVO2 were increased and cardiac efficiency was decreased in 4-week-old ob/ob and db/db
mice (both of which develop obesity and insulin
resistance, on the basis of leptin deficiency or resistance, respectively) at a time when these animals
were obese and before the onset of hyperglycemia.
Recent studies in rodents placed on high-fat and highcarbohydrate diets have also revealed increased
myocardial fatty acid uptake and rates of fatty acid
oxidation that precede the development of significant obesity or glucose intolerance [12,16]. Taken
together, the findings of these studies support the
conclusion that increased myocardial fatty acid utilization is a characteristic response of the heart to
obesity or caloric excess and occurs independently
of or before the onset of diabetes or impaired
glucose tolerance.

Molecular mechanisms
PPARa signaling, glucose uptake, and fatty
acid uptake
The classical view of the mechanism leading to
increased fatty acid oxidation in obesity has been
that obesity increases circulating concentrations of
fatty acids, which in turn activates PPARa. Indeed,
pharmacological activation of PPARa or transgenic
overexpression of PPARa in the heart increases myocardial fatty acid oxidation [17,18]. As summarized in
Figure 1, PPARa transactivates most genes involved in
myocardial fatty acid utilization, including those
involved in fatty acid uptake at the sarcolemma,
generation of fatty acyl coenzyme A (CoA), mitochondrial uptake of fatty acyl CoA, and mitochondrial
b-oxidation. An important regulatory node is mitochondrial fatty acyl CoA uptake via carnitine palmitoyl transferase-I (CPT-I), which is under allosteric
inhibition by malonyl CoA. Steady-state concentrations of malonyl CoA are determined by the balance of synthesis by acetyl CoA carboxylase and
degradation via malonyl CoA decarboxylase. Acetyl
CoA carboxylase is inhibited by AMP kinase (AMPK),
and malonyl CoA decarboxylase is a target of PPARa.
Heart Metab. 2010; 48:5–10
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Figure 1. PPARa targets within cardiomyocytes. Activation of PPARa by increased availability of fatty acid ligands increases
the expression of several genes (indicated by red stars) that mediate increased fatty acid uptake at the sarcolemma, increased
generation of fatty acyl CoA, increased mitochondrial fatty acid uptake, and increased b-oxidation. ACO, acyl coenzyme A
(CoA) oxidase; ACS, acyl CoA synthetase; CPT, carnitine palmitoyl transferase; FAT, fatty acid translocase; FABP, fatty acid
binding protein; FATP, fatty acid transport protein; TCA, tricarboxylic acid; UCP, uncoupling proteins 2 and 3.

Thus activation of AMPK or PPARa would decrease
malonyl CoA concentrations by decreasing synthesis
or by increasing malonyl CoA degradation. Decreasing concentrations of malonyl CoA will increase CPT-I
activity. Recent studies have suggested that PPARa
activation might not be an early event leading to
increased fatty acid utilization in the heart in obesity,
but may be a later event that sustains the increase.
Four-week-old ob/ob and db/db mice exhibit significantly increased fatty acid oxidation before any
increase in the expression of PPARa-regulated target
genes, the levels of which increase only as the animals
age [15]. Moreover, after short-term high-fat feeding,
an increase in fatty acid oxidation was clearly evident
as early as 2 weeks, and occurred in the absence of
significant changes in the expression of PPARa target
genes and even in the absence of changes in circulating concentrations of free fatty acids and triglycerides.
Evidence for activation of PPARa target genes was
seen only after 5 weeks of high-fat feeding. Hyperinsulinemia was present, however, and the ability of
insulin to increase myocardial glucose uptake and the
translocation of GLUT4 was impaired, despite normal
insulin-mediated activation of Akt/protein kinase B
(PKB) [12]. These studies point to a primary defect in
glucose transport and GLUT4 translocation as an early
change in the evolution of the metabolic adaptation of
the heart to high-fat feeding. Because GLUT4 translocation accounts for the bulk of myocardial glucose
utilization, we proposed a model wherein an initial
reduction in myocardial glucose utilization leads to a
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secondary increase in fatty acid oxidation as a consequence of the Randle cycle. A recent study using
cardiac tissue obtained from humans with diabetes
also confirmed a defect in glucose uptake and plasma
membrane GLUT4 content, despite an increase in
proximal insulin signaling [11].
Further evidence that argues against a role for malonyl CoA in the regulation of fatty acid oxidation in
diet-induced obesity comes from recent studies
demonstrating reduced activity of AMPK after highfat feeding, which would be predicted to increase
malonyl CoA as a result of disinhibition of acetyl CoA
carboxylase activity [19]. Moreover, increased concentrations of malonyl CoA, and normal CPT-I
activity, were noted in the hearts of db/db mice
[20]. An additional mechanism that might drive fatty
acid utilization early in the evolution of high-fat
feeding or obesity-related cardiac dysfunction is
increased plasma membrane translocation of the fatty
acid transporter, CD36. This was recently described in
the hearts of db/db mice, and in Zucker ( fa/fa) rats
and rats fed a high-fat diet [16,20,21]. It is interesting
to note that CD36 translocation in the heart is stimulated by insulin signaling in an Akt/PKB-dependent
manner. It is well established that insulin acutely
suppresses fatty acid oxidation, thus the simultaneous
increase in CD36 translocation might seem to be
paradoxical. However, in light of a recent report that
most of the fatty acids that are oxidized in the heart
arise from the endogenous triacylglycerol (TAG) pool
[22], the possibility exists that, under physiological
7
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conditions, insulin may serve to replenish the cardiac
TAG pool. It is further postulated that, under conditions of chronic hyperinsulinemia, because proximal insulin signaling to Akt remains intact in the heart
in the evolution of diet-induced obesity, the associated hyperinsulinemia could increase CD36 translocation to the plasma membrane, thereby contributing to further expansion of the TAG pool and
increased likelihood of accumulation of potential
toxic intermediates of lipid metabolism.

Mitochondrial mechanisms
Recent studies in mouse models of obesity and insulin
resistance such as ob/ob, db/db, and UCP-DTA
(Uncoupling Protein-Diphtheria Toxin A) transgenic
mice suggest that mitochondrial uncoupling accompanies the metabolic changes that develop in the heart
[23–25]. It is not known if mitochondrial uncoupling
contributes to the changes in fatty acid metabolism
per se, but it might contribute in part to the associated
increase in mVO2 and reduction in cardiac efficiency.
A proposed mechanism for increased mitochondrial
uncoupling in obesity and insulin resistance is an
increase in mitochondrial superoxide generation that
leads to activation of uncoupling proteins. Increased
production of reactive oxygen species (ROS) is probably the consequence of an imbalance between
increased generation of reducing equivalents from
b-oxidation and impaired function of the electron
transport chain [23,24]. A recent study using atrial
appendages derived from humans with diabetes
also demonstrated mitochondrial dysfunction and
increased ROS generation. The strongest data to support mitochondrial uncoupling have been obtained in
mouse models of obesity and type 2 diabetes. Hyperglycemia alone might not be sufficient to induce
mitochondrial uncoupling, as we and others have
observed no evidence for mitochondrial uncoupling
or increased ROS generation in mitochondria of
models of type 1 diabetes [26]. Thus ROS-induced
mitochondrial uncoupling might be unique to diabetes that is associated with insulin resistance. Of
interest, genetic disruption of insulin signaling in
cardiomyocytes leads to mitochondrial dysfunction
that is characterized by increased ROS generation and
mitochondrial uncoupling [27].

Myocardial insulin resistance
Impaired myocardial insulin-stimulated glucose
uptake has been described in many studies of humans
and animal models with obesity and insulin resistance
[1,28]. As discussed above, this might be the result of
decreased translocation of GLUT4, leading in turn to
increased fatty acid utilization. Although insulin signal transduction might be relatively preserved at early
8

stages, studies performed in some models of dietinduced obesity and in genetic models of obesity
and insulin resistance (often with associated diabetes),
suggest that insulin signal transduction might also be
impaired [29–32]. Thus the question arises regarding
the direct effects of myocardial insulin resistance on
myocardial fatty acid utilization. The best data have
come from mouse models with genetic defects in
insulin action that are restricted to cardiomyocytes.
These models are not confounded by secondary metabolic consequences such as altered circulating concentrations of lipids, glucose, insulin, or cytokines,
which could have a secondary effect on cardiac
metabolism. We have examined fatty acid metabolism in mice with genetic deletion of insulin
receptors (cardiomyocyte-selective insulin receptor
knockout [CIRKO]) and in mice that express a dominant negative phosphatidyl inositol 3-kinase transgene (PI3K) [33,34]. In both these models, impaired
insulin signaling to PI3K is associated with decreased
rates of myocardial fatty acid oxidation that is attributable to reduced expression of PPARa and b-oxidation
genes, and mitochondrial dysfunction. In CIRKO
mice, we also confirmed, using proteomic analyses,
that the mitochondrial content of fatty acid oxidation
proteins was reduced. This contrasts with models of
type 1 diabetes, which are also insulin deficient, but in
which there is an increase in mitochondrial fatty acid
oxidation proteins. Thus impaired myocardial insulin
signaling directly regulates the capacity for mitochondrial fatty acid oxidation by repressing PPARa,
whereas in diabetes, and in long-standing insulin
resistance and obesity, PPARa is activated as a result
of increased concentrations of fatty acid ligands,
leading to an increased fatty acid oxidation capacity
of mitochondria. Thus it is important, when considering the impact of insulin resistance on myocardial
fatty acid oxidation, to distinguish between direct
effects of insulin resistance on myocardial metabolism
and indirect effects that arise from changes in systemic metabolism or changes in myocardial glucose
utilization.

Conclusion
An increase in myocardial fatty acid oxidation is an
early and consistent finding in obesity and insulin
resistance. The mechanisms for the increase in fatty
acid utilization are multifactorial, and are summarized in Figure 2. Recent studies have highlighted
an important role for changes in glucose utilization
as a potential initial inciting event that leads to
increased fatty acid oxidation. In addition, preservation of proximal insulin signaling (despite increased
concentrations of DAG) promotes plasma membrane
translocation of CD36. Later changes are sustained
Heart Metab. 2010; 48:5–10
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Figure 2. Mechanisms leading to increased myocardial fatty acid oxidation in insulin-resistant states. In the evolution of dietinduced obesity, or in type 2 diabetes, hyperinsulinemia activates insulin receptors (IR) and Akt (protein kinase B), leading
to increased plasma membrane translocation of CD36, which leads to increased fatty acid uptake. Decreased expression
and translocation of glucose transporter-4 (GLUT4) in insulin resistance leads to decreased glucose uptake and decreased
glycolysis, which further increase fatty acid utilization. Reduced GLUT4 translocation precedes significant downregulation of
insulin signal transduction to Akt. Mechanisms for reduced GLUT4 translocation are incompletely understood. Increased
lipid availability activates PPARa, which leads to increased expression of proteins involved in fatty acid utilization, and
increased pyruvate dehydrogenase kinase-4 (PDK4), which increase fatty acid oxidation (FAO) and decrease glucose
oxidation, respectively. Increased FAO is associated with increased myocardial oxygen consumption (mVO2). As insulin
resistance progresses and diabetes ensues, reactive oxygen species (ROS)-mediated mitochondrial uncoupling develops,
which further increases mVO2, decreases ATP generation, and decreases cardiac efficiency. I–IV, Mitochondrial electron
transport chain complexes I-IV; Akt-p, phospho-Akt/protein kinase B; ANT, adenine nucleotide translocase; CoA, coenzyme
A; TAG, triacylglycerol; UCP, uncoupling proteins 2 and 3.

and driven by increased activation of PPARa targets.
Increased fatty acid oxidation is associated with
decreased cardiac efficiency, which is in part the
result of the increased oxygen costs of oxidizing fatty
acids, with contributions from mitochondrial uncoupling in insulin-resistant models with diabetes and
impaired glucose tolerance.
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