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Abstract

Environmental and socioeconomic changes over the past thirty years have contributed to a
dramatic rise in the worldwide prevalence of obesity. Heart disease is among the most serious
health risks of obesity, with increases in both atherosclerotic coronary heart disease and heart
failure among obese individuals. In this review, we focus on primary myocardial alterations in
obesity that include hypertrophic remodeling and diastolic dysfunction. Obesity-associated
perturbations in myocardial and systemic lipid metabolism are important contributors to
cardiovascular complications of obesity. Accumulation of excess lipid in non-adipose cells of the
cardiovascular system can cause cell dysfunction and cell death, a process known as lipotoxicity.
Lipotoxicity has been modeled in mice using high fat diet feeding, inbred lines with mutations in
leptin receptor signaling, and in genetically engineered mice with enhanced myocardial fatty acid
uptake, altered lipid droplet homeostasis, or decreased cardiac fatty acid oxidation. These studies,
along with findings in cell culture model systems, indicate that the molecular pathophysiology of
lipid overload involves endoplasmic reticulum stress, alterations in autophagy, de novo ceramide
synthesis, oxidative stress, inflammation, and changes in gene expression. We highlight recent
advances that extend our understanding of the impact of obesity and altered lipid metabolism on
cardiac function.

Introduction

In large epidemiological studies, obesity is associated with increased incidence of heart

failure. Analysis of the Framingham Heart Study (FHS) revealed that obese individuals, as

defined by a body mass index of 30 kg/m?2 or more, had a doubling of the risk of heart

failure over a mean follow-up of 14 years [1]. Similarly, over a mean follow-up of 16 years
in the Atherosclerosis Risk in Communities Study (ARIC), obesity (defined by body mass
index, waist hip ratio, or waist circumference) correlated with increased incidence of heart
failure [2]. Increased heart failure risk was observed in both men and in women in these two

studies, and the ARIC study indicated that this association was present in racially diverse

populations. Although the FHS and ARIC studies examined community-based samples from
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the United States, similar associations have been reported in other parts of the developed
world [3].

Obese individuals also have increased incidence of coronary heart disease risk factors,
including hypertension, hyperlipidemia and diabetes [4, 5]. Thus, it is not surprising that
obesity is associated with subclinical atherosclerotic vascular disease and with incident
coronary heart disease events [6—10]. Because myocardial infarction is a common cause of
heart failure, increased obstructive coronary heart disease is a likely contributor to heart
failure in obese subjects. Nonetheless, the FHS and ARIC studies demonstrated a significant
association between obesity and incident heart failure, even when analyses were adjusted for
baseline covariates known to increase the risk of coronary heart disease, including diabetes,
smoking, and hypertension, and when analyses were adjusted for myocardial infarction. This
indicates an additional risk for heart failure in obesity that is independent of coronary heart
disease and suggests that the myocardium undergoes primary maladaptive changes in
obesity [1, 2, 10].

Pathophysiology of myocardial disease in obesity

Obesity is accompanied by abnormalities of both structure and function of the heart. These

changes reflect pathophysiological alterations in obesity that are both extrinsic and intrinsic
to the myocardium. In this section, we summarize some of the major myocardial changes in
obesity and contributing pathophysiological processes (Figure 1).

Structural and functional myocardial alterations

Obesity is associated with cardiac remodeling that affects all chambers of the heart. Young
obese patients typically exhibit increased relative wall thickness, concentric remodeling, and
hypertrophy of the left ventricle, even in the absence of hypertension [11]. However, long-
standing and/or severe obesity can also be associated with left ventricular chamber
enlargement and eccentric hypertrophy [12, 13]. Hemodynamic changes associated with
obesity, including increased blood volume and cardiac output, contribute to these alterations
in cardiac morphology [14]. In addition, the hyperinsulinemia, hyperleptinemia, and
elevated renin-angiotensin-aldosterone system activity that often accompany obesity may
drive left ventricular hypertrophy through the addition of new sarcomeres, and in some
instances, through cardiac fibrosis [15]. Left atrial enlargement is also common and may
result from changes in left ventricular structure and function as well as altered loading
conditions [16]. Right ventricular enlargement correlates with obesity and relates to the
pathophysiology of sleep disordered breathing and/or left ventricular dysfunction [13].

Myocardial dysfunction in obesity manifests primarily with diastolic abnormalities.
Noninvasive cardiac imaging with conventional and tissue Doppler modalities demonstrate
abnormal left ventricular filling patterns and decreased longitudinal relaxation velocity (e”)
in obese subjects relative to lean subjects [11, 17, 18]. The degree of diastolic function
correlates with body mass index. Although systolic function, as quantified by ejection
fraction or fractional shortening, is typically normal, subclinical systolic abnormalities can
be detected by both tissue Doppler (s’) and strain imaging, and the degree of impairment of
s’ is predicted by increasing body mass index [11, 19, 20]. Abnormalities of strain measures
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in the right ventricle and left atrium have also been reported [21]. Furthermore, obese
individuals may demonstrate reduced myocardial systolic and diastolic reserve as measured
by stress echocardiography [15].

Altered Myocardial Substrate Metabolism

Under normal physiological conditions, B-oxidation of fatty acids provides the majority of
energy for the myocardium [22]. Nonetheless, the heart is a metabolic omnivore that also
readily metabolizes glucose, amino acids, and ketone bodies. This metabolic flexibility helps
to preserve contractile function under a variety of physiologic and pathophysiologic
conditions. In obesity and diabetes, elevated circulating free- and very low-density
lipoprotein (VLDL)-derived fatty acids cause myocardial lipid uptake to increase
dramatically [11, 18]. Although this augments flux through the B-oxidation pathway, fatty
acids accumulate in a metabolic low-turnover pool and triglyceride content increases,
indications of mismatch between substrate uptake and metabolism. The limited ability of
cardiomyocytes to safely store excess fatty acids in triglyceride pools may be a key factor in
the development of lipotoxicity. Increases in fatty acid metabolism also profoundly suppress
glucose oxidation through substrate competition (Randle cycle) and induction of cardiac
insulin resistance [23, 24]. Since metabolism of fatty acids produces less ATP per molecule
of oxygen consumed than metabolism of glucose, the hearts of obese subjects produce
energy less efficiently and consume more oxygen than the hearts of lean controls [18].

Inflammation

Obesity is characterized by elevated levels of circulating pro-inflammatory cytokines, many
of which are produced by adipocytes and macrophages within visceral adipose depots [25].
Not only do cytokines serve as biomarkers of the altered metabolic state, but they also they
can directly impact insulin and AMPK signaling, glucose and fatty acid metabolism, and
fibrosis in the myocardium [26, 27]. Inflammatory markers may also provide prognostic
information about heart failure risk in obesity. In the Multiethnic Study of Atherosclerosis,
IL-6 expression was upregulated in obese patients and correlated strongly with incidence of
heart failure [28].

Endothelial Dysfunction

Obesity is associated with impaired endothelium-dependent vasodilation and increased
carotid intimal thickness, key indicators of vascular dysfunction and subclinical
atherosclerosis [29-31]. Chronic low-grade inflammation and elevated circulating free fatty
acids contribute synergistically to endothelial dysfunction through multiple mechanisms,
including generation of ROS and suppression of insulin signaling in endothelial cells and
activation of immune cells such as monocytes [32—34]. This milieu, coupled with elevated
VLDL and low density lipoprotein (LDL) production, promotes cholesterol deposition,
macrophage activation, and atherosclerosis [32]. In the absence of obstructive coronary heart
disease, microvascular dysfunction has the potential to impair myocardial performance.
Although myocardial blood flow, as quantified in positron emission tomography studies, is
increased young obese women [18], lower coronary microvascular density observed in left
ventricular biopsies from older obese patients could also contribute to impairment of
myocardial function [35].
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Ectopic Lipid Accumulation

Overload of adipose depots, dysregulation of lipolysis, and/or failure to suppress hepatic
lipogenesis cause hyperlipidemia in obesity that results in accumulation of triglyceride in
lipid droplets in many non-adipose tissues. Ectopic lipid deposition has been detected in the
hearts of obese individuals with impaired glucose tolerance by H magnetic resonance
spectroscopy [36, 37]. In these studies, steatosis was observed in the absence of diabetes or
symptomatic heart failure, but it was associated with increased left ventricular mass,
evidence of remodeling, and depressed septal wall thickening, suggesting subclinical
functional impairment. At the time of autopsy, hearts of obese individuals with heart failure
show a trend for greater lipid deposition compared to non-obese, non-failing subjects [38].
In addition to accumulation of lipid within cardiomyocytes, visceral adiposity is associated
with expansion of epicardial and pericardial fat. The association of pericardial fat with atrial
fibrillation and coronary disease and epicardial fat with increased left ventricular mass
suggests these depots may not only provide fatty acid substrates to the myocardium, but also
elaborate pro-inflammatory cytokines and adipokines that impact coronary and myocardial
function [15, 39, 40].

Models that provide insights into underlying mechanisms

In order to dissect molecular mechanisms and delineate their causality in obesity-associated
pathophysiological changes in the heart, investigators have leveraged in vivo and in vitro
models. Here, we discuss some of the major models that have provided important insights
into the myocardial effects of obesity and lipotoxicity (Table 1).

Insights from murine models of obesity

Diets containing 40 to 60% fat and variable amounts of sucrose have long been used for the
study of obesity in mouse models. These models produce rapid, substantial increases in body
weight and fat mass, recapitulating the energy surplus that underlies obesity [41]. As early as
24 hours after initiation of a high fat diet, C57BL/6 mice show signs of glucose intolerance
that progresses over subsequent weeks [42]. Insulin-stimulated glucose uptake, insulin
signaling, and expression of the GLUT4 glucose transporter are diminished in the
myocardium following 1.5 weeks of high fat diet, prior to the onset of whole body insulin
resistance and hyperinsulinemia at three weeks [41]. By 15 to 25 weeks of high fat diet,
systolic function as quantified by transthoracic echocardiography is reduced by 10 to 40%
with evidence of cardiac and cardiomyocyte hypertrophy and diastolic dysfunction [41, 43,
44]. Cowart and colleagues found that a milk fat-based diet that is enriched in myristic acid
has a particularly robust negative inotropic effect, indicating that the source of fat is an
important determinant of phenotype in these models [43].

The db/db and ob/ob mouse inbred strains, which harbor mutations in the leptin signaling
pathway, are genetic models of extreme obesity. As early as 4 weeks of age, these mice are
obese and insulin resistant, and both strains develop hyperglycemia, although this occurs
earlier in the db/db model [45]. In both models at 4 to 8 weeks of age, myocardial fatty acid
oxidation rates and oxygen consumption are increased while glucose oxidation is
suppressed. Myocardial efficiency is impaired, with evidence for mitochondrial uncoupling
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that is independent of changes in expression of uncoupling proteins [46, 47]. In ob/ob mice,
there is evidence of cardiac insulin resistance and metabolic inflexibility, with failure to
modulate myocardial metabolism in response to changes in insulin or substrates [48]. In
both strains, these early metabolic changes in the heart are accompanied by increased
contractility and relaxation [45]. The ob/ob heart maintains normal systolic function beyond
10 weeks of age despite cardiac steatosis, but demonstrates impaired functional reserve
during dobutamine challenge [49]. By contrast, in the db/db heart, decreased systolic
function accompanies the development of hyperglycemia by 8 weeks of age [45, 50-52].

Transgenic and knockout murine models of obesity-related myocardial disease

In obesity, high circulating levels of free fatty acids and triglycerides cause enhanced lipid
delivery to the myocardium that exceeds its ability to metabolize these substrates [53].
Excess lipid nutrient delivery has been modeled in several transgenic mouse models in
which cardiomyocyte expression of lipid transport proteins drives lipid uptake, even in the
absence of systemic metabolic disturbances. Cardiomyocyte overexpression of long chain
acyl-CoA synthetase 1 (Acsl1), fatty acid transport protein 1 (Fatpl) or
glycosylphosphatidylinositol anchored lipoprotein lipase (Lpl®P!) cause fatty acid uptake in
excess of utilization that results in triglyceride, fatty acid, diacylglycerol and ceramide
accumulation [54-56]. Fatpl-mediated increases in myocardial lipid increases fatty acid
oxidation and results in lipid-induced diastolic dysfunction [55]. On the other hand, models
with either overexpression of Acsl1 or LpI®P! have profound systolic dysfunction. These
models are robust, specific for disturbances of cardiac lipid metabolism, and have served as
platforms for evaluation of underlying mechanisms and testing interventions to mitigate
cardiac lipotoxicity. In the Acsl1 and Lpl®P! models, treatments to decrease oxidative stress,
inflammation, and de novo ceramide synthesis improve heart function, suggesting these
pathways are critical for the pathogenesis of cardiac lipotoxicity [57-59].

Whether excess lipid is engineered in models that promote lipid uptake or supplied in the
diet, it is clear that the heart has evolved strategies to protect against the deleterious
consequences of metabolic overload. The heart is metabolically flexible, with mechanisms
for upregulating lipid metabolism in the face of lipid excess [22]. For example, genes
involved in fatty acid uptake and p-oxidation are coordinately regulated in cardiac muscle by
histone deacetylase 3 (HDAC3) and peroxisome-proliferator activated receptors (PPAR) a
and 6. Loss of function of HDAC3 causes inefficient fatty acid utilization and high fat diet-
induced cardiomyopathy [60]. Gain of function of PPARa, a nuclear receptor that drives
expression of genes for fatty acid uptake and utilization, results in cardiac steatosis,
oxidative stress, and heart failure that is particularly sensitive to long-chain triglycerides [61,
62]. This suggests that forced expression of PPARa induces lipid uptake that outpaces
upregulation of enzymes of fatty p-oxidation. Conversely, loss-of-function of PPARa
protects against diabetes-associated adverse myocardial remodeling. On the other hand, the
down regulation of fatty acid oxidation that results from cardiomyocyte-specific loss of
function of PPARS promotes lipid accumulation and heart failure [63, 64]. These studies
indicate that complex transcriptional mechanisms balance utilization of substrate uptake and
metabolism in the myocardium. Intriguingly, beyond its ability to regulate expression of
lipid metabolic genes, the heart expresses several genes required for lipoprotein secretion,
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suggesting that lipid export from the heart could serve an adaptive role in the face of lipid
excess. Overexpression of apolipoprotein B in cardiomyocytes enhances triglyceride
secretion from the heart, effectively ameliorating pathological lipid accumulation in disease
models of inborn errors of metabolism and diabetes [65-67].

Cardiac steatosis is a well-recognized pathological feature of obesity and lipid overload
states, and it may be a proverbial double-edged sword. In some models, the capacity for
triglyceride accumulation is associated with less myocardial damage and improved cardiac
function. For example, overexpression of diacylglycerol acyl transferase 1 (Dgatl) promotes
triglyceride accumulation, decreases ceramide accumulation, and preserves cardiac function
in the Acsl1 lipotoxic cardiomyopathy model [68]. Conversely, loss of function of the lipid
droplet protein, perilipin 5, in the myocardium decreases myocardial triglyceride, increases
fatty acid oxidation and evidence of oxidative stress, and is associated decline in systolic
function with age and following ischemia-reperfusion [69, 70]. These studies suggest a
model in which sequestration of excess fuel in lipid droplet stores is cytoprotective. On the
other hand, overexpression of PPARy in the myocardium increases cardiac accumulation of
triglyceride, FFA, and ceramide that is associated with dilated cardiomyopathy [71].
Although cardiac specific-overexpression of adipose tissue triglyceride lipase (Atgl) protects
from high fat diet induced cardiomyopathy [72], the cardiac triglyceride accumulation that
results from loss of function of Atgl or its activator, Comparative gene identification-58
(CGI-58), is associated with marked myocardial steatosis and cardiomyopathy [73, 74]. The
distinct outcomes of these different genetic manipulations indicate that a model of
cytoprotective storage of lipid within in inert triglyceride droplets in the myocardium is
overly simplified.

Cellular Models

Many insights into mechanisms of lipid-induced tissue damage have come from in vitro
studies in which the culture medium of primary cells or cell lines is supplemented with
concentrations of free fatty acids to model pathophysiological conditions. Because long-
chain free fatty acids are relatively water-insoluble and albumin, an abundant plasma protein
with multiple fatty acid binding sites, serves as an acceptor for lipoprotein lipase-liberated
fatty acids [75], cell culture studies have commonly relied on supply of exogenous fatty
acids complexed to albumin. Typical experimental conditions model pathophysiological
concentrations of unbound free fatty acids in the sub-micromolar range [76]. By adding fatty
acid-albumin complexes to normal growth medium, it is possible to avoid the potential
confounder of concomitant serum starvation. Using such experimental approaches, many
findings regarding the effects of exogenous fatty acids on cardiomyocytes, cardiomyoblasts,
fibroblasts and endothelial cells are mirrored by observations in other non-adipose cell types
that share a relatively limited capacity for storage of this excess nutrient [77]. From studies
in which one or a few fatty acid species are provided, a general paradigm has emerged that
saturated long chain fatty acids are particularly toxic, leading to cell death within 24 to 48
hours.
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Cellular mechanisms that contribute to cardiac lipotoxicity

Many insights into mechanisms of lipotoxicity have emerged from the study of animal
models and cultured cells. We focus here on mechanisms that have particular relevance to
the lipid overloaded heart (Figure 2).

Endoplasmic Reticulum Stress

Autophagy

The endoplasmic reticulum (ER) is central to cellular lipid homeostasis. It is the primary site
of sterol and phospholipid synthesis and many proteins that regulate lipid metabolism
localize to ER membranes. The critical role of the ER in orchestrating cellular responses to
lipid overload is the focus of an excellent recent review [78]. In the ob/ob mouse model,
induction of ER stress as evidenced by expression of chaperone GRP78, splicing of X-box
binding protein-1 (XBP-1), and phosphorylation of elF2a and PERK, leads to suppression of
hepatic insulin signaling. Reducing ER stress by treatment with the chemical chaperone
tauroursodeoxycholic acid (TUDCA) or by XBP-1 deletion ameliorates insulin resistance
and restores systemic glucose control [79, 80]. TUDCA also decreases cardiac hypertrophy
and improves cardiac function in this model [81]. ER stress has also been implicated in
several transgenic models in which myocardial lipid overload causes heart failure [82, 83].
The observation that ER stress is diminished by PPARPB/6 signaling or sequestration of
excess lipid in triglyceride stores suggests that diverting excess lipid away from the ER
abrogates a key step in lipotoxicity. These in vivo findings are mirrored by evidence for fatty
acid-induced ER stress in cultured cardiomyocytes and in myotubes prior to cell death [82,
84, 85] that is mitigated by treatment with TUDCA [81].

Pleiotropic mechanisms likely underlie saturated fatty acid-induced ER stress. Reactive
oxygen species (ROS) generated during lipotoxicity oxidize ER proteins and lipids,
aggravate ER stress signaling, and promote calcium efflux and caspase activation [78].
Moreover, saturated fatty acid-induced sphingolipid remodeling impairs protein trafficking
from the ER, thus contributing to protein overload in the secretory pathway [86]. Moreover,
exposure to high concentrations of saturated fatty acids promotes incorporation of excess
lipid into membrane phospholipid pools, leading to membrane remodeling. In the ER, such
remodeling can promote ER stress, impact the activity of transmembrane proteins, and
impair membrane integrity [87, 88]. Membrane remodeling in phospholipid pools of other
organelles is also likely to contribute to mitochondrial and lysosomal dysfunction [89, 90].

The autophagy pathway is central for adaptation to the nutritional environment and regulates
many metabolic pathways including the response to lipid overload [91]. In response to some
high fat diets, initiation of autophagy and autophagic flux are decreased, and this
downregulation contributes to increased susceptibility to ischemia-reperfusion injury [92,
93] Consistent with this finding, studies in cardiomyocytes indicate that the saturated fatty
acid palmitate decreases expression of transcription factor EB, a master regulator of
lysosomal biogenesis, and impairs lysosomal function [93, 94]. On the other hand, a milk-fat
based diet increases myocardial autophagy in a sphingolipid-dependent manner [43].
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Understanding the complex relationships between myocardial lipid overload and regulation
of autophagy will be an important area for future investigation.

Ceramide Synthesis

Sphingolipids are important membrane components and signaling molecules, particularly
during cell stress and apoptosis. The saturated fatty acids palmitate and stearate are
precursors for de novo ceramide biosynthesis, and this pathway is upregulated during lipid
overload [95]. Given their well-appreciated role in promoting apoptosis [96, 97], ceramides
have been extensively investigated as drivers of lipotoxicity. Although inhibitors of ceramide
biosynthesis blunt lipotoxicity in skeletal myocytes, endothelial cells, and pancreatic p-cells
[98-100], in fibroblasts and hepatoma cells, blockade of the de novo synthesis pathway does
not prevent palmitate-induced cell death [101, 102]. In diet and transgenic mouse models of
cardiac lipid overload, myocardial ceramide content is markedly increased [43, 54, 56].
Inhibitors of de novo ceramide synthesis decrease myocardial ceramide content and
improved function and survival in the lipid-overloaded hearts of LpISP! mice [59]. Although
knockdown of ceramide synthase 5 prevents lipid-induced cardiomyocyte hypertrophy in
vitro [43], it has been difficult to determine whether the benefits of systemic administration
of ceramide synthesis inhibitors relates to inhibition of ceramide synthesis specifically in
cardiomyocytes and/or other relevant cell types in the heart. Conditional knockout in
cardiomyocytes of the rate limiting enzyme serine in de novo ceramide synthesis,
palmitoyltransferase (subunit 2), causes cardiomyopathy by seven months of age,
complicating assessment of effects on lipid-induced cardiomyopathy [103].

Oxidative Stress

Lipid overload is associated with ROS generation in multiple cellular compartments. In
many cell types exposure to excess fatty acids stimulates p-oxidation and ROS production
through the mitochondrial respiratory chain [104]. In mice with cardiac overexpression of
Acsl1, mitochondrial ROS induces alterations in mitochondrial membrane dynamics [105].
Lipotoxic conditions also activate nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase to generate cytosolic superoxide, through activation of protein kinase C signaling
pathways in endothelial cells and through direct activation of the enzyme by lipid
metabolites including phosphatidic acid and diacylglycerol [99, 106, 107]. Lipid-induced ER
protein misfolding also promotes ER and nuclear oxidative stress [108].

In both cell culture models and in vivo, lipotoxic conditions generate lipid peroxidation
products including 4-hydroxy nonenal (4-HNE), 4-hydroxy hexenal, and oxidized
cardiolipin that damage cellular membranes and impair organelle function (recently
reviewed in [109]). While highly reactive lipid aldehydes can impact proteins and
membranes of all cellular organelles, oxidative modification of cardiolipin has profound
consequences on function of mitochondria where this lipid is concentrated. Lipotoxicity
induces damage to mitochondrial membranes with release of cytochrome C, and
mitochondrial DNA damage appears to be a critical mechanism of lipotoxicity in cultured
muscle cells, as reduction of mitochondrial DNA damage or inhibition of c-Jun N-terminal
kinase prevent lipid-induced cell death [110]. In vivo, high fat/high sucrose diet induced
cardiac hypertrophy and fibrosis is accompanied by evidence for increased 4-HNE adducts
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and protein carbonyls, changes that are further exacerbated by haploinsufficiency of
glutathione peroxidase 4 [111]. The hallmarks of oxidative stress also accompany lipid
overload in db/db hearts, with evidence of increased mitochondrial ROS production [47].
Furthermore, in the Afg/knockout and perilipin 5 knockout animals, profound lipid overload
is accompanied by evidence for oxidative stress [69, 112]. While there is a growing
appreciation of the pathways through which ROS may be generated in lipotoxic states, few
studies have provided evidence that targeting ROS in vivo ameliorates heart function [113].

Inflammation and signaling pathways

Similar to observations in other tissues, lipid overload stimulates low grade inflammation,
also known as metainflammation, in the heart [25]. In the Acsl1 model of lipotoxic
cardiomyopathy, a myocardial mononuclear infiltrate precedes cardiac dysfunction, and
systemic depletion of macrophages improves fractional shortening [58]. In vitro exposure of
endothelial cells, myocytes and macrophages to pathophysiological concentrations of
saturated fatty acids induces Toll-like receptor 4 signaling, secretion of pro-inflammatory
cytokines, expression of cellular adhesion molecules, and down-stream activation of NFkB
signaling pathways [89, 114, 115]. The contributions of lipid-induced inflammatory
signaling that initiates from within the myocardium and lipid-induced inflammatory
infiltrates suggest that approaches targeting metainflammation may be beneficial.

Many other signaling pathways are activated by lipid overload in non-adipose tissues and
cells. For example, protein kinase B is upregulated in isolated hearts perfused with palmitate
[116]. In vitro, palmitate induces apoptosis through death receptor signaling in hepatocytes
[117]. Understanding the contributions of these and other signaling pathways to lipotoxicity
in the heart could inform new approaches for improving cardiac function in obesity.

Gene expression and non-coding RNAs

Lipid overload induces broad changes in expression of protein-coding genes. Not
surprisingly, exposure of adult cardiomyocytes to lipotoxic levels of saturated fatty acids
induces a time-dependent increase in abundance of mMRNAs involved in ER and oxidative
stress and apoptosis [118]. Simultaneous induction of genes involved in mitochondrial and
peroxisomal fatty acid oxidation and phospholipid and triglyceride synthesis may reflect
induction of pathways for lipid disposal, although increased mitochondrial metabolism is
likely to also increase ROS generation. Transcription factors may serve as important
regulatory nodes to direct these changes in gene expression. For example, activation of the
transcription factor FoxO1 plays a critical role in metabolic stress-induced cardiomyopathy
in high fat-fed mice [44]. The observation that haploinsufficiency of RNASET?2 protects
against lipotoxicity indicates that gene expression during metabolic stress may also be
regulated at the level of RNA degradation [119]. Emerging evidence for palmitate regulation
of translation in other cell types suggests that changes in gene expression in the lipid
overloaded heart are likely to occur at many levels in the heart [120].

Noncoding RNAs also regulate metabolic homeostasis during lipotoxicity. MicroRNAs that
are repressed or induced by lipid overload in cell culture have been shown to regulate the
progress of lipid-induced cell death through interaction with specific RNA targets [121,
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122]. Interestingly, miR-451 is induced in cardiomyocytes treated with palmitate and in the
hearts of mice with diabetes. Cardiac-specific deletion of miR-451 increases AMPK
signaling and prevents high fat diet-induced cardiac hypertrophy. Several long non-coding
RNAs (IncRNAs), including Malatl and Gadd7, are also upregulated during lipotoxicity, and
Gadd?7 is essential for lipotoxicity-induced oxidative stress and cell death in cultured
fibroblasts [123, 124]. Small nucleolar RNAs (snoRNAs) are another class of non-coding
RNAs that have been implicated in regulation of lipotoxicity. These short (~80 nucleotide)
RNAs form ribonucleoproteins that canonically function within the nucleolus to direct
covalent modifications of nascent ribosomal RNAs. A genetic screen for palmitate resistance
in fibroblasts revealed that SnoRNAs U32a, U33, U34, and U35a encoded within the introns
of the Rpl13a locus are critical for palmitate-induced cell death and progression of lipid-
induced ROS in the liver [125]. Because these snoRNAs accumulate outside the nucleus
during metabolic stress, it is possible that they target additional classes of cellular RNAs for
covalent modifications during metabolic stress. Interestingly, snoRNAs bind to and activate
the RNA-dependent protein kinase (PKR) [126]. In obesity and under lipotoxic conditions,
activated PKR regulates translational responses and insulin receptor signaling, whereas
knockout of PKR prevents insulin resistance in obesity [127, 128]. Whether specific
snoRNAs, including those from the Rpl13a locus, function in these physiological responses
will be an interesting area for future studies.

Conclusions and implications for diagnosis and treatment

As the prevalence of obesity increases worldwide, so too do complications that affect
longevity, quality of life, and medical costs. The untoward consequences of obesity on
myocardial structure and function likely contribute to the observed increased prevalence and
incidence of heart failure in obese individuals. Multiple mechanisms have been implicated in
the pathogenesis of heart failure in individuals who are obese. These include mechanisms
external to the heart (e.g., increased hypertension and vascular dysfunction) as well as
mechanisms intrinsic to the myocardium, including lipotoxicity. Insights gained into the
biology of lipid overload in the heart from the studies of mouse models and cultured cells
have the potential to provide new approaches to manage cardiometabolic disease and
improve cardiac function in obesity.
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Figure 1. Alterationsin myocardial structure and function associated with obesity

Remodeling of myocardial structure and impaired diastolic and systolic function are
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observed in obese individuals. Contributions of altered lipid metabolism, inflammation and
endothelial dysfunction are highlighted. eNOS, endothelial nitric oxide synthase; ROS,

reactive oxygen species.
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oxygen species; ER, endoplasmic reticulum.
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Table 1

Murine Models of Myocardial Lipotoxicity

Page 20

decreased fatty acid oxidation, steatosis

Model M echanism Phenotype Reference(s)
. : Weight gain, fat mass expansion, insulin Cardiomyocyte hypertrophy, systolic and

High fat diet resistance, hyperlipidemia, cardiac steatosis diastolic dysfunction 41,43, 44
Leptin receptor signaling deficiency, weight Diastolic dysfunction, reduced systolic

ab/db, and ob/ob gain, fat mass expansion, insulin resistance, reserve (db/db) or impaired systolic 45-52
hyperlipidemia, cardiac steatosis function (ob/ob)

Long chain acyl-CoA Excessive cardiomyocyte fatty acid uptake; . -

synthetase 1 (Acsl1) cardiac steatosis, inflammation, altered Sirt%ﬁg stfi;g?gg arr]grgytitr'ggé ath 54,58, 105

transgenic mitochondrial dynamics 4 4 P

Fatty acid transport protein 1 Excessive myocardial fatty acid uptake, fatty Cardiac hypertrophy with diastolic 55

(FATP) transgenic acid accumulation, and metabolism dysfunction

: ] Excessive myocardial uptake of lipoprotein- - P :

GPl-anchored lipoprotein : : h - Left ventricular dilatation, systolic

lipase (LPLGPI) transgenic dgrlved fa_tty acid, ceramide accumulation on dysfunction 56
high fat diet
Excessive myocardial fatty acid uptake and . .

PPARa transgenic oxidation, steatosis, oxidative stress, ceramide dCasr]gl:gggi)goncyte hypertrophy, systolic 61,62
accumulation Y
Reduced myocardial mitochondrial biogenesis P . . .

A o . Pariow Cardiac dilation, systolic and diastolic
PPAR & knockout ztnrgsfsatty acid oxidation, steatosis, oxidative dysfunction, premature death 63, 64
PPAR y transgenic Myocardial steatosis, ceramide accumulation Cardiac hypertrophy, systolic 71
4 ' dysfunction
. Enhanced myocardial lipolysis and fatty acid : .

Perilipin 5 knockout oxidation, oxidative stress Systolic dysfunction 69

Adipose triglyceride lipase Blunted myocardial lipolysis, impaired Cardiac hypertrophy, systolic function, 73 112

(Atgl) knockout mitochondrial respiration, steatosis premature death !

} Impaired myocardial triglyceride hydrolysis, Cardiac hypertrophy, systolic

CGI-58 knockout steatosis dysfunction, premature death &
Decreased myocardial expression of Cardiac hypertrophy, systolic

HDAC3 knockout mitochondrial lipid metabolism genes, dysfunction, and premature death on 60

high fat diet
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