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    Abstract     As obesity is a signifi cant risk factor for cardiovascular disease, there is a 
growing need to understand the precise mechanisms by which obesity and its associ-
ated dyslipidemia negatively affect the myocardium and lead to cardiac dysfunction. 
Current dogma suggests that obesity-associated dyslipidemia increases fatty acid 
delivery to the heart, which contributes to both excessive fatty acid uptake and sub-
sequent fatty acid oxidation rates that ultimately result in the development of cardiac 
lipotoxicity and insulin resistance. However, recent evidence demonstrates that 
increased rates of incomplete fatty acid oxidation (mismatch between mitochondrial 
β-oxidation rates and tricarboxylic acid cycle activity) may also contribute to the 
progression of cardiac insulin resistance through inhibition of insulin- sensitive 
glucose oxidation, which will be the topic of discussion in this specifi c chapter.  
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1         Introduction 

 Cardiovascular disease is a major cause of morbidity and death in the world today. 
With recent advancements in evidence-based medicine, the overall management 
of patients with cardiovascular diseases has signifi cantly improved. However, 
there are still a large number of patients who are ineligible or refractory to conven-
tional treatment, and thus novel approaches to treat these patients are necessary. 
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With the heart being the most metabolically demanding organ in the body, the 
optimization of cardiac energy metabolism appears to be one such novel approach. 
Indeed, alterations in fatty acid oxidation have been demonstrated in numerous 
cardiovascular pathologies, including ischemic heart disease, diabetic cardiomy-
opathy, and heart failure [ 1 – 3 ]. Furthermore, a multitude of studies in the past 20 
years have illustrated that reversing these alterations in myocardial fatty acid 
metabolism can improve cardiac function and alleviate disease pathology [ 4 – 10 ]. 
As the individual chapters in this textbook will delineate in great detail the regula-
tion of cardiac energy metabolism, it’s contribution to the development and pro-
gression of various cardiovascular diseases such as ischemic heart disease and 
heart failure, this specifi c chapter aims to focus on the potential role of incomplete 
fatty acid β-oxidation in the heart as a mediator of cardiac insulin resistance.  

2     Cardiac Energetics 

 In the healthy heart, virtually all (~95 %) ATP generated arises from mitochondrial 
oxidative phosphorylation, with the remainder derived from glycolysis. In cardiac 
muscle fatty acids account for the majority of oxidative energy metabolism 
(~60–80 %), while carbohydrate metabolism accounts for the remaining 20–40 %. 
The following section will briefl y describe the processes of glucose and fatty acid 
metabolism in the myocardium. 

2.1     Carbohydrate Metabolism 

 Glucose and lactate are the primary carbohydrates metabolized by the heart ( for 
in - depth   review of the regulation of cardiac carbohydrate metabolism ,  please refer 
to Jaswal et al.  [ 2 ]). Glucose transporters (i.e. GLUT1/4) are responsible for glu-
cose uptake into the cardiac myocyte, whereby glucose either undergoes anabolism 
to produce glycogen, or is catabolized for ATP production through both glycolysis 
and glucose oxidation. Glycolysis produces pyruvate and accounts for less than 10 % 
of the total ATP generated by the aerobic adult heart [ 1 ]. If glycolysis is coupled to 
glucose oxidation, the pyruvate produced from glycolysis will be transported into the 
mitochondria via the mitochondrial pyruvate carrier and subsequently converted into 
acetyl CoA by the enzymatic activity of pyruvate dehydrogenase (PDH).  

2.2     Fatty Acid Metabolism 

 Fatty acids enter the cardiac myocyte via either passive diffusion or through a 
number of protein transporters such as the fatty acid translocase, CD36, or fatty acid 
transport proteins. Prior to either storage as triacylglycerol (TAG) or mitochondrial 
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fatty acid β-oxidation for energy production, these fatty acids must fi rst be activated 
into fatty acyl CoA via fatty acyl CoA synthase, which converts a fatty acid into a 
fatty acyl CoA ester in an ATP-dependent manner ( for in - depth review of the regula-
tion of cardiac fatty acid metabolism ,  please refer to Lopaschuk et al.  [ 3 ]). Because 
the inner mitochondrial membrane is impermeable to CoA esters, mitochondrial 
uptake of fatty acyl CoA requires a complex of proteins that relies on a carnitine- 
dependent shuttle system [ 11 ]. Carnitine palmitoyl-transferase 1 (CPT-1), which is 
the rate-limiting enzyme for mitochondrial fatty acid uptake and subsequent fatty 
acid β-oxidation, resides on the outer mitochondrial membrane and converts fatty 
acyl CoA esters into their corresponding fatty acylcarnitine moieties [ 12 ,  13 ]. 
The acylcarnitine is then transported into the mitochondrial matrix by carnitine 
translocase, and reconverted back into its corresponding fatty acyl CoA ester by 
CPT-2, which resides on the inner mitochondrial membrane’s inner leafl et [ 3 ]. Fatty 
acyl CoA esters are sequentially oxidized within the mitochondrial matrix by the 
successive enzymatic actions of acyl CoA dehydrogenase, enoyl CoA hydratase, 
3-hydroxyacyl CoA dehydrogenase, and 3-ketoacyl CoA thiolase. The process of fatty 
acid β-oxidation results in the progressive shortening of a fatty acyl CoA ester by two 
carbon units through liberation of acetyl CoA, while also producing the reducing 
equivalents, NADH and FADH 2 , which act as electron donors for the electron transport 
chain, in order to fuel ATP synthesis via oxidative phosphorylation [ 14 ].   

3     Insulin’s Effect on Myocardial Metabolism 

 The heart is an insulin sensitive organ whereby internal GLUT4 transporters are 
translocated to the sarcolemmal membrane in response to insulin to facilitate 
glucose uptake (refer to Allard [ 15 ] for an extensive review on the effects of insulin 
on myocardial metabolism). Therefore, one of the primary functions of insulin in 
the heart is to stimulate glucose metabolism, which includes an increase in glucose 
uptake, glycogen synthesis, glycolysis and glucose oxidation (Fig.  1 ). Insulin’s 
effects on glycolysis are due to activation of 6-phosphofructo-2-kinase (PFK-2), 
which increases fructose 2,6-bisphosphate, a potent stimulator of 6-phosphofructo- 
1-kinase (PFK-1), the rate-limiting enzyme of glycolysis [ 16 ]. Insulin also has posi-
tive effects on PDH activation, possibly via PDH phosphatase, which contributes to 
its overall effect to enhance glucose oxidation [ 17 ]. Moreover, as other chapters 
have highlighted the role of the Randle Cycle and the inverse relationship between 
fatty acid and glucose oxidation, insulin’s ability to reduce fatty acid mobilization 
from adipose tissue reduces the delivery of fatty acids to the heart. This results in a 
subsequent reduction in myocardial fatty acid β-oxidation rates and decreases the 
inhibitory effects of fatty acid oxidation on PDH activity and glucose oxidation.

   Although the heart’s glycogen stores are not as large as those present in the skel-
etal muscle or liver, the mechanisms driving glycogen synthesis in the myocar-
dium are very similar. Perfusion of rat hearts in the presence of insulin leads to the 
rapid dephosphorylation and activation of glycogen synthase [ 18 ]. This may be 
explained by the activation of phosphatidylinositide 3-kinase, which increases 
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  Fig. 1    Insulin and cardiac glucose metabolism. In the heart, insulin increases glucose uptake, 
glycolysis, glycogen synthesis, and glucose oxidation. Upon binding to its receptor at the sarco-
lemmal membrane, insulin activates Akt, which through a number of downstream mediators, ulti-
mately results in the translocation of GLUT4 transporters from internalized vesicles to the 
membrane, thereby facilitating cellular glucose uptake. At the same time, activation of Akt relieves 
GSK3β-mediated inhibition of glycogen synthase, allowing glycogenesis to take place. 
Furthermore, insulin receptor activation results in the activation of PFK2, which increases fructose 
2,6-bisphosphate generation, thereby stimulating 6-phosphofructo-1-kinase and subsequently 
increasing glycolysis rates. Last, insulin has also been postulated to increase PDH activity and 
subsequent glucose oxidation rates, possibly by direct actions to increase PDH phosphatase activ-
ity, which relieves phosphorylation-mediated inhibition of PDH activity.  IR  insulin receptor,  G6P  
glucose-6-phosphate,  F6P  fructose-6-phosphate,  F1,6BP  fructose-1,6-bisphosphate,  F2,6BP  
fructose- 2,6-bisphosphate,  PFK1  6-phosphofructo-1-kinase,  PFK2  6-phosphofructo-2-kinase,  GS  
glycogen synthase,  GSK3  glycogen synthase kinase 3,  MPC  mitochondrial pyruvate carrier,  PDH  
pyruvate dehydrogenase,  PDP  PDH phosphatse       
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phosphatidylinositol (3,4,5) trisphosphate production, leading to activation of 
phosphoinositide- dependent kinase 1 and the subsequent activation of Akt. Active 
Akt phosphorylates and inactivates glycogen synthase kinase α/β (GSK3α/β), 
allowing glycogen synthase to remain in an active dephosphorylated state, resulting 
in increased glycogen synthesis [ 19 ]. 

 In muscle, insulin can inhibit CPT-1 and subsequent fatty acid β-oxidation rates 
[ 20 ], and it has been hypothesized that this mechanism also occurs in the heart, 
though confl icting opinions exist in regards to this manner [ 15 ,  21 ,  22 ]. Direct 
changes in malonyl CoA (a potent endogenous inhibitor of CPT-1) levels have been 
proposed to account for the rapid effect of insulin on CPT-1 activity, which would 
likely arise from increased acetyl CoA carboxylase (ACC) activity, the only source 
of malonyl CoA in mammalian cells. In support of this, isolated working heart per-
fusions in the absence of insulin demonstrate a lack of effect of citrate on ACC 
activity [ 23 ]. On the other hand, isolated working heart perfusions in the presence 
of insulin show a positive allosteric effect of citrate on ACC activity [ 24 ]. Insulin 
has also been shown to inhibit AMPK, a major kinase whose activation leads to 
increased rates of fatty acid oxidation in both heart and skeletal muscle [ 25 ,  26 ]. 
However, this effect of insulin is unlikely to play a role in reducing fatty acid 
β-oxidation rates in the insulin resistant heart, as studies have demonstrated a loss 
of insulin-dependent AMPK inhibition in the presence of high free fatty acid levels 
in the perfusate, which would mimic circulating free fatty acid levels seen in insulin 
resistant and type 2 diabetic patients [ 27 ].  

4     Insulin Resistance 

 Insulin resistance is the failure of insulin to mediate a normal insulin-type response 
from insulin-sensitive tissues, resulting in dysregulated blood glucose homeostasis. 
It involves decreased glucose uptake into the skeletal muscle, heart, and adipose 
tissue, and increased hepatic glucose production, all of which contribute to the ele-
vation in glycemia observed in insulin resistant patients. As the skeletal muscle 
serves as the “sink” for glucose disposal in response to insulin, numerous studies 
investigating the molecular mechanisms responsible for causing insulin resistance 
have focused their efforts in this tissue. Although there has been no true discovery 
to date as to what specifi c factor causes insulin resistance, there has been vast prog-
ress in regards to potential culprits of this devastating condition. Some of these 
include infl ammatory responses associated with increased circulating tumor necro-
sis factor alpha and other cytokines [ 28 – 30 ], increased intramyocellular ceramide 
production [ 31 ,  32 ], oxidative stress [ 33 ,  34 ], intramyocellular lipid metabolite 
accumulation (TAG, long chain acyl CoA, and DAG) [ 35 ,  36 ], and hyperlipidemia 
[ 37 ]. While there are many different proposed candidates for what initially causes 
insulin resistance, common cellular mechanisms do exist, primarily involving a fail-
ure of insulin to increase insulin receptor substrate-associated phosphatidylinositide 
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3-kinase activity [ 30 ,  35 ,  38 ]. This results in reduced generation of phosphatidylinositol 
(3,4,5) trisphosphate and thereby prevents activation of phosphoinositide- dependent 
kinase 1, which impairs insulin-stimulated GLUT4 translocation to the sarcolemmal 
membrane (Fig.  2 ).

   While insulin resistance is primarily discussed in relation to defects in skeletal 
muscle signaling, one must not forget that the heart is also a muscle, and many of 
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  Fig. 2    Defects in insulin signaling during insulin resistance. During normal insulin signaling, 
insulin receptor activation results in tyrosine phosphorylation of IRS1/2, which results in activa-
tion of PI3K. A number of downstream signaling events ultimately result in activation of Akt and 
subsequent translocation of GLUT4 transporters from internalized vesicles to the membrane, 
thereby facilitating cellular glucose uptake. It has been proposed that during insulin resistance, 
serine phosphorylation of IRS1/2 somehow interferes with tyrosine phosphorylation of IRS1/2, 
which inhibits IRS1/2’s ability to recruit and activate PI3K, preventing GLUT4 translocation and 
subsequent glucose uptake.  IR  insulin receptor,  PDK1  phosphoinositide- dependent kinase 1,  PI3K  
phosphatidylinositide 3-kinase,  PIP   2   phosphatidylinositol 3,5- bisphosphate,  PIP   2   phosphati-
dylinositide 3-phosphate,  Ser  serine,  Tyr  tyrosine       

 

J.R. Ussher



227

the proposed factors that cause insulin resistance also infl ict many negative effects 
on cardiac muscle [ 39 ]. However, there is mounting evidence that there is little to no 
loss of insulin sensitivity in the hearts from patients with type 2 diabetes [ 3 ]. Studies 
measuring the effects of hyperinsulinemia on myocardial glucose uptake demon-
strate either minor or a lack of insulin resistance in type 2 diabetic patients com-
pared with nondiabetic control subjects [ 40 ,  41 ]. This is particularly evident when 
circulating free fatty acid levels are matched [ 42 ]. Similarly, in animal studies, uti-
lization of a genetic mouse model of type 2 diabetes supports the concept that myo-
cardial insulin responsiveness is relatively intact in type 2 diabetes [ 43 ,  44 ]. This is 
in clear contrast to skeletal muscle and adipose tissue, where insulin resistance is a 
signifi cant contributor to the observed elevations in circulating glucose and free 
fatty acid concentrations. The constant exposure of the heart to high free fatty acid 
and glucose levels could exert toxic effects (glucolipotoxicity) from the generation 
of harmful derivatives of glucose and lipid metabolism [ 45 ,  46 ]. Thus, although the 
heart may be less vulnerable to insulin resistance than skeletal muscle, systemic 
insulin resistance may still exert profound negative effects on the myocardium 
through the toxic effects of excess substrate [ 45 ,  46 ]. 

 On the other hand, with regards to cardiac glucose metabolism, it is becoming 
clear that the most robust alterations take place at the level of glucose oxidation in 
the insulin resistant heart, and not at the level of glucose uptake and glycolysis [ 9 , 
 47 ]. The following section will discuss in depth how the incomplete β-oxidation of 
fatty acids may contribute towards the pathogenesis of cardiac insulin resistance at 
the level of glucose oxidation, and whether this may represent a novel target to 
improve altered cardiac energetics in the setting of obesity and type 2 diabetes.  

5     Incomplete Fatty Acid β-Oxidation 

 The complete oxidation of a fatty acyl CoA ester encompasses the production of 
acetyl CoA continuously until the fatty acyl chain is catabolized into its fi nal four 
carbons, with the fi nal β-oxidation spiral liberating the last two acetyl CoA molecules. 
As mentioned in the previous section, during the complete oxidation of a fatty acyl 
CoA ester, these acetyl CoA molecules are subsequently metabolized via the tricar-
boxylic acid (TCA) Cycle, generating the reducing equivalents NADH and FADH 2 , 
which are utilized by the electron transport chain to fuel ATP synthesis via oxidative 
phosphorylation. If the TCA cycle cannot keep up with the incoming acetyl CoA 
being generated via mitochondrial fatty acid β-oxidation, the fatty acyl CoA esters 
will end up being incompletely oxidized (Fig.  3 ). As total CoA and carnitine levels are 
similar in the matrix space, and with CPT-2’s transferase reaction maintained at a 
thermodynamic equilibrium of 0.45, as fatty acyl CoA esters are incompletely 
oxidized and various mitochondrial acyl CoAs accumulate, their respective acylcarni-
tine counterparts will also accumulate in the mitochondria [ 48 ]. Therefore, the use of 
targeted lipid profi ling metabolomics to quantify various carbon chain length acylcar-
nitines has become a powerful tool to assess the status of incomplete fatty acid 
β-oxidation in peripheral tissues such as the muscle and heart [ 49 ].
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5.1       Incomplete Fatty Acid β-Oxidation and Skeletal Muscle 
Insulin Resistance 

 Elegant studies by Muoio and colleagues have demonstrated a signifi cant role for 
excessive incomplete fatty acid β-oxidation rates in the development of skeletal 
muscle insulin resistance in response to underlying obesity. In cultured L6 rat skel-
etal muscle myotubes, increasing fatty acid concentrations increases incomplete 
fatty acid β-oxidation rates, which can be overcome via overexpression of peroxi-
some proliferator-activated receptor-γ-coactivator 1α [ 50 ]. Moreover, obese rats, 
mice, and Zucker diabetic fatty rats exhibit signifi cant insulin resistance that is 
associated with a marked increase in the accumulation of a number of long chain 
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  Fig. 3    Incomplete fatty acid β-oxidation. If the TCA cycle cannot sustain metabolism of the acetyl 
CoA being generated via mitochondrial fatty acid β-oxidation, the fatty acyl CoA esters will end 
up being incompletely oxidized. Because CoA and carnitine concentrations are similar in the mito-
chondrial matrix space, and with CPT-2’s transferase reaction maintained at a thermodynamic 
equilibrium of 0.45, if a fatty acyl CoA ester is incompletely oxidized and mitochondrial fatty acyl 
CoA esters accumulate, CPT-2 will catalyze the reconversion of the accumulated acyl CoAs back 
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acylcarnitines in gastrocnemius muscle, combined with a reduction in a number of 
intermediates of the TCA cycle [ 51 ]. These fi ndings are consistent with elevated 
incomplete fatty acid β-oxidation rates in insulin resistant skeletal muscle. Of interest, 
mice defi cient for malonyl CoA decarboxylase (MCD−/−) exhibit reduced incom-
plete fatty acid β-oxidation rates due to reduced CPT-1 activity and subsequent 
mitochondrial fatty acid uptake, and are protected against obesity-induced skeletal 
muscle insulin resistance [ 51 ]. Similarly, treatment of diet-induced obese mice with 
the CPT-1 inhibitor, oxfenicine, protects mice against skeletal muscle insulin resis-
tance and glucose intolerance [ 52 ], and this is associated with a reduction in myo-
cyte incomplete fatty acid oxidation rates (unpublished observations). On the 
contrary, mice with a muscle-specifi c defi ciency of carnitine acetyltransferase 
(CrAT) demonstrate an elevation in long chain acylcarnitines in gastrocnemius mus-
cle and are glucose intolerant [ 53 ]. Furthermore, muscle-specifi c CrAT defi cient 
mice exhibit metabolic infl exibility, as they are unable to switch to carbohydrate 
oxidation during the transition from fasting to feeding [ 53 ]. These fi ndings appear 
clinically relevant, as studies in obese and type 2 diabetic humans have recapitu-
lated observations of acylcarnitine accumulation and incomplete fatty acid 
β-oxidation in muscle [ 54 ,  55 ]. Furthermore, obese patient-derived primary human 
skeletal muscle myocytes cultured in the presence of lipolytically active adipocytes 
demonstrate a metabolic signature consistent with incomplete fatty acid β-oxidation, 
as medium and long chain acylcarnitines accumulated compared to myocytes cul-
tured in the absence of adipocytes [ 56 ]. Intriguingly, treatment with the CPT-1 
inhibitor, etomoxir, reduced the detrimental effects of lipolytically active adipocytes 
on glucose oxidation rates in obese patient-derived primary human skeletal muscle 
myocytes [ 56 ]. 

 While the aforementioned studies support the notion that incomplete fatty acid 
β-oxidation negatively impacts skeletal muscle insulin sensitivity and subsequent 
carbohydrate utilization, the mechanism(s) responsible for this effect remain to be 
elucidated. Moreover, whether the accumulation of long chain acylcarnitines, which 
are often used as an index to identify that an increase in incomplete fatty acid 
β-oxidation rates is taking place in the muscle, can actually have direct cellular 
effects to inhibit insulin sensitivity is unknown. It has been suggested that acylcar-
nitine accumulation does not directly mediate insulin resistance, but rather may 
refl ect a failed attempt to alleviate oxidative stress caused by mitochondrial lipid 
overload [ 57 ]. On the other hand, in recent years our appreciation of protein acyla-
tion/acetylation has grown considerably, with alterations in protein acylation/acety-
lation now thought to play a signifi cant role in regulating mitochondrial function in 
the setting of obesity-related metabolic diseases [ 58 ]. Indeed, results from mass 
spectrometry-based proteomics have suggested that at least 20 % of the mitochon-
drial proteome is acetylated. Furthermore, the NAD + -dependent deacetylase, sirtuin 
3 (Sirt3), has been demonstrated to acetylate PDH, resulting in an inhibition of PDH 
activity [ 59 ]. In mice defi cient for Sirt3, PDH in muscle is hyperacetylated, which 
results in a subsequent reduction in glucose oxidation and impairs metabolic fl exi-
bility during the fasting to feeding transition [ 59 ]. Thus, it is possible that the accu-
mulation of acylcarnitines in the mitochondria may provide surplus acetyl residues 
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and contribute to the elevated acetylation of PDH and reduced glucose oxidation 
rates observed in the muscle in response to obesity-associated insulin resistance. 
As mentioned previously, muscle-specifi c CrAT defi cient mice exhibit long chain 
acylcarnitine accumulation in muscle and are markedly insulin resistant, which is 
associated with a reduction in PDH activity [ 53 ]. Moreover, overexpression of CrAT 
in primary cultured human skeletal myocytes protects against fatty acid-induced 
PDH inhibition and improves glucose uptake [ 60 ]. Hence, CrAT activity may play 
a critical role in protecting PDH activity against incomplete fatty acid β-oxidation 
and subsequent mitochondrial lipid stress. Whether CrAT activity is altered in 
response to overnutrition and obesity remains to be determined.  

5.2     Incomplete Fatty Acid β-Oxidation and Cardiac 
Insulin Resistance 

 Unlike the muscle, the heart is not subject to voluntary contraction and must con-
tinuously beat in order to deliver blood, oxygen, and nutrients to the rest of the 
body’s organs for proper function. Thus, incomplete fatty acid β-oxidation is less 
likely to occur in the heart than the skeletal muscle, as there is constant demand on 
the TCA cycle to generate NADH and FADH 2  for oxidative phosphorylation to fuel 
ventricular contraction. Indeed, studies in the intact, isolated working heart demon-
strate equivalent palmitate oxidation rates when palmitate is labeled with either 
[U- 14 C], [1- 14 C], or [9,10- 3 H] palmitate [ 61 – 63 ]. However, these studies in the intact 
isolated heart are only measuring the metabolism of a single, exogenously supplied 
fatty acid substrate, and do not account for oxidation of endogenously supplied fatty 
acids arising from TAG mobilization. Despite palmitic acid being the most abun-
dant plasma saturated fatty acid, oleic acid circulates at even higher concentrations 
in the plasma. Regardless, at equivalent and noncompeting concentrations, palmi-
tate and oleate are oxidized at similar rates by the isolated working aerobic rat heart 
[ 3 ]. Whether there are alterations in the complete oxidation of fatty acids in the 
heart during the development and progression of various pathologies such as angina 
pectoris remains to be determined. Of interest, isolated working heart studies dem-
onstrate similar palmitate oxidation rates between hearts from lean and obese 
(12 weeks of unrestricted access to a 60 % lard diet) mice [ 9 ]. In contrast, using gas 
chromatography–mass spectrometry targeted metabolomics to obtain a snap shot of 
in vivo fatty acid myocardial metabolism through quantifi cation of acylcarnitines 
revealed more comprehensive information, as a number of long chain acylcarnitines 
accumulated in hearts from obese mice compared to their lean counterparts [ 9 ]. 
These fi ndings are consistent with an elevation in myocardial incomplete fatty acid 
β-oxidation rates in the setting of obesity. 

 As alluded to in previous sections, the effect of insulin resistance on the myoca-
dium appears to be most apparent at the level of insulin-stimulated glucose oxida-
tion, and not at the level of glucose uptake and glycolysis [ 9 ,  47 ]. Indeed, studies in 
MCD−/− mice, a mouse model that demonstrates reduced incomplete fatty acid 
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β-oxidation rates in skeletal muscle due to reduced CPT-1 activity and subsequent 
mitochondrial fatty acid uptake [ 64 ], are resistant to the effects of obesity to reduce 
myocardial PDH activity and impair insulin-stimulated glucose oxidation [ 9 ]. 
Paralleling fi ndings in skeletal muscle, metabolic profi ling in hearts from obese 
MCD−/− mice demonstrate a marked reduction in the accumulation of a number of 
long chain acylcarnitines, indicative of reduced incomplete fatty acid β-oxidation 
rates [ 9 ]. These fi ndings suggest that MCD inhibition or reducing mitochondrial 
fatty acid uptake to limit incomplete fatty acid β-oxidation rates may have clinical 
utility for reversing the effects of obesity on cardiac glucose oxidation. 

 It is well established that obesity increases one’s risk for heart failure [ 65 ]. With 
heart failure being associated with impaired energetics and reductions in mitochon-
drial function [ 2 ], it will be important to ascertain whether elevations in myocardial 
incomplete fatty acid β-oxidation rates contribute to the high prevalence of heart 
failure in obese patients. Indeed, studies investigating chronic ischemia-induced 
heart failure demonstrate a signifi cant protection against adverse left ventricular 
remodeling and improved left ventricular ejection fraction in MCD−/− mice com-
pared to their wild type littermates at 4 weeks following permanent left anterior 
descending coronary artery occlusion [ 7 ]. However, whether the reduced incomplete 
fatty acid β-oxidation rates observed in hearts from MCD−/− mice plays a role in this 
cardioprotection against heart failure remains to be determined.   

6     Conclusions 

 Studies exploring the alterations in myocardial fatty acid metabolism in cardiovas-
cular disease have experienced a signifi cant resurgence in the past decade. This is 
due in part to the obesity epidemic that now plagues our population, as obesity is a 
signifi cant risk factor for cardiovascular diseases such as heart failure, and one of 
the most immediate effects of obesity on the heart involves increased delivery of fatty 
acids to the myocardium. Although studies suggest that the healthy heart for most 
part will completely oxidize the fatty acids it extracts for the purposes of energy 
production to sustain contractile function, recent fi ndings illustrate at least in obesity, 
that the heart begins to exhibit increased rates of incomplete fatty acid β-oxidation, 
and this is associated with reductions in insulin-stimulated glucose oxidation rates. 
As the most potent effects of obesity on cardiac insulin sensitivity appear to take 
place at the level of glucose oxidation and not glucose uptake or glycolysis, it will be 
important for future research to delineate the mechanism(s) by which incomplete fatty 
acid β-oxidation impairs glucose oxidation. Such fi ndings may lead to the development 
of new targets to alleviate obesity-associated cardiac insulin resistance.     
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