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Introduction

Obesity has grown to epidemic proportions globally; 
more than 1.5 billion people worldwide are overweight 
and 400 million are clinically obese. It has become clear 
that the excess lipid accumulation that characterizes 
obesity is detrimental to normal physiological function, 
and there is growing evidence of a link between obe-
sity, type-2 diabetes (T2D) and cardiovascular disease 
(CVD). Obese people and T2D patients exhibit several 
progressively deteriorating cardiac conditions, including 
ventricular remodeling, more frequent diastolic and/or 
systolic dysfunction, decreased fractional shortening, and 
prolonged QT intervals (Christoffersen et  al., 2003; van 
Herpen and Schrauwen-Hinderling, 2008; Unger, 2002; 
Lopaschuk et  al., 2007; Zhang and Ren, 2011; Heather 
and Clarke, 2011). In addition, several studies have shown 

that increased lipid deposition in non-adipose tissues, 
such as skeletal muscle, liver, and heart, can lead to T2D 
and CVD in humans and other mammals.(Forouhi et al., 
1999; Hulver et  al., 2003; Browning and Horton, 2004; 
Yki-Jarvinen, 2005; Kotronen et  al., 2008; Jimba et  al., 
2005; Sharma et al., 2004; Fujita et al., 2011) However, it 
remains unclear whether systemic accumulation of lip-
ids is indirectly detrimental to heart function, or if accu-
mulation of excess lipid in the heart plays a more direct 
role. Several epidemiological studies have addressed this 
question, and found a correlation, between increased 
deposition of visceral fat and the incidence, of both T2D 
and CVD (Phillips and Prins, 2008; Mathieu et al., 2008; 
Despres, 2007). Under normal physiological conditions 
cardiomyocytes generate the majority of adenosine 
triphosphate (ATP) through β-oxidation of free fatty 
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acids (FFA) (Lopaschuk et  al., 2007; Peura et  al., 2007). 
Cardiomyocytes have a limited ability to synthesize FFA 
de novo or to form storage depots, and therefore have 
developed tightly regulated mechanisms for importing 
and metabolizing FFA. Dysregulation of this system has 
been shown to cause cardiovascular dysfunction. For 
example, cardiac-specific overexpression of the FFA 
transporter FATP1 in transgenic mice has been shown 
to increase FFA transport into cardiomyocytes and cause 
severe cardiac dysfunction (Chiu et al., 2005). Similarly, 
several studies have shown a correlation between ectopic 
lipid accumulation within cardiomyocytes and increased 
cardiovascular dysfunction (Christoffersen et  al., 2003; 
Lopaschuk et al., 2007; Stanley and Recchia, 2010).

Although these studies show that excessive FFA 
transport into cardiomyocytes and subsequent cardiac-
specific lipid accumulation are detrimental to normal 
cardiac function, the underlying cause of the associated 
heart dysfunction remains unknown. Traditionally, an 
increase in the total systemic fat has been considered the 
major cause of cardiovascular dysfunction in obese or 
T2D animals. However, an alternative possibility is that 
obesity leads to cardiac-specific steatosis, in which lipids 
and their metabolites accumulate in the cardiomyocytes 
themselves, and thereby disrupt normal cellular func-
tion (Fujita et al., 2011; Stanley and Recchia, 2010; Glenn 
et al., 2011; Chiu et al., 2001; Brindley et al., 2010; Li, Klett, 
and Coleman, 2010). A recent study using the Drosophila 
model of genetic cardiac lipotoxicity, showed that altera-
tions in genes associated with membrane phospholipids 
may also play a role in cardiac lipid accumulation and 
consequent heart dysfunction (Lim et al., 2011). Studies 
in our laboratory have shown that Drosophila fed a high 
fat diet (HFD) develop obesity, dysregulated insulin and 
glucose homeostasis, and severe cardiac dysfunction 
(Birse et al., 2010). In this review we address the subject 
of cardiac lipotoxicity and reflect on the possible deter-
mining factors involved in the development of lipid-as-
sociated cardiomyopathies. In addition, we discuss how 
the Drosophila model can aid in further understanding 
the basic genetic mechanisms involved in lipotoxic car-
diac dysfunctions.

The effects of systemic obesity

The wealth of accumulated data leaves little doubt that 
a causal link exists between obesity and the disruption 
of normal physiological functions, in particular heart 
dysfunction. One theory proposes that aspects of the 
metabolic syndrome, such as dyslipidemia, hypergly-
cemia, and insulin resistance, play a role in obesity-
associated dysfunctions such as atherosclerosis, cardiac 
hypertrophy, and ventricular remodeling (Lopaschuk 
et al., 2007; Phillips and Prins, 2008; Mathieu et al., 2008; 
Despres, 2007; Van Gaal, Mertens, and De Block, 2006). 
In addition, the presence of one or more symptoms of the 
metabolic syndrome can adversely affect other metabolic 
pathways, thereby inducing both systemic and tissue-

specific changes in glucose and lipid metabolism, and in 
the transport, storage, and oxidation of FFA. Therefore, it 
is possible that obesity might affect one organ or tissue 
primarily, which then indirectly affects the function of 
other organs.

Peripheral insulin resistance, which is largely depen-
dent on skeletal muscle homeostasis, is closely linked 
to the development of cardiovascular disease (van 
Herpen and Schrauwen-Hinderling, 2008; Schrauwen-
Hinderling et al., 2008; Chow, From, and Seaquist, 2010; 
DeFronzo and Tripathy, 2009). To function normally, 
skeletal muscle must have a degree of regulatory flexibil-
ity to shift rapidly between lipid and glucose metabolism. 
If this flexibility is removed or constrained, as is the case 
in obese and insulin-resistant individuals, skeletal mus-
cle may concomitantly increase lipid storage and reduce 
glucose metabolism, which in turn may lead to systemic 
metabolic dysregulation (Chow et  al., 2010; DeFronzo 
and Tripathy, 2009; Bouzakri et al., 2005). Each of these 
factors can alter cardiac metabolism through mecha-
nisms that are not yet fully understood. For example, 
insulin resistance in skeletal muscle is thought to initiate 
systemic insulin resistance, which induces increased FFA 
uptake and lipid accumulation in the heart, and ultimately 
leads to CVD (Figure 1)(Chow et al., 2010; DeFronzo and 
Tripathy, 2009; Bouzakri et al., 2005). However, this the-
ory has yet to be rigorously investigated, and it is not yet 
known, if obesity contributes to CVD primarily through 
insulin resistance in skeletal muscle, or by lipid accumu-
lation in the heart itself.

Just as obesity affects the normal functioning of skel-
etal muscle, overweight individuals tend to have higher 
occurrences of non-alcoholic fatty liver disease (NAFLD). 
NAFLD is commonly defined as alcohol-independent 
fat accumulation in excess of 5% to 10% of the liver by 
wet weight. NAFLD has been strongly associated with 
the metabolic syndrome; however, recent epidemiologi-
cal studies suggest an additional and independent link 
between NAFLD and an increased risk of CVD (Figure 1) 
(Feldstein, 2010; Perseghin, 2010; Fabbrini et  al., 2010). 
These findings suggest that NAFLD is not merely a con-
sequence of obesity and T2D, but may also be actively 
involved in the initiation of CVD. One mechanism by 
which the liver may achieve this is through molecular sig-
nals such as the release of the coagulant protein, fibrino-
gen, which is known to be correlated with risk factors for 
cardiovascular disease (Meade et al., 1986; Kannel et al., 
1987; Stec et al., 2000). In addition, the liver can release 
inflammatory cytokines during NAFLD. Increases in 
inflammatory cytokine levels have been shown to play a 
pathogenic role in CVD by influencing heart contractil-
ity, thereby inducing hypertrophy and apoptosis, which 
in turn contributes to myocardial remodeling (Goldberg, 
2009; Picano et al., 2010).

Recent epidemiological studies have shown that 
patients with chronic kidney disease (CKD) have a high 
risk for developing CVD, and that most CKD patients 
die, not from kidney failure but from CVD (Sarnak et al., 
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2003; Go et al., 2004; Chen et al., 2004; Vaziri and Norris, 
2011; Sowers, 2007; Schiffrin et  al., 2007). Recently, an 
epidemiological correlation was made between meta-
bolic syndrome, and the incidence of kidney failure 
and CVD. These findings suggested that excess dietary 
lipids may affect kidney function, which in turn influ-
ences heart function (Figure 1) (Sarnak et  al., 2003; Go 
et  al., 2004; Chen et  al., 2004; Vaziri and Norris, 2011; 
Sowers, 2007; Schiffrin et al., 2007). In addition, patients 
with CKD exhibit high blood pressure and a higher inci-
dence of atherosclerosis (Chen et al., 2004; Sowers, 2007; 
Vanholder et  al., 2005).Taken together, these findings 
suggest, a causative relationship exists between CKD and 
CVD. However, further mechanistic research will be nec-
essary to substantiate such a connection.

Obesity and the metabolic syndrome may also affect 
cardiovascular metabolism and function, through 
products secreted by adipose tissue. When excess lipid 
accumulates, adipose tissue secretes several adipokines 
such as leptin, adiponectin (APN), and inflammatory 

cytokines, which can increase systemic oxidative stress 
and promote inflammation (Figure 1). The mammalian 
heart expresses three APN receptors, AdipoR1, AdipoR2, 
and T-cadherin (T-cad), suggesting that APN may be 
important to heart function (Denzel et  al., 2010; Hug 
et al., 2004; Yamauchi et al., 2003). Consistent with this 
possibility, APN knockout mice exhibit left ventricular 
hypertrophy and a tendency to develop larger infarcts 
(Lopaschuk et  al., 2007; Denzel et  al., 2010; Lopaschuk 
et  al., 2010). Moreover, in the recent study by (Denzel 
et al., 2010) it was found that T-cad knockout mice have 
a similar cardiac phenotype to that of APN mutant mice. 
These data confirm the role of APN in cardiac stress 
responses, and show that T-cad plays a protective role 
in cardiac remodeling by reducing hypertrophy and 
decreasing infarct size (Denzel et al., 2010).

The adipose-derived hormone leptin was initially 
thought to serve only as a neuronal signal that helped 
regulate feeding behavior and metabolism. However, lep-
tin receptors were later shown to be expressed in several 

Figure 1.  Schematic of the effects of lipid accumulation in non-adipose tissues. When overwhelmed with lipids, the adipose tissue will 
begin transporting excess free fatty acids (FFA) to non-adipose tissues such as the skeletal muscle, liver, and heart. Adipose tissue will also 
release adipokines (leptin, adiponectin, and inflammatory cytokines), while the liver will release inflammatory cytokines, and skeletal 
muscle may induce insulin resistance (IR). This may lead to heart problems, including ventricular remodeling, increased QT interval 
(arrhythmias), alterations in diastolic and systolic dysfunction, and lower fractional shortening.
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peripheral tissues, including the heart (Lollmann et al., 
1997). These observations suggest that the heart may 
receive signals directly from adipose tissue to alter its 
function, and raise the possibility that adipose-derived 
signals may be involved in the development of lipotoxic 
cardiomyopathies. Further research will be necessary to 
identify the effects of leptin on heart function in obese 
individuals or T2D patients, and the effects on lipid 
metabolism within the heart.

The adverse effects of a HFD on heart function may be 
evolutionarily conserved, as simple organisms such as the 
fruit fly (Drosophila melanogaster) exhibit cardiac dys-
function that is reminiscent of lipotoxic cardiomyopathy 
observed in mammals fed with HFD (Birse et al., 2010). 
These phenotypes include increased heart rate, decreased 
fractional shortening, and morphological remodeling. 
The Drosophila model system has emerged as a powerful 
tool for studying not only the conserved genetic network 
of cardiogenesis, but also the control mechanisms that 
establish and maintain heart function (Birse et al., 2010; 
Bodmer and Venkatesh, 1998; Cripps and Olson, 2002; 
Qian et al., 2008; Zaffran and Frasch, 2002; Ocorr et al., 
2007a; Neely et al., 2010). Similarly, Drosophila provides 
an excellent model to study the genetic mechanisms of 
metabolism and obesity, and their relationship to heart 
function (Birse et  al., 2010; Oldham and Hafen, 2003; 
Baker and Thummel, 2007; Kim and Rulifson, 2004). We 
have recently shown that Drosophila fed with a HFD 
exhibit dysregulated insulin and glucose homeostasis, 
increased triacylglyceride (TG) levels, decreased activ-
ity levels, and cardiac remodeling and heart dysfunction 
(Birse et  al., 2010). Collectively, these data support the 
emerging concept that TG accumulation and homeo-
stasis is evolutionarily conserved, and that excess lipid 
accumulation may cause heart dysfunction.

Heart-specific lipid accumulation

When fat levels exceed the storage capacity of adipocytes, 
lipids are released from the cells and accumulate in other 
cells and tissues, including the heart (van Herpen and 
Schrauwen-Hinderling, 2008). Cardiomyocytes require a 
constant supply of energy in the form of ATP, and under 
normal circumstances, this need is satisfied by a well-
regulated balance between the metabolism of FFA and 
glucose. However, the onset and development of obesity, 
and T2D can increase the availability of FFA, which in 
turn accelerates fatty acid oxidation. The high level of FFA 
uptake in the cardiomyocyte often exceeds its mitochon-
drial oxidative capacity, and cardiac steatosis ensues 
(Lopaschuk et  al., 2007). Thus, although tissue-derived 
systemic endocrine signals may contribute to heart dys-
function, it is also possible that the heart phenotypes seen 
in obese animals could be caused by the accumulation of 
lipids or their metabolites within the heart itself.

Recently, several studies have begun to address this 
complex issue by using genetically manipulated mice, 
in which components of lipid transport, storage, and 

metabolism pathways are altered specifically in the heart 
((Chiu et  al., 2005; Stanley and Recchia, 2010; Glenn 
et  al., 2011; Chiu et  al., 2001; Li, Klett, and Coleman, 
2010; Duncan et al., 2010; Son et al., 2010; Liu et al., 2011; 
Hoy et al., 2011; Summers, 2006). Many of these studies 
employed the alpha-myosin heavy chain promoter to 
investigate heart-specific effects of genetic modification. 
The studies have focused on manipulating the expression 
of genes implicated in FFA uptake and metabolism, such 
as cardiac-specific lipoprotein lipase (LpL), acyl-CoA 
synthetase and the FA transporter FATP1 (Chiu et  al., 
2005), or involved in lipid utilization, such as adipose 
triglyceride lipase (ATGL)(Hoy et  al., 2011; Haemmerle 
et al., 2006; Hirano et al., 2008). The studies have revealed 
that cardiomyocyte-specific lipid deposition is strongly 
associated with heart dysfunction. In one study, the effect 
of heart-specific lipid accumulation was investigated by 
overexpressing LpL, an enzyme that hydrolyzes circulat-
ing TG and liberates FFA (Yagyu et al., 2003). These mice 
had dilated hearts that exhibited systolic dysfunction, 
even when the animals were maintained on a normal diet. 
In another study, FATP1 was overexpressed in the heart 
to investigate the effect of increased FFA uptake. These 
animals showed rapid cardiomyocyte lipid accumula-
tion and developed cardiac phenotypes reminiscent of 
those seen in T2D and obese animals (Chiu et al., 2005). 
Collectively, these studies demonstrated that increased 
FFA uptake by cardiomyocytes correlated directly with 
the progression of heart dysfunction.

The ATGL gene encodes a triacylglycerol lipase that is 
required for the breakdown of lipid droplets, and is con-
served from nematodes to mammals (Birse et al., 2010; 
Gronke et al., 2005; Gronke et al., 2007). Previous studies 
in mice and humans have shown that mutations in ATGL 
increase lipid accumulation in the heart and elicit car-
diac phenotypes similar to those of obese or T2D hearts 
(Hoy et  al., 2011; Haemmerle et  al., 2006; Hirano et  al., 
2008). To investigate this issue further, we asked if the 
Drosophila heart could be protected from the detrimen-
tal effect of increased systemic TG by inhibiting either the 
Target of Rapamycin (TOR) pathway, or by overexpressing 
Brummer (Bmm), the Drosophila homolog of the mam-
malian ATGL gene, specifically in the heart. The nutrient 
sensing TOR pathway is well known for its function in 
regulating metabolism. Although the molecular basis 
of metabolic processes are far from being understood, 
manipulation of TOR can dramatically influence meta-
bolic responses in species ranging from yeast to humans 
(Arking et al., 2005; Saltiel and Kahn, 2001; Tatar, Bartke, 
and Antebi, 2003; Vellai et al., 2003; Wang, Bohmann, and 
Jasper, 2005). We found that the adverse effects of a HFD 
and the ensuing accumulation of TG were ameliorated 
by either inhibition of the TOR pathway or by overexpres-
sion of Bmm lipase in adipose tissue or in the heart itself 
(Birse et  al., 2010). The protective effects of Bmm may 
stem from a change in lipid utilization by the mitochon-
dria. Alternatively, lipid droplet lipolysis may liberate fatty 
acid ligands for nuclear receptors, which may contribute 
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to changes in mitochondrial biogenesis, or may simply 
decrease overall lipid accumulation (Palanker et al., 2009; 
Park et  al., 2005). Changes in insulin-TOR signaling are 
likely to increase activity of translation factors involved in 
mitochondrial function (Zid et al., 2009). Lastly, increases 
in autophagy have been implicated in the regulation of 
lipid metabolism by promoting the breakdown of lipid  
droplets (Kovsan et al. 2009). Thus, a reduction of insulin-
TOR signaling, can lead to coordinate changes in lipid 
metabolism, which in turn may profoundly affect the 
organism’s physiology under different dietary conditions. 
These effects are also observed in mammalian hepato-
cytes, where TOR function is required for activation of 
the sterol regulatory element-binding protein (SREBP), 
and it has been proposed that TOR serves a key role in 
diabetic insulin resistance by separating gluconeogenesis 
from lipogenesis) (Laplante and Sabatini, 2010; Laplante 
and Sabatini, 2009). Collectively, these data support the 
idea that TOR is evolutionarily conserved, and mediates 
HFD-induced obesity and its associated cardiac defects 
through multiple mechanisms.

Overexpression of the transcription factor peroxisome 
proliferator-activated receptor (PPARα) specifically in 
the mouse heart has been shown to induce overt car-
diac lipid accumulation and cardiomyopathy (Son et al., 
2010). Moreover, (Duncan et al., 2010) found that the det-
rimental effects of heart-specific PPARα overexpression 
could be reduced by decreasing levels of CD36, which 
is a sarcolemmal protein required for FFA uptake into 
the cardiomyocyte. Moreover, a recent study found that 
palmitate-induced TG accumulation in cardiomyocytes 
was accompanied by increased translocation of CD36 to 
the plasma membrane (Puthanveetil et al., 2011). These 
data favor the notion that cardiac steatosis affects heart 
function independently of systemic increases in adiposity, 
dyslipidemia, and insulin resistance. However, it remains 
unclear if the steatosis-induced cardiac dysfunction is due 
to cardiomyocyte accumulation of lipids or of lipid inter-
mediates. (Son et al., 2010) found that overexpression of 
PPARγ in the heart of PPARα mutant mice increased the 
TG content of cardiomyocytes while preserving heart 
function. Conversely, the ATGL knockout mouse also 
displays TG accumulation in the heart, but exhibits rather 
extreme heart dysfunction (Hoy et al., 2011; Haemmerle 
et al., 2006). One possible explanation is the existence of 
a threshold for accumulation of TG and lipid metabolites 
within the cardiomyocyte; if lipids accumulate above this 
threshold then cardiac-specific dysfunction will occur. It 
will be of interest to ectopically increase the lipid levels 
in Drosophila heart as a model system to elucidate the 
genetic mechanisms that regulate lipid metabolism, and 
their relationship to heart function.

Possible reasons for cardiac-specific 
dysfunction.

FFA are stored as TG during times of nutritional excess 
and are mobilized when exogenous energy substrates 

are in short supply. TG are primarily stored in the adi-
pose tissue, and it is thought that adipose tissue plays a 
key role in preventing excess lipid accumulation in other 
organs such as skeletal muscle, liver, and heart. TGs are 
thought to be relatively harmless when stored within the 
cells as lipid droplets. However, both lipolysis and syn-
thesis of TG produce lipid intermediates that can have 
deleterious effects on cell and tissue function. The coen-
zyme acyl-CoA plays a critical role in lipid synthesis and 
metabolism; although FFA levels are diminished during 
formation of long-chain acyl-CoAs, the acyl-CoAs them-
selves are thought to affect signaling pathways, and could 
lead to the accumulation of ceramide and diacylglycerols 
(DAG) (Chiu et  al., 2001; Li, Klett, and Coleman, 2010) 
(Figure 2). Recently, a growing body of evidence has 
implicated long-chain acyl-CoA synthetase (ACSL) in the 
functional disturbances caused by lipotoxicity. Increased 
synthesis of TGs has been closely linked with the detri-
mental effects of lipotoxicity (Chiu et al., 2001; Li, Klett, 
and Coleman, 2010). ACSL is involved in a wide range 
of functions including oxidation of FFA and synthesis of 
complex lipids such as phospholipids, ceramide, DAG 
and TG. ACSL exists as several isoforms, one of which 
(ACSL1) has been closely linked to increases in TG and 
to heart dysfunction (Chiu et al., 2001). Transgenic over-
expression of the ACSL1 isoform in the heart caused 
significant accumulation of TG within the heart and 
resulted in cardiac hypertrophy and ventricular dysfunc-
tion. This study also reported a 3-fold increase in levels of 
ceramide, which is thought to be involved in heart dys-
function and insulin resistance. Cardiac overexpression 
of FATP1 in transgenic mice also results in a significant 
increase in ACSL1 transcripts, and the mice suffer from 
heart defects similar to those observed in ASCL1 overex-
pressing mice (Chiu et al., 2005). These findings provide 
further evidence of the contribution of excess ACSL activ-
ity to lipid-associated heart dysfunction.

Ceramides are composed of sphingosine and a FA, 
and are generally found at high concentrations in cell 
membranes and may be critically involved in the lipo-
toxic deterioration of heart function (Figure 2). They are 
also present in sphingomyelin, a major component of 
lipid bilayers. Ceramide has been implicated in a vari-
ety of physiological functions including apoptosis, cell 
development, and growth (Hannun and Obeid, 2008; 
Zeidan and Hannun, 2007; Wu et  al., 2007). Ceramide 
and its downstream metabolites have also been linked 
to diabetes, inflammation, obesity, and the cellular 
response to changes in nutrient availability (Summers, 
2006). These observations suggest that ceramides may 
be involved in mediating heart dysfunction due to excess 
lipid metabolism. (Turinsky et al., 1990) first showed that 
plasma ceramide levels are increased by 26 to 52% in 
obese insulin-resistant mice. Later, (Gorska et al., 2004) 
reported a 78% increase in ceramide levels in streptozo-
tocin-induced diabetic rats. (Straczkowski et  al., 2004) 
found similar results, and demonstrated an inverse cor-
relation between insulin sensitivity and ceramide levels. 
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The same authors found that lipid infusion into the ani-
mals also increased ceramide levels. To probe further 
the relationship between cardiac dysfunction and FFA-
induced ceramide synthesis, several groups have exposed 
isolated cardiomyocytes to a variety of FFA (Dyntar et al., 
2001; Hickson-Bick et  al., 2000; Sparagna et  al., 2000). 
Interestingly, only the FFA that induced ceramide synthe-
sis caused apoptosis and damaged myofibrils within the 
cardiomyocyte. Extending these observations, (Dyntar 
et  al., 2001) showed that addition of ceramide analogs 
to cardiomyocytes mimicked the effects on cell function 
of palmitate, a ceramide-synthesizing FFA. They also 
found that inhibition of ceramide synthesis ameliorated 
palmitate-induced apoptosis and the detrimental effects 
on the myofibrils. Taken together, these data strongly 

suggest that ceramide may be a key regulator of cardiac 
lipotoxicity.

The final step of TG synthesis involves the conversion 
of DAG to TG, which is catalyzed by diacylglycerol trans-
ferase (DGAT) (Figure 2). DGAT has several isoforms and 
is expressed in most tissues, but is highly expressed in 
skeletal muscle, adipose, and cardiac tissues (Glenn et al., 
2011; Liu et al., 2011). To study the effects of modulating 
DGAT1 levels in vivo, (Liu et  al., 2011) generated mice 
overexpressing DGAT1 in skeletal muscle. The mice exhib-
ited increased TG levels, but maintained insulin sensitivity. 
These findings appear to mirror the effects of the altered 
lipid storage observed in individuals with extensive ath-
letic training. However, in an earlier paper (Liu et al., 2009) 
found that short term overexpression of DGAT1 in isolated 

Figure 2.  Schematic representation of excess lipid accumulation and possible effects on lipolysis and lipogenesis. In an obese and/or lipotoxic 
state, the heart accommodates excess fat by increasing either lipid breakdown (lipolysis) or storage as TG (lipogenesis). Lipolysis involves 
the progressive breakdown of triaclyglycerides (TG) by adipose triglyceride lipase (ATGL), sensitive lipase (HSL), and monoacylglyceride 
(MAG) lipase. This breakdown generates diacylglycerides (DAG) and MAG and liberates FFA, which can then be converted by Acyl-CoA 
synthase (ACS) to fatty acid CoAs (FA-CoAs), which are then transported into the mitochondria to undergo -oxidation. The heart may 
also reduce an excess lipid load by converting FFA to TG through lipogenesis. FFA are transported into the cell by the Fatty Acid Transport 
Protein 1 (FATP1) and other transport mechanisms. These FA can then be processed into ceramides, which may lead to insulin resistance. 
Acyl-CoA uses the FFA to produce DAG and, in combination with diacylglyceride transferase (DGAT1), to produce TG. When FFA levels in 
the cardiomyocyte exceed the mitochondrial capacity for oxidation, lipolysis is decreased and lipogenesis is increased. Collectively, these 
events can lead to cardiac steatosis and eventually, to cardiac dysfunction.
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cardiomyocytes decreased levels of potentially toxic inter-
mediate lipids such as DAG, ceramide, and FFA, and that 
expression of DGAT1 in ACSL knockout mice preserved 
normal heart function. Interestingly, (Liu et al., 2011) found 
that DGAT1-deficient and DGAT1-overexpressing mice 
did not exhibit opposite phenotypes. Instead, DGAT1-
deficient mice were lean, insulin resistant, had decreased 
levels of DAG and ceramide, and did not show cardiac 
dysfunction. The authors then investigated these apparent 
discrepancies and found that the DGAT1 knockout mice 
had decreased mRNA levels for several proteins involved 
in cellular FFA uptake, including CD36 and LpL. Therefore, 
decreased DGAT1 expression may result in a feedback loop 
that prevents FFA from entering the cell, thereby decreas-
ing the lipid pool available for TG synthesis. In another 
study, sustained overexpression of DGAT1 in cardiomyo-
cytes resulted in excess fat accumulation in the cells, with 
progressive development of fibrosis, ventricular remodel-
ing, contractile dysfunction, and decreased mitochondrial 
biogenesis. Moreover, these effects occurred in the absence 
of obesity, insulin resistance, or systemic dyslipidemia 
(Glenn et  al., 2011). The results of this study suggest that 
while acute overexpression of DGAT1 can be protective, 
prolonged DGAT1 overexpression can cause cardiomyo-
pathies, likely due to excessive accumulation of lipids.

In our recent study we showed that the detrimental 
effects of a HFD on Drosophila heart function could be 
counteracted by two heart-specific genetic interven-
tions. In one, Bmm lipase was overexpressed, and in 
the second RNAi was used to decrease expression of 
fatty acid synthase (FAS), in the heart only (Birse et al., 
2010). These experiments showed that increasing lipase 
activity or decreasing FA synthesis in the heart protected 
against damage from excess lipid buildup in a manner 
that was independent of systemic lipid accumulation. To 
investigate the effects on heart function of altered FA syn-
thesis, another study determined the effects of reduced 
phosphatidylethanolamine (PE) synthesis on TG levels 
and heart function in Drosophila (Lim et al., 2011). It was 
found that mutants of ethanolamine kinase (encoded 
by the gene easily shocked; eas) had increased TG levels 
and considerable heart dysfunction. As expected, these 
mutants also exhibited reduced levels of PE, which is 
a major phospholipid component of most lipid mem-
branes across species. In Drosophila, reduction in PE 
affects activation of SREBP, which regulates FA synthesis 
(Rawson, 2003). (Lim et  al., 2011) found that elevated 
SREBP activity in eas mutants caused fat accumula-
tion and heart dysfunction, and suppression of cardiac 
SREBP activity was found to ameliorate the detrimental 
effects of reduced PE levels. It has been shown previously 
that excess levels of FFA in rat cardiomyocytes induces 
breakdown of phospholipids and ultimately leads to cell 
death (Janero et al., 1988). However, one promising study 
has shown that the drug trimetazidine increases mem-
brane phospholipid synthesis and has a cardioprotective 
affect in rats ((Sentex et al., 1997). There is also a growing 
body of work that implicates sarcolemmal phospholipid 

signaling as a source of increased lipid intermediates 
such as DAG that may contribute to heart dysfunction 
(Tappia and Singal, 2008). Collectively, these studies indi-
cate that membrane composition as well as components 
of membrane biosynthesis and membrane phospholipid 
signaling can be of key importance in the regulation of 
cardiovascular function under obese conditions.

Conclusion

The study of diet-induced and genetic lipotoxicity has 
shed light on the underlying mechanisms that lead to 
dysregulated lipid metabolism, and their relation to the 
development of cardiomyopathy. It seems clear that adi-
pose tissue can communicate with other organs through 
leptin and ANP, and that these organs then become 
susceptible to the effects of obesity. Although there is 
considerable evidence for a complex tissue-to-tissue 
communication system, the details of their relation to 
perturbed cardiac function has yet to be fully elucidated. 
One exciting area of research is the effects on the heart 
of lipids and their metabolic intermediates. Studies of 
the accumulation of specific intermediates such as Acyl-
CoA, DAG, and ceramides have all provided suggestive 
evidence that they can be detrimental to heart function. 
Recent studies of genetic or diet-induced lipotoxicity in 
Drosophila support the idea that the basic underlying 
mechanisms relating lipid accumulation and/or metab-
olism to heart function are evolutionarily conserved. 
Moving forward, the Drosophila model will contribute 
to our understanding of such relationships by allow-
ing multiple genes involved in lipid metabolism to be 
manipulated in a tissue-specific manner. This model will 
also allow genes to be identified that contribute to signal-
ing between the skeletal and cardiac muscles, which will 
shed further light on the complex tissue-communication 
system in obese organisms. Finally, the Drosophila 
model of lipid-associated cardiac dysfunction will help 
to identify the genetic mechanisms or pathways that are 
essential to normal heart function, as well as those that 
exacerbate the detrimental effects of obesity and T2D.

Declaration of interest

R.T.B. was supported by fellowships from CIRM, the Sanford 
Child Health Center at the Sanford-Burnham Medical 
Research Institute, and by a Beginning Grant in Aid from 
the American Heart Association, Western State Affiliate. 
R.B. was supported by grants from the NIH (NHLBI, NIA, 
NIDDK) and The Ellison Medical Foundation.

References
Arking DE, Atzmon G, Arking A, Barzilai N, Dietz HC. 2005. Association 

between a functional variant of the KLOTHO gene and high-density 
lipoprotein cholesterol, blood pressure, stroke, and longevity. Circ 
Res 96:412–418.

Baker KD, Thummel CS. 2007. Diabetic larvae and obese flies-emerging 
studies of metabolism in Drosophila. Cell Metab 6:257–266.

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Cardiac dysfunction in mammals and Drosophila  383

© 2011 Informa Healthcare USA, Inc.�

Birse RT, Choi J, Reardon K, Rodriguez J, Graham S, Diop S, Ocorr K, 
Bodmer R, Oldham S. 2010. High-fat-diet-induced obesity and 
heart dysfunction are regulated by the TOR pathway in Drosophila. 
Cell Metab 12:533–544.

Bodmer R, Venkatesh TV. 1998. Heart development in Drosophila and 
vertebrates: conservation of molecular mechanisms. Dev Genet 
22:181–186.

Bouzakri K, Koistinen HA, Zierath JR. 2005. Molecular mechanisms of 
skeletal muscle insulin resistance in type 2 diabetes. Curr Diabetes 
Rev 1:167–174.

Brindley DN, Kok BP, Kienesberger PC, Lehner R, Dyck JR. 2010. 
Shedding light on the enigma of myocardial lipotoxicity: the 
involvement of known and putative regulators of fatty acid storage 
and mobilization. Am J Physiol Endocrinol Metab 298:E897–E908.

Browning JD, Horton JD. 2004. Molecular mediators of hepatic 
steatosis and liver injury. J Clin Invest 114:147–152.

Chen J, Muntner P, Hamm LL, Jones DW, Batuman V, Fonseca V, 
Whelton PK, He J. 2004. The metabolic syndrome and chronic 
kidney disease in U.S. adults. Ann Intern Med 140:167–174.

Chiu HC, Kovacs A, Blanton RM, Han X, Courtois M, Weinheimer CJ, 
Yamada KA, Brunet S, Xu H, Nerbonne JM, Welch MJ, Fettig NM, 
Sharp TL, Sambandam N, Olson KM, Ory DS, Schaffer JE. 2005. 
Transgenic expression of fatty acid transport protein 1 in the heart 
causes lipotoxic cardiomyopathy. Circ Res 96:225–233.

Chiu HC, Kovacs A, Ford DA, Hsu FF, Garcia R, Herrero P, Saffitz 
JE, Schaffer JE. 2001. A novel mouse model of lipotoxic 
cardiomyopathy. J Clin Invest 107:813–822.

Chow L, From A, Seaquist E. 2010. Skeletal muscle insulin resistance: 
the interplay of local lipid excess and mitochondrial dysfunction. 
Metab Clin Exp 59:70–85.

Christoffersen C, Bollano E, Lindegaard ML, Bartels ED, Goetze 
JP, Andersen CB, Nielsen LB. 2003. Cardiac lipid accumulation 
associated with diastolic dysfunction in obese mice. Endocrinology 
144:3483–3490.

Cripps RM, Olson EN. 2002. Control of cardiac development by 
an evolutionarily conserved transcriptional network. Dev Biol 
246:14–28.

DeFronzo RA, Tripathy D. 2009. Skeletal muscle insulin resistance 
is the primary defect in type 2 diabetes. Diabetes Care 32 Suppl 
2:S157–S163.

Denzel MS, Scimia MC, Zumstein PM, Walsh K, Ruiz-Lozano P, 
Ranscht B. 2010. T-cadherin is critical for adiponectin-mediated 
cardioprotection in mice. J Clin Invest 120:4342–4352.

Després JP. 2007. Cardiovascular disease under the influence of excess 
visceral fat. Crit Pathw Cardiol 6:51–59.

Duncan JG, Bharadwaj KG, Fong JL, Mitra R, Sambandam N, 
Courtois MR, Lavine KJ, Goldberg IJ, Kelly DP. 2010. Rescue of 
cardiomyopathy in peroxisome proliferator-activated receptor-
alpha transgenic mice by deletion of lipoprotein lipase identifies 
sources of cardiac lipids and peroxisome proliferator-activated 
receptor-alpha activators. Circulation 121:426–435.

Dyntar D, Eppenberger-Eberhardt M, Maedler K, Pruschy M, 
Eppenberger HM, Spinas GA, Donath MY. 2001. Glucose and 
palmitic acid induce degeneration of myofibrils and modulate 
apoptosis in rat adult cardiomyocytes. Diabetes 50:2105–2113.

Fabbrini E, Sullivan S, Klein S. 2010. Obesity and nonalcoholic fatty 
liver disease: biochemical, metabolic, and clinical implications. 
Hepatology 51:679–689.

Feldstein AE. 2010. Novel insights into the pathophysiology of 
nonalcoholic fatty liver disease. Semin Liver Dis 30:391–401.

Forouhi NG, Jenkinson G, Thomas EL, Mullick S, Mierisova S, Bhonsle 
U, McKeigue PM, Bell JD. 1999. Relation of triglyceride stores in 
skeletal muscle cells to central obesity and insulin sensitivity in 
European and South Asian men. Diabetologia 42:932–935.

Fujita M, Momose A, Ohtomo T, Nishinosono A, Tanonaka K, Toyoda 
H, Morikawa M, Yamada J. 2011. Upregulation of fatty acyl-CoA 
thioesterases in the heart and skeletal muscle of rats fed a high-fat 
diet. Biol Pharm Bull 34:87–91.

Glenn DJ, Wang F, Nishimoto M, Cruz MC, Uchida Y, Holleran WM, 
Zhang Y, Yeghiazarians Y, Gardner DG. 2011. A murine model of 

isolated cardiac steatosis leads to cardiomyopathy. Hypertension 
57:216–222.

Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. 2004. Chronic 
kidney disease and the risks of death, cardiovascular events, and 
hospitalization. N Engl J Med 351:1296–1305.

Goldberg RB. 2009. Cytokine and cytokine-like inflammation 
markers, endothelial dysfunction, and imbalanced coagulation in 
development of diabetes and its complications. J Clin Endocrinol 
Metab 94:3171–3182.

Górska M, Dobrzyn A, Zendzian-Piotrowska M, Górski J. 2004. Effect of 
streptozotocin-diabetes on the functioning of the sphingomyelin-
signalling pathway in skeletal muscles of the rat. Horm Metab Res 
36:14–21.

Grönke S, Mildner A, Fellert S, Tennagels N, Petry S, Müller G, Jäckle H, 
Kühnlein RP. 2005. Brummer lipase is an evolutionary conserved 
fat storage regulator in Drosophila. Cell Metab 1:323–330.

Grönke S, Müller G, Hirsch J, Fellert S, Andreou A, Haase T, Jäckle H, 
Kühnlein RP. 2007. Dual lipolytic control of body fat storage and 
mobilization in Drosophila. PLoS Biol 5:e137.

Haemmerle G, Lass A, Zimmermann R, Gorkiewicz G, Meyer C, 
Rozman J, Heldmaier G, Maier R, Theussl C, Eder S, Kratky D, 
Wagner EF, Klingenspor M, Hoefler G, Zechner R. 2006. Defective 
lipolysis and altered energy metabolism in mice lacking adipose 
triglyceride lipase. Science 312:734–737.

Hannun YA, Obeid LM. 2008. Principles of bioactive lipid signalling: 
lessons from sphingolipids. Nat Rev Mol Cell Biol 9:139–150.

Heather LC, Clarke K. 2011. Metabolism, hypoxia and the diabetic 
heart. J Mol Cell Cardiol 50:598–605.

Hickson-Bick DL, Buja LM, McMillin JB. 2000. Palmitate-mediated 
alterations in the fatty acid metabolism of rat neonatal cardiac 
myocytes. J Mol Cell Cardiol 32:511–519.

Hirano K, Ikeda Y, Zaima N, Sakata Y, Matsumiya G. 2008. Triglyceride 
deposit cardiomyovasculopathy. N Engl J Med 359:2396–2398.

Hoy AJ, Bruce CR, Turpin SM, Morris AJ, Febbraio MA, Watt MJ. 2011. 
Adipose triglyceride lipase-null mice are resistant to high-fat diet-
induced insulin resistance despite reduced energy expenditure 
and ectopic lipid accumulation. Endocrinology 152:48–58.

Hug C, Wang J, Ahmad NS, Bogan JS, Tsao TS, Lodish HF. 2004. 
T-cadherin is a receptor for hexameric and high-molecular-
weight forms of Acrp30/adiponectin. Proc Natl Acad Sci USA 
101:10308–10313.

Hulver MW, Berggren JR, Cortright RN, Dudek RW, Thompson RP, 
Pories WJ, MacDonald KG, Cline GW, Shulman GI, Dohm GL, 
Houmard JA. 2003. Skeletal muscle lipid metabolism with obesity. 
Am J Physiol Endocrinol Metab 284:E741–E747.

Janero DR, Burghardt B, Lopez R. 1988. Protection of cardiac 
membrane phospholipid against oxidative injury by calcium 
antagonists. Biochem Pharmacol 37:4197–4203.

Jimba S, Nakagami T, Takahashi M, Wakamatsu T, Hirota Y, Iwamoto 
Y, Wasada T. 2005. Prevalence of non-alcoholic fatty liver disease 
and its association with impaired glucose metabolism in Japanese 
adults. Diabet Med 22:1141–1145.

Kannel WB, Wolf PA, Castelli WP, D’Agostino RB. 1987. Fibrinogen 
and risk of cardiovascular disease. The Framingham Study. JAMA 
258:1183–1186.

Kim SK, Rulifson EJ. 2004. Conserved mechanisms of glucose sensing 
and regulation by Drosophila corpora cardiaca cells. Nature 
431:316–320.

Kotronen A, Juurinen L, Hakkarainen A, Westerbacka J, Cornér 
A, Bergholm R, Yki-Järvinen H. 2008. Liver fat is increased in 
type 2 diabetic patients and underestimated by serum alanine 
aminotransferase compared with equally obese nondiabetic 
subjects. Diabetes Care 31:165–169.

Laplante M, Sabatini DM. 2009. An emerging role of mTOR in lipid 
biosynthesis. Curr Biol 19:R1046–R1052.

Laplante M, Sabatini DM. 2010. mTORC1 activates SREBP-1c and 
uncouples lipogenesis from gluconeogenesis. Proc Natl Acad Sci 
USA 107:3281–3282.

Li LO, Klett EL, Coleman RA. 2010. Acyl-CoA synthesis, lipid 
metabolism and lipotoxicity. Biochim Biophys Acta 1801:246–251.

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



384  R.T. Birse and R. Bodmer

� Critical Reviews in Biochemistry and Molecular Biology

Lim HY, Wang W, Wessells RJ, Ocorr K, Bodmer R. 2011. Phospholipid 
homeostasis regulates lipid metabolism and cardiac function 
through SREBP signaling in Drosophila. Genes Dev 25:189–200.

Liu L, Shi X, Bharadwaj KG, Ikeda S, Yamashita H, Yagyu H, Schaffer 
JE, Yu YH, Goldberg IJ. 2009. DGAT1 expression increases heart 
triglyceride content but ameliorates lipotoxicity. J Biol Chem 
284:36312–36323.

Liu L, Yu S, Khan RS, Ables GP, Bharadwaj KG, Hu Y, Huggins LA, 
Eriksson JW, Buckett LK, Turnbull AV, Ginsberg HN, Blaner WS, 
Huang LS, Goldberg IJ. 2011. DGAT1 deficiency decreases PPAR 
expression and does not lead to lipotoxicity in cardiac and skeletal 
muscle. J Lipid Res 52:732–744.

Löllmann B, Grüninger S, Stricker-Krongrad A, Chiesi M. 1997. 
Detection and quantification of the leptin receptor splice variants 
Ob-Ra, b, and, e in different mouse tissues. Biochem Biophys Res 
Commun 238:648–652.

Lopaschuk GD, Folmes CD, Stanley WC. 2007. Cardiac energy 
metabolism in obesity. Circ Res 101:335–347.

Lopaschuk GD, Ussher JR, Folmes CD, Jaswal JS, Stanley WC. 2010. 
Myocardial fatty acid metabolism in health and disease. Physiol 
Rev 90:207–258.

Mathieu P, Pibarot P, Larose E, Poirier P, Marette A, Després JP. 2008. 
Visceral obesity and the heart. Int J Biochem Cell Biol 40:821–836.

Meade TW, Mellows S, Brozovic M, Miller GJ, Chakrabarti RR, North 
WR, Haines AP, Stirling Y, Imeson JD, Thompson SG. 1986. 
Haemostatic function and ischaemic heart disease: principal 
results of the Northwick Park Heart Study. Lancet 2:533–537.

Neely GG, Kuba K, Cammarato A, Isobe K, Amann S, Zhang 
L, Murata M, Elmén L, Gupta V, Arora S, Sarangi R, Dan D, 
Fujisawa S, Usami T, Xia CP, Keene AC, Alayari NN, Yamakawa 
H, Elling U, Berger C, Novatchkova M, Koglgruber R, Fukuda K, 
Nishina H, Isobe M, Pospisilik JA, Imai Y, Pfeufer A, Hicks AA, 
Pramstaller PP, Subramaniam S, Kimura A, Ocorr K, Bodmer R, 
Penninger JM. 2010. A global in vivo Drosophila RNAi screen 
identifies NOT3 as a conserved regulator of heart function. Cell 
141:142–153.

Ocorr K, Akasaka T, Bodmer R. 2007. Age-related cardiac disease 
model of Drosophila. Mech Ageing Dev 128:112–116.

Oldham S, Hafen E. 2003. Insulin/IGF and target of rapamycin 
signaling: a TOR de force in growth control. Trends Cell Biol 
13:79–85.

Palanker L, Tennessen JM, Lam G, Thummel CS. 2009. Drosophila 
HNF4 regulates lipid mobilization and beta-oxidation. Cell Metab 
9:228–239.

Park SY, Cho YR, Finck BN, Kim HJ, Higashimori T, Hong EG, Lee 
MK, Danton C, Deshmukh S, Cline GW, Wu JJ, Bennett AM, 
Rothermel B, Kalinowski A, Russell KS, Kim YB, Kelly DP, Kim JK. 
2005. Cardiac-specific overexpression of peroxisome proliferator-
activated receptor-alpha causes insulin resistance in heart and 
liver. Diabetes 54:2514–2524.

Perseghin G. 2010. The role of non-alcoholic fatty liver disease in 
cardiovascular disease. Dig Dis 28:210–213.

Peura TT, Bosman A, Stojanov T. 2007. Derivation of human embryonic 
stem cell lines. Theriogenology 67:32–42.

Picano E, Morales MA, del Ry S, Sicari R. 2010. Innate inflammation in 
myocardial perfusion and its implication for heart failure. Ann N Y 
Acad Sci 1207:107–115.

Phillips LK, Prins JB. 2008. The link between abdominal obesity and 
the metabolic syndrome. Curr Hypertens Rep 10:156–164.

Puthanveetil P, Wang Y, Zhang D, Wang F, Kim MS, Innis S, Pulinilkunnil 
T, Abrahani A, Rodrigues B. 2011. Cardiac triglyceride accumulation 
following acute lipid excess occurs through activation of a FoxO1-
iNOS-CD36 pathway. Free Radic Biol Med 51:352–363.

Qian L, Liu J, Bodmer R. 2008. Heart development in Drosophila. 
In Bodmer R, ed. Advances in Developmental Biology: Cardiac 
Development. Amsterdam, Elsevier, 1–29

Rawson RB. 2003. The SREBP pathway–insights from Insigs and 
insects. Nat Rev Mol Cell Biol 4:631–640.

Saltiel AR, Kahn CR. 2001. Insulin signalling and the regulation of 
glucose and lipid metabolism. Nature 414:799–806.

Sarnak MJ, Levey AS, Schoolwerth AC, Coresh J, Culleton B, Hamm LL, 
McCullough PA, Kasiske BL, Kelepouris E, Klag MJ, Parfrey P, Pfeffer 
M, Raij L, Spinosa DJ, Wilson PW; American Heart Association 
Councils on Kidney in Cardiovascular Disease, High Blood 
Pressure Research, Clinical Cardiology, and Epidemiology and 
Prevention. 2003. Kidney disease as a risk factor for development 
of cardiovascular disease: a statement from the American Heart 
Association Councils on Kidney in Cardiovascular Disease, High 
Blood Pressure Research, Clinical Cardiology, and Epidemiology 
and Prevention. Hypertension 42:1050–1065.

Schiffrin EL, Lipman ML, Mann JF. 2007. Chronic kidney disease: 
effects on the cardiovascular system. Circulation 116:85–97.

Schrauwen-Hinderling VB, Mensink M, Hesselink MK, Sels JP, 
Kooi ME, Schrauwen P. 2008. The insulin-sensitizing effect of 
rosiglitazone in type 2 diabetes mellitus patients does not require 
improved in vivo muscle mitochondrial function. J Clin Endocrinol 
Metab 93:2917–2921.

Sentex E, Sergiel JP, Lucien A, Grynberg A. 1997. Trimetazidine 
increases phospholipid turnover in ventricular myocyte. Mol Cell 
Biochem 175:153–162.

Sharma S, Adrogue JV, Golfman L, Uray I, Lemm J, Youker K, Noon 
GP, Frazier OH, Taegtmeyer H. 2004. Intramyocardial lipid 
accumulation in the failing human heart resembles the lipotoxic 
rat heart. FASEB J 18:1692–1700.

Stanley WC, Recchia FA. 2010. Lipotoxicity and the development 
of heart failure: moving from mouse to man. Cell Metab 
12:555–556.

Stec JJ, Silbershatz H, Tofler GH, Matheney TH, Sutherland P, Lipinska 
I, Massaro JM, Wilson PF, Muller JE, D’Agostino RB Sr. 2000. 
Association of fibrinogen with cardiovascular risk factors and 
cardiovascular disease in the Framingham Offspring Population. 
Circulation 102:1634–1638.

Straczkowski M, Kowalska I, Nikolajuk A, Dzienis-Straczkowska S, 
Kinalska I, Baranowski M, Zendzian-Piotrowska M, Brzezinska 
Z, Gorski J. 2004. Relationship between insulin sensitivity and 
sphingomyelin signaling pathway in human skeletal muscle. 
Diabetes 53:1215–1221.

Son NH, Yu S, Tuinei J, Arai K, Hamai H, Homma S, Shulman GI, Abel 
ED, Goldberg IJ. 2010. PPAR?-induced cardiolipotoxicity in mice 
is ameliorated by PPARa deficiency despite increases in fatty acid 
oxidation. J Clin Invest 120:3443–3454.

Sowers JR. 2007. Metabolic risk factors and renal disease. Kidney Int 
71:719–720.

Sparagna GC, Hickson-Bick DL, Buja LM, McMillin JB. 2000. 
A metabolic role for mitochondria in palmitate-induced 
cardiac myocyte apoptosis. Am J Physiol Heart Circ Physiol 
279:H2124–H2132.

Summers SA. 2006. Ceramides in insulin resistance and lipotoxicity. 
Prog Lipid Res 45:42–72.

Tappia PS, Singal T. 2008. Phospholipid-mediated signaling and heart 
disease. Subcell Biochem 49:299–324.

Tatar M, Bartke A, Antebi A. 2003. The endocrine regulation of aging 
by insulin-like signals. Science 299:1346–1351.

Turinsky J, O’Sullivan DM, Bayly BP. 1990. 1,2-Diacylglycerol and 
ceramide levels in insulin-resistant tissues of the rat in vivo. J Biol 
Chem 265:16880–16885.

Unger RH. 2002. Lipotoxic diseases. Annu Rev Med 53:319–336.
Van Gaal LF, Mertens IL, De Block CE. 2006. Mechanisms linking 

obesity with cardiovascular disease. Nature 444:875–880.
van Herpen NA, Schrauwen-Hinderling VB. 2008. Lipid accumulation 

in non-adipose tissue and lipotoxicity. Physiol Behav 94:231–241.
Vanholder R, Massy Z, Argiles A, Spasovski G, Verbeke F, Lameire N; 

European Uremic Toxin Work Group. 2005. Chronic kidney disease 
as cause of cardiovascular morbidity and mortality. Nephrol Dial 
Transplant 20:1048–1056.

Vaziri ND, Norris K. 2011. Lipid disorders and their relevance to 
outcomes in chronic kidney disease. Blood Purif 31:189–196.

Vellai T, Takacs-Vellai K, Zhang Y, Kovacs AL, Orosz L, Müller F. 2003. 
Genetics: influence of TOR kinase on lifespan in C. elegans. Nature 
426:620.

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Cardiac dysfunction in mammals and Drosophila  385

© 2011 Informa Healthcare USA, Inc.�

Wang MC, Bohmann D, Jasper H. 2005. JNK extends life span and limits 
growth by antagonizing cellular and organism-wide responses to 
insulin signaling. Cell 121:115–125.

Wu D, Ren Z, Pae M, Guo W, Cui X, Merrill AH, Meydani SN. 2007. 
Aging up-regulates expression of inflammatory mediators in 
mouse adipose tissue. J Immunol 179:4829–4839.

Yagyu H, Chen G, Yokoyama M, Hirata K, Augustus A, Kako Y, Seo T, 
Hu Y, Lutz EP, Merkel M, Bensadoun A, Homma S, Goldberg IJ. 
2003. Lipoprotein lipase (LpL) on the surface of cardiomyocytes 
increases lipid uptake and produces a cardiomyopathy. J Clin 
Invest 111:419–426.

Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S, 
Sugiyama T, Miyagishi M, Hara K, Tsunoda M, Murakami K, 
Ohteki T, Uchida S, Takekawa S, Waki H, Tsuno NH, Shibata Y, 
Terauchi Y, Froguel P, Tobe K, Koyasu S, Taira K, Kitamura T, 
Shimizu T, Nagai R, Kadowaki T. 2003. Cloning of adiponectin 

receptors that mediate antidiabetic metabolic effects. Nature 
423:762–769.

Yki-Järvinen H. 2005. Fat in the liver and insulin resistance. Ann Med 
37:347–356.

Zaffran S, Frasch M. 2002. Early signals in cardiac development. Circ 
Res 91:457–469.

Zeidan YH, Hannun YA. 2007. Activation of acid sphingomyelinase 
by protein kinase Cdelta-mediated phosphorylation. J Biol Chem 
282:11549–11561.

Zhang Y, Ren J. 2011. Role of cardiac steatosis and lipotoxicity in 
obesity cardiomyopathy. Hypertension 57:148–150.

Zid BM, Rogers AN, Katewa SD, Vargas MA, Kolipinski MC, Lu TA, 
Benzer S, Kapahi P. 2009. 4E-BP extends lifespan upon dietary 
restriction by enhancing mitochondrial activity in Drosophila. Cell 
139:149–160.

Editor: Michael M. Cox

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


