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Abstract 

Triacylglycerols (TAG) constitute the main energy storage resource in mammals, by virtue of their 

high energy density. This in turn is a function of their highly reduced state and hydrophobicity. 

Limited water solubility, however, imposes specific requirements for delivery and uptake 

mechanisms on TAG-utilising tissues, including the heart, as well as intracellular disposition. TAGs 

constitute potentially the major energy supply for working myocardium, both through blood-

borne provision and as intracellular TAG within lipid droplets, but also provide the heart with fatty 

acids (FA) which the myocardium cannot itself synthesise but are required for glycerolipid 

derivatives with (non-energetic) functions, including membrane phospholipids and lipid signalling 

molecules. Furthermore they serve to buffer potentially toxic amphipathic fatty acid derivatives. 

Intracellular handling and disposition of TAGs and their FA and glycerolipid derivatives similarly 

requires dedicated mechanisms in view of their hydrophobic character. Dysregulation of utilisation 

can result in inadequate energy provision, accumulation of TAG and/or esterified species, and 

these may be responsible for significant cardiac dysfunction in a variety of disease states. This 

review will focus on the role of TAG in myocardial energy provision, by providing FAs from 

exogenous and endogenous TAG sources for mitochondrial oxidation and ATP production, and 

how this can change in disease and impact on cardiac function. 
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Highlights: 

 Triacylglycerols are supplied to the myocardium within chylomicrons and VLDL 

 Heart assimilates triacylglycerol-rich lipoproteins by LPL and receptor-mediated routes 

 Exogenous triacylglycerol-derived fatty acids enter an intracellular lipid pool 

 Intracardiac triacylglycerol is an important source of fatty acids for oxidation 

 Dysregulation of triacylglycerol metabolism is associated with cardiac dysfunction 
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Abbreviations: 

Apo  apolipoprotein 

ATGL  adipose triacylglycerol lipase 

CM  chylomicron 

DGAT  diacylglycerol acyltransferase 

FA  fatty acid 

FABP  fatty acid binding protein 

FAT  fatty acid translocase 

FATP  fatty acid transport protein 

GPAT  glycerol phosphate acyltransferase 

H-LPL  heart lipoprotein lipase 

KO  knockout 

LD  lipid droplet 

LPL  lipoprotein lipase 

mTAG  myocardial triacylglycerol 

NEFA  non-esterified fatty acid 

PPAR  peroxisome proliferator-activated receptor 

STZ  streptozotocin 

TAG  triacylglycerol 

TGRLP  triacylglycerol-rich lipoprotein 

VLDL  very-low-density lipoprotein 

VLDLR  very-low-density lipoprotein receptor 

ZDF  Zucker diabetic fatty 
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1. Introduction 

The heart assimilates lipids from the plasma avidly. The myocardium has a high and unremitting 

demand for energy, and early studies suggest that cardiac ATP synthesis is derived principally from 

glucose utilisation (about 30%) and FA oxidation (about 70%)(see [1]. The FAs may be supplied as 

non-esterified FA (NEFA), originating principally from adipose tissue lipolysis (though with some 

ĚĞƌŝǀĞĚ ĨƌŽŵ ͞ƐƉŝůůŽǀĞƌ͟ through the action of lipoprotein lipase (LPL)) or as TAG available in the 

hydrophobic cores of the TAG-rich lipoproteins (TGRLP): chylomicrons (CM), synthesised in the 

intestine from exogenous (dietary) fat, and very-low-density lipoprotein (VLDL), synthesised by the 

liver from endogenous lipid (derived in part from de novo lipogenesis of FA). Plasma TAG 

concentration is highly variable: fasting plasma [TAG] is typically ~ 0.6-0.7mM, increasing to > 1.5-

3.0mM following a mixed meal. By contrast, plasma [NEFA] is typically ~ 0.3mM, although it rises 

in markedly in fasting (and diabetes), an effect partly compensated by the accompanying 

increased tissue uptake. Since TAG yields 3xFA upon complete hydrolysis, plasma TAG-FA 

availability greatly (>90%) exceeds NEFA availability. The heart also contains significant amounts of 

TAG within lipid droplets (LD). However, defining myocardial preference for lipids has proved 

difficult. Cardiac substrate utilisation changes depending on plasma availability, and in disease, but 

maladaptive substrate utilisation by the heart may itself cause cardiac dysfunction. The question 

therefore is the extent to which TAGs are efficient myocardial energy providers, and necessary for 

optimal cardiac function.  

2. Myocardial exogenous triacylglycerol utilisation 

2.1. Cardiac chylomicron-TAG utilisation 

Measurement of TGRLP utilisation by the heart in vivo is technically challenging, but estimates of 

myocardial TAG-FA uptake generally support substantial cardiac CM-TAG utilisation.  
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Arterio-venous (A-V) differences measured by coronary sinus sampling are small, and early studies 

measuring total FA (NEFA + TAG-FA) across the human heart found that significant amounts of 

TAGs were extracted by the myocardium, and indirectly (by calculated difference) estimated that 

about half of the FAs utilised were TAG-derived (esterified). Subsequent A-V studies on non-

diabetic humans found that TAG-emulsion accounted for only ~ 17% of cardiac FA uptake; 

moreover, the heart accounted for only 3% of systemic TAG uptake [2]. Studies in dog heart found 

that 56% myocardial oxygen consumption (mVO2) was accounted for by total (NEFA+TAG) FA 

oxidation, of which 71% was calculated to be from TAG (hence about 40% of mVO2 was TAG 

oxidation)[3].  

Early experiments with rodents in vivo reported substantial cardiac uptake of labelled CM-TAG 

(more than any tissue examined besides liver)[4], and substantial CM-TAG oxidation was observed 

in rat heart, related to cardiac LPL activity; at physiological TAG concentrations (0.9mM) CM-TAG 

oxidation was able to provide about two-thirds of cardiac energy requirements [5]. Infusion of 

[
14

C]palmitate-labelled CM into rats demonstrated substantial CM-TAG oxidation which was 

decreased only slightly (16%) by co-administration of glucose, implying a preference for CM-TAG 

oxidation [6]. High rates of label retention of CM prepared from chyle lymph were found in heart 

(more than skeletal muscle though less than white adipose tissue), and about 3 fold higher than 

NEFA; the ratio of TAG retention to NEFA retention was higher in heart than other tissues, 

suggesting a strong cardiac preference for TAG [7]. Gousios [8] perfused rabbit hearts with 

d<1.006 lipoproteins containing labelled TAG (a density corresponding to both CM and VLDL) and 

found fractional extraction rates of 15% in the fed state and 30% in hearts from fasted animals. 

Significant cardiac utilisation of d<1.006 lipoprotein-TAG (CM) was also found in isolated rat heart 

[9] ʹ TAG oxidation accounted for 40% of CO2 production (equivalent to that of NEFA 

oxidation)[10] (and in broad agreement with earlier studies [11]). Further evidence for a role for 
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CM-TAG in cardiac oxidative metabolism was the demonstration that CM increased mVO2 of 

perfused rat hearts, and decreased (halved) their glucose utilisation [12]. Interestingly, whilst 

oxygen is essential for metabolism, oxygen availability may not dictate uptake of CM-TAG. Indeed, 

high rates of TAG emulsion uptake (and LPL activity) in mouse heart in vivo were not affected by 

chronic intermittent hypoxia [13] suggesting a potential mismatch between CM-TAG uptake and 

utilisation. Mouse hearts perfused with rat CM (0.4mM) utilised large amounts of CM-TAG [14] 

and achieved high degrees of cardiac power; equal amounts of CM-TAG assimilated were oxidised 

and esterified into tissue lipids (mainly TAG) and CM-TAG oxidation rates were similar to NEFA 

(0.4mM palmitate) oxidation, though proportionately more NEFA was oxidised than esterified. 

Furthermore, NEFA did not inhibit CM-TAG utilisation by the mouse heart [14]. Rat hearts 

perfused with rat CM utilised CM-TAG to about the same extent as NEFA when each were 

compared as sole lipid substrates [15, 16] and CM could maintain cardiac mechanical function; 

most (83%) of the CM-TAG assimilated was oxidised, the remainder was esterified mostly into 

cellular TAG [15, 16]. NEFA did inhibit CM-TAG utilisation when co-perfused, and this was entirely 

due to decreased CM-TAG oxidation, but CM did not suppress myocardial NEFA uptake and 

metabolism [16]. Together, these observations imply that NEFA-derived FA are more likely to be 

oxidised and CM-TAG-derived FAs more likely to be esterified [14] suggesting that there may be 

discrete partitioning between non-esterified and CM-TAG-derived FA. Mouse hearts clear CM-TAG 

(by lipolysis) more rapidly than they assimilate core (cholesteryl ester) lipid: about 5% of injected 

CM were recovered in hearts within 2 min, indicating rapid CM uptake by this tissue, but 

deficiency in heart LPL (H-LPL) decreases CM binding ;͞ŵĂƌŐŝŶĂƚŝŽŶ͟Ϳ to <1%, whilst mice that 

express LPL in heart alone doubled cardiac CM binding -  the amount of LPL expressed governing  

both CM binding and lipid assimilation [17]. Mice expressing LPL only in heart maintained 

essentially normal plasma TAG concentration and clearance, indicating both the importance of 

myocardial LPL for plasma TAG metabolism and the large cardiac utilisation of TGRLP [17, 18]. 
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Infusion of labelled CM-TAG into mice found that 80-90% of the TAG-FA was recovered from 

plasma, and TAG lipolysis contributed 10-20% of total plasma FA turnover [7]; given the 

substantial cardiac TAG-FA assimilation in these experiments, the authors proposed a model of 

very high local FA released from CM-TAG lipolysis [7]. TŚŝƐ ĐŽŶĐĞƉƚ ŽĨ ŚĞĂƌƚ ĂĐƚŝŶŐ ĂƐ Ă ͞ƐŝŶŬ͟ ĨŽƌ 

CM-TAG is seen in physiologic and pathologic situations of metabolic perturbation and 

redistribution of plasma substrates. Perfused hearts from lactating rats showed a significant 

increase in NEFA utilisation but suppression of CM-TAG utilisation, consistent with decreased 

heparin-ƌĞůĞĂƐĂďůĞ LPL ĂĐƚŝǀŝƚǇ ĂŶĚ ͞ƌĞĚŝƌĞĐƚŝŽŶ͟ ŽĨ CM-TAG away from heart and towards 

lactating mammary gland [19]. Hence, the heart does make a significant metabolic drain on CM-

TAG and this must be suppressed in the face of additional metabolic demand, e.g. from lactating 

mammary gland.  

Determining the role of CM-TAG in cardiac metabolism in disease states has also proved difficult. 

In diabetes, TGRLP, including CM, are structurally altered, and this may change their efficacy as 

substrates [20-23]. Myocardial lipid metabolism is also increased (and glucose utilisation 

suppressed) in diabetes (see [1, 24]), so both substrate and cellular factors are likely to be 

important. CM-TAG from streptozotocin (STZ)-diabetic rats were apo-E deficient, and cleared from 

the plasma of non-diabetic rats more slowly than control CM-TAG [20]; furthermore incubation of 

diabetic CM with HDL increased their apo-E content and increased their uptake by heart [20]. 

Similarly, slow (whole body) plasma clearance of TGRLP by STZ-diabetic rats in the fed state was 

reported [25]. There was no difference between STZ-diabetic and control rats in plasma clearance 

of normal CMs (though TAG clearance did depend on CM-TAG concentration administered) but 

there was a significant increase (trebling) in CM binding to diabetic rat cardiac endothelium [26], 

potentially reflecting aberrant energy requirement of the diabetic myocardium. Non-diabetic rat 

CM-TAG were oxidised 3.4-fold higher by STZ-diabetic mouse hearts, and 2.3-fold higher by db/db 
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(type 2 diabetic) mouse hearts, compared to control hearts, coupled with higher incorporation of 

CM-TAG into cellular lipids in both STZ-mouse hearts and db/db mouse hearts [27]. By 

comparison, NEFA oxidation in these experiments was about 3-fold higher than CM-TAG oxidation 

by control hearts (and hence comparable to CM-TAG oxidation by diabetic hearts)[27] suggesting a 

general dysregulation of fatty acid beta-oxidation in the absence of glucose uptake. STZ-diabetic 

rat hearts utilised rat CM-TAG to a greater extent (about 50% more) than control rat hearts, 

consistent with increased cardiac LPL activity [22], whilst STZ-diabetic rat CMs were utilised even 

more avidly by both diabetic and non-diabetic rat hearts (about doubled), suggesting 

functional/composition differences in STZ-CM [22]. Similar studies with type 2 diabetic Zucker 

(ZDF) rats found comparable results: diabetic hearts utilised diabetic CM to a greater extent than 

controls, due principally to increased TAG-FA oxidation rather than esterification of TAG-derived 

FA into cellular lipids [23], and was associated with increased LPL activity in diabetic hearts [23]. 

PET studies have also suggested that heart TAG utilisation and metabolism are increased in rat 

type 2 diabetes, coupled with impaired diastolic function [28]. Taken together, these observations 

suggest that increased cardiac reliance on lipid substrates in diabetes is accompanied by increased 

CM-TAG utilisation by the diabetic heart, possibly as a result of altered particle size/apolipoprotein 

composition and myocardial LPL status. 

2.2. Cardiac VLDL-TAG utilisation 

VLDL provides the major source of endogenous TAG supply to peripheral (extrahepatic) tissues 

although the physiological role of this substrate is contentious. In the well-fed state it certainly 

represents the major transport form of endogenous TAG-FA, synthesised by de novo hepatic 

lipogenesis and exported to adipose tissue for storage; however, in the post-absorptive state it is 

assembled in the liver from adipose-derived NEFA, and it is unclear why NEFA cannot supply FA 

direct to oxidative tissues such as heart. Indeed, this pathway certainly occurs, but the issue of the 
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respective roles of NEFA and VLDL-TAG in furnishing FA as metabolic substrate to the myocardium 

remains. VLDL are less efficient substrates for LPL than CM, by virtue of their lesser size and 

susceptibility to lipolysis [29]. Several studies have therefore examined the role of VLDL in cardiac 

TAG-FA provision, but these are technically difficult, requiring preparation and isolation of 

sufficient appropriately labelled, physiologically relevant, and species-specific VLDL particles to use 

in test systems. Artificial TAG emulsions more closely resemble CM; VLDLs have been prepared 

from donor plasma by centrifugation with labelling either by preinjection of FA, or post-isolation in 

vitro FA/TAG radiolabel transfer, or by liver perfusion. Unlike the episodic influx of CM, which 

increases the plasma TAG concentration by an order of magnitude in the post-absorptive ʹ post-

prandial transition, plasma VLDL-TAG concentration is more constant (0.3-0.4mM).  

Studies of cardiac A-V (coronary sinus) differences in non-diabetic patients undergoing cardiac 

catheterisation (usually in the post-absorptive state) found that some hearts extracted plasma 

(VLDL)TAG but not others (as previously noted [30]) whilst infused labelled TAG was consistently 

extracted (extraction fraction ~11%)[2]. TAGs and NEFAs accounted for ~17% and ~83% 

respectively of myocardial FA uptake; myocardial spillover of lipolysis-derived FAs was 35%, 

suggesting that VLDL-TAG may be a minor contributor to energy production, but that luminal 

lipolysis may also release significant NEFA to the systemic circulation (see [7]). In this study the 

myocardium was only a minor contributor to total systemic TAG (VLDL) uptake (~3%) and systemic 

NEFA production (~0.5%)[2]. Previous studies had also suggested only limited VLDL-TAG utilisation 

by the human heart ʹ with about 10-20% of cardiac energy deriving from VLDL [31]), suggesting 

that in human heart, at least in the postabsorptive state, NEFAs may be more important cardiac 

substrates than VLDL-TAG [30, 32]. Since human hearts can assimilate and oxidise large amounts 

of glucose when deprived of NEFA (and rodent hearts can function normally despite being LPL 

deficient [33]) these observations suggest that plasma VLDL-TAG is not an essential cardiac fuel. In 
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contrast to human studies, rat hearts perfused with rat plasma VLDL at physiological 

concentration (0.18mM) show substantial cardiac VLDL-TAG utilisation: ~40% of available VLDL-

TAG was utilised by 40 min and ~75% by 120 min [34] (although much lower rates of VLDL-TAG 

utilisation by isolated rat heart have also been reported under similar conditions [35]). High rates 

of VLDL-TAG utilisation by rat heart have also been reported (oxidation rate about 30nmol/min/g 

wet wt; about 60% of the VLDL-TAG utilised) [36]), with TAG-lipid removal  double that of 
125

I-

apoprotein assimilation [34], and in some studies even higher rates were found ʹ about 60nmol 

TAG/min/g wet wt, representing >90% VLDL-TAG hydrolysis of [37]. Rat hearts also utilised human 

VLDL avidly [38, 39], and to the same extent as rat VLDL [39], suggesting that species selectivity 

may be less of an issue than previously considered. Synthetic VLDL-sized TAG emulsions 

administered intravenously to mice were only poorly assimilated by heart (about 5-fold less than 

adipose tissue or skeletal muscle), potentially reflecting the availability of apolipoproteins (though 

fractional catabolic rate increased with increasing particle size)[40]. Indeed, intestinal VLDL-TAG 

(iVLDL; isolated from chyle lipids of d<1.006 of fasted rats and lacking apoE and apoCII) was 

utilised by rat hearts [41], and oxidised at twice the rate of NEFA [42], but about half the rate of 

CM-TAG oxidation. Less iVLDL-TAG than NEFA was recovered in cellular lipids [42] suggesting 

greater partitioning towards oxidation. Rat VLDL prepared by rat liver perfusion was utilised by 

isolated rat hearts (~ 18nmol FA/min/g), but to a significantly lower extent than NEFA (~ 60nmol 

FA/min/g)) and CM (~ 75nmol FA/min/g) when each was compared as sole lipid substrate 

(0.4mM)[16]. This limited VLDL utilisation was not suppressed by NEFA when co-perfused, unlike 

CM utilisation which was decreased by NEFA [16], suggesting distinct pathways of utilisation. Of 

the VLDL-TAG-FA assimilated, about one quarter was incorporated into tissue lipids whilst the 

remainder was oxidised; by contrast, about 90% of CM-TAG was oxidised; the metabolic 

partitioning was not affected by NEFA [16]. Comparable results have also been reported [15, 22, 

23]. However, other authors demonstrate competition between NEFA and VLDL-TAG. Mouse 
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hearts perfused with human plasma VLDL or a synthetic TAG emulsion of similar size to CM utilised 

and oxidised TAG readily [43]; both VLDL and the CM-like emulsion decreased NEFA utilisation (by 

about half) and oxidation (by about 70%) and this effect was LPL-dependent [43]. These authors 

suggest that TGRLP-TAG is a major cardiac substrate and competes directly with NEFA utilisation, 

ƉƌŽƉŽƐŝŶŐ Ă ͚ĐŽŵŵŽŶ͛ FA pool within the cardiomyocyte. The concept of a single cardiomyocyte 

FA pool is supported by the demonstration that heart-specific LPL knockout (KO) mice have 

increased plasma [TAG] with decreased plasma TAG clearance and decreased cardiac VLDL uptake 

but unchanged [33] or even decreased [44] cardiac NEFA uptake, surprising in view of potential 

competition from FA originating in LPL-mediated TAG lipolysis [33]; the finding that NEFA 

oxidation is decreased (whilst glucose oxidation is increased) in LPL-KO mouse hearts infers that 

TAG and NEFA metabolism are interlinked. Whilst synthetic CM-like TAG emulsion is utilised by 

mouse heart more than liver, skeletal muscle or adipose tissue, only about half this rate was found 

with mouse VLDL injected into mice in vivo [45], whilst NEFA uptake is comparable to other 

tissues, implying that myocardial TAG utilisation exceeds that of NEFA [45]. Together, these 

findings support the notion that plasma TAG are a quantitatively important cardiac substrate, 

especially in view of the compromised cardiac function in heart-specific cardiac LPL-KO mice with 

accompanying impaired cardiac VLDL utilisation [44], though acute studies in isolated rat hearts 

failed to show a significant influence of TGRLPs on cardiac function [16]. The importance of plasma 

TAG as a muscle fuel was shown in mice overexpressing LPL in muscle alone: this rescues the 

global LPL-KO mice from neonatal (hyperlipidemic) death [46], normalising plasma VLDL [47]. In 

addition, mutant mice expressing LPL in cardiac muscle but not skeletal muscle or adipose tissue 

have normal plasma TAG [18], suggesting cardiac LPL alone can rescue lethal LPL-KO 

hypertriglyceridemia and demonstrating the importance of plasma TAG as a bulk cardiac substrate 

and of the heart in regulating plasma TAG. 
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The role of insulin in cardiac TGRLP metabolism has proved difficult to elucidate, reflecting the 

difficulty in defining the role of insulin in cardiac LPL regulation. Rat heart assimilation of VLDL-TAG 

was comparable to adipose tissue and skeletal muscle, and was not significantly affected by 

insulin, but hearts of functionally hepatectomised rats assimilated VLDL-TAG more rapidly [48]. 

STZ-diabetic rat hearts lipolysed intestinal VLDL-TAG (0.32mM) to less than half the extent of 

control hearts [21, 41]; this was reversible with insulin, suggesting LPL recruitment to capillary 

endothelium requires functional insulin [41]. Lipolysis of plasma VLDL-TAG prepared from STZ-

diabetic rats was only 63% that of plasma VLDL-TAG from non-diabetic animals [21]͘ ͞DŝĂďĞƚŝĐ͟ 

VLDL perfused into diabetic hearts underwent lipolysis to less than a quarter of control VLDL in 

non-diabetic hearts [21], suggesting that both VLDL particle (composition) and myocardial factors 

are influenced by insulin. By contrast, Sambandam et al found that normal plasma VLDL (0.3mM 

TAG) was utilised at a significantly faster rate by STZ-diabetic rat hearts than controls [49], and 

associated with  increased LPL activity in the STZ-diabetic hearts [50]. VLDL-TAG metabolic rate in 

these studies was relatively low (control: 0.5nmol/min/heart) but comparable to other reports 

[21] whilst VLDL assimilation in diabetic heart was twice this rate (0.93nmol/min/heart)[49]. VLDL 

from perfused rat livers (0.4mM) showed similar results: STZ-diabetic hearts utilised about 50% 

more (control) VLDL-TAG than non-diabetic hearts. Interestingly, diabetic VLDL-TAG (from 

perfused STZ-diabetic rat livers) was utilised only poorly by control hearts, but diabetic hearts 

utilised diabetic VLDL-TAG comparably to control VLDL-TAG (and CM-TAG) [22].  As with CM, 

myocardial factors (uptake and disposal mechanisms) and lipoprotein factors (LP particle 

composition) are both likely to be important in diabetes. LPL regulation in diabetes has been 

recently reviewed [51]. Both glucocorticoids and insulin are essential for LPL translation [52]. 

Increased, unchanged, and decreased H-LPL activity have all been reported in diabetes; currently, 

at least in rodent models, the favoured paradigm is mediation of coronary luminal LPL by post-
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translational (?heparanase-mediated) mechanisms, with increased H-LPL in diabetes [22, 23] as a 

consequence of the hyperglycemia [53].  

VLDL utilisation in type 2 diabetes has also been examined. Micro-PET techniques in a rodent 

model of type 2 diabetes provided indirect evidence that increased myocardial FA oxidation was 

from plasma TAG rather than NEFA (although the specific contributions of VLDL and CM were not 

defined) [54]. ZDF-diabetic rat hearts utilised about 50% more VLDL-TAG prepared from ZDF rat 

liver perfusion than controls [23]; this increased utilisation was entirely accounted for by increased 

VLDL-TAG-FA oxidation with no increase in accumulation of myocardial lipids  [23], further 

supporting the phenotype-specific nature of both VLDL-TAG synthesis and its utilisation by heart.  

2.3. Cardiac TGRLP utilisation in disease 

The relationship between TGRLP metabolism and cardiac function is complex ʹ cardiac substrate 

(including TAG) selection is altered in hypertrophy/failure, but changes in substrate utilisation can 

themselves lead to cardiac dysfunction/failure ʹ the concepts of adaptive and maladaptive 

responses and lipotoxicity. Hypertrophy is characterised by chronic increase in cardiac work and 

hence energy requirement. The conventional paradigm is that hypertrophy and heart failure are 

accompanied by increased glucose, and decreased FA utilisation, with downregulation of fatty acid 

oxidation-related genes [1]. However, cardiac LPL activity (and hence continued supply of TGRLP-

FA for cardiac utilisation) are critical for the normal cardiac response to ɴ-agonist stimulation and 

hypertension [55]. Furthermore, LPL-KO hearts are susceptible to failure because of low TAG 

hydrolysis and despite increased glucose utilisation [44]. Increased FA (and TAG) delivery to the 

heart by high-fat diets is beneficial in rats with MI and pressure-overload cardiac dysfunction [56]. 

Cold acclimation, a chronic physiologic stimulus to increase cardiac work, causes hypertrophy and 

increases heart LPL (but not VLDL-R) activity in rats, with increased TAG uptake; the increased LPL 
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is not related to AMPK activation [57, 58] suggesting that both acute and chronic mechanisms for 

upregulation of LPL may be active.  

The composition of VLDL (apoprotein complement; lipid subclass content) varies in certain 

(metabolic) diseases, including diabetes [21], and sepsis [59]. Structurally variant VLDL synthesised 

by the liver in endotoxemia is a better substrate for myocardium (about double VLDL-TAG 

oxidation rate)[59]; furthermore, sepsis/endotoxemia is also associated with increased hepatic 

VLDL synthesis and secretion, increasing VLDL availability. Since cardiac work increased in 

increased in (early) sepsis as a result of the hyperdynamic circulation and augmented cardiac 

output, this may represent a mechanism to increase supply of endogenous lipid specifically to the 

working myocardium under these pathological conditions. 

3. Myocardial triacylglycerol uptake 

CM and VLDL TAG must enter the myocardium through specialised pathways. Two established 

routes of entry are 1. through lipolysis by lipoprotein lipase (EC 3.1.1.34) and 2. by particle or 

remnant particle uptake through lipoprotein receptors. Both pathways occur [15], but are 

functionally inter-relateĚ ƚŚƌŽƵŐŚ ͞ďƌŝĚŐŝŶŐ͟ ŝŶƚĞƌĂĐƚŝŽŶƐ Ăƚ ƚŚĞ ĐŽƌŽŶĂƌǇ ĞŶĚŽƚŚĞůŝƵŵ͕ hence their 

respective contributions to TAG (both CM and VLDL) uptake remain disputed. This may be a 

specious dispute. 

Bharadwaj et al [60] demonstrated the importance of lipolysis in TGRLP core lipid uptake, and 

using heart specific LPL-KO and CD36-KO mice they further demonstrated that VLDL-derived TAG-

FA entered the cell through a CD36-mediated channel (low capacity high affinity), whereas CM-

derived TAG-FA entered through a non-CD36-mediated route (possibly the lower affinity non-

ƐĂƚƵƌĂďůĞͬƌĞĐĞƉƚŽƌ ͞ĨůŝƉ-ĨůŽƉ͟ ŵĞĐŚĂŶŝƐŵ͘ TŚĞ details of TAG-FA channelling are however still 

uncertain (Fig. 1).   
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3.1. Lipoprotein lipase ʹ mediated myocardial TAG uptake 

Despite contributing less than 0.5% of total body mass, myocardium possesses 5% of total 

heparin-releasable LPL - LPL expression in the heart (H-LPL) is the highest (per g) of any tissue [61] 

suggesting 1. it is a quantitatively important mechanism of cardiac energy capture (sufficient for 

cardiac LPL activity to modulate circulating plasma TAG levels [33]) and 2. TAG must be an 

important cardiac oxidative fuel. LPL-mediated lipolysis is generally considered rate-limiting for 

tissue TAG utilisation. It has a complex cell biology which is not yet fully elucidated (see [51, 52, 

62]. The attachment of mature, active LPL to EC-ƐƵƌĨĂĐĞ H“PGͬGPIHBPϭ ĐŽŶƐƚŝƚƵƚĞƐ Ă ͞ƉůĂƚĨŽƌŵ ĨŽƌ 

ůŝƉŽůǇƐŝƐ͟ [63] permitting plasma TAG hydrolysis [64]. As well as tissue uptake of the liberated FA, 

there is FA ͞ƐƉŝůůŽǀĞƌ͟ ŝŶƚŽ ƚŚĞ ƉůĂƐŵĂ [7]. In heart, a substantial proportion of LPL-released FA are 

assimilated by cardiomyocytes, through pathways that may or may not be shared with NEFA 

uptake mechanisms (e.g. CD36/FAT; FABP; FATP)[15, 60], but cardiac LPL may make a substantial 

contribution to plasma NEFA through luminal lipolysis of plasma lipoproteins. LPL regulation is 

highly tissue-specific, but its control in myocardium has proved difficult to define (see [51, 62]). 

The LPL gene has multiple upstream cis-acting regulatory elements  including PPRE, LXR, RXR, CT 

element, sterol regulatory element-Ϯ͕ IFNɶ-responsive element and anterior protein-1 (AP-1)-like 

element (see [52]). Cardiac LPL appears inversely related to adipose LPL but does not vary so 

profoundly. However, two features of H-LPL regulation are clear: 1. it is related to cardiac energy 

status and 2. it is influenced by plasma-borne factors which may be associated with TGRLP 

particles. H-LPL increases on fasting [65], and decreases on refeeding [61](though to only relatively 

limited extents). AMPK stimulation increases H-LPL activity and increases cardiac TAG uptake [66, 

67]. It is likely that there is constitutive enzyme expression, perhaps reflecting the availability of 

VLDL-TAG regardless of nutritional status. Plasma TAG may modulate LPL and hence cardiac TAG 

assimilation [58, 68], and TGRLPs modified heparin-releasable H-LPL activity [16]. Other 
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glycerolipids can also regulate H-LPL activity: palmitoyl lyso-PC [69] and LPA [70] stimulate LPL 

translocation and activity. Cardiac LPL activity may be regulated directly: angptl-3 and angptl-4 are 

angiopoietin-like growth factor/cytokine related proteins secreted into plasma with pleiotropic 

effects, including inhibition of LPL [71]. Their expression changes with nutritional status - fasting 

induces cardiac angptl-4 [72, 73]. Loss of angptl-4 is associated with decreased plasma TAG 

through increased LPL-mediated clearance, whilst increased angptl-4 expression is associated with 

inhibited H-LPL and increased plasma TAG, together with cardiac dysfunction [74]. A similar 

mechanism has also been noted following high-fat feeding, which increases angptl-4 [58], 

suggesting a mechanism of cardiac LPL regulation in situ related to TAG-FA flux. However, chronic 

intermittent hypoxia has no effect on H-LPL activity or cardiac TAG uptake, despite inhibiting 

adipose LPL through upregulating angptl-4 [13]. Apolipoproteins also modify LPL activity directly: 

apo-CII is an obligatory activating co-factor of LPL whilst apo-CI and apo-CIII are inhibitors [75]. 

TGRLPs bind and stabilise LPL and protect it from angptl-4 inhibition; apo-CI and CIII inhibit this 

stabilisation [75]. Apo-E inhibits [76] and apo-AV stimulates [77] LPL and plasma TAG clearance. 

The physiological role of these effects is currently uncertain, but support the concept of TGRLPs 

regulating LPL and their own disposal.  

Naturally-occurring low LPL-activity mutants including mink (Mustela vison) and domestic cat (Felis 

catus) have hyperlipidema in both fed and fasted states [78], supporting significant cardiac TGRLP 

uptake. Human LPL deficiency patients have severe hypertriglyceridemia, with increased cardiac 

glucose uptake (as with mouse H-LPL-KOs [33]), but do not show cardiac dysfunction, suggesting 

TGRLPs are a major but not essential cardiac energy source [79]. Whole body LPL-KO leads to 

severe hyperlipidemia and neonatal death; however, expression of LPL solely in heart  was 

sufficient to prevent hypertriglyceridemia and lethality [18, 46]. Depletion of cardiac LPL by 

GPIHBP1-KO [64] or H-LPL-KO [60] also increased plasma TAG. LPL activity is required for TAG 
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sequestration within myocardial LDs ʹ chemical inhibition of LPL or H-LPL deletion inhibited 

cardiac LD formation [80]. Augustus et al found rapid TAG clearance by mouse hearts 

(proportionately more than any other tissue examined) with broadly similar rates for synthetic 

CM-like TAG emulsion and VLDL-TAG utilisation [45]. Cardiac TAG uptake was highly dependent on 

LPL rather than receptor-dependent pathways: uptake was decreased by 88% in LPL-KO mice 

rescued with liver LPL, and heparin and the LPL inhibitor THL inhibited cardiac TAG uptake by 64% 

and 82% respectively (although residual uptake occurred through non-LPL mechanisms) [45]. In rat 

hearts, CM-TAG uptake was twice as rapid as VLDL-TAG, but both were inhibited to a greater 

extent by THL than by the LP receptor antagonist suramin [15]. Together, these studies support 

ƚŚĞ ƌŽůĞ ŽĨ ƚŚĞ ŚĞĂƌƚ ĂƐ ĂŶ ĞĨĨĞĐƚŝǀĞ ͚ƐŝŶŬ͛ ĨŽƌ ƉůĂƐŵĂ TAG ĂŶĚ ƚŚŝƐ ŝƐ ƉƌŝŵĂƌŝůǇ Ă ĨƵŶĐƚŝŽŶ ŽĨ LPL 

lipolysis and not its bridging function. 

Less well characterised is the importance of LPL to cardiac performance. Mice lacking H-LPL 

survive, and cardiac function has been reported as normal in these mice [80]. However, NEFA or 

glucose alone may not be sufficient for optimal cardiac function [44]. Systolic dysfunction and 

hypertriglyceridemia were noted in H-LPL-KO mice [60, 81], and these mice failed to compensate 

for increased afterload [55]. Loss of H-LPL forced hearts to increase glucose utilisation [82], but  

available plasma NEFA are insufficient for optimum cardiac function, arguing that LPL-derived 

TAG-FAs are more important than NEFA for maintaining normal cardiac function. GLUT-1 

overexpression on a background of H-LPL deletion increased glucose utilisation and corrected 

cardiac energetics and rescued function [83]; similarly, increased lactate utilisation and NEFA 

availability in exercise-trained mice could partially compensate for H-LPL deletion and limited 

TGRLP utilisation [83]. Defective energy intake can therefore be a contributor to cardiac 

dysfunction, though carbohydrates may substitute for FA under certain conditions.  
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However, LPL depleted mouse hearts had altered gene expression characterised by decreased FA 

metabolism and increased glucose utilisation, associatĞĚ ǁŝƚŚ ĚĞĐƌĞĂƐĞĚ PPA‘ɲ ĂĐƚŝǀĂƚŝŽŶ͕ 

implying a more generalised effect on metabolism [33, 44]. A specific role for LPL in the release of 

PPA‘ɲ ůŝŐĂŶĚƐ ŚĂƐ ƌĞĐĞŶƚůǇ ďĞĞŶ ƉƌŽƉŽƐĞĚ [84], suggesting that specifically VLDL-derived FAs 

ĂĐƚŝǀĂƚĞ ŵǇŽĐĂƌĚŝĂů PPA‘ɲ-responsive genes to a greater extent than NEFA, by generating very 

high concentrations of unbound FA locally [85]. 

3.2. Lipoprotein receptor - mediated cardiac TAG uptake 

 

Receptor-mediated assimilation of TGRLP has been reported for many tissues including heart [15, 

60]; the principal cardiac lipoprotein receptor is believed to be the VLDL receptor (VLDLR), a highly 

conserved type 1 transmembrane glycoprotein member of the LDL receptor superfamily. It binds 

and internalises VLDL and other apo-E containing lipoproteins, including CM, in concert with LPL 

and apo-E (see [86-89]), suggesting VLDLR has a LPL-facilitating function. VLDLR is highly-expressed 

in tissues with high FA utilisation (i.e. a similar tissue distribution to LPL) including cardiomyocytes 

and to a limited extent endothelial cells [90] [91]. VLDLR is important for LD formation in 

cardiomyocytes as VLDLR knockdown diminishes LD-TAG [92]. Vldlr
-/-

 mice fed high fat diets show 

decreased (~35%) cardiac uptake of [
3
H]TAG [93] despite having no marked phenotype. VLDLR 

likely provides a significant route of glycerolipid uptake by heart [45] but its dependence on LPL 

status has been challenged [92], and vldlr
-/-

 mice do not show altered plasma LP levels, despite 

decreased LPL expression [94], although stressing FA metabolism in these animals by fasting or 

high fat feeding [95] or cross-breeding on a hyperlipidemic ob/ob [95] or ldlr
-/-

 [96] or lpl
-/+

 [88] 

background does reveal a hypertriglyceridemic phenotype. VLDLR may substitute for bulk cardiac 

TAG uptake in LPL-KO models, and mediate the uptake of lipoprotein remnant (including CM 

remnant) particles [86, 97], again facilitated by LPL and apo-E [87].  Hence VLDLR may provide an 

accessory function to LPL, facilitating TGRLP anchoring to LPL by increasing the affinity of 
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lipoproteins for endothelium and enhancing lipolysis and TAG assimilation. The increased (VLDL)-

TAG in VLDLR-KO mice was exacerbated when LPL was also partly deficient (vldlr
-/-

 crossed with 

lpl
+/-

), with halved VLDL turnover rates [88]. VLDLR deficient mice had low LPL levels [98] and 

inhibition of VLDLR with RAP (a folding and trafficking chaperone for VLDLR [99]) reduced LPL 

activity in wild type but not VLDLR-KO mice, suggesting VLDLR is required for normal LPL 

regulation. Cardiac VLDLR expression is increased during growth and fasting [100], with cardiac LD-

TAG accumulation, but this is accompanied by increased LPL, FAT/CD36, H-FABPpm, acyl-CoA 

synthase and long chain acyl-CoA dehydrogenase mRNAs, supporting a more generalised elevation 

in lipid metabolism rather than a specific rise in VLDLR-mediated TAG uptake alone [100]. By 

contrast, Jokinen et al [101] noted no effect of fasting on rat heart VLDLR expression.            

Interestingly, a 50% decrease in cardiac VLDLR expression occurs in STZ-diabetes, with decreased 

post-heparin plasma LPL activity together with hypertriglyceridemia, suggesting that this may 

represent a mechanism to diminish excessive flux of TGRLP into cardiomyocytes [102]. This is 

supported by conditions such as nephrosis which also increase plasma TAG concentrations and 

decrease VLDLR [103]. Ventricular VLDLR expression is decreased in hypertrophy 

[104](spontaneously hypertensive rat, together with decreased LPL expression), consistent with 

decreased FA (and increased glucose) utilisation [1], but no change in VLDLR in rat hearts 

subjected to increased workload (aortic constriction [105] or cold acclimation [57] -induced) was 

seen (despite increased cardiac LPL). In experimental sepsis, endotoxin decreased both cardiac 

VLDLR (via IL-1 ɴͿ expression and lipid accumulation in fasting mice; downregulation of VLDLR 

expression by LPS was mediated by IL-1ɴ [106]. VLDLR is upregulated in hypoxic/ischemic 

conditions in rodent cardiomyocytes, hearts, and human hearts, via HIF-1ɲ and (non-classical) HRE 

in the VLDLR promoter [92, 107, 108] with increased VLDL uptake and myocellular lipid 
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accumulation [108], and this mechanism may contribute to the TAG accumulation observed in 

hypoxia [109, 110].  

4. Myocardial intracellular triacylglycerol utilisation 

Intracellular cardiomyocyte TAG (mTAG) is a source of glycerolipids for structural/membrane (e.g. 

phospholipid) and signalling (e.g. DAG) functions [111], and mTAG-derived FAs may be metabolic 

signals/PPAR ligands [112](Fig. 1). mTAG buffers excess, potentially toxic FAs (especially at times of 

increased NEFA flux-uptake and/or limited FA oxidation), hence its putative role in lipotoxicity 

[113, 114]. However, its utilisation for ATP synthesis depends on oxidative metabolism, and the 

oxygen required for this must be derived from the coronary blood ʹ this raises a paradox, since if 

blood flow is sufficient to provide oxygen for mTAG-FA oxidative metabolism, then it should also 

be able to provide blood-borne substrates. This discussion will focus specifically on mTAG as an 

oxidative substrate.  

Studies specifically examining mTAG as an energy substrate are scarce, but an important role for 

mTAG as an oxidative substrate is emerging. Most exogenous FAs are rapidly oxidised by the 

cardiomyocyte [15, 16], and substantial cycling through mTAG prior to oxidation would require 

that mTAG synthesis and lipolysis are very active pathways, (see [111, 115]); indeed the concept of 

mTAG-FA pool turnover now appears to be central to its physiological role in energy provision as 

well as cardiac disease. The lipid droplet, previously considered an inert pool of storage TAG, is 

now known to be a highly dynamic FA resource (see [116, 117]), a major contributor to basal 

myocardial oxidation, and essential for normal cardiac function [118]. Myocardium shows the 

fastest TAG turnover of any tissue (see [119]), and this appears to be PPAR-driven [120]. Mouse 

heart TAG turnover rate actually exceeds the rate of FA oxidation, suggesting that most exogenous 

FAs are cycled through intracellular TAG prior to oxidation [120](supporting earlier findings of 

cardiac TAG-FA provision [121]). This may serve to protect the myocardium from excessive PPAR 
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activation from FA-CoA esters (putative PPAR ligands) and maintain myocardial metabolic 

flexibility and endogenous substrate mobilisation (e.g. on adrenergic stimulation [122]). mTAG as 

an energy resource is facilitated by the proximity of the LD to mitochondria [123]. The LD 

resembles plasma lipoproteins in structure, comprising a phospholipid monolayer shell containing 

multiple lipases, regulatory and scaffold proteins [119] related to core lipid metabolism, and a 

hydrophobic core [117]. Myocardial LDs are small with large surface areas facilitating rapid TAG 

mobilisation, and LD-TAG pathways are associated with the outer mitochondrial membrane and 

this may be related to intracellular channelling. 

4.1. Myocardial triacylglycerol synthesis 

Glycerol phosphate acyltransferase (GPAT) initiates TAG synthesis and is rate-limiting for this 

pathway. GPAT1 and GPAT2 are both expressed in cardiac outer mitochondrial membranes whilst 

GPAT3 and GPAT4 are found in the SR [115]. Cardiac GPAT activity and increases with fasting - 

likely a mechanism to buffer incoming FAs and/or to act as an internal FA ƐƚŽƌĞ ĨŽƌ ƐƵďƐĞƋƵĞŶƚ ɴ-

oxidation [124]. Interestingly, cardiac GPAT activity also increases with adrenergic stimulation 

[125] potentially increasing TAG-FA ĂǀĂŝůĂďŝůŝƚǇ ĨŽƌ ɴ-oxidation by increasing TAG pool turnover 

during increased cardiac work. Paradoxically, augmenting mTAG synthesis (by over-expression of 

diacylglycerol acyltransferase (DGAT-1)) promotes FA oxidation [113] (and lipolysis of mTAG 

directly releases FA for oxidation [120, 126]) implying that a TAG pool is required to promote FA 

oxidation and pool size may be critical. Hence TAG turnover is intimately related to FA oxidation. 

Interestingly, depletion of TAG synthetic capacity (by lipin-1/PAP depletion) causes less mTAG 

lipolysis and hence less reliance on mTAG for energy in FA-free perfusions [127]. 

4.2. Myocardial triacylglycerol lipolysis  

Recent advances elucidating the mechanism of LD-mTAG hydrolysis have yielded important 

insights into the function of cellular TAG. Adipose triglyceride lipase (ATGL; PNPLA2; desnutrin; 
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calcium-ŝŶĚĞƉĞŶĚĞŶƚ PLAϮɺ [128, 129]) is rate-limiting for the mobilisation of mTAG for ɴ-

oxidation. ATGL expression is increased by FAs, exercise, high fat feeding [130], starvation [131] 

and STZ-diabetes [132] suggesting that plasma-derived FAs activate lipolysis. However, ATGL 

activity may also be inhibited by long chain FA-CoA [133] ʹ possibly a protective feedback 

mechanism preventing lipotoxic damage [134]{Pulinilkunnil, 2013 #25389}. ATGL-deficient mouse 

hearts have increased mTAG, together with increased glucose utilisation and cardiac dysfunction 

[129, 135, 136], implying that defective mTAG-FA provision may impair cardiac energetics. Loss of 

activity mutations in human ATGL cause neutral lipid storage disease, with cardiomyopathy [137]. 

Moreover, PPA‘ɲ ĂŶĚ PPA‘ɷ ŐĞŶĞ ĞǆƉƌĞƐƐŝŽŶ ĂƌĞ ĚŽǁŶƌĞŐƵůĂƚĞĚ in rodent ATGL deficiency [112], 

presumably due to decreased FA-PPAR ligands [135, 136], and this is associated with impaired 

mitochondrial oxidation [112], supporting the role of mTAG-derived FAs as oxidative substrates 

together with significant shuttling of incoming FAs through the LD-TAG pool prior to lipolysis and 

FA release for ɴ-oxidation [120, 126, 138]. Heart-specific ATGL overexpression decreased mTAG, 

and surprisingly, decreased cardiac FA oxidation, supporting a role for a mTAG pool to facilitate FA 

flux to mitochondria.  In addition, improved cardiac systolic function and protection from 

pressure-overload stress remodelling was seen in older mice overexpressing ATGL [114]. ATGL 

overexpression maintained cardiac energetics (ATP; PCr:ATP) and function in high fat fed mice, but 

exogenous NEFA oxidation was halved, suggesting preferential utilisation of endogenous lipids 

from the mTAG pool [139]. Perilipin-5 (PLIN5) binds ATGL on the LD surface [140], shielding TAG 

from lipolysis; ectopic PLIN5 expression increased mTAG levels and decreased FA oxidation, again 

suggesting rates of FA oxidation may be determined by mTAG-FA turnover [141, 142]. PLIN5 is also 

present on mitochondria, where it facilitates the tightly-coupled association of mitochondria with 

LDs [141], controlling both LD-TAG-derived FA release and facilitating its delivery to mitochondria 

for ɴ-oxidation [141, 143, 144]. Together, these observations indicate that mTAG pool turnover 

may dictate rates of FA oxidation as the majority of FA cycles through mTAG. Therefore factors 
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that modulate the mTAG pool size may ultimately dictate rates of FA oxidation without directly 

affecting mitochondrial function. 

4.3. Myocardial triacylglycerol-fatty acid oxidation 

Measurements of myocardial TAG-FA oxidation have been attempted by a variety of techniques, 

including: 1. estimates based on changes in mTAG content 2. difference estimates based on total 

and exogenous FA oxidation and mVO2 measurements 3. pulse-chase radiolabelling experiments 

and 4. NMR techniques, estimating TAG pool turnover.  

General evidence for the importance of mTAG in FA provision for oxidation and efficient cardiac 

metabolism is the huge (>20 fold) increase in mTAG seen in inborn errors [145, 146] and mouse 

models [146, 147] of defective mitochondrial ɴ-oxidation, especially as this is associated with 

cardiac dysfunction. Similar observations were noted for human subjects with neutral lipid storage 

disease [137]. 

A compelling demonstration of the importance of mTAG in energy provision is seen in ex vivo 

working rat hearts subject to acute increases in workload. Increased ͞ĞǆĞƌĐŝƐĞ͟ ;ǁŽƌŬͿ ŝŶĐƌĞĂƐĞĚ 

ƚŽƚĂů ɴ-oxidation (mVO2) due to increased FA availability from both exogenous ([
3
H]-oleate) and 

endogenous (calculated) sourcesʹ in exercise there was increased mTAG oxidation with no change 

in mTAG content ʹ implying TAG turnover increased [148]. Exercise produces a switch to mTAG as 

energy substrate (mTAG oxidation increasing from about 10% of total FA oxidation to about 20% 

during contractile stimulation); in addition, lactate may also be permissive in this state, high 

lactate stimulating TAG turnover [149]. Subsequently, indirect estimates of mTAG oxidation found 

that mouse hearts lacking functional ACC2 had increased exogenous NEFA oxidation (22%) but 

also decreased mTAG content (and normal LV systolic function); however, mVO2 measurements 

suggested increased oxidation of mTAG [150]. Hence, removing the inhibition of FA flux through 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

25 

 

CPT1 facilitated utilisation of mTAG for FA oxidation ĂƐ Ă ĐŽŵƉŽŶĞŶƚ ĨŽƌ ŝŶĐƌĞĂƐĞĚ ͚ŐůŽďĂů͛ FA 

oxidation in the heart. 

Pulse-chase radiolabelling experiments provide direct evidence for the importance of mTAG to 

cardiac ɴ-oxidation, with two thirds of 
14

C-labelled mTAG utilised by rat hearts in the absence of 

exogenous FA; addition of NEFA preserved most (though not all ʹ about 65%) of the labelled 

mTAG, indicating that endogenous mTAG makes a significant contribution to myocardial oxidative 

metabolism [151]. Catecholamines stimulated mTAG lipolysis and oxidation [152, 153], but only in 

the absence of exogenous NEFA [153, 154], and mTAG oxidation increased with cardiac work in 

the same model [154].  

mTAG and exogenous NEFA oxidation were measured in mTAG-prelabelled working hearts 

perfused with no, low (0.4mM), or high (1.2mM) concentrations of palmitate. Endogenous mTAG 

oxidation rates were high (nearly one half of maximal NEFA oxidation rates; ~60% of myocardial 

ATP synthesis) in the absence of NEFA, with corresponding loss of mTAG content, but mTAG 

oxidation rate was suppressed and mTAG stores maintained when NEFA (1.2mM) was available. 

Interstingly, mTAG still contributed 12-20% of total FA oxidation, representing ~11% of cardiac ATP 

synthesis, indicating the obligate nature of mTAG for ATP production [126]. Furthermore, under 

these conditions loss of 
14

C label from the [
14

C]mTAG pool was matched by incorporation of 
3
H 

label from exogenous [
3
H]NEFA, indicating conservation of mTAG pool turnover and size. 

Interestingly, the initial mTAG oxidation rate was higher than subsequent rates [126, 155, 156], 

suggesting multiple intracellular TAG pools. 

Recently, NMR techniques have provided important insights into myocardial TAG metabolism and 

pool dynamics in humans, confirming findings in animal models of metabolic disease [157, 158]. 

Dynamic mode NMR using 
13

C-palmitate shows an initial, saturable exponential incorporation into 

mTAG in the intact heart, representing sarcolemmal receptor-mediated FA uptake, and a slower 
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linear rate, determined by the rate of cellular metabolism and sensitive to inhibitors of LCFA 

metabolism, reflecting TAG turnover [118, 120, 159-161]. TAG pool turnover is a function of mTAG 

pool size and FA availability: TAG turnover increases with high fat diet (in association with 

increased DGAT1 and ATGL expression [120, 130]), in diabetes [160] ĂŶĚ ŝŶ PPA‘ɲ ĂŶĚ PGCϭɲ 

overexpressing mouse hearts [120, 162], but is decreased in cardiac hypertrophy with diminished 

PPAR activity [118]. In mouse hearts mTAG pool turnover measured by 
13

C-NMR was 3.75 times 

faster than palmitate oxidation, suggesting that palmitoyl units for oxidation were preferentially 

derived from cellular TAG rather than exogenous NEFA (and hence exogenous FAs must first be 

routed through the TAG pool)[120]. Mouse hearts over-expressing PPARɲ (a model with diabetic-

like phenotype) had even higher rates of mTAG pool turnover compared to (similar) exogenous 

NEFA oxidation rates (12.5-fold faster), implying that almost all incoming FAs are channelled 

through TAG; the mTAG pool size was comparable, but enzymes of TAG synthesis were increased 

in line with the increased TAG pool turnover rates [120]. This suggests that TAG pool turnover rate 

is more important than tissue TAG content for cardiomyocyte FA metabolism; both exogenous FA 

and TAG contribute to the accessible pool of cellular FA-CoA. Therefore, LD-mTAG  turnover 

couples and matches FA uptake to utilisation through both TAG synthesis and lipolysis, regulating 

energy provision and potentially cardiac function [118, 161, 163]. Failure of this dynamic 

relationship between exogenous FA metabolism and lipid deposition is a potential cause of the 

maladaptive changes that contribute to cardiac dysfunction [164].  

4.4. Myocardial triacylglycerol oxidation and cardiac disease: 

To date, limited information only is available on the role of mTAG as an oxidative substrate in 

cardiac disease. Myocardial lipid accumulation with decreased FA oxidation in heart failure [1] 

suggests optimal cardiac function requires mTAG energy provision, although caution is required 

with this interpretation since diabetes is associated with increased mTAG, ATGL expression and FA 
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oxidation, but also cardiac dysfunction [132, 156, 165, 166]. TAG turnover is uncoupled from 

energy demand in heart failure [118, 163]. With rat aortic banding, mTAG-FA oxidation was 

decreased to zero in early hypertrophy/failure, in line with decreased mTAG pool turnover (and 

mTAG content), and increased glucose oxidation; NEFA oxidation was not increased to 

compensate the decreased mTAG oxidation [118]. Adrenergic stimulation doubled mTAG 

oxidation in proportion to workload in healthy hearts, but not in failing hearts (which had lower 

mTAG turnover rates relative to cardiac work), with the proportion of TAG metabolism to ATP 

production unchanged (about 10% - similar to [126])[118]; since FA oxidation decreases in 

response to adrenergic stimulation in heart failure, it is likely that abnormalities of cellular FA 

oxidation are early events in the development of cardiac dysfunction.   

mTAG has also been shown to be an important energy source during reperfusion [167, 168]. 

Turnover rates of mTAG (based on glycerol measurements) increased during ischemia, but 

decreased on reperfusion [168]. Rat hearts reperfused in the presence of high (1.2mM, 

pathologically relevant) NEFA had increased NEFA oxidation rates, but only an initial increase in 

mTAG-FA oxidation; mTAG lipolysis was unchanged but mTAG synthesis was increased, expanding 

the mTAG pool and potentially protecting against toxic intracellular FAs [155]. In the absence of 

NEFA, mTAG oxidation increased on reperfusion and this was associated with improved functional 

recovery [155], suggesting that mTAG-derived FAs do not contribute to IR injury, as has been 

suggested for exogenous FA (though potentially arguing against incoming NEFAs having to 

obligatorily turnover through the TAG pool, at least in reperfusion). Increased mTAG content and 

turnover (induced by DGAT1 overexpression) were associated with normal cardiac energetics and 

function, but in the presence of exogenous NEFA, increased mTAG turnover was cardioprotective 

following ischemia, with improved function during reperfusion [169]. 
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Diabetes is characterised by increased cardiac FA metabolism, with increased mTAG content [156, 

165, 170] and impaired LV function [170]. TAG increases in diabetic hearts on acute fasting 

accompany diastolic dysfunction [171], though prolonged fasting improves insulin sensitivity, 

decreases mTAG and improves cardiac function, suggesting a diversion of TAG-derived FA to ɴ-

oxidation [172]. However, rates of mTAG oxidation in diabetic hearts have been reported as 

similar to controls [156, 165], suggesting that associated elevated NEFA concentrations may 

increase mTAG pool size but have only modest effects on mTAG pool turnover. STZ-diabetic rat 

hearts have increased mTAG content and turnover when perfused with high NEFA (1.2mM 

palmitate); at lower NEFA (0.5mM) concentrations, diabetic hearts still have increased TAG 

turnover, but mTAG content is unchanged [160]. mTAG oxidation contributed about 16% of ATP 

synthesis in diabetes, but surprisingly no contribution of mTAG to mitochondrial ATP synthesis was 

found in healthy hearts [160] (basal mTAG oxidation in healthy hearts accounted for only about 

10% of total ATP synthesis, in good agreement with previous findings [126, 173]). Fractional 

enrichment of TAG was lower in diabetic hearts, suggesting TAG compartmentalisation in the 

diabetic myocardium (other reports have also suggested multiple TAG compartments with 

different turnover rates [126, 151, 174, 175]). STZ-diabetic rat hearts had increased mTAG content 

and lipolysis, but unchanged mTAG oxidation compared to controls (mTAG oxidation contributing 

about 10% of ATP production in control and diabetic hearts) when perfused with 1.2mM 

palmitate; however, in the absence of NEFA, mTAG oxidation increased in diabetic myocardium, 

providing some 70% of ATP synthesis [173]. Non-obese type 2 diabetic (GK) rats also have 

increased mTAG, and LV dysfunction; FA metabolism (assessed by PET) was increased, mostly a 

result of increased FA oxidation from mTAG, since genes of both TAG synthesis and lipolysis were 

increased [28]. 

5. Concluding remarks: 
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It is finally emerging that TAGs are indeed major providers of cardiac energy; furthermore, 

alterations in myocardial TAG utilisation are clearly associated with impaired cardiac function. 

However, outstanding questions remain, including the teleological role of VLDL as a FA carrier and 

NEFA substitute (i.e. VLDL as a metabolic signal), the regulation of myocardial LPL activity in 

relation to metabolic (and particularly plasma TAG) status, the possibility of differential uptake 

pathways and intracellular channelling of FAs from different sources (NEFA; CM-TAG; VLDL-TAG), 

together with the requirement for incoming FAs to cycle through mTAG before oxidation. In 

particular, defining the precise mechanism(s) of myocellular FA assimilation, together with the 

extent to which TGRLP-derived FAs contribute to mTAG pool turnover, compared to the 

requirement of NEFA to cycle through mTAG (hence putative intracellular FA channelling streams) 

remains a challenge. 
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Figure legends: 

Figure 1. Utilisation of triacylglycerol (TAG) by the cardiomyocyte. Triacylglycerol is available for 

ŵŝƚŽĐŚŽŶĚƌŝĂů ɴ-oxidation from exogenous supply (CM: chylomicrons; VLDL: very-low-density 

ůŝƉŽƉƌŽƚĞŝŶͿ ĂŶĚ ĞŶĚŽŐĞŶŽƵƐ ŵǇŽĐĂƌĚŝĂů ͞ƐƚŽƌĞƐ͟ ;ŵTAGͿ ǁŝƚŚŝŶ ůŝƉŝĚ ĚƌŽƉůĞts. Current 

controversies include (1) the degree to which fatty acid (FA) for oxidation is supplied from these 

various sources, in competition with non-esterified FA (NEFA), in the normal and diseased heart 

(2) the respective importance of lipoprotein receptor (VLDL-R)-mediated and LPL-mediated 

exogenous TAG uptake (3) the specific uptake route for FA derived from lipoprotein lipase (LPL)-

ŵĞĚŝĂƚĞĚ TAG ůŝƉŽůǇƐŝƐ ĂŶĚ ƚŚĂƚ ŽĨ NEFA ;ĨĂĐŝůŝƚĂƚĞĚ ƵƉƚĂŬĞ Žƌ ͞ĨůŝƉ-ĨůŽƉ͟ FA ƚƌĂŶƐůŽĐĂƚŝŽŶ ĂĐƌŽƐƐ 

the sarcolemma), and whether these are shared or separate (4) the existence of distinct 

intracellular FA pools derived from the various FA sources and uptake mechanisms (5) the extent 

to which intracellular FAs must be obligatorily cycled through intracellular mTAG prior to 

utilisation as respiratory fuel, or signalling and structural functions. Lipid droplet and mitochondria 

are in close anatomical and functional proximity. EC: endothelial cell; DAG: diacylglycerol; GPAT: 

glycerol-phosphate acyltransferase; DGAT: diacylglycerol acyltransferase; ATGL: adipose 

triacylglycerol lipase; PLIN5: perilipin-5; PPAR: peroxisome proliferator-activated receptor; VLDLR: 

VLDL-receptor; FATP: fatty acid transport protein; FAT: fatty acid translocase; FABP: fatty acid 

binding protein. 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

31 

 

References: 

1. Lopaschuk, G.D., Ussher, J.R., Folmes, C.D.L., Jaswal, J.S., and Stanley, W.C. Myocardial fatty acid 

metabolism in health and disease. Physiol Rev, 2010; 90: 207-258. 

2. Nelson, R.H., Prasad, A., Lerman, A., and Miles, J.M. Myocardial uptake of circulating triglycerides in 

nondiabetic patients with heart disease. Diabetes, 2007; 56: 527-530. 

3. Goto, Y., Hasegawa, T., Takitsuka, H., Kanda, A., Mori, K., Katayama, T., Yoshida, K., Nagano, S., 

Nakamura, H., Hori, S., and Kato, M. Experimental Study on the Lipid Metabolism in the Heart 

Muscle. Jpn Circ J, 1964; 28: 301-305. 

4. Bragdon, J.H. and Gordon, R.S., Jr. Tissue distribution of C14 after the intravenous injection of 

labeled chylomicrons and unesterified fatty acids in the rat. J Clin Invest, 1958; 37: 574-578. 

5. Borensztajn, J. and Robinson, D.S. The effect of fasting on the utilization of chylomicron triglyceride 

fatty acids in relation to clearing factor lipase (lipoprotein lipase) releasable by heparin in the 

perfused rat heart. J Lipid Res, 1970; 11: 111-117. 

6. Morris, B. and Simpson-Morgan, M.W. Effects of Glucose on the Metabolism of Infused 

Chylomicron Fatty Acids in Unanesthetized Rats. J Physiol, 1965; 177: 74-93. 

7. Teusink, B., Voshol, P.J., Dahlmans, V.E., Rensen, P.C., Pijl, H., Romijn, J.A., and Havekes, L.M. 

Contribution of fatty acids released from lipolysis of plasma triglycerides to total plasma fatty acid 

flux and tissue-specific fatty acid uptake. Diabetes, 2003; 52: 614-620. 

8. Gousios, A., Felts, J.M., and Havel, R.J. The metabolism of serum triglycerides and free fatty acids by 

the myocardium. Metabolism, 1963; 12: 75-80. 

9. Crass, M.F. and Meng, H.C. The removal and metabolism of chylomicron triglycerides by the 

isolated perfused rat heart: the role of a heparin-released lipase. Biochim Biophys Acta, 1966; 125: 

106-117. 

10. Delcher, H.K., Fried, M., and Shipp, J.C. Metabolism of lipoprotein lipid in the isolated perfused rat 

heart. Biochim Biophys Acta, 1965; 106: 10-18. 

11. Enser, M.B., Kunz, F., Borensztajn, J., Opie, L.H., and Robinson, D.S. Metabolism of triglyceride fatty 

acid by the perfused rat heart. Biochem J, 1967; 104: 306-317. 

12. Ontko, J.A. and Randle, P.J. Inhibition of glucose utilization by perfusion with chylomicrons in rat 

heart. Biochem J, 1967; 104: 43c-44c. 

13. Yao, Q., Shin, M.K., Jun, J.C., Hernandez, K.L., Aggarwal, N.R., Mock, J.R., Gay, J., Drager, L.F., and 

Polotsky, V.Y. Effect of chronic intermittent hypoxia on triglyceride uptake in different tissues. J 

Lipid Res, 2013; 54: 1058-1065. 

14. Mardy, K., Belke, D.D., and Severson, D.L. Chylomicron metabolism by the isolated perfused mouse 

heart. Am J Physiol Endocrinol Metab, 2001; 281: E357-364. 

15. Niu, Y.G., Hauton, D., and Evans, R.D. Utilization of triacylglycerol-rich lipoproteins by the working 

rat heart: routes of uptake and metabolic fates. J Physiol, 2004; 558: 225-237. 

16. Hauton, D., Bennett, M.J., and Evans, R.D. Utilisation of triacylglycerol and non-esterified fatty acid 

by the working rat heart: myocardial lipid substrate preference. Biochim Biophys Acta, 2001; 1533: 

99-109. 

17. Savonen, R., Hiden, M., Hultin, M., Zechner, R., Levak-Frank, S., Olivecrona, G., and Olivecrona, T. 

The tissue distribution of lipoprotein lipase determines where chylomicrons bind. J Lipid Res, 2015; 

56: 588-598. 

18. Levak Frank, S., Hofmann, W., Weinstock, P.H., Radner, H., Sattler, W., Breslow, J.L., and Zechner, R. 

Induced mutant mouse lines that express lipoprotein lipase in cardiac muscle, but not in skeletal 

muscle and adipose tissue, have normal plasma triglyceride and high-density lipoprotein-

cholesterol levels. Proc Natl Acad Sci USA, 1999; 96: 3165-3170. 

19. Wang, X., Hole, D.G., Da Costa, T.H., and Evans, R.D. Alterations in myocardial lipid metabolism 

during lactation in the rat. Am J Physiol, 1998; 275: E265-271. 

20. Levy, E., Shafrir, E., Ziv, E., and Bar On, H. Composition, removal and metabolic fate of chylomicrons 

derived from diabetic rats. Biochim Biophys Acta, 1985; 834: 376-385. 

21. O'Looney, P., Irwin, D., Briscoe, P., and Vahouny, G.V. Lipoprotein composition as a component in 

the lipoprotein clearance defect in experimental diabetes. J Biol Chem, 1985; 260: 428-432. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

32 

 

22. Niu, Y.-G. and Evans, R.D. Metabolism of very-low-density lipoprotein and chylomicrons by 

streptozotocin-induced diabetic rat heart: effects of diabetes and lipoprotein preference. Am J 

Physiol Endocrinol Metab, 2008; 295: E1106-1116. 

23. Niu, Y.-G. and Evans, R.D. Myocardial metabolism of triacylglycerol-rich lipoproteins in type 2 

diabetes. J Physiol, 2009; 587: 3301-3315. 

24. Taegtmeyer, H., McNulty, P., and Young, M.E. Adaptation and maladaptation of the heart in 

diabetes: Part I: general concepts. Circulation, 2002; 105: 1727-1733. 

25. Mamo, J.C., Hirano, T., Sainsbury, A., Fitzgerald, A.K., and Redgrave, T.G. Hypertriglyceridemia is 

exacerbated by slow lipolysis of triacylglycerol-rich lipoproteins in fed but not fasted streptozotocin 

diabetic rats. Biochim Biophys Acta, 1992; 1128: 132-138. 

26. Staprans, I., Pan, X.M., Rapp, J.H., and Feingold, K.R. Chylomicron and chylomicron remnant 

metabolism in STZ-induced diabetic rats. Diabetes, 1992; 41: 325-333. 

27. Neitzel, A.S., Carley, A.N., and Severson, D.L. Chylomicron and palmitate metabolism by perfused 

hearts from diabetic mice. Am J Physiol Endocrinol Metab, 2003; 284: E357-365. 

28. Devanathan, S., Nemanich, S.T., Kovacs, A., Fettig, N., Gropler, R.J., and Shoghi, K.I. Genomic and 

metabolic disposition of non-obese type 2 diabetic rats to increased myocardial fatty acid 

metabolism. PLoS ONE, 2013; 8: e78477. 

29. Xiang, S.Q., Cianflone, K., Kalant, D., and Sniderman, A.D. Differential binding of triglyceride-rich 

lipoproteins to lipoprotein lipase. J Lipid Res, 1999; 40: 1655-1663. 

30. Lassers, B.W., Kaijser, L., and Carlson, L.A. Myocardial lipid and carbohydrate metabolism in 

healthy, fasting men at rest: studies during continuous infusion of 3 H-palmitate. Eur J Clin Invest, 

1972; 2: 348-358. 

31. Carlson, L.A., Kaijser, L., and Lassers, B.W. Myocardial metabolism of plasma triglycerides in man. J 

Mol Cell Cardiol, 1970; 1: 467-475. 

32. Most, A.S., Brachfeld, N., Gorlin, R., and Wahren, J. Free fatty acid metabolism of the human heart 

at rest. J Clin Invest, 1969; 48: 1177-1188. 

33. Augustus, A., Yagyu, H., Haemmerle, G., Bensadoun, A., Vikramadithyan, R.K., Park, S.Y., Kim, J.K., 

Zechner, R., and Goldberg, I.J. Cardiac-specific knock-out of lipoprotein lipase alters plasma 

lipoprotein triglyceride metabolism and cardiac gene expression. J Biol Chem, 2004; 279: 25050-

25057. 

34. Chajek, T. and Eisenberg, S. Very low density lipoprotein. Metabolism of phospholipids, cholesterol, 

and apolipoprotein C in the isolated perfused rat heart. J Clin Invest, 1978; 61: 1654-1665. 

35. Perret, B.P., Eisenberg, S., Chajek Shaul, T., Deckelbaum, R., and Olivecrona, T. Free cholesterol 

distribution during in vitro lipolysis of rat plasma very low density lipoprotein: lack of a role for 

blood and heart cells. Eur J Clin Invest, 1983; 13: 419-428. 

36. Rajaram, O.V., Clark, M.G., and Barter, P.J. Differences in the metabolism of very-low-density 

lipoproteins by isolated beating-heart cells and the isolated perfused rat heart. Evidence for 

collagenase-released extracellular lipoprotein lipase. Biochem J, 1980; 186: 431-438. 

37. Groot, P.H. and Van Tol, A. Metabolic fate of the phosphatidylcholine component of very low 

density lipoproteins during catabolism by the perfused rat heart. Biochim Biophys Acta, 1978; 530: 

188-196. 

38. Tam, S.P. and Breckenridge, W.C. Retention of apolipoprotein B and cholesterol by perfused heart 

during lipolysis of very-low-density lipoprotein. Biochim Biophys Acta, 1984; 793: 61-71. 

39. Dory, L., Pocock, D., and Rubinstein, D. The catabolism of human and rat very low density 

lipoproteins by perfused rat hearts. Biochim Biophys Acta, 1978; 528: 161-175. 

40. Qi, K., Al Haideri, M., Seo, T., Carpentier, Y.A., and Deckelbaum, R.J. Effects of particle size on blood 

clearance and tissue uptake of lipid emulsions with different triglyceride compositions. J Parenter 

Enteral Nutr, 2003; 27: 58-64. 

41. O'Looney, P., Vander Maten, M., and Vahouny, G.V. Insulin-mediated modifications of myocardial 

lipoprotein lipase and lipoprotein metabolism. J Biol Chem, 1983; 258: 12994-13001. 

42. Tamboli, A., P, O.L., Vander Maten, M., and Vahouny, G.V. Comparative metabolism of free and 

esterified fatty acids by the perfused rat heart and rat cardiac myocytes. Biochim Biophys Acta, 

1983; 750: 404-410. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

33 

 

43. Pillutla, P., Hwang, Y.C., Augustus, A., Yokoyama, M., Yagyu, H., Johnston, T.P., Kaneko, M., 

Ramasamy, R., and Goldberg, I.J. Perfusion of hearts with triglyceride-rich particles reproduces the 

metabolic abnormalities in lipotoxic cardiomyopathy. Am J Physiol Endocrinol Metab, 2005; 288: 

E1229-1235. 

44. Augustus, A.S., Buchanan, J., Park, T.S., Hirata, K., Noh, H.L., Sun, J., Homma, S., D'Armiento, J., 

Abel, E.D., and Goldberg, I.J. Loss of lipoprotein lipase-derived fatty acids leads to increased cardiac 

glucose metabolism and heart dysfunction. J Biol Chem, 2006; 281: 8716-8723. 

45. Augustus, A.S., Kako, Y., Yagyu, H., and Goldberg, I.J. Routes of FA delivery to cardiac muscle: 

modulation of lipoprotein lipolysis alters uptake of TG-derived FA. Am J Physiol Endocrinol Metab, 

2003; 284: E331-339. 

46. Weinstock, P.H., Bisgaier, C.L., Aalto Setala, K., Radner, H., Ramakrishnan, R., Levak Frank, S., 

Essenburg, A.D., Zechner, R., and Breslow, J.L. Severe hypertriglyceridemia, reduced high density 

lipoprotein, and neonatal death in lipoprotein lipase knockout mice. Mild hypertriglyceridemia with 

impaired very low density lipoprotein clearance in heterozygotes. J Clin Invest, 1995; 96: 2555-

2568. 

47. Levak Frank, S., Weinstock, P.H., Hayek, T., Verdery, R., Hofmann, W., Ramakrishnan, R., Sattler, W., 

Breslow, J.L., and Zechner, R. Induced mutant mice expressing lipoprotein lipase exclusively in 

muscle have subnormal triglycerides yet reduced high density lipoprotein cholesterol levels in 

plasma. J Biol Chem, 1997; 272: 17182-17190. 

48. Argiles, J. and Herrera, E. Effects of insulin on the disposal of 14C-labelled very low density 

lipoprotein triglycerides in intact and hepatectomized rats. Diabetologia, 1983; 24: 300-303. 

49. Sambandam, N., Abrahani, M.A., Craig, S., Al Atar, O., Jeon, E., and Rodrigues, B. Metabolism of 

VLDL is increased in streptozotocin-induced diabetic rat hearts. Am J Physiol Heart Circ Physiol, 

2000; 278: H1874-1882. 

50. Rodrigues, B., Cam, M.C., Jian, K., Lim, F., Sambandam, N., and Shepherd, G. Differential effects of 

streptozotocin-induced diabetes on cardiac lipoprotein lipase activity. Diabetes, 1997; 48: 1346-

1353. 

51. Wang, Y. and Rodrigues, B. Intrinsic and extrinsic regulation of cardiac lipoprotein lipase following 

diabetes. Biochim Biophys Acta, 2015; 1851: 163-171. 

52. Li, Y., He, P.P., Zhang, D.W., Zheng, X.L., Cayabyab, F.S., Yin, W.D., and Tang, C.K. Lipoprotein lipase: 

from gene to atherosclerosis. Atherosclerosis, 2014; 237: 597-608. 

53. Wang, Y., Chiu, A.P., Neumaier, K., Wang, F., Zhang, D., Hussein, B., Lal, N., Wan, A., Liu, G., 

Vlodavsky, I., and Rodrigues, B. Endothelial cell heparanase taken up by cardiomyocytes regulates 

lipoprotein lipase transfer to the coronary lumen after diabetes. Diabetes, 2014; 63: 2643-2655. 

54. Menard, S.L., Croteau, E., Sarrhini, O., Gelinas, R., Brassard, P., Ouellet, R., Bentourkia, M., van Lier, 

J.E., Des Rosiers, C., Lecomte, R., and Carpentier, A.C. Abnormal in vivo myocardial energy substrate 

uptake in diet-induced type 2 diabetic cardiomyopathy in rats. Am J Physiol Endocrinol Metab, 

2010; 298: E1049-1057. 

55. Yamashita, H., Bharadwaj, K.G., Ikeda, S., Park, T.S., and Goldberg, I.J. Cardiac metabolic 

compensation to hypertension requires lipoprotein lipase. Am J Physiol Endocrinol Metab, 2008; 

295: E705-713. 

56. Duda, M.K., O'Shea, K.M., Lei, B., Barrows, B.R., Azimzadeh, A.M., McElfresh, T.E., Hoit, B.D., Kop, 

W.J., and Stanley, W.C. Low-carbohydrate/high-fat diet attenuates pressure overload-induced 

ventricular remodeling and dysfunction. J Card Fail, 2008; 14: 327-335. 

57. Cheng, Y. and Hauton, D. Cold acclimation induces physiological cardiac hypertrophy and increases 

assimilation of triacylglycerol metabolism through lipoprotein lipase. Biochim Biophys Acta, 2008; 

1781: 618-626. 

58. Hauton, D. and Caldwell, G.M. Cardiac lipoprotein lipase activity in the hypertrophied heart may be 

regulated by fatty acid flux. Biochim Biophys Acta, 2012; 1821: 627-636. 

59. Bennett, M.J., Hauton, D., Hole, D.G., and Evans, R.D. Utilization of very low density lipoprotein by 

rat heart: the effect of endotoxin. Am J Physiol Endocrinol Metab, 2000; 278: E802-810. 

60. Bharadwaj, K.G., Hiyama, Y., Hu, Y., Huggins, L.A., Ramakrishnan, R., Abumrad, N.A., Shulman, G.I., 

Blaner, W.S., and Goldberg, I.J. Chylomicron- and VLDL-derived lipids enter the heart through 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

34 

 

different pathways: in vivo evidence for receptor- and non-receptor-mediated fatty acid uptake. J 

Biol Chem, 2010; 285: 37976-37986. 

61. Ruge, T., Bergo, M., Hultin, M., Olivecrona, G., and Olivecrona, T. Nutritional regulation of binding 

sites for lipoprotein lipase in rat heart. Am J Physiol Endocrinol Metab, 2000; 278: E211-218. 

62. Kersten, S. Physiological regulation of lipoprotein lipase. Biochim Biophys Acta, 2014; 1841: 919-

933. 

63. Goulbourne, C.N., Gin, P., Tatar, A., Nobumori, C., Hoenger, A., Jiang, H., Grovenor, C.R., Adeyo, O., 

Esko, J.D., Goldberg, I.J., Reue, K., Tontonoz, P., Bensadoun, A., Beigneux, A.P., Young, S.G., and 

Fong, L.G. The GPIHBP1-LPL complex is responsible for the margination of triglyceride-rich 

lipoproteins in capillaries. Cell Metab, 2014; 19: 849-860. 

64. Beigneux, A.P., Davies, B.S., Gin, P., Weinstein, M.M., Farber, E., Qiao, X., Peale, F., Bunting, S., 

Walzem, R.L., Wong, J.S., Blaner, W.S., Ding, Z.M., Melford, K., Wongsiriroj, N., Shu, X., de Sauvage, 

F., Ryan, R.O., Fong, L.G., Bensadoun, A., and Young, S.G. Glycosylphosphatidylinositol-anchored 

high-density lipoprotein-binding protein 1 plays a critical role in the lipolytic processing of 

chylomicrons. Cell Metab, 2007; 5: 279-291. 

65. Ruge, T., Wu, G., Olivecrona, T., and Olivecrona, G. Nutritional regulation of lipoprotein lipase in 

mice. Int J Biochem Cell Biol, 2004; 36: 320-329. 

66. An, D., Pulinilkunnil, T., Qi, D., Ghosh, S., Abrahani, A., and Rodrigues, B. The metabolic "switch" 

AMPK regulates cardiac heparin-releasable lipoprotein lipase. Am J Physiol Endocrinol Metab, 2005; 

288: E246-253. 

67. Hauton, D. Does long-term metformin treatment increase cardiac lipoprotein lipase? Metabolism, 

2011; 60: 32-42. 

68. Qi, D., Kuo, K.H., Abrahani, A., An, D., Qi, Y., Heung, J., Kewalramani, G., Pulinilkunnil, T., Ghosh, S., 

Innis, S.M., and Rodrigues, B. Acute intralipid infusion reduces cardiac luminal lipoprotein lipase but 

recruits additional enzyme from cardiomyocytes. Cardiovasc Res, 2006; 72: 124-133. 

69. Pulinilkunnil, T., An, D., Yip, P., Chan, N., Qi, D., Ghosh, S., Abrahani, A., and Rodrigues, B. Palmitoyl 

lysophosphatidylcholine mediated mobilization of LPL to the coronary luminal surface requires PKC 

activation. J Mol Cell Cardiol, 2004; 37: 931-938. 

70. Pulinilkunnil, T., An, D., Ghosh, S., Qi, D., Kewalramani, G., Yuen, G., Virk, N., Abrahani, A., and 

Rodrigues, B. Lysophosphatidic acid-mediated augmentation of cardiomyocyte lipoprotein lipase 

involves actin cytoskeleton reorganization. Am J Physiol Heart Circ Physiol, 2005; 288: H2802-2810. 

71. Puthanveetil, P., Wan, A., and Rodrigues, B. Lipoprotein lipase and angiopoietin-like 4 - 

Cardiomyocyte secretory proteins that regulate metabolism during diabetic heart disease. Crit Rev 

Clin Lab Sci, 2015; 52: 138-149. 

72. Lichtenstein, L. and Kersten, S. Modulation of plasma TG lipolysis by Angiopoietin-like proteins and 

GPIHBP1. Biochim Biophys Acta, 2010; 1801: 415-420. 

73. Wu, G., Zhang, L., Gupta, J., Olivecrona, G., and Olivecrona, T. A transcription-dependent 

mechanism, akin to that in adipose tissue, modulates lipoprotein lipase activity in rat heart. Am J 

Physiol Endocrinol Metab, 2007; 293: E908-915. 

74. Yu, X., Burgess, S.C., Ge, H., Wong, K.K., Nassem, R.H., Garry, D.J., Sherry, A.D., Malloy, C.R., Berger, 

J.P., and Li, C. Inhibition of cardiac lipoprotein utilization by transgenic overexpression of Angptl4 in 

the heart. Proc Natl Acad Sci USA, 2005; 102: 1767-1772. 

75. Larsson, M., Vorrsjo, E., Talmud, P., Lookene, A., and Olivecrona, G. Apolipoproteins C-I and C-III 

inhibit lipoprotein lipase activity by displacement of the enzyme from lipid droplets. J Biol Chem, 

2013; 288: 33997-34008. 

76. Rensen, P.C. and van Berkel, T.J. Apolipoprotein E effectively inhibits lipoprotein lipase-mediated 

lipolysis of chylomicron-like triglyceride-rich lipid emulsions in vitro and in vivo. J Biol Chem, 1996; 

271: 14791-14799. 

77. Nilsson, S.K., Heeren, J., Olivecrona, G., and Merkel, M. Apolipoprotein A-V; a potent triglyceride 

reducer. Atherosclerosis, 2011; 219: 15-21. 

78. Christophersen, B., Nordstoga, K., Shen, Y., Olivecrona, T., and Olivecrona, G. Lipoprotein lipase 

deficiency with pancreatitis in mink: biochemical characterization and pathology. J Lipid Res, 1997; 

38: 837-846. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

35 

 

79. Khan, R.S., Schulze, P.C., Bokhari, S., and Goldberg, I.J. A sweet heart: increased cardiac glucose 

uptake in patients with lipoprotein lipase deficiency. J Nucl Cardiol, 2011; 18: 1107-1110. 

80. Trent, C.M., Yu, S., Hu, Y., Skoller, N., Huggins, L.A., Homma, S., and Goldberg, I.J. Lipoprotein lipase 

activity is required for cardiac lipid droplet production. J Lipid Res, 2014; 55: 645-658. 

81. Noh, H.L., Okajima, K., Molkentin, J.D., Homma, S., and Goldberg, I.J. Acute lipoprotein lipase 

deletion in adult mice leads to dyslipidemia and cardiac dysfunction.[erratum appears in Am J 

Physiol Endocrinol Metab. 2007 Jan;292(1):E367 Note: Homma, Sunichi [corrected to Homma, 

Shunichi]]. Am J Physiol Endocrinol Metab, 2006; 291: E755-760. 

82. Noh, H.-L., Yamashita, H., and Goldberg, I.J. Cardiac metabolism and mechanics are altered by 

genetic loss of lipoprotein triglyceride lipolysis. Cardiovasc Drug Ther, 2006; 20: 441-444. 

83. Khan, R.S., Lin, Y., Hu, Y., Son, N.H., Bharadwaj, K.G., Palacios, C., Chokshi, A., Ji, R., Yu, S., Homma, 

S., Schulze, P.C., Tian, R., and Goldberg, I.J. Rescue of heart lipoprotein lipase-knockout mice 

confirms a role for triglyceride in optimal heart metabolism and function. Am J Physiol Endocrinol 

Metab, 2013; 305: E1339-1347. 

84. Duncan, J.G., Bharadwaj, K.G., Fong, J.L., Mitra, R., Sambandam, N., Courtois, M.R., Lavine, K.J., 

Goldberg, I.J., and Kelly, D.P. 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, 2010; 121: 426-435. 

85. Ruby, M.A., Goldenson, B., Orasanu, G., Johnston, T.P., Plutzky, J., and Krauss, R.M. VLDL hydrolysis 

by LPL activates PPAR-alpha through generation of unbound fatty acids. J Lipid Res, 2010; 51: 2275-

2281. 

86. Takahashi, S., Sakai, J., Fujino, T., Hattori, H., Zenimaru, Y., Suzuki, J., Miyamori, I., and Yamamoto, 

T.T. The very low-density lipoprotein (VLDL) receptor: characterization and functions as a 

peripheral lipoprotein receptor. J Atheroscl Thromb, 2004; 11: 200-208. 

87. Takahashi, S., Suzuki, J., Kohno, M., Oida, K., Tamai, T., Miyabo, S., Yamamoto, T., and Nakai, T. 

Enhancement of the binding of triglyceride-rich lipoproteins to the very low density lipoprotein 

receptor by apolipoprotein E and lipoprotein lipase. J Biol Chem, 1995; 270: 15747-15754. 

88. Yagyu, H., Lutz, E.P., Kako, Y., Marks, S., Hu, Y., Choi, S.Y., Bensadoun, A., and Goldberg, I.J. Very low 

density lipoprotein (VLDL) receptor-deficient mice have reduced lipoprotein lipase activity. Possible 

causes of hypertriglyceridemia and reduced body mass with VLDL receptor deficiency. J Biol Chem, 

2002; 277: 10037-10043. 

89. Goudriaan, J.R., Espirito Santo, S.M., Voshol, P.J., Teusink, B., van Dijk, K.W., van Vlijmen, B.J., 

Romijn, J.A., Havekes, L.M., and Rensen, P.C. The VLDL receptor plays a major role in chylomicron 

metabolism by enhancing LPL-mediated triglyceride hydrolysis. J Lipid Res, 2004; 45: 1475-1481. 

90. Wyne, K.L., Pathak, K., Seabra, M.C., and Hobbs, H.H. Expression of the VLDL receptor in endothelial 

cells. Arterioscler Thromb Vasc Biol, 1996; 16: 407-415. 

91. Takahashi, S., Sakai, J., Fujino, T., Miyamori, I., and Yamamoto, T.T. The very low density lipoprotein 

(VLDL) receptor--a peripheral lipoprotein receptor for remnant lipoproteins into fatty acid active 

tissues. Mol Cell Biochem, 2003; 248: 121-127. 

92. Perman, J.C., Bostrom, P., Lindbom, M., Lidberg, U., StAhlman, M., Hagg, D., Lindskog, H., Scharin 

Tang, M., Omerovic, E., Mattsson Hulten, L., Jeppsson, A., Petursson, P., Herlitz, J., Olivecrona, G., 

Strickland, D.K., Ekroos, K., Olofsson, S.O., and Boren, J. The VLDL receptor promotes lipotoxicity 

and increases mortality in mice following an acute myocardial infarction. J Clin Invest, 2011; 121: 

2625-2640. 

93. Tao, H., Aakula, S., Abumrad, N.N., and Hajri, T. Peroxisome proliferator-activated receptor-gamma 

regulates the expression and function of very-low-density lipoprotein receptor. Am J Physiol 

Endocrinol Metab, 2010; 298: E68-79. 

94. Frykman, P.K., Brown, M.S., Yamamoto, T., Goldstein, J.L., and Herz, J. Normal plasma lipoproteins 

and fertility in gene-targeted mice homozygous for a disruption in the gene encoding very low 

density lipoprotein receptor. Proc Natl Acad Sci USA, 1995; 92: 8453-8457. 

95. Goudriaan, J.R., Tacken, P.J., Dahlmans, V.E., Gijbels, M.J., van Dijk, K.W., Havekes, L.M., and Jong, 

M.C. Protection from obesity in mice lacking the VLDL receptor. Arterioscler Thromb Vasc Biol, 

2001; 21: 1488-1493. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

36 

 

96. Tacken, P.J., Teusink, B., Jong, M.C., Harats, D., Havekes, L.M., van Dijk, K.W., and Hofker, M.H. LDL 

receptor deficiency unmasks altered VLDL triglyceride metabolism in VLDL receptor transgenic and 

knockout mice. J Lipid Res, 2000; 41: 2055-2062. 

97. Imagawa, M., Takahashi, S., Zenimaru, Y., Kimura, T., Suzuki, J., Miyamori, I., Iwasaki, T., Hattori, H., 

Yamamoto, T.T., Nakano, T., and Nakajima, K. Comparative reactivity of remnant-like lipoprotein 

particles (RLP) and low-density lipoprotein (LDL) to LDL receptor and VLDL receptor: effect of a 

high-dose statin on VLDL receptor expression. Clin Chim Acta, 2012; 413: 441-447. 

98. Obunike, J.C., Lutz, E.P., Li, Z., Paka, L., Katopodis, T., Strickland, D.K., Kozarsky, K.F., Pillarisetti, S., 

and Goldberg, I.J. Transcytosis of lipoprotein lipase across cultured endothelial cells requires both 

heparan sulfate proteoglycans and the very low density lipoprotein receptor. J Biol Chem, 2001; 

276: 8934-8941. 

99. Savonen, R., Obermoeller, L.M., Trausch-Azar, J.S., Schwartz, A.L., and Bu, G. The carboxyl-terminal 

domain of receptor-associated protein facilitates proper folding and trafficking of the very low 

density lipoprotein receptor by interaction with the three amino-terminal ligand-binding repeats of 

the receptor. J Biol Chem, 1999; 274: 25877-25882. 

100. Kamataki, A., Takahashi, S., Masamura, K., Iwasaki, T., Hattori, H., Naiki, H., Yamada, K., Suzuki, J., 

Miyamori, I., Sakai, J., Fujino, T., and Yamamoto, T.T. Remnant lipoprotein particles are taken up 

into myocardium through VLDL receptor--a possible mechanism for cardiac fatty acid metabolism. 

Biochem Biophys Res Commun, 2002; 293: 1007-1013. 

101. Jokinen, E.V., Landschulz, K.T., Wyne, K.L., Ho, Y.K., Frykman, P.K., and Hobbs, H.H. Regulation of 

the very low density lipoprotein receptor by thyroid hormone in rat skeletal muscle. J Biol Chem, 

1994; 269: 26411-26418. 

102. Iwasaki, T., Takahashi, S., Takahashi, M., Zenimaru, Y., Kujiraoka, T., Ishihara, M., Nagano, M., 

Suzuki, J., Miyamori, I., Naiki, H., Sakai, J., Fujino, T., Miller, N.E., Yamamoto, T.T., and Hattori, H. 

Deficiency of the very low-density lipoprotein (VLDL) receptors in streptozotocin-induced diabetic 

rats: insulin dependency of the VLDL receptor. Endocrinology, 2005; 146: 3286-3294. 

103. Vaziri, N.D. and Liang, K. Down-regulation of VLDL receptor expression in chronic experimental 

renal failure. Kidney Int, 1997; 51: 913-919. 

104. Masuzaki, H., Jingami, H., Matsuoka, N., Nakagawa, O., Ogawa, Y., Mizuno, M., Yoshimasa, Y., 

Yamamoto, T., and Nakao, K. Regulation of very-low-density lipoprotein receptor in hypertrophic 

rat heart. Circ Res, 1996; 78: 8-14. 

105. Vaziri, N.D., Liang, K., and Barton, C.H. Effect of increased afterload on cardiac lipoprotein lipase 

and VLDL receptor expression. Biochim Biophys Acta, 1999; 1436: 577-584. 

106. Jia, L., Takahashi, M., Morimoto, H., Takahashi, S., Izawa, A., Ise, H., Iwasaki, T., Hattori, H., Wu, K.J., 

and Ikeda, U. Changes in cardiac lipid metabolism during sepsis: the essential role of very low-

density lipoprotein receptors. Cardiovasc Res, 2006; 69: 545-555. 

107. Sundelin, J.P., Lidberg, U., Nik, A.M., Carlsson, P., and Boren, J. Hypoxia-induced regulation of the 

very low density lipoprotein receptor. Biochem Biophys Res Commun, 2013; 437: 274-279. 

108. Castellano, J., Farre, J., Fernandes, J., Bayes-Genis, A., Cinca, J., Badimon, L., Hove-Madsen, L., and 

Llorente-Cortes, V. Hypoxia exacerbates Ca(2+)-handling disturbances induced by very low density 

lipoproteins (VLDL) in neonatal rat cardiomyocytes. J Mol Cell Cardiol, 2011; 50: 894-902. 

109. Belanger, A.J., Luo, Z., Vincent, K.A., Akita, G.Y., Cheng, S.H., Gregory, R.J., and Jiang, C. Hypoxia-

inducible factor 1 mediates hypoxia-induced cardiomyocyte lipid accumulation by reducing the 

DNA binding activity of peroxisome proliferator-activated receptor alpha/retinoid X receptor. 

Biochem Biophys Res Commun, 2007; 364: 567-572. 

110. Chabowski, A., Gorski, J., Calles-Escandon, J., Tandon, N.N., and Bonen, A. Hypoxia-induced fatty 

acid transporter translocation increases fatty acid transport and contributes to lipid accumulation 

in the heart. FEBS Lett, 2006; 580: 3617-3623. 

111. Kienesberger, P.C., Pulinilkunnil, T., Nagendran, J., and Dyck, J.R. Myocardial triacylglycerol 

metabolism. J Mol Cell Cardiol, 2013; 55: 101-110. 

112. Haemmerle, G., Moustafa, T., Woelkart, G., Buttner, S., Schmidt, A., van de Weijer, T., Hesselink, 

M., Jaeger, D., Kienesberger, P.C., Zierler, K., Schreiber, R., Eichmann, T., Kolb, D., Kotzbeck, P., 

Schweiger, M., Kumari, M., Eder, S., Schoiswohl, G., Wongsiriroj, N., Pollak, N.M., Radner, F.P., 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

37 

 

Preiss-Landl, K., Kolbe, T., Rulicke, T., Pieske, B., Trauner, M., Lass, A., Zimmermann, R., Hoefler, G., 

Cinti, S., Kershaw, E.E., Schrauwen, P., Madeo, F., Mayer, B., and Zechner, R. ATGL-mediated fat 

catabolism regulates cardiac mitochondrial function via PPAR-alpha and PGC-1. Nat Med, 2011; 17: 

1076-1085. 

113. Liu, L., Shi, X., Bharadwaj, K.G., Ikeda, S., Yamashita, H., Yagyu, H., Schaffer, J.E., Yu, Y.H., and 

Goldberg, I.J. DGAT1 expression increases heart triglyceride content but ameliorates lipotoxicity. J 

Biol Chem, 2009; 284: 36312-36323. 

114. Kienesberger, P.C., Pulinilkunnil, T., Sung, M.M., Nagendran, J., Haemmerle, G., Kershaw, E.E., 

Young, M.E., Light, P.E., Oudit, G.Y., Zechner, R., and Dyck, J.R. Myocardial ATGL overexpression 

decreases the reliance on fatty acid oxidation and protects against pressure overload-induced 

cardiac dysfunction. Mol Cell Biol, 2012; 32: 740-750. 

115. Coleman, R.A. and Mashek, D.G. Mammalian triacylglycerol metabolism: synthesis, lipolysis, and 

signaling. Chem Rev, 2011; 111: 6359-6386. 

116. Greenberg, A.S., Coleman, R.A., Kraemer, F.B., McManaman, J.L., Obin, M.S., Puri, V., Yan, Q.W., 

Miyoshi, H., and Mashek, D.G. The role of lipid droplets in metabolic disease in rodents and 

humans. J Clin Invest, 2011; 121: 2102-2110. 

117. Thiam, A.R., Farese, R.V., Jr., and Walther, T.C. The biophysics and cell biology of lipid droplets. Nat 

Rev Mol Cell Biol, 2013; 14: 775-786. 

118. O'Donnell, J.M., Fields, A.D., Sorokina, N., and Lewandowski, E.D. The absence of endogenous lipid 

oxidation in early stage heart failure exposes limits in lipid storage and turnover. J Mol Cell Cardiol, 

2008; 44: 315-322. 

119. Paul, A., Chan, L., and Bickel, P.E. The PAT family of lipid droplet proteins in heart and vascular cells. 

Curr Hypertens Rep, 2008; 10: 461-466. 

120. Banke, N.H., Wende, A.R., Leone, T.C., O'Donnell, J.M., Abel, E.D., Kelly, D.P., and Lewandowski, 

E.D. Preferential oxidation of triacylglyceride-derived fatty acids in heart is augmented by the 

nuclear receptor PPARalpha. Circ Res, 2010; 107: 233-241. 

121. Masters, T.N. and Glaviano, V.V. The effects of norepinephrine and propranolol on myocardial 

subcellular distribution of triglycerides and free fatty acids. J Pharmacol Exp Ther, 1972; 182: 246-

255. 

122. Swanton, E.M. and Saggerson, E.D. Effects of adrenaline on triacylglycerol synthesis and turnover in 

ventricular myocytes from adult rats. Biochem J, 1997; 328: 913-922. 

123. Murphy, S., Martin, S., and Parton, R.G. Lipid droplet-organelle interactions; sharing the fats. 

Biochim Biophys Acta, 2009; 1791: 441-447. 

124. Stam, H., Schoonderwoerd, K., and Hulsmann, W.C. Synthesis, storage and degradation of 

myocardial triglycerides. Basic Res Cardiol, 1987; 1: 19-28. 

125. Heathers, G.P., Al-Muhtaseb, N., and Brunt, R.V. The effect of adrenergic agents on the activities of 

glycerol 3-phosphate acyltransferase and triglyceride lipase in the isolated perfused rat heart. J Mol 

Cell Cardiol, 1985; 17: 785-796. 

126. Saddik, M. and Lopaschuk, G.D. Myocardial triglyceride turnover and contribution to energy 

substrate utilization in isolated working rat hearts. J Biol Chem, 1991; 266: 8162-8170. 

127. Kok, B.P., Kienesberger, P.C., Dyck, J.R., and Brindley, D.N. Relationship of glucose and oleate 

metabolism to cardiac function in lipin-1 deficient (fld) mice. J Lipid Res, 2012; 53: 105-118. 

128. Schweiger, M., Schreiber, R., Haemmerle, G., Lass, A., Fledelius, C., Jacobsen, P., Tornqvist, H., 

Zechner, R., and Zimmermann, R. Adipose triglyceride lipase and hormone-sensitive lipase are the 

major enzymes in adipose tissue triacylglycerol catabolism. J Biol Chem, 2006; 281: 40236-40241. 

129. Haemmerle, G., Lass, A., Zimmermann, R., Gorkiewicz, G., Meyer, C., Rozman, J., Heldmaier, G., 

Maier, R., Theussl, C., Eder, S., Kratky, D., Wagner, E.F., Klingenspor, M., Hoefler, G., and Zechner, R. 

Defective lipolysis and altered energy metabolism in mice lacking adipose triglyceride lipase. 

Science, 2006; 312: 734-737. 

130. Liu, L., Yu, S., Khan, R.S., Ables, G.P., Bharadwaj, K.G., Hu, Y., Huggins, L.A., Eriksson, J.W., Buckett, 

L.K., Turnbull, A.V., Ginsberg, H.N., Blaner, W.S., Huang, L.S., and Goldberg, I.J. DGAT1 deficiency 

decreases PPAR expression and does not lead to lipotoxicity in cardiac and skeletal muscle. J Lipid 

Res, 2011; 52: 732-744. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

38 

 

131. Kershaw, E.E., Hamm, J.K., Verhagen, L.A., Peroni, O., Katic, M., and Flier, J.S. Adipose triglyceride 

lipase: function, regulation by insulin, and comparison with adiponutrin. Diabetes, 2006; 55: 148-

157. 

132. Ueno, M., Suzuki, J., Zenimaru, Y., Takahashi, S., Koizumi, T., Noriki, S., Yamaguchi, O., Otsu, K., 

Shen, W.J., Kraemer, F.B., and Miyamori, I. Cardiac overexpression of hormone-sensitive lipase 

inhibits myocardial steatosis and fibrosis in streptozotocin diabetic mice. Am J Physiol Endocrinol 

Metab, 2008; 294: E1109-1118. 

133. Nagy, H.M., Paar, M., Heier, C., Moustafa, T., Hofer, P., Haemmerle, G., Lass, A., Zechner, R., 

Oberer, M., and Zimmermann, R. Adipose triglyceride lipase activity is inhibited by long-chain acyl-

coenzyme A. Biochim Biophys Acta, 2014; 1841: 588-594. 

134. Bosma, M., Dapito, D.H., Drosatos-Tampakaki, Z., Huiping-Son, N., Huang, L.S., Kersten, S., 

Drosatos, K., and Goldberg, I.J. Sequestration of fatty acids in triglycerides prevents endoplasmic 

reticulum stress in an in vitro model of cardiomyocyte lipotoxicity. Biochim Biophys Acta, 2014; 

1841: 1648-1655. 

135. Schrammel, A., Mussbacher, M., Wolkart, G., Stessel, H., Pail, K., Winkler, S., Schweiger, M., 

Haemmerle, G., Al Zoughbi, W., Hofler, G., Lametschwandtner, A., Zechner, R., and Mayer, B. 

Endothelial dysfunction in adipose triglyceride lipase deficiency. Biochim Biophys Acta, 2014; 1841: 

906-917. 

136. Wolkart, G., Schrammel, A., Dorffel, K., Haemmerle, G., Zechner, R., and Mayer, B. Cardiac 

dysfunction in adipose triglyceride lipase deficiency: treatment with a PPARalpha agonist. Brit J 

Pharmacol, 2012; 165: 380-389. 

137. Schweiger, M., Lass, A., Zimmermann, R., Eichmann, T.O., and Zechner, R. Neutral lipid storage 

disease: genetic disorders caused by mutations in adipose triglyceride lipase/PNPLA2 or CGI-

58/ABHD5. Am J Physiol Endocrinol Metab, 2009; 297: E289-296. 

138. Kienesberger, P.C., Pulinilkunnil, T., Nagendran, J., Young, M.E., Bogner-Strauss, J.G., Hackl, H., 

Khadour, R., Heydari, E., Haemmerle, G., Zechner, R., Kershaw, E.E., and Dyck, J.R. Early structural 

and metabolic cardiac remodelling in response to inducible adipose triglyceride lipase ablation. 

Cardiovasc Res, 2013; 99: 442-451. 

139. Pulinilkunnil, T., Kienesberger, P.C., Nagendran, J., Sharma, N., Young, M.E., and Dyck, J.R. Cardiac-

specific adipose triglyceride lipase overexpression protects from cardiac steatosis and dilated 

cardiomyopathy following diet-induced obesity. Int J Obesity, 2014; 38: 205-215. 

140. Granneman, J.G., Moore, H.P., Mottillo, E.P., Zhu, Z., and Zhou, L. Interactions of perilipin-5 (Plin5) 

with adipose triglyceride lipase. J Biol Chem, 2011; 286: 5126-5135. 

141. Wang, H., Sreenivasan, U., Hu, H., Saladino, A., Polster, B.M., Lund, L.M., Gong, D.W., Stanley, W.C., 

and Sztalryd, C. Perilipin 5, a lipid droplet-associated protein, provides physical and metabolic 

linkage to mitochondria. J Lipid Res, 2011; 52: 2159-2168. 

142. Li, H., Song, Y., Zhang, L.J., Gu, Y., Li, F.F., Pan, S.Y., Jiang, L.N., Liu, F., Ye, J., and Li, Q. LSDP5 

enhances triglyceride storage in hepatocytes by influencing lipolysis and fatty acid beta-oxidation of 

lipid droplets. PLoS ONE, 2012; 7: e36712. 

143. Pollak, N.M., Schweiger, M., Jaeger, D., Kolb, D., Kumari, M., Schreiber, R., Kolleritsch, S., Markolin, 

P., Grabner, G.F., Heier, C., Zierler, K.A., Rulicke, T., Zimmermann, R., Lass, A., Zechner, R., and 

Haemmerle, G. Cardiac-specific overexpression of perilipin 5 provokes severe cardiac steatosis via 

the formation of a lipolytic barrier. J Lipid Res, 2013; 54: 1092-1102. 

144. Bosma, M., Minnaard, R., Sparks, L.M., Schaart, G., Losen, M., de Baets, M.H., Duimel, H., Kersten, 

S., Bickel, P.E., Schrauwen, P., and Hesselink, M.K. The lipid droplet coat protein perilipin 5 also 

localizes to muscle mitochondria. Histochem Cell Biol, 2012; 137: 205-216. 

145. Rinaldo, P., Matern, D., and Bennett, M.J. Fatty acid oxidation disorders. Annu Rev Physiol, 2002; 

64: 477-502. 

146. Wajner, M. and Amaral, A.U. Mitochondrial dysfunction in fatty acid oxidation disorders: insights 

from human and animal studies. Bioscience rep, 2015. 

147. Gelinas, R., Thompson-Legault, J., Bouchard, B., Daneault, C., Mansour, A., Gillis, M.A., Charron, G., 

Gavino, V., Labarthe, F., and Des Rosiers, C. Prolonged QT interval and lipid alterations beyond 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

39 

 

beta-oxidation in very long-chain acyl-CoA dehydrogenase null mouse hearts. Am J Physiol Heart 

Circ Physiol, 2011; 301: H813-823. 

148. Goodwin, G.W. and Taegtmeyer, H. Improved energy homeostasis of the heart in the metabolic 

state of exercise. Am J Physiol Heart Circ Physiol, 2000; 279: H1490-1501. 

149. de Groot, M.J., Willemsen, P.H., Coumans, W.A., van Bilsen, M., and van der Vusse, G.J. Lactate-

induced stimulation of myocardial triacylglycerol turnover. Biochim Biophys Acta, 1989; 1006: 111-

115. 

150. Essop, M.F., Camp, H.S., Choi, C.S., Sharma, S., Fryer, R.M., Reinhart, G.A., Guthrie, P.H., Bentebibel, 

A., Gu, Z., Shulman, G.I., Taegtmeyer, H., Wakil, S.J., and Abu-Elheiga, L. Reduced heart size and 

increased myocardial fuel substrate oxidation in ACC2 mutant mice. Am J Physiol Heart Circ Physiol, 

2008; 295: H256-265. 

151. Crass, M.F., 3rd. Exogenous substrate effects on endogenous lipid metabolism in the working rat 

heart. Biochim Biophys Acta, 1972; 280: 71-81. 

152. Crass, M.F.d. and Pieper, G.M. Lipid and glycogen metabolism in the hypoxic heart: effects of 

epinephrine. Am J Physiol, 1975; 229: 885-889. 

153. Crass, M.F.d., Shipp, J.C., and Pieper, G.M. Effects of catecholamines on myocardial endogenous 

substrates and contractility. Am J Physiol, 1975; 228: 618-627. 

154. Crass, M.F., 3rd. Regulation of triglyceride metabolism in the isotopically prelabeled perfused heart. 

Fed Proc, 1977; 36: 1995-1999. 

155. Saddik, M. and Lopaschuk, G.D. Myocardial triglyceride turnover during reperfusion of isolated rat 

hearts subjected to a transient period of global ischemia. J Biol Chem, 1992; 267: 3825-3831. 

156. Paulson, D.J. and Crass, M.F., 3rd. Endogenous triacylglycerol metabolism in diabetic heart. Am J 

Physiol, 1982; 242: H1084-1094. 

157. Lingvay, I., Raskin, P., and Szczepaniak, L.S. The fatty hearts of patients with diabetes. Nat Rev 

Cardiol, 2009; 6: 268-269. 

158. Nelson, M.D., Victor, R.G., Szczepaniak, E.W., Simha, V., Garg, A., and Szczepaniak, L.S. Cardiac 

steatosis and left ventricular hypertrophy in patients with generalized lipodystrophy as determined 

by magnetic resonance spectroscopy and imaging. Am J Cardiol, 2013; 112: 1019-1024. 

159. Carley, A.N. and Kleinfeld, A.M. Fatty acid (FFA) transport in cardiomyocytes revealed by imaging 

unbound FFA is mediated by an FFA pump modulated by the CD36 protein. J Biol Chem, 2011; 286: 

4589-4597. 

160. O'Donnell, J.M., Zampino, M., Alpert, N.M., Fasano, M.J., Geenen, D.L., and Lewandowski, E.D. 

Accelerated triacylglycerol turnover kinetics in hearts of diabetic rats include evidence for 

compartmented lipid storage. Am J Physiol Endocrinol Metab, 2006; 290: E448-455. 

161. Carley, A.N., Bi, J., Wang, X., Banke, N.H., Dyck, J.R., O'Donnell, J.M., and Lewandowski, E.D. 

Multiphasic triacylglycerol dynamics in the intact heart during acute in vivo overexpression of 

CD36. J Lipid Res, 2013; 54: 97-106. 

162. Lehman, J.J., Boudina, S., Banke, N.H., Sambandam, N., Han, X., Young, D.M., Leone, T.C., Gross, 

R.W., Lewandowski, E.D., Abel, E.D., and Kelly, D.P. The transcriptional coactivator PGC-1alpha is 

essential for maximal and efficient cardiac mitochondrial fatty acid oxidation and lipid homeostasis. 

Am J Physiol Heart Circ Physiol, 2008; 295: H185-196. 

163. Pound, K.M., Sorokina, N., Ballal, K., Berkich, D.A., Fasano, M., Lanoue, K.F., Taegtmeyer, H., 

O'Donnell, J.M., and Lewandowski, E.D. Substrate-enzyme competition attenuates upregulated 

anaplerotic flux through malic enzyme in hypertrophied rat heart and restores triacylglyceride 

content: attenuating upregulated anaplerosis in hypertrophy.[Erratum appears in Circ Res. 2009 

May 8;104(9):e59]. Circ Res, 2009; 104: 805-812. 

164. Sorokina, N., O'Donnell, J.M., McKinney, R.D., Pound, K.M., Woldegiorgis, G., LaNoue, K.F., Ballal, 

K., Taegtmeyer, H., Buttrick, P.M., and Lewandowski, E.D. Recruitment of compensatory pathways 

to sustain oxidative flux with reduced carnitine palmitoyltransferase I activity characterizes 

inefficiency in energy metabolism in hypertrophied hearts. Circulation, 2007; 115: 2033-2041. 

165. Paulson, D.J. and Crass, M.F., 3rd. Myocardial triacylglycerol fatty acid composition in diabetes 

mellitus. Life Sci, 1980; 27: 2237-2243. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

40 

 

166. Pulinilkunnil, T., Kienesberger, P.C., Nagendran, J., Waller, T.J., Young, M.E., Kershaw, E.E., Korbutt, 

G., Haemmerle, G., Zechner, R., and Dyck, J.R.B. Myocardial adipose triglyceride lipase 

overexpression protects diabetic mice from the development of lipotoxic cardiomyopathy. 

Diabetes, 2013; 62: 1464-1477. 

167. Schoonderwoerd, K., Broekhoven-Schokker, S., Hulsmann, W.C., and Stam, H. Enhanced lipolysis of 

myocardial triglycerides during low-flow ischemia and anoxia in the isolated rat heart. Basic Res 

Cardiol, 1989; 84: 165-173. 

168. van Bilsen, M., van der Vusse, G.J., Willemsen, P.H., Coumans, W.A., Roemen, T.H., and Reneman, 

R.S. Lipid alterations in isolated, working rat hearts during ischemia and reperfusion: its relation to 

myocardial damage. Circ Res, 1989; 64: 304-314. 

169. Kolwicz, S.C., Jr., Liu, L., Goldberg, I.J., and Tian, R. Enhancing cardiac triacylglycerol metabolism 

improves recovery from ischemic stress. Diabetes, 2015; 64: 2817-2827. 

170. Rijzewijk, L.J., van der Meer, R.W., Smit, J.W., Diamant, M., Bax, J.J., Hammer, S., Romijn, J.A., de 

Roos, A., and Lamb, H.J. Myocardial steatosis is an independent predictor of diastolic dysfunction in 

type 2 diabetes mellitus. J Am Coll Cardiol, 2008; 52: 1793-1799. 

171. Hammer, S., van der Meer, R.W., Lamb, H.J., de Boer, H.H., Bax, J.J., de Roos, A., Romijn, J.A., and 

Smit, J.W. Short-term flexibility of myocardial triglycerides and diastolic function in patients with 

type 2 diabetes mellitus. Am J Physiol Endocrinol Metab, 2008; 295: E714-718. 

172. Hammer, S., Snel, M., Lamb, H.J., Jazet, I.M., van der Meer, R.W., Pijl, H., Meinders, E.A., Romijn, 

J.A., de Roos, A., and Smit, J.W. Prolonged caloric restriction in obese patients with type 2 diabetes 

mellitus decreases myocardial triglyceride content and improves myocardial function. J Am Coll 

Cardiol, 2008; 52: 1006-1012. 

173. Saddik, M. and Lopaschuk, G.D. Triacylglycerol turnover in isolated working hearts of acutely 

diabetic rats. Can J Physiol Pharmacol, 1994; 72: 1110-1119. 

174. Gartner, S.L. and Vahouny, G.V. Endogenous triglyceride and glycogen in perfused rat hearts. Proc 

Soc Exp Biol Med, 1973; 143: 556-560. 

175. Listenberger, L.L., Han, X., Lewis, S.E., Cases, S., Farese, R.V., Jr., Ory, D.S., and Schaffer, J.E. 

Triglyceride accumulation protects against fatty acid-induced lipotoxicity. Proc Natl Acad Sci USA, 

2003; 100: 3077-3082. 

 

 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

41 

 

 

Figure 1 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

42 

 

 

 

Highlights for Review: Evans & Hauton BBALIP-16-36 

 

 

 

Highlights: 

 Triacylglycerols are supplied to the myocardium within chylomicrons and VLDL 

 Heart assimilates triacylglycerol-rich lipoproteins by LPL and receptor-mediated routes 

 Exogenous triacylglycerol-derived fatty acids enter an intracellular lipid pool 

 Intracardiac triacylglycerol is an important source of fatty acids for oxidation 

 Dysregulation of triacylglycerol metabolism is associated with cardiac dysfunction 


