
1736

The heart uses large amounts of fatty acids (FAs) as energy-
providing substrates. More than 70% of all substrates used 

for ATP generation are derived from FAs, with the remaining 
sources being glucose, lactate, ketone bodies, and amino acids. 
The relatively tight coupling between lipid uptake and oxidation 
prevents accumulation of excess lipids in the cardiomyocyte. 
Several processes that affect heart function, including ischemia, 
sepsis, and heart failure, are associated with a reduction in FA 
oxidation (FAO) with a relative increase in anaerobic glycolysis 
and, in some cases, accumulation of nonoxidized FA derivatives 
in the form of lipids. In addition, excess circulating FA levels 
in type 2 diabetes mellitus and its precursor, the metabolic syn-
drome, also cause cardiac lipid accumulation. There is increas-
ing evidence that many of these lipids worsen heart function and 

lead to structural myocardial damage, including cardiac fibro-
sis, myocyte apoptosis, and reduced contractility, which is often 
thought to be caused by mitochondrial dysfunction. However, 
the reversibility of this dysfunction along with several key steps 
of oxidative and glycolytic metabolism after the correction of 
cardiac stress and failure suggest that mitochondrial dysfunc-
tion is a reversible adaptation and is secondary to the altered 
metabolic pathways.1 Several altered metabolic pathways lead 
to lipid accumulation. Experimental and clinical data provide 
evidence that lipid accumulation causes or exacerbates heart 
dysfunction, a process termed cardiac lipotoxicity. In support of 
this hypothesis, several recent studies have shown that reduction 
of toxic lipids is associated with improved metabolism and func-
tion of the heart.
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Abstract: The heart utilizes large amounts of fatty acids as energy providing substrates. The physiological balance 
of lipid uptake and oxidation prevents accumulation of excess lipids. Several processes that affect cardiac function, 
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Evidence of Lipotoxicity in the Human Heart
The role of intracellular lipid accumulation for the development 
of myocardial dysfunction is supported by studies of patients 
with inborn errors of FAO who develop cardiac abnormalities, 
including cardiac and skeletal myopathies, insulin resistance, 
arrhythmias, and sudden cardiac death..2,3 Patients with heart 
failure show a profound switch from FAO to preferential use of 
glucose as a substrate for ATP generation through glycolysis4–10 
and utilization of alternative sources of energy, including lac-
tate, ketone bodies, and amino acids.11,12 Further, flux through 
anaerobic glycolysis is increased.8,13 Altogether, these changes 
in metabolic pathways and usage of substrates for energy pro-
vision leads to a chronically altered state with decreased ATP 
production and energy depletion of the failing myocardium.1

Cardiac lipid accumulation has also been reported in hu-
mans with metabolic cardiovascular complications, such as 
diabetes mellitus and metabolic syndrome. More than 50 years 
ago, accumulation of lipids around the heart epicardial fat was 
reported for obese patients14 and correlated with cardiac dys-
function.14,15 Increased cardiac lipid content has been linked 
to impaired systolic function and increased left ventricular 
mass.16 Recent studies with more advanced imaging methods 
showed increased intramyocardial lipid content in patients 
with nonischemic heart failure,17 which is further exacerbated 
with obesity,18 diabetes mellitus,17,18 and metabolic syndrome.19

A key study by Sharma et al described a group of heart fail-
ure patients with severe metabolic dysregulation characterized 
by intramyocardial triacylglycerol (TAG) accumulation and a 
transcriptional profile similar to that of an animal model of lipo-
toxicity and contractile dysfunction.17 Along with a proinflamma-
tory phenotype of the failing myocardium, these data suggested 
dysregulation of FA metabolism contributing to cardiac dysfunc-
tion. Noninvasive imaging studies have demonstrated impaired 
lipid uptake and decreased FA utilization in the failing myocar-
dium along with increased glucose oxidation.11,12,20,21 Further 
evidence of dysregulated FAO and accumulation of toxic lipid 
intermediates was found in samples from patients undergoing 
left ventricular assist device placement and heart transplantation.8 
These studies demonstrated increased myocardial ceramide and 
decreased neutral TAG levels in the failing human myocardium. 
Increased ceramides were linked to protein kinase C (PKC) acti-
vation and insulin resistance through inhibition of Akt signaling, 

as well as abnormal 5′ adenosine monophosphate-activated 
protein kinase (AMPK) activity.22 These findings indicate that 
cardiac lipotoxicity is primarily driven by ceramides and diacylg-
lycerol (DAG)  and not TAG. Accordingly, mechanical unloading 
of these hearts with implantation of left ventricular assisting de-
vices increased cardiac TAG and reduced ceramides and DAG.8 
Additional studies revealed abnormal transcriptional regulation 
with a central role of KLF15 (kruppel-like factor 15),23 impaired 
amino acid metabolism, and mitochondrial dysfunction.23,24

Excess cardiac lipid accumulation has also been associ-
ated with 2 forms of cardiomyopathy in patients with abnormal 
glucose homeostasis and metabolic syndrome: obesity-related 
cardiomyopathy, a cardiomyopathy associated with normal cor-
onary arteries and sudden death,15 and diabetic cardiomyopathy 
with decreased cardiac function.25 Studies of pathological speci-
mens,17 cardiac lipid uptake and oxidation,26 and magnetic reso-
nance cardiac TAG analysis18,27 showed that cardiac dysfunction 
is associated with deranged cardiac lipid metabolism and lack of 
intracellular TAG-derived FA mobilization that leads to TAG ac-
cumulation. Of note, early studies in the field of cardiac metabo-
lism have highlighted the role of FA overload in the development 
of mitochondrial dysfunction and the uncoupling of oxidative 
phosphorylation in cardiomyocytes and other tissues by long-
chain FAs.28–31 It remains unclear whether cardiomyopathy is as 
a result of abnormal FAO or accumulation of toxic lipids or both.

Diabetes mellitus and the metabolic syndrome are asso-
ciated with a distinct form of cardiomyopathy that is charac-
terized by early diastolic changes with increased interstitial 
fibrosis and myocellular lipid accumulation.32–35 Accumulation 
of intramyocardial lipids occurs in diabetes mellitus and is as-
sociated with increased myocardial infarction events and heart 
failure compared with individuals with less cardiac lipid droplet 
formation.36 Increased incidence and prevalence of heart failure 
in diabetic and obese patients with the metabolic syndrome is 
independent from the development of accelerated atherosclero-
sis.37–39 A link seems to exist between obesity and diabetes mel-
litus and left ventricular hypertrophy in correlation with TAG 
accumulation and cardiac steatosis.16,19,26 Although the exact 
pathophysiologic mechanism for the development of this meta-
bolic cardiomyopathy is still not fully elucidated, increased 
supply of FAs along with insulin resistance and myocardial in-
flammation as well as reduced FAO because of mitochondrial 
dysfunction all might contribute to the development of a lipo-
toxic phenotype.37–40 Increased TAG and ceramides have both 
been described in the heart of diabetic and obese patients.18,41–43 
The increased cardiac lipid content in diabetes mellitus may 
reflect increased uptake of FA destined for cardiac ATP pro-
duction26,44 because insulin resistance may diminish cardiac 
glucose uptake and eventually glucose catabolism.26 A func-
tional genomics study, which aimed to identify cardiac genes 
that are differentially regulated in obese individuals, discovered 
that apolipoprotein O is overexpressed in hearts from diabetic 
patients.45 A follow-up study that included both animal and hu-
man cardiac samples showed that apolipoprotein O localizes 
to mitochondria and compromises their function by promoting 
uncoupling of oxidative metabolism from phosphorylation of 
ADP.46 Mitochondrial uncoupling has been associated with car-
diac lipotoxicity and has a major role in the development of 
cardiomyopathy in obesity and diabetes mellitus.47

Nonstandard Abbreviations and Acronyms

ATGL adipose triglyceride lipase

CD36 cluster of differentiation 36

CPT carnitine palmitoyltransferase

DGAT DAG acyl transference

FAs fatty acids

FAO fatty acids oxidation

LpL lipoprotein lipase

NEFA nonesterified FAs

PKC protein kinase C

PPAR peroxisomal proliferator–activated receptor

ROS reactive oxygen species

TAG intramyocardial triacylglycerol
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The role of the metabolic syndrome was highlighted in 
a study of a large cohort of patients undergoing aortic valve 
replacement.48 Increased lipid deposits associated with higher 
sterol regulatory element–binding protein-1c and peroxisomal 
proliferator–activated receptor (PPAR)-γ and lower levels of 
SERCA2a (sarco/endoplasmic reticulum Ca2+-ATPase) were 
found in the myocardium of patients with left ventricular hy-
pertrophy and the metabolic syndrome compared with patients 
without the metabolic syndrome. These changes correlated 
with left ventricular dysfunction, suggesting a link between 
molecular markers of TAG synthesis and abnormal calcium 
handling with impaired ventricular function. Not surprisingly, 
patients with the metabolic syndrome had more insulin resis-
tance, which, however, did not correlate with lipid accumula-
tion in the failing myocardium.

It is currently unclear whether lipid accumulation in failing 
myocardium results from increased uptake of FAs, increased 
TAG synthesis, or impaired degradation of lipids. Although 
the phenotype of increased lipid accumulation in the failing 
myocardium, in particular in the setting of diabetes mellitus 
and the metabolic syndrome, has been established, it is not 
clear what specific type of lipid intermediates accumulate in 
the failing myocardium. The role of insulin resistance and im-
paired insulin signaling on myocardial lipid accumulation, as 
well as the specific lipid composition in human heart failure, 
is also currently unclear. Therefore, a systematic approach 
to characterize lipid content and type as well as intracellular 
compartmentalization of lipids is needed.

Cardiac Lipid Accumulation and Storage
Under a variety of circumstances, the heart can accumulate 
nonpolar stored lipids and polar lipids that can activate intra-
cellular signaling pathways (Figure 1). The most obvious and 
easily measured lipid that accumulates in the heart is TAG. 
TAG is stored in most tissues within lipid droplets. These are 
subcellular structures that sequester nonpolar lipids, such as 
TAG, cholesteryl esters, and retinyl esters. A protein and phos-
pholipid coat, analogous to those encapsulating circulating li-
poproteins, encloses and contains the lipids. This coat protects 
the lipids but also contains proteins that modulate the release 
of the lipid esters, which occurs via the exposure of the lipids 
to the surface of the lipid droplet followed by activation of es-
terases. Although the number and variety of lipid droplet pro-
teins keeps expanding, within the heart, the major proteins are 
members of the perilipin (Plin) family: Plin 2, previously de-
noted adipocyte differentiation-related protein; Plin 3, tail in-
teracting protein of 47 kDa (Tip 47); Plin 4, S3-12; and Plin 5, 
also described as myocardial lipid droplet protein or (oxidative 
tissue) perilipin, adipophilin, and TIP47 (OXPAT/PAT-1) pro-
tein.49–55 Knockout models have suggested that these proteins 
protect the droplet from cytosolic lipases as deletion of Plin5 
leads to a marked reduction in lipid droplets and in some cases 
increased FAO.50 Transgenic overexpression of Plin 5 reduces 
cardiac FA hydrolysis,56,57 a result interpreted as evidence that 
this protein specifically protects the stored lipids. However, 
analogous to circulating lipoproteins where overexpression of 
many apolipoproteins, including apoC-II that activates lipo-
protein lipase (LpL), results in hypertriglyceridemia,58 excess 

protein coating of the lipid droplet by amphipathic proteins 
prevents lipolysis by nonphysiological processes.51,52,59,60

TAG lipolysis occurs via the actions of a series of enzymes 
that remove each of the 3 glycerol-attached FAs. Within the 
heart, the major lipase is adipose triglyceride lipase (ATGL, also 
known as PNPLA2). Deletion of this enzyme induces marked 
accumulation of TAG within the heart, heart failure, and prema-
ture death.61 In this case, lipid accumulation is, at least partially, 
because of defective FAO. Nevertheless, activation of oxidation 
pathways via treatment of ATGL knockout mice with a PPARα 
agonist reduced TAG accumulation, ameliorated heart failure, 
and reduced premature death.62 Two other enzymes hormone-
sensitive lipase and monoacyl–glycerol lipase are expressed in 
the heart and release the remaining FAs on TAG. In addition, 
TAG release from the droplet can occur via lipophagy in which 
the droplet is engulfed and exposed to lysosomal lipases.63,64 
Mechanisms of TAG turnover are important for the regulation 
of cardiac lipid metabolism and seem to be affected by cardiac 
hypertrophy and failure.13,27,65 Of note, the overexpression of the 
FA transport protein cluster of differentiation 36 (CD36) chang-
es TAG turnover dynamics in the heart, suggesting a regulatory 
role of cardiac FA uptake for TAG turnover.66

Unlike the liver, the heart is not a site of active de novo 
synthesis of FAs from glucose or amino acids.67–71 Its high en-
ergy requirements, primarily fueled by lipids, require uptake 
of FAs from the circulation. Both nonesterified FAs released 
from adipose tissue as well as TAG contained in lipoproteins 
are used by the heart72 (Figure 2). LpL, the primary enzyme 
required for hydrolysis of TAG within circulating lipopro-
teins, is expressed at highest levels in the heart. At least in 
the rodent, LpL expression by the heart alone is sufficient to 
prevent hypertriglyceridemia,73 and cardiomyocyte-specific 
deletion of LpL leads to systemic hypertriglyceridemia.74

Cholesterol is required by all mammalian cells because 
it is an essential component of the cell membrane. The heart 
seems to obtain cholesterol in an low-density lipoprotein 
receptor–independent manner. Hearts have low expression 
of the low-density lipoprotein receptor and also are not a site 
of robust cholesterol synthesis. How the cholesterol from the 
very low–density lipoprotein and chylomicrons is acquired 
by the heart after lipolysis has not been completely explored. 
Because lipolysis is required, the uptake could be via remnant 
lipoproteins interacting with lipoprotein receptors, although 
the lack of obvious cardiac defects in low-density lipoprotein 
receptor and apolipoprotein E knockout mice does not support 
this. Another option is that the surface lipids that are liberated 
from these particles are internalized by some as yet unknown 
process. Lipids obtained via hydrolysis of TAG-rich lipopro-
teins (very low–density lipoprotein and chylomicrons) are suf-
ficient for the cholesterol needs of the heart (Figure 3).67–71

Animal Models of Lipid Toxicity
Although it has been argued that greater FAO will increase 
reactive oxygen formation and lead to toxicity, several experi-
mental situations that increase FAO do not adversely affect 
heart function unless there is inappropriate lipid accumula-
tion. Oxidation of long chain FAs such as palmitate requires 
the transfer of FA-CoA into the mitochondria by carnitine 
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Figure 1. Intracellular triglyceride storage 
and release. Triglycerides are stored within 
cardiomyocytes in lipid droplets (shown in 
yellow) that are surrounded by phospholipids 
and several proteins; the most abundant 
are the perilipins (PLINs such as PLIN 2, 
3, and 5). These proteins modulate the 
actions of the major triglyceride hydrolytic 
enzyme adipose triglyceride lipase (ATGL), 
which removes the first fatty acid (FFA) 
from triglyceride. The second fatty acid is 
removed by hormone-sensitive lipase (HDL) 
and the final by monoglycerol lipase (MGL). 
The released fatty acid complex with CoA 
via long chain acyl coA synthetases (ACSL).

palmitoyltransferase (CPT) 1. The role of CPT-1 in FAO is crit-
ical. Cpt-1β+/− mice develop cardiac lipotoxicity and exhibit in-
creased pressure overload–induced cardiac hypertrophy.75 This 
suggests that regulation of cardiac FA uptake must be deranged 
and that uptake continues at rates that exceed the requirements 
for FAO in these mice. Similarly, prolonged inhibition of CPT-
1 in rats that were fed a high-fat diet resulted in excess TAG 
accumulation and lipotoxicity in skeletal muscle.76

Mitochondrial FAO is also regulated by malonyl-CoA, 
which inhibits CPT-1 function. When cardiomyocyte malo-
nyl-CoA was reduced by deletion of acetyl-CoA carboxylase 
cardiac function was improved after pressure overload via 
transverse aortic constriction.77 This was associated with in-
creased FAO and reduced left ventricular mass.78 These exper-
iments dissociate greater FAO from some situations of cardiac 
dysfunction and indicate that greater FAO is not always toxic.

In contrast to the models that allow increased FAO without 
heart dysfunction, there are several animal models of dilated 
cardiomyopathy with excess lipid accumulation. The Zucker 
rat79,80 and the db/db mouse81 that have genetic defects in leptin 

signaling pathways demonstrate reduced cardiac glucose oxi-
dation, increased FAO, lipid accumulation, and cardiac dys-
function. Other studies have shown that decreased cardiac 
function linked to aging is blunted in CD36−/− mice, indicat-
ing association of cardiac aging with increased FA uptake.82 
Cardiomyocyte-specific expression of long chain acyl CoA 
synthetase 1,83 the enzyme that activates FAs via their esterifi-
cation to CoA, leads to both systolic and diastolic cardiac dys-
function. Overexpression of FA transport protein 1 also causes 
lipotoxic cardiomyopathy.84 Cardiomyocyte-anchored LpL is 
associated with greater uptake of plasma lipids and dilated 
cardiomyopathy.85 All these genetically modified mice exhibit 
increased cardiac lipid content and increased rates of FAO.

Atgl−/− mice have reduced FAO and massive cardiac lipid 
accumulation and severe cardiac dysfunction.61,62,86 Cardiac 
dysfunction in these mice is corrected when PPARα is activat-
ed pharmacologically.62 This finding along with a lipidomics 
study that focused on FA kinetics and TAG turnover87 indi-
cates that intracellular TAG lipolysis can drive FA-mediated 
PPARα activation. Consistently, cardiomyocyte–ATGL 

Figure 2. Cellular fatty acid uptake. Fatty 
acids generated by lipoprotein lipase (LpL) or 
as nonesterified fatty acids associated with 
albumin enter cells via a cell surface receptor 
such as cluster of differentiation 36 (CD36) 
or at high levels are acquired via nonspecific 
movement across the cell membrane. Once 
inside the cells, fatty acids are complexed to 
CoA and then either used for ATP generation 
or stored within lipid droplets. ATGL 
indicates adipose triglyceride lipase; DGAT, 
DAG acyl transference; FFA, first fatty acid; 
PPAR, peroxisomal proliferator–activated 
receptor; and VLDL, very low–density 
lipoprotein.
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overexpression is beneficial for mice with pressure overload.86 
However, this benefit cannot be attributed to increased FAO, 
which is surprisingly reduced, possibly as a consequence of 
the increased glucose utilization. In a mouse with total knock-
out of the other important cardiac lipase, hormone-sensitive 
lipase, cardiac TAG lipase activity was decreased, but cardiac 
TAG was not dramatically changed, and there was no overt 
cardiac phenotype.88 Thus, massive cardiac lipid overload as-
sociated with decreased FAO causes heart dysfunction, where-
as increased utilization of stored lipids seems to be beneficial.

The most informative of these models is perhaps the cre-
ation and then treatment of mice with cardiomyocyte-specific 
overexpression of members of the PPAR transcription factors. 
PPARs are central regulators of proteins that are involved 
in FAO. The PPAR family consists of 3 members, PPARα, 
PPARβ/δ, and PPARγ. PPARα regulates FAO in heart89 and 
skeletal muscle.90 PPARδ activates FAO in the heart,91 whereas 
PPARγ is a major regulator of lipogenesis,92,93 and it also con-
tributes to regulation of FAO in cardiac94 and skeletal95 mus-
cle. PPARα-mediated FAO in the heart relies on the activation 
of peroxisomal and mitochondrial enzymes, such as acyl-CoA 
oxidase and CPT-1, malonyl-CoA carboxylase and UCP3. 
The transcriptional function of PPARα requires interaction 
with the cο-activator, PPARγ-coactivator-1.96 Heart failure,97 
as well as myocardial infarction,98 hypoxia,99,100 inflammatory 
mediators, such as IL-1β,101 IL-6,101 NF-κΒ,102 and reactive 
oxygen species,102 all downregulate PPARα expression.

Both PPARα and PPARγ-coactivator-1 gene expression 
levels are increased by AMPK,103–105 which also enhances 
cardiac transporter–mediated FA uptake106 and oxidation.107 
AMPK is activated by a decline in the ATP/AMP ratio. Mice 
that express a dominant negative form of AMPK cannot in-
crease mitochondrial biogenesis in response to energy star-
vation.108 Similarly, mice that express inactive AMPK show 
impaired fasting-induced expression of lipid oxidation-related 
genes.109 Mice expressing constitutively active AMPK also 
show increased transcript levels of FAO genes.109–111

Cardiomyocyte-specific PPARα transgenic mice have in-
creased expression of FAO-related genes, greater FAO, and 
decreased glucose oxidation and GLUT4 expression.89 The 
α-myosin heavy chain (MHC)-PPARα mice fed with a long 

chain fatty acid–containing diet develop severe lipotoxic car-
diomyopathy. Lipotoxicity was ameliorated when diet was 
switched to a medium-chain TAG-enriched diet.112 Reduction 
of lipid uptake in the PPARα transgenic mice via either global 
deletion of CD36113 or a cardiac-specific deletion of LpL114 
corrected the features of cardiomyopathy.

PPARγ transgenic mice show a similar increase in FA met-
abolic genes, but no decrease in GLUT4.93 Despite increased 
FAO, both αMHC-PPARα and αMHC-PPARγ mice develop 
lipotoxicity rather than reduced cardiac lipid stores, most likely 
because of increased expression of lipid uptake–related pro-
teins, such as CD36 and LpL. PPARγ overexpression in cardio-
myocytes results in lipid accumulation, heart failure, and sudden 
cardiac death with ventricular fibrillation.93,115 Interestingly, 
cardiomyocyte-specific overexpression of PPARγ in PPARα−/− 
background improved FAO, cardiac function, and survival rates, 
despite similar cardiac TAG and toxic lipids, DAG, and ce-
ramide accumulation, as compared with PPARγ.94 Acylcarnitine 
content was decreased and so were apoptosis, reactive oxygen 
species (ROS) levels, and endoplasmic reticulum (ER) stress 
markers. Although these models suggest that lipid accumulation 
accounts for toxicity, at least partially, the toxic effects of excess 
lipid oxidation in perfused heart models of ischemia116 do not 
rule out toxicity emanating from excess lipid oxidation.

When FAO was reduced by a tissue-specific knockout of 
PPARδ, lipid accumulation and cardiomyopathy occurred.117 
Conversely, constitutive cardiomyocyte-specific expression of 
PPARδ induced the expression of FAO-associated genes and did 
not lead to lipid accumulation and cardiac dysfunction.118 Besides 
elevated FAO, the prevention of cardiac lipid accumulation and 
organ dysfunction in the αMHC-PPARδ mice may be attributed 
to increased expression of angiopoetin-like 4,119 which is an in-
hibitor of LpL and therefore may minimize cardiac lipid uptake.

Efforts to Elucidate the Toxic Lipids
TAG accumulation is often correlated with toxicity but its di-
rect role in myocardial dysfunction is not certain. Increased 
TAG levels correlate with insulin resistance, but several stud-
ies suggest that TAG accumulation is not toxic per se but just 
coincides with elevation of other lipid species that actually 
account for cellular toxicity.

Figure 3. Metabolism of circulating 
triglyceride-rich lipoproteins. Triglycerides 
(TG) within the circulation are predominantly 
carried by chylomicrons and very low–
density lipoprotein (VLDL). Chylomicrons 
carry dietary lipids. Along with the lipids, it 
contains apolipoproteins including apoB-
48 and C-II, the activator of lipoprotein 
lipase (LPL). VLDL contains apoB-100 and 
carry triglycerides secreted from the liver. 
Lipolysis converts triglycerides to fatty 
acids (FA) and also leads to the shedding 
of surface components that contain 
cholesterol (Chol). Defective lipolysis 
leads to reduced acquisition of fatty acids, 
cholesterol, and vitamin A by the heart. 
CE indicates cholesteryl ester; LDL, low-
density lipoprotein; and LDL-R, low-density 
lipoprotein receptor.
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In contrast to TAG, a series of relatively nonpolar lipids 
also accumulate in tissues, such as the heart, but in nonseques-
tered forms. These partially charged lipids are free in the cy-
tosol, intercollated in membranes, and associated with carrier 
proteins. Nonesterified FAs (NEFAs) are rapidly complexed 
with CoA, which traps them intracellularly and neutralizes 
their charge. Although there may be many charged and poten-
tially toxic intracellular lipids, DAGs and ceramides are the 
most thoroughly investigated. Saturated FAs, such as palmitic 
acid (16:0), are considered a more potent cause of lipotoxicity 
than unsaturated FAs, such as oleic acid (18:1). Incubation of 
isolated cardiomyocytes with palmitic acid results in higher 
levels of ceramide and DAG compared with incubation with 
oleic acid.120–122 Moreover, the greater propensity of oleic acid 
for sequestration in TAG has been associated with its protec-
tive role.121,123

DAG is another lipid that could mediate FA-induced tox-
icity. DAG has been strongly associated with insulin resis-
tance in skeletal muscle and liver.124–126 DAG acyl transference 
(DGAT) incorporates fatty acyl–CoA and converts the toxic 
DAG to TAG. There are 2 isoforms of DGAT, DGAT1127 and 
DGAT2.128 Overexpression of DGAT1 in hearts of lipotoxic 
models, such as the αMHC-acyl CoA synthetase129 and the 
αMHC-PPARγ130 mice, reversed cardiac dysfunction, despite 
increased lipid accumulation. Moreover, cardiomyocyte-spe-
cific expression of DGAT1 improved cardiac function after 
ischemia.131 Thus, DGAT1-mediated TAG synthesis seems 
to be protective for cardiac function in several pathological 
contexts. On the contrary, DGAT1-deficient mice are resistant 
to diet-induced obesity,132,133 which seems to be because of 
increased total energy expenditure because these mice have 
increased physical activity. The mechanisms that underlie ce-
ramide and DAG toxicity in cardiomyocytes are not described 
thoroughly but several hypotheses have been proposed.

Both ceramides and DAGs bind to and activate isoforms 
of PKCs, which then translocate to the sarcolemma and cyto-
solic membrane.134 The PKC family includes 12 serine/threo-
nine protein kinases. Several PKCs are highly expressed in 
adult myocardium and regulate contractility, gene expression, 
and cell growth.135 Overexpression of PKCβ, specifically in 
the myocardium of transgenic mice, leads to cardiomyopa-
thy because of combined myocardial necrosis and thickened 
left and right ventricular walls, resulting from the increase in 
the number of cardiomyocytes and the size of the interstitial 
extracellular matrix.136 High-fat diet increases PKCβ2 activa-
tion and causes cardiac hypertrophy in male Sprague–Dawley 
rats.137 Several PKC isoforms are activated during heart fail-
ure.138 PKCα and PKCε confer negative inotropic effects in 
cardiomyocytes.139,140 PKCβ impairs Ca2+ handling, increases 
cardiomyocyte necrosis, and promotes ventricular wall thick-
ening.136,137,141,142 Genetic142–144 and pharmacologic142,144,145 
inhibition of PKCs improves cardiac responsiveness to cat-
echolamines and heart function in mice with cardiomyopathy. 
Cardiac tissue from heart failure patients,8 mouse models of 
cardiac lipotoxicity,120 and a palmitate-treated human car-
diomyocyte cell line120 have increased PKCα and PKCδ ac-
tivation. Moreover, several lipotoxic heart models exhibit 
abnormal activation of PKC and defective adrenergic signaling 

pathways.146 Thus, PKC signaling is activated by toxic lipids 
and is associated with heart failure and also changes in heart 
rhythm.

PKC activation blocks insulin signaling pathways,147,148 
inactivates adrenergic receptors,120 and increases cellular 
apoptosis. Transgenic overexpression of several PKCs leads 
to heart failure. DAGs are thought to accumulate when cardio-
myocytes take up more FAs than can be converted to TAGs, 
that is, when the TAG esterification pathway is saturated. As 
noted earlier, overexpression of DGAT1 reduces cardiac DAG, 
increases TAG stores, and ameliorates some forms of cardiac 
lipid–induced toxicity.129,130,149 Surprisingly, DGAT1 expres-
sion is reduced in cardiac tissue from patients with severe 
heart failure, who also have DAG accumulation.8 Selective 
cardiomyocyte DGAT1 knockout mice reproduces this lipid 
abnormality and causes heart failure.150 Thus, DGAT1 seems 
to control the intracellular concentration of cardiotoxic lipids. 
Of note, many of the interventions that affect heart levels of 
DAGs also affect other lipids, such as ceramides, and maybe 
others because lipid metabolic pathways are interconnected. 
Thus, changes in DGAT1 that alter DAGs also change total 
ceramides in the same direction, perhaps because it shunts 
palmitate from ceramide to TAG synthesis.

Ceramide is synthesized via 3 major pathways. De novo 
synthesis includes conversion of palmitate to palmitoyl-CoA, 
which is then converted to 3-keto-sphinganine with the contri-
bution of serine palmitoyltransferase.151 Subsequent reactions 
lead to the synthesis of sphinganine, dihydroceramide, and 
ceramide.152,153 Sphinganine is an inhibitor of post-lysosomal 
cholesterol transport. Ceramide is also produced from sphingo-
myelin that is hydrolyzed by sphingomyelinase.154 Ceramides 
are also produced through the salvage pathway from sphingo-
sine-1-phosphate and the sphingomyeline pathway.155

Mice expressing glycosylphosphatidylinositol (GPI)-
anchored human LpL specifically in cardiomyocytes (αMHC-
LpLGPI) have increased cardiac uptake and accumulation of 
lipids that are derived from circulating lipoproteins. These 
mice develop a dilated cardiomyopathy,85 which is accounted 
for, at least partially, by ceramide.156 Treatment of these mice 
with myriocin, a de novo ceramide synthesis inhibitor, nor-
malizes intramyocardial ceramide levels and alleviates cardi-
ac hypertrophy.156 However, this treatment improves survival 
only slightly, indicating that other nonceramide mechanisms 
may also mediate cardiac lipotoxicity.

Further evidence of the toxic role of ceramides has been 
derived from animal models of ceramidase modulation. This 
enzyme controls the degradation and therefore detoxification 
of ceramides. Ceramidase activity is regulated by adiponec-
tin, and adiponectin gene deletion mice develop a phenotype 
of increased apoptosis mediated through a sphingolipid-me-
diated pathway.157 Overexpression of adiponectin decreases 
caspase-8-mediated cell death. These data suggest a role for 
adiponectin-mediated sphingolipid metabolism through the 
regulation of ceramidase activity and ceramide homeosta-
sis.157 Ceramides and their regulation through ceramidase have 
been suggested to play a crucial role in the development and 
progression of insulin resistance both in diabetes mellitus and 
heart failure.8,22,158–160
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Phospholipids constitute another lipid class that accounts 
for cardiac lipotoxicity. The toxic effect of phospholipids 
has been attributed to either indirect crosstalk of metabolic 
pathways of phospholipids with those of TAG or other lipids 
or direct signaling events triggered by changes in phospho-
lipid content. Increased NEFA content promotes degradation 
of phospholipids in rat cardiomyocytes and increases cell 
death.161 On the contrary, increased phospholipid synthesis 
is cardioprotective in rats.162 Phospholipases associated with 
the cardiomyocyte membrane hydrolyze certain membrane 
phospholipids and generate lipid-derived signaling molecules, 
such as DAG,163 which can be toxic for cardiac function as 
discussed earlier.

In addition to phospholipid degradation by phospho-
lipases, their cellular content can be modulated by regula-
tion of their synthesis. One study in Drosophila showed that 
inhibition of the synthesis of phosphatidylethanolamine, 
an abundant membrane phospholipid, caused cardiac dys-
function associated with elevated concentrations of cardiac 
TAG levels. Phosphatidylethanolamine depletion activated 
the sterol regulatory element–binding protein pathway164 
that promotes FA synthesis and lipogenesis.165 Suppression 
of the sterol regulatory element–binding protein pathway 
in these flies alleviated cardiac lipid accumulation and 
improved heart function.164 A study in mice with defec-
tive phosphatidylethanolamine synthesis because of global 
CTP:phosphoethanolamine cytidylyltransferase (Pcyt2) hap-
loinsufficiency showed that these mice have lower expression 
of FA metabolism genes, as well as hypertriglyceridemia 
and increased TAG and DAG levels in the liver and skel-
etal muscle.166 However, cardiac TAG and other lipid levels 
were not assessed in this study. Another study showed that 
Pcyt2+/− male mice have cardiac dysfunction associated with 
decreased cardiac gene expression of PPARα and CD36, 
increased ROS, as well as inhibition of cardiac insulin sig-
naling.167 These findings indicate reduced cardiac metabolic 
rates that may lead to increased toxic lipid accumulation. 
Thus, alterations in phospholipid metabolism affect cellular 
lipid homeostasis and signaling with potential consequences 
in cardiac function.

In Vivo Data Supporting a Role for Lipids in 
Cardiac Toxicity

The importance of lipid toxicity as a cause or an accessory 
to human heart failure is gaining acceptance. Lipids might 
alone lead to heart failure, and they may aggravate disease 
that is primarily caused by ischemia or other forms of car-
diomyopathy. Aside from the increased concentration of DAG 
and ceramides in hearts of humans with severe heart failure, 
some experimental studies have found lipid accumulation in 
hearts after acute ischemia.168 This is presumably because of 
an imbalance as the ischemic hearts continue to acquire FAs 
while hypoxia switches cardiac metabolism toward great glu-
cose and reduced FAO.

By modifying lipid metabolic pathway, investigative stud-
ies in mice have confirmed that lipid accumulation alone can 
lead to heart failure (reviewed in Goldberg et al169) and in 
some cases sudden death. These studies are also consistent 
with the hypothesis that TAG storage within lipid droplets is 

unlikely to be the culprit, despite its use as a marker for overall 
lipid accumulation. Thus, increasing lipid uptake pathways or 
increasing the trapping of NEFAs lead to cardiac lipid over-
load. Overexpression of both PPARα and PPARγ increase 
FAO but cause an imbalance in cardiac lipid metabolism be-
cause uptake exceeds oxidation and leads to lipid accumula-
tion. Finally, marked reduction of FAO can also lead to lipid 
accumulation and heart failure.61,62,86

As mentioned earlier, Atgl−/− mice exhibit reduced FAO 
and massive cardiac lipid accumulation and severe cardiac 
dysfunction that is corrected when PPARα is activated phar-
macologically.62 This indicates that FA-mediated PPARα 
activation relies on intracellular TAG lipolysis, and ATGL 
overexpression is beneficial for mice with pressure overload.86 
However, this benefit cannot be attributed to increased FAO, 
which is surprisingly reduced, possibly as a consequence of 
the increased glucose utilization. In hormone-sensitive lipase 
gene deletion mice, cardiac TAG lipase activity was decreased, 
but cardiac TAG was not dramatically changed and there was 
no overt cardiac phenotype.88

Animal models have also been used to evaluate methods 
to treat lipotoxicity. Not unexpectedly, reductions in car-
diomyocyte lipid uptake, increased secretion of lipids, and 
greater conversion of toxic lipids to nonpolar stored forms all 
improve heart function.93,94,130,150,170 Several hormones seem to 
directly affect cardiac lipid content and have been used to im-
prove heart function in these models. Adiponectin stimulates 
ceramidase and improves heart function in mice.157 Glucagon-
like peptide 1 improved heart function in mice with genetic 
deletion of DGAT1.150

Lipid-Driven Signaling Pathways Associated 
With Cardiac Dysfunction

An incompletely answered question is how the excess lipids 
cause cardiac dysfunction and heart failure. Cardiac lipotoxic-
ity is associated with apoptotic mechanisms in obesity, diabe-
tes mellitus, and aging. Apoptosis is one of the major cofactors 
of cardiac dysfunction.171 Saturated FAs induce apoptosis in 
a cellular environment of increased lipid content and excess 
lipid oxidation. Treatment of isolated neonatal rat ventricu-
lar myocytes with palmitic acid compromises mitochondrial 
physiology and leads to apoptosis associated with cardiolipin 
loss, cytochrome c release, mitochondrial swelling, and DNA 
laddering.172,173

Generation of ROS has also been implicated in palmitate-
induced programmed cell death in one study,174 but this could 
not be confirmed by another study.175 The former study, which 
was performed in Chinese hamster ovary cells, showed that 2 
ROS scavengers prevented palmitic acid–mediated apoptosis. 
In contrast, palmitate-induced apoptosis was neither associ-
ated with increased ROS nor rescued by antioxidants in neo-
natal rat cardiomyocytes. In cultured aortic endothelial cells, 
NEFAs increased ROS production,176 especially in the setting 
of hyperglycemia.

Defective insulin signaling is one of the earliest observed 
cardiac defects in mice fed with high-fat diet177 and frequently 
is ignited by cardiac lipid accumulation.8,169 Predominant uti-
lization of FA for cardiac ATP production, decreased glucose 
uptake, defective contractile response to insulin, and decreased 
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cardiac efficiency because of oxygen waste for noncontractile 
purposes are some of the major events that occur with car-
diac insulin resistance.178–182 Conversely, mice with a cardiac-
specific deletion of insulin receptors demonstrate increased 
glucose uptake and oxidation and develop smaller hearts.183

Both ceramide and DAG have been implicated in defec-
tive insulin signaling and reduced glucose uptake in muscle. 
Saturated fat feeding causes insulin resistance, most likely via 
alterations in ceramide metabolism.160 Although the mechanism 
is not fully elucidated, it has been shown that ceramide blocks 
insulin-mediated activation of Akt/PKB184–186 via direct inhibi-
tion of Akt/PKB phosphorylation or by stimulating protein 
phosphatase 2A that dephosphorylates Akt/PKB.187 In accor-
dance with this observation, overexpression of acid ceramidase, 
which reduces intracellular ceramides by catalyzing their con-
version to sphingosine attenuated the inhibitory effects of satu-
rated NEFAs on insulin signaling of C2C12 myotubes.158 DAG 
blocks insulin signaling by promoting IRS-1 phosphorylation, 
resulting in its deactivation.188–190 This process, at least in skel-
etal muscle, may be mediated by activation of PKCθ148 or other 
PKCs.191 Systemic insulin resistance in patients with heart fail-
ure is accompanied by increased toxic lipid intermediates, DAG, 
and ceramide. Mechanical unloading with left ventricular assist 
device implantation decreased DAG and ceramide levels and ac-
tivated insulin/phosphatidylinositol-3 kinase/Akt pathway.8

Mitogen-activated protein kinases have been implicated in 
cardiac development and disease, as well as in cardiomyocyte 
apoptosis.192,193 In addition, there are findings that implicate 
mitogen-activated protein kinases in FA-induced toxicity. 
Treatment of primary neonatal rat ventricular myocytes with 
palmitic acid activates extracellular signal–regulated kinase 
(Erk)1/2, p38-mitogen-activated protein kinase (p38 MAPK), 
and c-Jun N-terminal kinase (JNK).194 However, a mitogen-
activated protein kinase (MAP)1/2 inhibitor or a p38 MAPK 
inhibitor had no effect on baseline or palmitate-induced 
apoptosis.194 Activation of JNK1 is involved in the induction 
of apoptosis in rat cardiomyocytes that undergo ischemia/
reperfusion stress.195 The apoptotic effect of ceramide in rat 
cardiomyocytes can be mediated by activation of JNK and at-
tenuated by antisense JNK1 or JNK2. JNK interacts with pro-
apoptotic Bax on the mitochondrial membrane.193 Treatment 
of the same cells with a low concentration of oleate along with 
palmitate inhibited both palmitate-induced JNK activation and 
apoptotic events.194 Inhibition of JNK is also associated with 
increased FAO in the hearts of septic mice.196 These data sug-
gest that mitogen-activated protein kinases may be involved 
in lipid-mediated apoptosis or suppression of FAO and may 
therefore account for impaired cardiac function.

Accumulation of FAs also causes ER stress. Specifically, 
palmitate induces oxidative stress and generation of ROS that 
eventually lead to ER stress and cell death.197 Moreover, the 
incorporation of palmitate in phospholipid and TAG compro-
mises the integrity of ER membrane and releases protein-fold-
ing chaperones to the cytosol.198 Another study has reported 
that the esterification of palmitate can directly cause ER fis-
sion.199 Myocardial ER stress markers were elevated in a rat 
heart failure model (left anterior descending coronary artery 
ligation), and their expression was alleviated by treatment with 

atorvastatin, which improved left ventricular function and re-
duced cardiac fibrosis.200 Atorvastatin blocks cholesterol, not 
FA, synthesis, and so how this intervention altered intracellu-
lar lipids is unclear. In cardiomyocytes, palmitate-induced ER 
stress is prevented by combined treatment of cardiomyocytes 
with oleate that promotes TAG formation.123 The same study 
also showed that the protective effect of oleate is abolished on 
overexpression of ATGL that increases the release of NEFAs 
from the intracellular TAG pool. Thus, cardiac lipid accumu-
lation may contribute in ER stress and the development of 
heart failure primarily because of elevation of palmitate.

Septic Cardiac Dysfunction
Sepsis is defined as life-threatening organ dysfunction caused 
by a dysregulated host response to infection.201 Unless treated 
promptly, sepsis can lead to septic shock, which is a lethal 
condition because ofcombined hypotension, ischemia, and 
multiple organ failure. Cardiac dysfunction is a major event 
of sepsis.202,203 Nevertheless, septic patients in advanced stages 
show impaired cardiac contractility,204 diastolic dysfunction, 
reduced cardiac index, and a low ejection fraction.205 The 
clinical importance of cardiac dysfunction in the pathophysi-
ology of sepsis is signified by the higher mortality of septic 
patients with systolic or diastolic dysfunction compared with 
those diagnosed with sepsis but without diastolic or systolic 
dysfunction.206 The mechanisms that underlie myocardial de-
pression during septic shock may be driven either by elevated 
inflammation207–209 or impaired metabolism and reduced ATP 
production in the heart.196,210,211

Reduced ATP production in cardiomyocytes is primarily 
caused by impaired FA and glucose metabolism.196,210 The 
impairment of FA utilization in sepsis causes intracellular 
lipid accumulation that occurs despite reduced cardiac lipid 
uptake.210,211 Although cardiac lipid accumulation has been 
reported in septic animal models, the lipids that mediate car-
diac toxicity have not been identified. A study that analyzed 
ceramide species did not indicate any association of cardiac 
dysfunction or improvement in cardiac function with altera-
tion of ceramide levels in the heart.210

Inhibition of intracellular FA mobilization and oxida-
tion is accounted for by reduced expression of FA-binding 
protein,212 acyl-CoA synthetase,213 and Cpt1.214 Furthermore, 
cardiac expression of transcriptional factors that regulate 
FAO, such as PPARs, retinoid-X receptors, and thyroid recep-
tors, which drive the expression of various FA metabolism–
related proteins, is reduced. The coactivator of these nuclear 
receptors, PPARγ-coactivator-1, has also decreased cardiac 
expression during sepsis.196,210,211,214 Accordingly, cardiomyo-
cyte-specific constitutive expression of PPARγ-coactivator-
1β211 or PPARγ,210 pharmacological activation of PPARγ,210,215 
or prevention of PPARα downregulation196 induce FAO and 
improve cardiac function during sepsis. This improvement 
was independent from changes in the expression of cardiac 
inflammatory markers.

Besides improvement in cardiac function, systemic PPARγ 
activation improves survival in mice with sepsis induced with 
either lipopolysaccharide treatment210,216 or cecal ligation and 
puncture.215 This suggests that improved ATP production (and 
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likely lower lipid accumulation) in organs of septic mice is 
crucial for the function of organs besides the heart. As PPARγ 
activation is also associated with reduced inflammation,217–221 
it is tempting to speculate that the improvement in survival 
during sepsis is because of alleviation of inflammation and not 
altered lipid accumulation and use. However, when PPARγ 
activation was applied to mice that did not express adiponec-
tin, an adipocyte-derived protein222–224 that promotes FAO in 
peripheral organs, including the heart,225 the survival benefit 
was abolished.215 In accordance with animal studies that as-
sociated improved FAO with reduced sepsis-related mortality, 
a clinico-metabolomic study that analyzed plasma from septic 
patients showed that markers of reduced FA utilization in tis-
sues, such as higher concentration of carnitine esters and FAs, 
were associated with increased lethality.226 Thus, improve-
ment in FA mobilization that eventually leads to increased 
energy production seems to confer survival benefit at least for 
the early stages of the disease.

Metabolic Modulation as a Therapeutic 
Intervention in Lipotoxic Cardiomyopathies

The role of weight loss for the correction of cardiac lipid ac-
cumulation in obesity and diabetes mellitus is controversial. 
Limited data suggest that weight loss indeed reduces cardi-
ac TAG levels and reduces FA uptake, leading to improved 
diastolic function.227–232 Of note, short-term fasting (eg, over-
night) increases cardiac lipid droplets and TAG content likely 
because of impaired FAO in the absence of nutritional glucose 
supply.59,233 However, fasting does not lead to reduced heart 
function; this is further evidence that not all causes of TAG 
accumulation are detrimental.

In animal models, FAO has also been inhibited using 
pharmacological inhibitors of Cpt-1, such as etomoxir, eth-
yl-2-tetradecyl glycidate, and oxfenicine.234 It has been pro-
posed that this change from FAO to greater glucose oxidation 
with less oxygen requirements should be beneficial in the 
response to ischemia.235 In patients with heart failure, reduc-
tion of FAO by reducing plasma NEFA levels was not benefi-
cial,236 and in some acute studies, reducing NEFA levels was 
harmful.237 Pharmacological compounds such as perhexiline 
which blocks mitochondrial FA via inhibition of CPT-1 and 
CPT-2 have been used in both ischemic and nonischemic 
heart failure patients. Treatment with perhexiline was asso-
ciated with improved cardiac function and symptoms.12,238,239 
Trimetazidine reduces FAO and slightly improves cardiac 
function and insulin sensitivity in patients with idiopathic di-
lated ischemia.239 Depletion of circulating FAs through a hy-
polipidemic agent (acipimox) that aimed to reduce FA uptake 
by the heart and storage into triglycerides did not improve 
cardiac function in patients with heart failure.236,237 Therefore, 
the overall benefit of reducing FAO in heart failure is still 
unclear. One possible reason is the poorly defined nature 
of heart failure, suggesting that a better characterization of 
cardiomyopathies is necessary before inclusion into subse-
quent trials. It is unclear whether patients might also require 
reduced myocardial substrate uptake. Further, it remains to be 
seen whether normalizing substrate uptake and reducing lipo-
toxicity can be the next major advance or a complementary 
treatment in heart failure therapy.

Open Questions
Both ischemia and heart failure are associated with a switch 
to greater glucose utilization through glycolysis and reduced 
FAO. It remains to be clarified whether this is a short- or long-
term adaptive response of the failing heart or whether this 
constitutes a maladaptive change that leads to energy deple-
tion and further deleterious cardiac effects. It remains unclear 
what lipid species are involved in mediating cardiac lipotox-
icity that has been associated with lower ATP production and 
mitochondrial dysfunction. Finally, although some studies 
have demonstrated sex differences in cardiac metabolism 
and the myocardial response to stressors, it remains unclear 
whether this also affects mechanisms of cardiac lipotoxicity.

In regard to lipid intermediates, in particular, cerami-
des, the specific nature of its toxicity and the direct impact 
of different chain length are the topic of ongoing investiga-
tions. The same direct evidence is missing for DAG and TAG 
species, as well as other lipids. This is directly linked to the 
question whether it is possible to adjust the delicate balance 
of synthesis and consumption or use and storage of different 
lipids and, therefore, affect and prevent the toxicity associated 
with increased levels of these intermediates. In this regard, the 
recently reported marked reduction in heart failure because of 
the use of a sodium glucose co-transporter 2 inhibitor has been 
interpreted as evidence that reducing heart glucose uptake and 
increasing FAO and lipid accumulation might improve cardi-
ac function.240,241 However, whether changing the rate of FAO 
and its relationship to lipid accumulation alters lipotoxicity 
remains to be addressed. One possible option is to reduce lipid 
uptake for the treatment of lipid toxicity, but this has to be bal-
anced by the possible effects of energy depletion because FAs 
are the main source for ATP production in the normal, nonfail-
ing heart. Despite the need for greater oxygen use, another 
option would be to stimulate FAO to improve heart function 
during failure, which would indicate that the long-term switch 
to greater glucose use is a maladaptive response.
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    Abstract     Lipids are the major substrate for cardiac ATP production and they are 
derived from adipose tissue or lipoprotein triglycerides. Lipoproteins are synthesized 
in the liver and they obtain their mature form following interaction with enzymes that 
are present in the circulation. Lipoprotein-derived fatty acids are released by lipo-
protein lipase and are then taken up by cardiomyocytes either passively or via fatty 
acid receptors, such as CD36. Uptake of remnant lipoproteins via cardiomyocyte 
lipoprotein receptors is also possible. Besides fatty acids, other hydrophobic mole-
cules such as cholesteryl esters, retinyl esters and vitamins are delivered by lipopro-
teins to the heart. While lipids are important for normal cardiac function, excessive 
lipid uptake, also known as lipotoxicity, may lead to cardiac abnormalities. This 
chapter focuses on the role of lipoproteins in providing fatty acids and other essen-
tial lipids to the heart in healthy conditions as well as in cardiac disease.  

  Keywords     Lipoprotein triglyceride   •   Lipoprotein lipase   •   Fatty acid receptors   • 
  Fatty acid uptake   •   Cardiomyocytes   •   Cardiac lipoprotein receptors  

1         Introduction 

 The heart can obtain energy from several sources including lipids, glucose, ketones 
and lactate. 70 % of cardiac ATP is thought to be produced via fatty acid (FA) 
 oxidation [ 1 ]. Triglycerides (TGs) are the primary source of FAs in circulation and 
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constitute, not surprisingly, the primary lipid source used for cardiac energy 
 production [ 2 ]. Over 90 % of plasma FAs are esterifi ed within either TG or phos-
pholipids. Lipoprotein-associated FAs are derived from dietary fat, as well as from 
endogenous hepatic de novo FA synthesis. The heart primarily obtains FAs after 
their release from TG-rich lipoproteins by the enzyme lipoprotein lipase (LpL). 
Some cardiac FAs as well as hydrophobic lipids such as cholesteryl esters and reti-
nyl esters are dissociated from lipoproteins or they are obtained via internalization 
of whole lipoprotein particles by lipoprotein receptors. Cardiac FA uptake occurs 
either via passive non-receptor transport, also known as “fl ip-fl op” [ 3 ], or via cell 
membrane receptors, such as cluster of differentiation (CD) 36 [ 4 ,  5 ] and fatty acid 
transport protein (FATP) [ 6 ,  7 ]. The exuberant use of lipids by the heart makes it an 
ideal organ to gain insights into the routes of uptake of lipid from liver, gut, and 
circulation. This chapter will focus on reviewing the role of lipoproteins in provid-
ing FAs and other essential lipids to the heart.  

2     General Structure and Physiologic Role of Lipoproteins 

 Lipoproteins are water-soluble macromolecules that transfer lipids amongst differ-
ent tissues. They consist of a polar surface of phospholipids, free cholesterol and 
apolipoproteins (Apos) and a non-polar lipid core that contains primarily choles-
teryl ester and TGs as well as fat soluble vitamins. There are two major classes of 
TG-rich lipoproteins: chylomicrons, which are produced from dietary fat, and very 
low density lipoproteins (VLDL) that have hepatic origin and are carriers of endog-
enously produced FAs (Fig.  1 ). The major cholesterol-containing lipoproteins are 
low density lipoproteins (LDL) and high density lipoproteins (HDL).

   Lipoproteins were originally differentiated by their fl oatation in the ultracentri-
fuge as salt was added to the serum, hence their names. Lipoproteins can also be 
separated based on their size using gel fi ltration, and by charge using electrophore-
sis. They can also be distinguished by NMR. The largest and most buoyant lipopro-
teins contain the greatest amount of lipid, which is predominantly TG. The smaller 
more dense lipoproteins have cholesteryl ester as the major non-polar lipid. The 
lipids that each lipoprotein class carries refl ect its major physiologic role: delivery 
of dietary or hepatic produced TG or cholesterol.  

3     Chylomicrons 

 Dietary TGs are packaged in chylomicrons. In most cases FAs not esterifed to glyc-
erol, free FAs (FFAs), but not TGs cross cell membranes. Dietary TG is converted 
into FFAs by intestinal lipases and then re-esterifi ed within the enterocyte. TG and 
the ester forms of other lipids such as cholesterol and retinol are packaged into par-
ticles via the actions of microsomal TG transfer protein (MTTP). The major struc-
tural protein of chylomicrons is ApoB48, which is an edited version of the longer 
hepatic ApoB100 (Fig.  1 ). 
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 Chylomicrons are not secreted directly into the circulation, but arrive into the 
superior vena cava via the lymphatic system. Thus, they reach the heart prior to their 
exposure to the liver or peripheral tissues such as skeletal muscle and adipose tissue. 
Once in the bloodstream, chylomicron surface proteins, such as ApoC-II, the LpL 
activator, are exchanged with other lipoprotein proteins. Chylomicrons deliver cho-
lesterol and FAs to the heart as shown by studies in vivo [ 8 – 10 ] and in isolated 
hearts of rats that were perfused with chylomicrons enriched in radiolabelled cho-
lesterol and/or FAs [ 8 – 10 ]. 

 FFAs obtained by the heart can serve as fuel or components of structural lipids 
and lipid droplets. While the vast majority of albumin-bound FFAs are used for 
oxidation, chylomicron-derived cardiac FAs are used evenly for oxidation and 
 storage [ 10 ].  

4     VLDL 

 Hepatic TGs are secreted as a component of VLDL, TG-rich lipoproteins that are 
smaller and less buoyant than chylomicrons (Fig.  1 ). VLDL-associated TGs are 
from three sources, which differ under physiologic and pathologic conditions. Some 
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  Fig. 1    Biosynthesis of VLDL and chylomicrons—VLDL production in the liver requires and 
transport ApoB and microsomal triglyceride transfer protein (MTTP). VLDL are carriers of tri-
glycerides (TG) and cholesteryl ester (CE). Gradual lipoprotein lipase (LpL)-mediated hydrolysis 
of TG leads to conversion of VLDL to IDL and LDL. Chylomicrons are produced in the intestine 
and transfer TG, CE and retinyl esters. Following hydrolysis of TG by LpL chylomicron remnants 
are formed. Lipolysis accounts for most FA uptake by the heart       
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TGs are produced via de novo synthesis that converts glucose or amino acids to FAs. 
Other FAs are products of lipolysis in the periphery or are derived from TG returned 
to the liver via uptake of partially digested TG-rich lipoproteins, termed remnants. 
The third source of hepatic FAs are those liberated from intracellular lipolysis of TG 
stored in adipocytes; adipocytes TG lipolysis is mediated by adipose TG lipase 
(ATGL) and hormone sensitive lipase (HSL). These enzymes are inhibited by insu-
lin and activated by catecholamines and thyroid hormone. 

 The packaging of liver TGs with ApoB100 is regulated by insulin, FFAs, and 
liver infl ammation [ 11 – 13 ]. After secretion, VLDL undergoes gradual TG hydroly-
sis fi rst by LpL and then by hepatic lipase (HL) leading to conversion of VLDL to 
IDL and LDL (Fig.  2 ).

5        LDL 

 Although LDLs are the major cholesterol carrier in human blood, HDLs are the 
greater carriers of circulating cholesterol in wild type rodents. Mice with defects in 
the LDL receptor or ApoE, both of which should reduce cholesterol uptake by the 
liver, do not have a cardiac phenotype. In part this might be because the heart is one 
of the least important sites of LDL uptake [ 14 ]. In addition heart synthesizes very 
little cholesterol [ 15 ]. Perhaps, as shown in isolated perfused hearts [ 9 ], the robust 
metabolism of TG-rich lipoproteins, as they circulate through the heart, is suffi cient 
to provide cholesterol for the myocardium.  
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  Fig. 2    Lipoprotein metabolism – HDL and VLDL are produced in the liver. HDL biosynthesis 
begins with gradual addition of phospholipids (PL) and free cholesterol (FC) on ApoA-I that leads 
to formation of discoidal HDL particles. Discoidal HDL are converted to spherical HDL via 
 contribution of lecithin cholesterol acyl-transferase (LCAT) and addition of PL by phospholipid 
transfer protein (PLTP). Transfer of cholesteryl ester (CE) to VLDL is mediated by CE transfer 
protein (CETP). Gradual hydrolysis of TG by LpL, which is activated by ApoC-II, and hepatic 
lipase (HL), liberates lipids and apolipoproteins that transfer to HDL. SR-BI mediates HDL uptake 
and will obtain some HDL lipids without ApoA-I; this is known as selective uptake       
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6     HDL 

 HDL biosynthesis takes place in the liver and small intestine. ApoA-I is secreted by 
the liver and interacts with hepatic ABCA1 transporter (Fig.  2 ). ApoA-I is then lipi-
dated with phospholipids and cholesterol and forms discoidal HDL particles. 
Discoidal HDL is converted to spherical HDL following the action of the enzyme 
lecithin cholesterol acyl transferase (LCAT). LCAT esterifi es cholesterol with FA to 
form cholesteryl ester, which is forced to the inner core of HDL. Loss of either 
LCAT [ 16 ] or ABCA1 [ 17 ,  18 ] prevents formation of mature HDL and leads to 
lower HDL cholesterol levels. 

 HDL is removed from the circulation via cell surface receptors, following the 
action of two lipases: HL [ 19 ] and endothelial lipase (EL) [ 20 ]. Most HDL lipid is 
returned to the liver via scavenger receptor receptor-B-I (SR-BI) [ 21 ]. However, 
HDL proteins are degraded in both the liver and kidney; the latter is most important 
in removal of smaller relatively lipid-poor HDL [ 22 ].  

7     Apolipoproteins 

 These lipid-binding proteins are amphipathic, thus able to interact with aqueous and 
non-aqueous media. Apos allow interaction of lipoproteins with cell surface recep-
tors and metabolic enzymes. 

7.1     ApoB 

 ApoB is the main structural protein of chylomicrons and VLDL and remains 
attached to these lipoproteins throughout their formation and catabolism. Two 
ApoB species have been described: hepatic ApoB100 and intestinal ApoB48, which 
corresponds to the N-terminal 48 % of ApoB100. Following gradual TG hydrolysis 
by LpL and conversion of VLDL to IDL and subsequently LDL, ApoB100 is recog-
nized by the LDL receptor, which mediates LDL uptake by the liver. The heart 
expresses both ApoB and MTTP [ 23 ], but is generally believed to secrete only small 
amounts of lipoproteins. However, it has been proposed that secretion of cardiac 
TG-enriched ApoB-containing lipoproteins may occur as a defensive mechanism to 
protect from cardiac lipotoxicity in obesity [ 24 ], diabetes [ 25 ] and heart failure [ 25 ].  

7.2     ApoE 

 ApoE is present in chylomicrons, VLDL, IDL, LDL and HDL and is recognized by 
lipoprotein receptors, such as LDL receptor (LDLr) [ 26 ], LDL receptor relate pro-
tein (LRP)-1 [ 27 ], VLDL receptor (VLDLr) [ 28 ], ApoE receptor 2 [ 29 ], SR-BI [ 30 , 
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 31 ] and ABCA-1 [ 32 ] (Fig.  3 ). ApoE is primarily expressed in the liver [ 33 ], but also 
in peripheral tissues, including the intestine and the heart [ 34 ]. Among the three 
human ApoE isoforms, ApoE2 and ApoE3 show a preference for binding on HDL, 
while ApoE4 has higher affi nity for VLDL and LDL [ 35 ]. As cardiomyocytes 
express VLDLr [ 36 ] and LRP1 [ 37 ,  38 ] and low levels of LDLr [ 36 ] and SR-BI [ 39 ], 
ApoE may be a component of the lipoprotein- derived cardiac lipid uptake process.

7.3        ApoCs 

 ApoCs are short polypeptides that are associated with chylomicrons, VLDL and 
HDL [ 40 ]. ApoC-I activates LCAT and increases cholesterol and TG levels, perhaps 
because it inhibits uptake of remnant lipoproteins [ 40 ]. LpL is also regulated by 
ApoCs. Specifi cally, ApoC-II activates LpL [ 41 ], while ApoC-III is inhibitory and 
promotes hypertriglyceridemia [ 42 ]. Loss of ApoC-III prevents hypertriglyceride-
mia in some situations, such as rodent diabetes [ 43 ]. ApoC-III is also thought to 
regulate lipoprotein uptake by receptors.   
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8     Enzymes that Modulate Lipoproteins 

 Following secretion in the circulation, chylomicrons and VLDLs interact with a 
number of enzymes that modulate their size and affect their interaction with lipo-
protein receptors that mediate lipoprotein catabolism (Fig.  2 ), such as lipases, phos-
pholipid transfer protein (PLTP) and cholesteryl ester transfer protein (CETP). 
Lipoprotein-associated TGs are hydrolyzed by LpL within the circulation, allowing 
cardiomyocytes to take up released FFAs for β-oxidation or activation of transcrip-
tional factors, such as PPARα [ 44 ,  45 ]. Although cardiac LpL is produced primarily 
by cardiomyocytes [ 46 ], it is thought to be most active when associated with endo-
thelial cells [ 47 ,  48 ]. At least in the mouse, heart LpL accounts for a signifi cant 
portion of circulating TG catabolism. Mice that express LpL in cardiomyocytes but 
not in adipose tissue and skeletal muscle have normal plasma TG levels [ 49 ]. Also 
deletion of LpL only in cardiomyocytes leads to hypertriglyceridemia [ 50 ]. 

 Endothelial cell-associated LpL is likely bound to both glycosyl
phosphatidylinositol- anchored high-density lipoprotein-binding protein 1 
(GPIHBP1) [ 47 ,  51 ] and heparin sulfate proteoglycans (HSPGs) [ 52 ,  53 ]. A variety 
of proteins have been identifi ed as either activators of LpL-mediated TG hydrolysis, 
such as Αpo-CII [ 54 ] and Apo-AV [ 55 ,  56 ], or inhibitors, such as Apo-CIII [ 57 ,  58 ], 
ApoA-II [ 59 ], angiopoietin-like protein (ANGPTL) 3 [ 60 ], ANGPTL4 [ 61 ] and 
ANGPTL8 [ 62 ]. ANGPTL4, which is the predominant isoform in the heart and 
adipose tissue, exerts its inhibitory function by converting catalytically active LpL 
dimers to inactive monomers [ 63 ]. 

 HL and EL also mediate intravascular TG hydrolysis [ 64 ]. HL hydrolyzes chylo-
micron remnant-, IDL- and HDL-associated TGs [ 65 ], while endothelial lipase 
catalyzes hydrolysis of HDL phospholipids [ 66 ]. Neither lipase has been associated 
with cardiac lipid uptake under normal conditions. However, a recent study showed 
increased endothelial lipase and reduced LpL levels in a pressure overload-induced 
cardiac hypertrophy animal model [ 67 ]. Despite downregulation of LpL, endothe-
lial lipase-expressing hearts had increased ATP levels and improved function as 
compared to endothelial lipase defi cient hearts [ 67 ]. This observation indicates a 
potential role for endothelial lipase and HDL in providing FAs to the heart when 
LpL-mediated lipolysis is compromised during cardiac hypertrophy. More details 
on lipolysis and its regulation are included in another chapter. 

 PLTP facilitates transfer of phospholipids from VLDL to HDL, which affects the 
size of HDL [ 68 ]. Hepatic PLTP also modulates VLDL secretion [ 69 ]. CETP medi-
ates exchange of cholesteryl ester within HDL and LDL for TG in VLDL and chy-
lomicrons [ 70 ].  

9     Cardiac Lipoprotein Receptors 

 Some lipid-loaded lipoproteins or lipoprotein remnants likely enter cardiomyocytes 
via lipoprotein receptors (Fig.  3 ), but the physiologic importance of these receptors 
is unclear. Many receptors that primarily bind to ApoB100 or ApoE are expressed 
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in the heart. These include the LDLr [ 36 ], VLDLr [ 36 ] and LRP1 [ 37 ,  38 ], as well 
as the HDL receptor SR-BI [ 39 ]. Furthermore, failing hearts express lectin-like 
oxidized-LDL receptor-1 (LOX-1) [ 71 ]. However, genetic deletion of each of these 
receptors in isolation leads to no obvious cardiac phenotype. 

 VLDLr is a member of the LDLr superfamily that binds ApoE-TG-rich lipopro-
teins such as VLDL [ 72 ] and chylomicrons [ 73 ]. VLDLr is expressed in heart [ 36 ] and 
particularly in cardiomyocytes [ 74 ,  75 ], as well as in endothelial cells [ 76 ]. Besides 
and contributes to lipid uptake. Besides remnant lipoprotein uptake, VLDLr are 
important for transportation of LpL to the luminal surface of vascular endothelial cells 
[ 77 ], as well as for enhancing cardiac LpL activity [ 78 ]. However, Vldlr −/−  mice do not 
have lower cardiac TG levels; neither do they develop cardiac dysfunction [ 74 ]. 

 LRP1 was initially described as the back-up receptor that allowed chylomicron 
remnant uptake by the liver in LDLr defi cient mice [ 79 – 81 ]. However, there are no 
data indicating a role for LRP1 in cardiac lipid metabolism under normal condi-
tions. Treatment of isolated cardiomyocytes with increasing doses of LDL and 
VLDL in normoxic conditions led to increased levels of VLDLr and LRP1 expres-
sion, while LDLr expression did not change [ 82 ]. When LRP1 was knocked down 
in isolated cardiomyocytes that were treated with LDL, cholesteryl ester uptake 
continued although at a signifi cantly slower rate [ 82 ]. 

 Although cardiomyocytes express receptors for HDL, these receptors do not 
seem to have a role in cardiac function under normal conditions. The receptor for 
HDL, SR-BI [ 39 ], is expressed in cardiomyocytes although this lipoprotein class 
does not seem to have a role in acquisition of lipids and cardiac energy production. 
HDLs provide sphingosine-1-phosphate to cardiomyocytes via the S1P receptor 
[ 83 ], which seems to be protective during cardiac stress [ 84 ]. Thus, cardiac SR-BI 
may serve as a “docking station” for HDL to allow lipolysis and release of 
S1P. SR-BI may contribute in cardiomyocyte cholesterol effl ux to HDL, although 
this process has been shown to be predominantly mediated by cardiac ABCA1 and 
ABCG1 [ 85 ]. It is likely that much of the lipid needed for cardiac metabolism is 
supplied during lipolysis of TG-rich lipoproteins.  

10     Role of Lipoprotein-Carried Vitamins in Cardiac 
Metabolism and Function 

 Lipoproteins also serve as carriers of vitamins that are important for cardiac ener-
getics and function such as β-carotene [ 86 ], a precursor of vitamin A, vitamin A 
[ 87 ], vitamin D [ 88 ], α-tocopherol (vitamin E) [ 89 ] and vitamin K1 [ 90 ]. The 
importance of these vitamins for maintaining normal cardiac function has been 
demonstrated in several studies. Tissue accumulation of vitamin A is via uptake of 
retinol or retinyl ester. Dietary vitamin A is absorbed as retinyl esters within chylo-
microns [ 91 ,  92 ]. Following LpL-mediated hydrolysis of retinyl esters [ 93 ,  94 ] reti-
nol is released and enters tissues. In cardiomyocytes some retinyl esters are also 
taken up by lipoprotein receptors [ 8 ] without being cleaved [ 94 ]. LpL-mediated 

K. Drosatos and I.J. Goldberg



23

conversion of chylomicrons to chylomicron remnants is necessary as shown by 
compromised cardiac uptake of retinyl esters in LpL-defi cient hearts [ 8 ]. Retinol 
can also be obtained from its major circulating pool that is associated with retinol 
binding protein. 

 Fat soluble vitamins affect a number of basic cardiac metabolic pathways. 
Retinol is converted to retinoic acid that activates RxR, the transcriptional partner of 
PPARα, which is a major regulator of cardiac fatty acid oxidation [ 95 ]. Vitamin K1 
is also important for cardiac energetics as it provides derivatives that serve electron 
transportation between mitochondrial electron-donating and electron-accepting 
enzyme complexes that facilitate ATP production in cardiomyocytes [ 96 ]. Vitamin 
E with its anti-oxidant properties is important for alleviating the effects of cardiac 
oxidative stress [ 97 ,  98 ] by inhibiting lipid peroxidation [ 99 ,  100 ], stress signaling 
pathways [ 101 ] and apoptosis [ 102 ,  98 ,  101 ]. Regarding vitamin D, although there 
is not much information about its role in cardiac fatty acid oxidation, it has been 
associated with increased fatty acid oxidation in other organs such as liver [ 103 ] and 
bone cartilage [ 104 ]. Thus, vitamin D may have a positive effect on cardiac fatty 
acid oxidation.  

11     Cardiac Lipoprotein Metabolism in Disease 

11.1     Cardiac Hypertrophy 

 Cardiometabolic diseases compromise several components of the lipoprotein 
metabolism pathways. Pressure overload-induced left ventricular hypertrophy 
switches the metabolic pattern of the heart to a fetal profi le characterized by reduced 
FA oxidation and increased glucose catabolism [ 105 ]. Although this is not associ-
ated with marked reduction in circulating lipoproteins, the uptake of lipids into the 
heart should be reduced due to downregulation of LpL and CD36 expression that 
has been observed in human [ 106 ] and mouse [ 67 ,  107 ] hearts. Reduced PPARα 
activation may be a major event that accounts for the changes in LpL and CD36 
[ 108 ]. Similarly, reduced LpL and VLDLr levels and increased glucose utilization 
were observed in hearts of spontaneously hypertensive rats-stroke prone, an animal 
model for hypertension-induced cardiac hypertrophy [ 109 ,  75 ]. 

 Oxidized-LDL and their receptor, (Lox-1) may play a role in heart failure. 
Cardiomyocyte LOX-1 expression is increased by endothelin and  norepinephrine 
[ 71 ] and it seems to aggravate heart failure. Activation of LOX-1 by oxidized LDL 
leads to increased release of reactive oxygen species [ 110 ], apoptosis [ 71 ], cardio-
myocyte damage [ 111 ] and elevation of heart failure biomarkers, such as brain 
natriuretic peptide and monocyte chemoattractant protein-1 [ 112 ]. LOX-1 expres-
sion is induced by angiotensin-mediated hypertrophy [ 113 ,  114 ] and is inhibits by 
curcumin and rosuvastatin, which also inhibits  cardiomyocyte growth [ 113 ,  114 ]. 
The cause and effect relationship of these effects is uncertain. 
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 Although HDL does not seem to have a role in providing FAs for cardiac energy 
production, an exception may occur during pressure overload-induced cardiac 
hypertrophy, when downregulation of LpL is compensated by EL upregulation that 
mediates HDL lipolysis and provides phospholipids [ 67 ]. Induction of pressure 
overload- mediated cardiac hypertrophy in EL −/−  mice resulted in a more severe sys-
tolic dysfunction accompanied by lower levels of cardiac fatty acid oxidation-
related gene expression and ATP levels as compared to wild-type mice [ 67 ].  

11.2     Ischemia 

 Hypoxic hearts show reduced cardiac TG utilization in rats [ 115 ] and increased TG 
accumulation in dogs [ 116 ] and mice [ 74 ]. This may involve the VLDLr [ 74 ], 
although changes in cardiac lipid uptake and accumulation during ischemia might 
be model specifi c. In one report, myocardial infarction in mice led to a marked 
increase in expression of VLDLr and accumulation of intracellular lipids; this was 
prevented by with VLDLr defi ciency [ 74 ]. Increased VLDLr expression levels due 
to ischemia may be driven by hypoxia-inducible factor (HIF)-1α, which is elevated 
in ischemic hearts [ 82 ] and is a positive regulator of VLDLr expression [ 74 ,  117 ]. 
However, in rat models of low-fl ow ischemia cardiac FA uptake and TG content 
were reduced [ 118 ]. 

 VLDLr-mediated lipoprotein uptake in hypoxic cardiomyocytes is facilitated by 
LRP1 [ 37 ]. Increased LRP-1 expression occurs in ischemic cardiomyopathy patients 
[ 82 ] who have increased cardiac TG and cholesterol, as well as in isolated cardio-
myocytes during hypoxia [ 37 ]. siRNA-mediated knock-down of LRP1 prevented 
hypoxia-induced VLDL-cholesteryl ester uptake in isolated neonatal rat ventricular 
myocytes and a mouse cardiomyocyte cell line [ 37 ]. LRP1 protein expression levels 
increase in patients with ischemic cardiomyopathy [ 82 ]. 

 LOX-1 is upregulated by ischemia-reperfusion [ 119 ,  120 ]. Abrogation of 
LOX-1 in an animal model of chronic ischemia reduced infarct size, improved car-
diac hemodynamics, prevented cardiac remodeling and fi brosis and improved sur-
vival [ 121 ]. Besides chronic ischemia, LOX1 may also be detrimental for cardiac 
damage that occurs in ischemia-reperfusion. Specifi cally, LOX-1 increased in rat 
cardiomyocytes following ischemia-reperfusion, while administration of anti-
LOX-1 antibody reduced myocardial infarction size [ 120 ] and LOX-1 genetic dele-
tion reduced ischemia-driven collagen accumulation [ 121 ]. Therefore, LOX-1 
appears to be involved in ischemic heart failure as it activates stress signaling 
kinases, such as JNK and ERK [ 112 ]. Accordingly, treatment of mouse cardiomyo-
cytes with JNK or ERK inhibitors prevented ox-LDL-induced increase of BNP 
[ 112 ]. The benefi cial effect of LOX-1 inhibition in ischemia has been attributed to 
reduced myocardial oxidative stress and inhibition of pathological NF-κB, JNK and 
p38 MAPK signaling pathways [ 121 ]. 

 HDL interact with the sphingosine-1-phosphate (S1P) receptor to provide S1P to 
cardiomyocytes [ 83 ]. S1P improves cardiomyocyte survival during hypoxia [ 122 ], 
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protects against doxorubicin toxicity [ 123 ], promotes phosphorylation of connexin 
43 [ 124 ] and activates Stat3, a transcription factor with an important role in adapta-
tion of myocardium to stress [ 125 ,  126 ]. 

 The increased expression profi le of lipoprotein and FA receptors in ischemia 
may seem contradictory to the observed reduction in TG and FFA in hearts of 
patients with advanced heart failure [ 127 ]. This discrepancy suggests that increased 
uptake of lipoprotein-carried FAs, cholesteryl ester and vitamins may be an acute 
compensatory response of the myocardium to ischemia, which is attenuated as of 
the myocardium fails. Thus, ischemic cardiomyopathy is associated with increased 
lipoprotein catabolism, at least during the early stages of the disease. This may 
refl ect increased need of the ischemic heart for provision of fuel and nutrients that 
may be important for healing processes in the damaged myocardium.  

11.3     Cardiomyopathy in Both Type I and II Diabetes 

 Both type 1 and type II diabetes have been associated with abnormal lipoprotein 
metabolism and increased cardiac lipid uptake and accumulation [ 128 ,  129 ]. The 
increased lipid uptake might result from greater circulating levels of FFA and TG 
and induction of FA uptake pathways. Diabetic hearts consume primarily VLDL 
and chylomicron remnants [ 130 ]. Cardiac utilization of VLDL was shown to 
increase in isolated-perfused hearts of diabetic mice [ 131 ]; this was associated with 
increased cardiac LpL secretion [ 132 ] and activity [ 133 ], as well as enhanced CD36 
expression levels [ 134 ,  135 ]. There is no evidence that the increased heart TG in the 
setting of diabetes is due to upregulation of lipoprotein receptors. In fact, diabetic 
hyperlipidemia reduces heart VLDLr protein [ 136 ] due to post-translational regula-
tion. This change may represent a compensatory response that occurs in advanced 
stages of diabetes aiming to counterbalance cardiac lipid uptake and lipotoxicity 
that occur in diabetic hearts [ 137 ].  

11.4     Sepsis 

 Sepsis is a systemic infl ammatory disease that begins with bacterial infection and is 
associated with altered lipoprotein metabolism characterized by elevated plasma 
TG and FFA [ 138 – 141 ] and suppression of energy production in several organs, 
including the heart [ 138 ,  142 ,  143 ]. Increased plasma TG levels are due to compro-
mised intravascular lipolysis [ 144 ,  145 ] and not defective hepatic lipoprotein pro-
duction [ 146 ]. Sepsis also increases cardiac lipid accumulation but this is primarily 
due to reduced expression levels of PPAR nuclear receptors [ 138 ,  147 ] and suppres-
sion of FA oxidation [ 138 ,  142 ]. Cardiac LpL activity is reduced due to lower LpL 
and increased Angptl4 gene expression levels [ 138 ,  148 ]. Cardiac VLDLr and 
CD36 expression levels are also reduced in sepsis. These changes would be expected 
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to compromise lipid uptake and cardiac function [ 149 ]. Genetic and pharmacologic 
interventions that increase cardiac FA oxidation during sepsis, such as PPARγ or 
PGC-1β activation and JNK inhibition, prevent heart dysfunction [ 143 ,  142 ,  138 ] 
and improve survival [ 138 ]. 

 Effi cient lipoprotein clearance from circulation during sepsis can contribute to 
the removal of bacterial endotoxins, as the latter stick on lipoproteins [ 150 ], particu-
larly chylomicrons [ 151 ]. Thus, the observed reduced expression of lipoprotein 
receptors during sepsis may be a defense to prevent cardiac lipid overload as FA 
oxidation is reduced. In addition, since lipopolysaccharide is carried on lipopro-
teins, the delivery of these toxins to the heart may be inhibited via downregulation 
of the lipoprotein receptors.   

12     Conclusions 

 Although the heart avidly utilizes other sources of energy, such as glucose, FFA, 
lactate, and ketones, the bulk of circulating energy substrates are within lipopro-
teins. Gain and loss of function studies of LpL confi rm that lipoprotein metabolism 
within the heart is required for its normal acquisition of FA as well as esterifi ed 
lipids such as cholesteryl esters and retinyl esters. The heart expresses several 
 lipoprotein metabolic pathways and a number of lipoprotein receptors. While a 
single receptor does not appear to be essential for normal heart function, lipoprotein 
receptors may contribute to development of cardiac abnormalities with ischemia, 
hypertrophy, diabetes and sepsis.     
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