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Abstract

Isolated ventricular myocytes were used to study the glycerolipid synthesis process in 

the rat heart.

The presence of the following lipogenic enzymes; fatty acyl-CoA synthetase (FAS), 

microsomal and mitochondrial forms of glycerolphosphate acyltransferase (GPAT), 

monoacylglycerolphosphate acyltransferase (MGPAT), phosphatidate phosphohydrolase 

(PAP) -1 and -2, and diacylglycerol acyltransferase (DGAT); was demonstrated in 

homogenates of ventricle muscle and cardiac myocytes. The specific activities of these 

enzymes were generally similar in the two preparations, with the exception of PAP-1 

and -2 which were significantly lower in myocytes than in ventricle muscle. Further 

studies were undertaken to elucidate the nature of GPAT and PAP in ventricle muscle 

and compared with those of the more extensively characterised adipose tissue and hver 

enzymes. GPAT activity in the ventricle sarcoplasmic reticulum fraction had a 4-fold 

higher Km for glycerol-3-phosphate than GPAT in adipose tissue microsomes. 

Translocation of PAP-1 from a ventricle membrane fraction was demonstrated in 

response to lowering ionic strength. Incubation of myocytes with palmitate promoted 

translocation of PAP to membranes. PAP-2 in ventricle homogenates and membrane 

fractions was inhibited by physiological concentrations of Mg^ .̂

A radioisotope pulse-chase protocol, established for use in perfused hearts, was adapted 

to measure glycerolipid turnover in isolated Ca^^-tolerant myocytes. The cells actively 

synthesised triacylglycerol (TAG) and phospholipids, and turned over their endogenous 

TAG pool so that oxidation of endogenous fatty acids occurred.

Adrenaline increased TAG and phospholipid synthesis, stimulated lipolysis and 

endogenous fatty acid oxidation, but decreased oxidation of exogenous fatty acids.



Adrenaline also stimulated microsomal GPAT activity and decreased association of PAP 

with myocyte membranes. Both ai- and P- adrenoceptor-mediated pathways appeared 

to be necessary for complete adrenergic stimulation of TAG synthesis, whilst ai- 

adrenergic stimulation was sufficient to fully mimic the inhibition of exogenous fatty acid 

oxidation.

Insulin stimulated TAG but not phospholipid synthesis. Neither basal nor adrenaline- 

stimulated rates of lipolysis were inhibited by insulin.

Increasing the concentration exogenous fatty acids enhanced utilisation of these 

substrates by myocytes, but suppressed the mobilisation and oxidation of endogenous 

fatty acids. The effects of adrenaline were apparent at all exogenous fatty acid 

concentrations examined.
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Chapter 1 - Introduction
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1.1 General Introduction
The glycerolipid synthesis pathway is essential in mammalian cells for the provision of 

triacylglycerols and glycerophospholipids. Triacylglycerols, esters of one glycerol and 

three fatty acids, constitute the primary energy reserve in most organisms. Like other 

lipids, triacylglycerols are anhydrous and contain highly reduced carbon atoms, making 

them ideally suited for energy storage functions. Phospholipids are primarily found as 

essential components of cellular membranes although they also play some specialised 

regulatory roles, being precursors to several intracellular messengers.

Heart cells synthesis and store triacylglycerols. These are important in the provision of a 

mobilisable energy reserve for the heart. In addition, their synthesis may serve to 

maintain fatty acid homeostasis, preventing accumulation of potentially toxic fatty acids. 

Disturbances of myocardial glycerolipid metabolism can be observed in several 

pathological conditions, including diabetes and ischaemia.

1.2 The Glycerolipid Synthesis Pathway

The majority of studies on the glycerolipid synthesis pathway and its regulation have 

concentrated on adipose tissue and liver, and comparatively little is know about the 

process in heart cells. Therefore, much of the detailed information relates directly to 

these organs, though some degree of extrapolation to myocardial tissue may be justified.

1.2.1 Enzymology

The biosynthesis of triacylglycerol (TAG) and glycerophospholipids occurs via a 

common pathway which requires the sequential action of a series of enzymes as shown 

in fig 1.1. These are fatty acyl Coenzyme-A synthetase (FAS), glycerolphosphate 

acyltransferase (GPAT), monoacylglycerolphosphate acyltransferase (MGPAT), and 

phosphatidate phosphohydrolase (PAP) which act in this order to produce the common
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Figure 1.1 Pathways of glycerolipid synthesis in mammalian cells
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intermediate diacylglycerol (DAG). At this point the pathway diverges and can be 

directed towards synthesis of nitrogenous phospholipids (phosphatidylcholine and 

phosphatidylethanolamine) via the action of several transferase enzymes, or TAG via the 

action of diacylglycerol acyltransferase (DGAT).

FAS catalyses the conversion of fatty acids to the more reactive acyl-CoA thioesters, a 

process known as ‘activation’, which is a prerequisite for their further metabolism. As 

such, FAS occupies a central role in the glycerolipid synthesis pathway. However, due 

to the existence of a number of synthetases with varying fatty acid chain length 

specificities, saturated/unsaturated fatty acid preferences and tissue distributions, 

analysis of their precise specificities and subcellular locations has been difficult (Waku, 

1992).

In addition to free Co ASH, FAS requires Mg^  ̂ ions and ATP to drive formation of the 

CoA ester. White adipose tissue appears to contain enzyme(s) specific for fatty acids of 

chain length C12-C16 (Aas, 1971). In the liver and heart, a number of enzymes with 

different chain length specificities occur, enabling these organs to efficiently utilise C2- 

C18 fatty acids (Aas, 1971). FAS activity is present in microsomal and outer 

mitochondrial membrane fractions, and appears to have a cytoplasmic active site 

(Coleman & Bell, 1978).

Long chain FAS purified from rat liver microsomes and mitochondria, has a subunit 

molecular weight of 76 kDa (as judged by SDS-PAGE), a pH optimum of 7.5-9.0, and 

will activate a range of saturated and unsaturated fatty acids (Tanaka et al, 1979). The 

cDNA encoding the long chain FAS of rat liver microsomes has recently been isolated 

and sequenced (Suzuki et al, 1990). The predicted amino acid sequence contains 699 

residues, with a calculated molecular weight of approximately 78 kDa. The
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corresponding mRNA is expressed in liver, epididymal adipose tissue, heart and to a 

lesser extent in lung, brain and small intestine.

The first committed step in glycerolipid synthesis is the formation of 1-acyl-sn-glycerol- 

3-phosphate. This is achieved either by direct acylation of 5«-glycerol-3-phosphate 

(G3P) by GPAT, or by acylation followed by reduction of dihydroxyacetone phosphate 

(DHAP). Three distinct acyltransferases appear to function in mammalian systems: a 

peroxisomal DHAP acyltransferase, a mitochondrial GPAT and a microsomal activity 

capable of acylating both G3P and DHAP. It is not clear whether the microsomal 

acyltransferase activity is due to a single enzyme with dual specificity (Schlossman & 

Bell, 1977), two enzymes with different specificities or even whether microsomal DHAP 

acyltransferase activity is due to peroxisomal contamination during subcellular 

fractionation (Hajra & Bishop, 1982). The contribution of these two pathways to overall 

glycerolipid synthesis is also an area of some controversy. In adipocytes, the activity of 

DHAP acyltransferase is much lower than that of GPAT (Sooranna & Saggerson, 

1979). In liver Declercq et al (1984) estimated that the contribution of the DHAP 

pathway represents less than 10% of total glycerolipid synthesis. However, acylation of 

DHAP is thought to be essential for the synthesis of ether lipids (Heymans et al, 1983; 

Schutgens et al 1984).

Microsomal and mitochondrial GPAT are thought to be distinct isoenzymes and differ in 

many important respects. Microsomal GPAT is completely inhibited by the thiol group 

reagent N-ethylmaleimide (NEM) whilst the mitochondrial form is unaffected (Monroy 

et al, 1972; Bates & Saggerson, 1979). It has recently been shown that solubilised 

mitochondrial GPAT becomes NEM-inhibitable (Mitchell & Saggerson, 1994) 

suggesting that resistance to NEM is not an intrinsic property of the enzyme but one that 

arises from protection of thiol group(s) required for catalysis by the mitochondrial but
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not microsomal membranes. Microsomal GPAT will utilise both saturated and 

unsaturated acyl-CoA whilst the mitochondrial form is specific for saturated acyl-CoA 

(Monroy et al, 1972; Daae, 1973; Haidar et al, 1979) and preferentially acylates position 

1 of 5W-G3P. It is thought that this may contribute to the positional specificity of certain 

glycerolipids in the intact cell (Stem & Pullman, 1978). Other differences observed in 

liver include the lower Km of mitochondrial GPAT for G3P (Nimmo, 1979), and the 

apparent higher affinity for acyl-CoA compared to the microsomal enzyme (Bates & 

Saggerson, 1979). GPAT has been localised to the cytoplasmic surface of rat liver 

(Coleman & Bell, 1978) and small intestine (Hulsmann & Kurpershoek-Davidov, 1976) 

microsomes. GPAT activity is present in both inner and outer mitochondrial membranes 

(Mitchell & Saggerson, 1994).

The relative contribution of the two isoforms to overall glycerolipid synthesis is 

unknown but is likely to depend on their relative proportions. Approximately equal 

amounts are seen in liver (Bates & Saggerson, 1979), whilst in adipocytes mitochondrial 

GPAT represents only 5-20% of the total activity (Rider & Saggerson, 1983). High 

concentrations of palmitoyl-CoA cause inhibition of mitochondrial GPAT in both liver 

(Bates & Saggerson, 1979) and adipocytes (Rider & Saggerson, 1983), resulting in a 

decrease in the ratio of mitochondrial/microsomal specific activity. A lowering of the 

acyl-CoA concentration in the cell may therefore favour the use of mitochondrial GPAT 

to initiate glycerolipid synthesis.

Bell and colleagues have successfully cloned, expressed, purified and characterised 

GPAT from E. coli (Green et al, 1981; Scheideler & Bell, 1986, 1989, 1991). More 

recently, Sul and co-workers isolated a cDNA encoding murine mitochondrial GPAT 

(Paulauskis & Sul, 1988; Shin et al, 1991; Yet et al, 1993). The coded protein 

containing 827 amino acids (predicted molecular weight of 90 kDa) was subsequently
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expressed in baculovirus-infected insect cells (Yet et al, 1995). The purified protein 

exhibits many of the characteristics previously described for rat mitochondrial GPAT, 

and phospholipids appear to be required for reconstitution of enzyme activity (Yet et at, 

1995). These results are in agreement with those of Vancura & Haidar (1994) who 

purified GPAT from rat liver mitochondria. The native protein had a single polypeptide 

of 85 kDa as determined by SDS-PAGE and required the presence of phospholipids for 

activity. It is interesting to note that phospholipids containing unsaturated acyl chains 

were more effective in reconstituting the GPAT activity than those containing saturated 

fatty acids (Vancura & Haidar, 1994). As mitochondrial GPAT is specific for saturated 

acyl-Co A, stimulation of its activity by phospholipids containing unsaturated acyl chains 

could provide a mechanism for controlling the ratio of saturated/unsaturated acyl chains 

in membrane lipids.

The next step in glycerolipid synthesis is the acylation of monoacyl-G3P (produced by 

either the G3P or DHAP pathway) to form phosphatidic acid (PA), catalysed by 

MGPAT. In rat liver and adipose tissue, MGPAT is predominantly microsomal 

(Saggerson et al, 1980). It has been shown that the liver MGPAT preferentially acylates 

position-2 of acyl-G3P with unsaturated acyl-Co A (Okuyama et al, 1971). However, 

once resolved from microsomal GPAT, MGPAT exhibits no preference for saturated or 

unsaturated acyl-Co A chains (Yamashita et al, 1972). In rat liver (Brindley, 1984) and 

adipose tissue (Saggerson et al, 1980) microsomal MGPAT specific activity exceeds 

that of GPAT by several fold, indicating that GPAT activity limits the rate of PA 

synthesis.

PA lies at a branch point in glycerolipid synthesis as the pathway can be diverted to the 

formation of anionic phospholipids (phosphatidylinositiol, phosphatidylglycerol and 

cardiolipin) via CDP-diacylgycerol. Alternatively, as shall be discussed here, PA can be
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dephosphorylated to produce diacylglycerol (DAG), the precursor for synthesis of 

nitrogenous phospholipids and TAG.

The dephosphorylation of PA is catalysed by PAP PAP is an ambiquitous enzyme, 

occurring in several subcellular fractions including microsomes, mitochondria and 

cytosol (Brindley, 1988). Translocation of the enzyme between soluble and particulate 

fractions is thought to be an important method of regulating PAP activity and the 

glycerolipid synthesis pathway as a whole (Brindley, 1984). Early studies indicated that 

at least two different forms of PAP occur in rat liver (Brindley, 1988) and adipose tissue 

(Saggerson, 1988). One feature traditionally used to characterise the different forms of 

PAP is whether or not they are stimulated by Mg^^ ions. PAP requiring Mg^  ̂ for 

maximal activity ('Mg^^-dependent') is found associated with both soluble and particulate 

fractions, whereas a 'Mg^^-independent' form is only found in particulate fractions. More 

recently, Jamal et a l{ \99\)  reported that two forms of PAP could be distinguished in rat 

liver by their sensitivity to the thiol group reagent N-ethylmaleimide (NEM). The Mg^^- 

dependent PAP in cytosol could be completely inhibited by this reagent and was termed 

PAP-1. A NEM-insensitive activity, PAP-2, was also identified and this was 

predominantly associated with the plasma membrane. It appears that the same criteria 

can be also used to discriminate different forms of PAP in rat adipose tissue (Jamdar & 

Cao, 1994). It was also found that the Mg^^-dependent PAP is equivalent to the NEM- 

sensitive activity (PAP-1), whilst the Mg^^-independent activity represents NEM- 

insensitive PAP (PAP-2).

It appears that hepatic PAP-1 and -2 are in fact distinct isoforms having different size 

and charge characteristics (Day & Yeaman, 1992). Such physical properties are unlikely 

to arise as a result of the different microenvironments created by cellular membranes or 

cytosol. In addition, antibodies raised against PAP-2 purified from rat liver microsomes
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failed to recognise cytosolic PAP-1 in Western blots (Waggoner et al, 1995). In liver 

and WAT, the activity of PAP-1 is considerably higher than that of PAP-2 (Saggerson et 

al, 1980; Gomez-Munoz et al, 1992a; Jamdar & Cao, 1994).

The magnesium requirement of PAP-1 could arise if the enzyme recognises the Mg^^- 

chelate of PA as a substrate. In addition, Mg^  ̂has a profound effect on the packing 

arrangement of PA in membranes and therefore could be necessary to create the right 

conditions for PAP-1 to insert into the lipid bilayer (Brindley, 1988). PAP-1 is heat 

labile, inhibited by sodium fluoride and susceptible to attack by proteolytic enzymes 

(Jamdar et al, 1984, Jamal et al, 1991). PAP-1 is also sensitive to inhibition by arginine, 

histidine, lysine and tyrosine reagents, indicating that these residues may be involved in 

catalysis (Butterwith et al, 1984a; Jamal et al, 1991). PAP-2 differs from PAP-1 in 

several important respects. Mg^  ̂ ions are not required for activity and high 

concentrations (over 3mM) actually inhibit PAP-2. In addition, PAP-2 is less sensitive to 

heat, proteolysis, and inhibition by sodium fluoride, arginine, histidine, lysine or tyrosine 

reagents. PAP-2 has a higher Km for PA than PAP-1 (Jamdar & Fallon, 1973).

PAP-1 is thought to be the form involved in the de novo synthesis of glycerolipids. It has 

been suggested that cytosolic PAP-1 represents an inactive reservoir which becomes 

functionally active when it translocates onto microsomal (Brindley, 1984) or 

mitochondrial (Freeman & Mangiapane, 1989) membranes. As well as being essential for 

glycerolipid synthesis, PAP is thought to play an important part in the phospholipase D 

(PLD) signalling pathway (reviewed by Billah & Anthes, 1990; Exton, 1990). By virtue 

of its location in the plasma membrane (Jamal et al, 1991; Day & Yeaman, 1994), PAP- 

2 is thought fulfil this role during signal transduction. DAG, the product of PAP, is a 

prominent second messenger which together with Ca^  ̂directly stimulates protein kinase 

C (PKC). This ubiquitous kinase phosphorylates a wide spectrum of target proteins.
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thereby controlling a host of cellular processes. Agonist stimulated DAG production is 

often biphasic. The initial increase in DAG, generally lasting under one minute, occurs as 

a result of phospholipase C mediated hydrolysis of phosphatidylinositol-4,5- 

bisphosphate. This is followed by a second, larger rise in DAG mass generated mainly by 

PAP (-2) acting on PA produced by the action of phospholipase D on 

phosphatidylcholine (PC) (Billah & Anthes, 1990; Exton, 1990). PA is also an important 

signalling molecule and is a potent mitogen (Moolenaar, 1986). PAP-2 activity therefore 

involves destruction of one signal (PA) whilst simultaneously generating another 

(DAG). Thus it appears likely that PAP-2, together with DAG kinase, is able to regulate 

the balance between PA and DAG in membranes, a factor thought to be important for 

cells to respond appropriately to external signals (Martin et al, 1993). Somewhat 

surprisingly, rat liver PAP-2 activity does not appear to be regulated by a 

phosphorylation/dephosphorylation mechanism. The common protein kinases (cAMP- 

dependent, AMP-activated, Ca^Vcalmodulin-dependent, PKC and MAP kinase) are all 

without effect on PAP-2 activity (Flemming & Yeaman, 1995), as are okadaic acid 

sensitive protein phosphatases (Gomez-Munoz et al, 1992a). Unlike PAP-1, there is 

little evidence that liver PAP-2 is under long-term hormonal control (Jamal et al, 1991). 

PAP-2 activity is regulated through inhibition by sphingosine (Lavie et al, 1990; Jamal et 

al, 1991; Flemming & Yeaman, 1995), a putative lipid second messenger (Lavie et al, 

1990).

In contrast to PAP-1 which has only been partially purified from rat liver (Butterwith et 

al, 1984a), considerable progress has been made towards isolation of PAP-2. PAP-2 has 

been purified to apparent homogeneity from pig thymus (Kanoh et al, 1992) and rat liver 

(Flemming & Yeaman, 1995) membranes. In both tissues PAP-2 activity was identified 

as an 83 kDa polypeptide on SDS-PAGE. An additional form of the enzyme was
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identified in liver (PAP-2B) and appeared to involve 3 polypeptides (83, 54, 34 kDa by 

SDS-PAGE). It appears likely that the 83 kDa polypeptide is catalytic, with the smaller 

polypeptides being proteolytic fragments, regulatory subunits or contaminants. 

Waggoner et al (1995) identified anionic and cationic forms of PAP-2, apparently 

representing different sialated states of the protein. If these two ionic forms are present 

in vivo, the difference could be functionally significant. A recent study (Siess & 

Hofstetter, 1996) used an immunoafUnity technique to identify PAP-2 from rat liver on 

SDS-PAGE as a 34 kDa polypeptide. The authors concluded that the proteins purified 

by Kanoh and Flemming & Yeaman were not in fact PAP. However since the protocol 

used by Siess & Hofstetter involved several stages in which the enzyme was extracted or 

dialysed for up to 72 hours, it is quite possible that the polypeptide they identified is a 

proteolytic fragment containing the epitope for antibody binding. Further studies 

including cloning and expression of the enzyme are needed to clarify the relationship of 

these different polypeptides and the true nature of PAP-2.

PAP-2 was initially localised to the plasma membrane of rat liver (Jamal et al, 1991). 

However, it now appears that significant PAP-2 activity also occurs in liver (Day & 

Yeaman, 1992) and adipose tissue (Jamdar & Cao, 1994) microsomal fractions. PAP-2 

in this location is unlikely to participate in cell signalling. Day & Yeaman (1992) 

suggested that this may provide a basal level of PAP activity under conditions when 

PAP-1 activity is low.

DAG produced by the action of PAP also occurs at a branch point in glycerolipid 

synthesis being the common precursor for synthesis of both nitrogenous phospholipids 

(phosphatidylethanolamine and phosphatidylcholine) and TAG. DGAT catalyses the 

acylation of DAG to form TAG, and is the only enzyme unique to the TAG synthetic 

pathway. DGAT is predominantly microsomal in both rat liver (van Golde et al, 1971)
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and adipose tissue (Coleman & Bell, 1976). The active site is thought to face the 

cytoplasm although a small degree of latency has been observed in rat liver microsomes 

(Coleman & Bell, 1978). Interestingly, a recent report (Owen & Zammit, 1997) found 

that in fact approximately 50% of the DGAT activity in liver may be latent. Due to its 

tight association with the microsomal membrane, attempts to purify DGAT have had 

limited success. Radiation inactivation studies (Ozasa, 1989) indicated that the 

functional size of DGAT is 72 kDa but could not distinguish between the presence of a 

single or several polypeptide(s). Using immunoaffinity chromatography employing a 

monoclonal antibody, Andersson et al (1994) purified DGAT activity from rat liver 

microsomes 415-fold. The purified protein fraction showed major bands of 60 and 77 

kDa on SDS-PAGE. It is not clear which (if either) of these is associated with DGAT 

activity. More recently, photolabelling rat liver and adipose tissue microsomes revealed 

the presence of a 75 kDa acyl-CoA binding protein (Hare, 1995), which is compatible 

with earlier observations. Partially purified rat liver DGAT has a broad specificity for 

acyl-CoA and diacylglycerol substrates, is considerably stimulated by phospholipids and 

requires Mg^^ for maximal activity (Polokoff & Bell, 1980; Andersson et al, 1994). 

Phosphatidylcholine (PC) is quantitatively the major phospholipid in mammalian cells 

and its biosynthesis in the liver via the Kennedy pathway involves the phosphorylation of 

choline to cholinephosphate which is subsequently converted to CDP-choline. A 

transferase reaction between CDP-choline and diacylglycerol results in the production of 

PC (Kennedy & Weiss, 1956). CTP-phosphocholine cytidylyltransferase (CT) catalyses 

the rate-limiting step in PC synthesis, namely the conversion of cholinephosphate to 

CDP:choline (Pelech & Vance, 1984; Vance 1989). CT is similar to PAP in that it is an 

ambiquitous enzyme, being located in both cytosolic and microsomal fractions. In most 

cases the cytosolic form appears to be an inactive reservoir which translocates to the
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endoplasmic reticulum where it is activated by interaction with phospholipids in the 

membrane (Pelech & Vance, 1984). Purified CT requires phospholipids for fiill activity, 

leading to the suggestion that only the membrane-bound enzyme is naturally active 

(Tronchere et al, 1994). cDNA encoding rat liver CT has been cloned, and the predicted 

protein sequence exhibits a putative membrane binding region (Kalmar et al, 1990).

1.2.2 Regulation of Glycerolipid Synthesis

The regulation of TAG synthesis has been studied in some detail in liver and white 

adipose tissue and appears to be under tight hormonal control. The rate of TAG 

synthesis is dependent on the availability of the required substrates, G3P and fatty acyl- 

CoA, as well as the activities of the enzymes involved in the synthetic pathway.

1.2.2.I Adipose Tissue

It appears that in white adipose tissue, TAG synthesis and hydrolysis are regulated in an 

inverse manner with conditions favouring lipolysis simultaneously suppressing TAG 

synthesis and vice versa. In this way recycling of fatty acids back into TAG under 

mobilising conditions is restricted.

Evidence for a regulatory role of one or more of the enzymes involved in glycerolipid 

synthesis is conflicting, and several of the key enzymes have been implicated as 

catalysing the regulatory/rate-limiting step. The acute and long-term regulation of these 

enzymes in white adipose tissue is summarised below.

FAS, responsible for the provision of acyl-CoA thioesters is under acute hormonal 

control. At concentrations which stimulate lipolysis, noradrenaline and adrenaline cause 

a rapid and persistent decrease in FAS specific activity (Sooranna & Saggerson, 1978a; 

Hall & Saggerson, 1985). This inhibition is reversed by insulin or the p-adrenoceptor 

antagonist propanolol (Sooranna & Saggerson, 1978a; Hall & Saggerson, 1985). Other
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lipolytic agents including glucagon, corticotrophin and dibutyryl cAMP also inhibit FAS 

activity in vitro (Hall & Saggerson, 1985). Insulin has been reported to increase FAS 

activity by 2-fold in isolated adipocytes (Jason et al, 1976) but these finding have not 

been confirmed by others. Hall & Saggerson (1985) concluded that insulin can cause 

some degree of activation of FAS, but the effect is variable and difficult to control. In 

the longer-term, FAS activity is decreased during starvation (Lawson et al, 1981) and 

diabetes (Taylor & Saggerson 1986; Saggerson & Carpenter, 1987).

GPAT catalyses the first committed reaction in glycerolipid synthesis and as such 

appears likely to play a role in regulating flux through the pathway as a whole. 

Regulation of GPAT activity in adipose tissue has been studied in some detail. 

Adrenaline causes a dose-dependent decrease in total GPAT activity (Sooranna & 

Saggerson, 1976a; 1978b), which can be blocked by insulin or propanolol (Sooranna & 

Saggerson, 1978b). Microsomal and mitochondrial GPAT are both inhibited by 

noradrenaline (Rider & Saggerson, 1983) which causes a stable decrease in the Vmax 

Again, these effects may be reversed by insulin or propanolol (Rider & Saggerson, 

1983). Other lipolytic agents including glucagon and corticotrophin also decrease total 

GPAT activity in isolated adipocytes (Rider & Saggerson, 1983). It was concluded that 

the effects of the catecholamine hormones was not secondary to stimulation of lipolysis, 

as the addition of high concentrations of non-esterified fatty acids to adipocyte 

incubations failed to cause inactivation of GPAT (Sooranna & Saggerson, 1976b). Also, 

insulin rapidly re-activated GPAT under conditions where lipolysis was barely affected 

(Rider & Saggerson, 1983), indicating that the effects of insulin on lipolysis and GPAT 

involve different mechanisms. More recently however, Durocher et al (1990) showed 

that incubation of adipose tissue microsomes with oleic acid inhibits GPAT activity by 

up to 90 %. Rider & Saggerson (1983) also found that the inhibition of microsomal
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GPAT (but not mitochondrial) caused by incubation of adipocytes with noradrenaline 

could be abolished by inclusion of albumin in homogenisation media. Accordingly, it has 

been suggested that the effect of lipolytic agents on microsomal GPAT are due to the 

increase in fatty acid levels caused by stimulation of HSL activity. Inhibition of GPAT 

by lipolytic agents provides a plausible mechanism to decrease glycerolipid synthesis 

under conditions where lipolysis is stimulated, preventing excessive recycling of fatty 

acids through estérification and hydrolysis.

There is some evidence that adipose tissue microsomal GPAT may be regulated by a 

reversible phosphorylation/dephosphorylation mechanism. Attempts to identify the 

kinase(s) involved have yielded conflicting results. Nimmo & Houston (1978) reported 

that microsomal GPAT from starved rats could be inactivated by cAMP-dependent 

protein kinase (PKA), and that this could be reversed by treatment with protein 

phosphatase-1 or alkaline phosphatase. In contrast. Rider & Saggerson (1983) were 

unable to observe any change in GPAT activity upon incubation of adipocyte 

microsomes with PKA, protein phosphatase-1 or alkaline phosphatase. Walsh et al 

(1989) showed that GPAT could be inactivated by incubating adipose tissue microsomes 

in the presence of ATP The inhibition could be reversed by partially purified protein 

phosphatase from rat liver and was independent of cAMP and PKA, suggesting 

involvement of a membrane-associated cAMP-independent kinase. It is noteworthy that 

Rider & Saggerson (1983) also observed that GPAT activity was lost upon incubation 

of adipocyte microsomes alone and that the loss was accelerated by noradrenaline.

Early studies indicated that insulin could cause a small increase in GPAT activity 

(Sooranna & Saggerson, 1976a), and this has subsequently been confirmed by Vila & 

Farese (1991) who found that insulin induced a two-fold increase in adipocyte GPAT
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activity. This activation was associated with a decrease in Km for G3P, and appeared to 

involve a soluble mediator released by a phosphatidylinositol-specific phospholipase C. 

Rat adipocyte GPAT is also subject to long-term regulation. During starvation GPAT 

activity decreases and this can be reversed by refeeding (Angel & Roncari, 1967; 

Sooranna & Saggerson, 1979; Jamdar & Osborne, 1982). Streptozotocin-diabetes 

causes a decrease in the activity of both mitochondrial and microsomal GPAT which can 

be overcome by insulin treatment (Taylor & Saggerson, 1986; Saggerson & Carpenter,

1987). These decreases in GPAT activity generally correlate with reduced flux into 

adipocyte TAG (Taylor & Saggerson, 1986; Saggerson & Carpenter, 1987)

As mentioned in section 1.2.1, PAP activity occurs in particulate and soluble fractions of 

rat adipose tissue. The Mg^^-activated, NEM-sensitive form of PAP (PAP-1) is thought 

to be responsible for glycerolipid synthesis, and may play an important role in regulating 

the pathway as a whole. Variations in the activity and subcellular distribution of this 

form are considered below. Protocols for detecting changes in the activity of adipocyte 

PAP generally involve freeze-stopping cells in liquid N] in order to preserve covalent 

modifications, prior to homogenising and assaying for PAP. In contrast, when the aim is 

to monitor translocation of PAP between subcellular fractions, snap-freezing is not used 

as this may disrupt the interaction of PAP with cellular membranes.

Like GPAT and FAS, adipocyte PAP activity is rapidly decreased by incubation with 

noradrenaline or dibutyryl cAMP (Cheng & Saggerson, 1978a; 1978b; Cheng et al 

1980). The effect of noradrenaline is due to a decrease in Vmax (Cheng & Saggerson, 

1980), and can be reversed by propanolol or insulin. Albumin abolishes the effect of 

noradrenaline indicating that the inactivation of PAP is not caused by covalent 

modification (Cheng & Saggerson, 1980). PAP does not appear to be regulated through 

phosphorylation by PKC or PKA (Saggerson, 1988). In vitro, insulin alone has no
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effect on PAP activity, but injection of diabetic rats with insulin rapidly increases PAP 

activity (Taylor & Saggerson, 1986).

Brindley (1984) has suggested that in liver, the regulated translocation of cytosolic PAP 

onto microsomal membranes represents an important mechanism to allow the enzyme to 

be brought into action at the site of glycerolipid synthesis. It is quite possible that a 

similar mechanism operates in adipose tissue as the subcellular distribution of PAP is 

subject to acute and long-term regulation by hormones and nutritional state. Moller et al 

(1981) showed that incubation of adipocytes with lipolytic agents (adrenaline, 

isoprenaline, corticotrophin or dibutyryl cAMP) promotes translocation of PAP from the 

cytosol to microsomal membranes. In these experiments the cells were not freeze- 

stopped prior to homogenisation and no significant change in total PAP activity was 

detected. Translocation also occurs in response to noradrenaline and appears to be 

rapid, with the maximum effect being reached within 10 minutes (Taylor & Saggerson, 

1986). Propanolol and insulin both abolish the change in PAP location brought about by 

noradrenaline (Taylor & Saggerson, 1986). In the liver, fatty acids are an important 

stimulus promoting PAP association with cellular membranes, providing a mechanism to 

match TAG synthesis with fatty acid supply. Fatty acids also appear to promote 

translocation when added to adipocyte incubations (Taylor & Saggerson, 1986). 

Albumin, which causes substantial removal of fatty acids when included in 

homogenisation media, decreases the percentage of PAP associated with particulate 

fractions of adipocytes (Taylor & Saggerson, 1986). Only a part of the noradrenaline 

induced change in PAP location can be reversed by albumin, indicating that the effect of 

the hormone is not entirely mediated by fatty acids released by lipolysis (Taylor & 

Saggerson, 1986). Insulin can be seen to decrease association of PAP with membrane 

fractions in the absence of added palmitate, but has no effect in the presence of palmitate
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(Taylor & Saggerson, 1986). In the presence of insulin, the degree of translocation 

induced by palmitate is increased (Saggerson, 1988).

Addition of both palmitate and insulin to adipocyte incubations results in a high 

proportion of PAP being membrane bound and mimics the situation in vivo when LPL is 

active and the adipocyte actively synthesising TAG. However, there appears to be no 

general correlation between the proportion of PA associated with adipocyte membranes 

and flux through the synthetic pathway (Saggerson, 1988). Interplay between changes in 

PAP activity and subcellular distribution makes interpretation of these data difficult and 

it is likely that both are involved in regulating the rate of glycerolipid synthesis.

In the long-term, PAP-1 activity decreases during starvation and diabetes but can be 

restored by refeeding and insulin treatment respectively (Moller et al, 1977; Jamdar & 

Osborne, 1982; Taylor & Saggerson, 1986). Diabetes and starvation also increase the 

proportion of PAP-1 activity that is associated with microsomal membranes, whilst 

insulin replacement reverses the effect of diabetes (Taylor & Saggerson, 1986). 

Inclusion of albumin in homogenisation buffers decreases the effects of diabetes and 

starvation on PAP distribution, indicating that fatty acids may be involved in promoting 

translocation in these states.

Control of glycerolipid synthesis beyond the diacylglycerol branch point would appear 

likely and DGAT, like the preceding enzymes in the pathway, is rapidly inactivated by 

noradrenaline (Sooranna & Saggerson, 1978c). Insulin reverses this inhibition but has no 

effect alone (Sooranna & Saggerson, 1978c). A recent study has provided evidence that 

like GPAT, DGAT may be inactivated by a reversible cAMP-independent 

phosphorylation mechanism (Rodriguez et al, 1992). DGAT has also been shown to be 

inhibited by fatty acids (Durocher et al, 1990) and this inactivation appears to be 

mediated by the binding of fatty acids to microsomal membranes.
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In conclusion, regulation of glycerolipid synthesis in adipose tissue is multifactorial and 

involves the co-ordinated control of GPAT, PAP and DGAT activities, and substrate 

availability.

1.2.2.2 Liver

Many aspects involved in the control of glycerolipid synthesis in white adipose tissue can 

also be seen to occur in the liver. However, control of this process does differ in several 

respects, reflecting the different physiological role played by each tissue in vivo, and 

these are summarised below.

The liver, like the heart, has a high capacity for P-oxidation which will compete with the 

estérification system for their common substrate acyl-CoA. Therefore it is likely that 

changes in P-oxidation indirectly regulate the rate of hepatic glycerolipid synthesis.

The recent cloning of hepatic long-chain FAS cDNA has provided evidence that the 

enzyme can be stimulated at the pretranslational level (Suzuki et al, 1990). Refeeding 

previously starved rats was shown to increase the level of long-chain FAS mRNA in the 

liver by 7-8 fold.

In the liver, mitochondrial GPAT activity is relatively high and occurs at a similar level 

to the microsomal form (Bates & Saggerson, 1979). Mitochondrial GPAT appears to be 

more sensitive to dietary and hormonal manipulations than the microsomal form (Bates 

& Saggerson, 1977). Diabetes, starvation and treatment with anti-insulin serum all 

decrease the activity of mitochondrial GPAT without affecting that of the microsomal 

form (Bates & Saggerson, 1977). In addition, mitochondrial but not microsomal GPAT 

activity is increased by perfusion of rat livers with insulin (Bates et al, 1977). Sul and 

colleagues recently cloned cDNA encoding mouse mitochondrial GPAT and have 

provided evidence that these changes in activity are primarily due to increased enzyme
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concentration (Yet et al 1993). Insulin appears to up-regulate expression of the 

mitochondrial GPAT mRNA, whereas dibutyryl cAMP down-regulates its expression 

(Paulauskis et a/, 1988; Shin et al, 1991).

In some aspects, PAP-1 activity and subcellular distribution appear to be regulated 

inversely in the liver and white adipose tissue. Diabetes, starvation and treatment of rats 

with corticotrophin all decrease PAP-1 activity in white adipose tissue (Saggerson, 

1988) but increase its activity in the liver (Brindley, 1988). Glucocorticoids, glucagon 

and cAMP also increase the activity of PAP-1 in hepatocytes (Pittner et al, 1985a; 

1985b). However, this potential increase in PAP activity may not be expressed 

physiologically until it translocates to the membranes on which glycerolipids are 

synthesised. It is well established that fatty acids promote translocation of PAP-1 to 

membranes in cell free extracts (Martin-Sanz et al, 1984) and isolated hepatocytes 

(Cascales et al, 1984). It is thought that this provides the liver with the ability to match 

its capacity to synthesise glycerolipids with the fatty acid load that it receives, thereby 

protecting itself against large influxes of potentially toxic fatty acids (Brindley, 1984). 

Evidence for the regulation of PAP-1 activity by a phosphorylation/dephosphorylation 

mechanism is conflicting. Butterwith et al (1984b) showed that alkaline phosphatase 

could decrease the activity of cytosolic PAP-1, but were unable to demonstrate 

'reactivation' by Mg^-ATP or PKA. However, okadaic acid, an inhibitor of protein 

phosphatases 1 and 2A, increases total PAP-1 activity in rat hepatocytes (Gomez- 

Munoz et al, 1992a). It is also possible that phosphorylation/dephosphorylation 

modulates the ability of PAP-1 to associate with the endoplasmic reticulum. Incubation 

of hepatocytes with a stable cAMP analogue displaces PAP from the membranes in the 

absence of fatty acids (Butterwith et al, 1984b), but this effect is overcome by addition 

of oleate. This is the opposite response to that seen in white adipose tissue where cAMP



37

increases association of PAP-1 with microsomal membranes (Moller et al, 1981). 

Glucagon has a similar effect, decreasing the proportion of PAP associated with 

membranes in the presence of low, but not high, fatty acid concentrations (Pittner et al, 

1985b). Okadaic acid displaces PAP from hepatocyte membranes both in the presence 

and absence of oleate, decreasing the ability of fatty acids to promote translocation 

(Gomez-Munoz et al, 1992a). Insulin has the opposite effect to glucagon and cAMP, 

promoting interaction of PAP with membranes in the presence of low, but not high, 

concentrations of oleate (Pittner et al, 1985b). The effect of insulin could be mediated 

by decreasing cAMP concentrations through stimulation of phosphodiesterase activity. 

Again, the opposite response to insulin is observed in white adipose tissue (Taylor & 

Saggerson, 1986).

Acyl-CoA esters are more effective in promoting translocation of hepatic PAP-1 than 

free fatty acids (Martin-Sanz et al, 1984), and unsaturated fatty acids appear to be more 

effective than saturated fatty acids (Gomez-Munoz et al, 1992b).

In general, there appears to be a high degree of correlation between membrane 

associated PAP-1 activity and the rate of hepatic glycerolipid synthesis (Brindley, 1984). 

TAG production in the liver is linked the production and secretion of very low density 

lipoproteins (VLDL). These particles consist of about 60% by weight of TAG and 20% 

of PC. CPT-phosphocholine cytidylyltransferase (CT) catalyses the rate limiting step of 

PC synthesis via the Kennedy pathway (Kennedy & Weiss, 1956). This enzyme is 

regulated in the short-term by mechanisms that bear a remarkable similarity to those 

controlling PAP-1 activity, thus allowing the co-ordinated synthesis of TAG and PC. 

There is substantial evidence that changes in the rate of PC synthesis are accompanied 

by redistribution of CT between the cytosolic and microsomal fractions (Pelech & 

Vance, 1984). Association of CT with membranes is promoted by fatty acids and results
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in activation of the enzyme by the lipidic environment (Pelech et al, 1983). Incubation of 

hepatocytes with cAMP decreases the rate of PC synthesis, accompanied by a partial 

inactivation of microsomal CT and redistribution to the cytosol (Pelech et al, 1981). 

Studies with purified CT demonstrated that the enzyme is a substrate for PKA in vitro 

and that phosphorylation is associated with decreased activity of microsomal CT and 

increased recovery in the soluble fraction (Sanghera & Vance, 1989). Thus, it was 

proposed that PKA phosphorylates CT and decreases its binding affinity for membranes, 

thereby causing inactivation. Further evidence for the role of reversible phosphorylation 

in regulating CT translocation has been provided by the use of phosphoprotein 

phosphatase inhibitors. Okadaic acid, a specific inhibitor of protein phosphatases 1 and 

2A, decreases association of CT with hepatocyte membranes and inhibits PC synthesis 

(Hatch et al, 1991). However, the identification of PKA as the kinase responsible for the 

phosphorylation of CT in vivo has been questioned by Jamil et al (1992). These workers 

confirmed a cAMP mediated inhibition of PC synthesis in hepatocytes but found this to 

be mediated by a decrease in DAG levels rather than activation of PKA. In addition to 

being a substrate for PC synthesis, DAG activates CT, promoting translocation to 

cellular membranes (Vance, 1989; Tronchere etal, 1994).

There is evidence to suggest that DGAT and cholinephosphotransferase, which initiates 

PC synthesis, share a common pool of DAG (Stals et al, 1992; 1994). The affinity of 

cholinephosphotransferase for DAG appears to be higher than that of DGAT, indicating 

that synthesis of PC could be favoured over TAG production when the rate of formation 

of DAG is low (Stals et al, 1992; 1994).
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1.3 Cardiac Energy Metabolism

The heart is an omnivorous organ in that it is able to use a variety of lipid- and 

carbohydrate-based fuels to generate energy. Complex control mechanisms exist to 

regulate the rates of the various pathways converting these fuels to acetyl-CoA. These 

pathways converge at the level of acetyl-CoA which is oxidised in the citric acid cycle 

within mitochondria. Reduced electron carriers generated by glycolysis, fatty acid 

oxidation and the citric acid cycle become reoxidised in the respiratory chain, with 

concomitant synthesis of ATP. ATP synthesised in the mitochondria is then exported to 

the cytosol by the adenine nucleotide translocase in a 1:1 exchange with ADP.

1.3.1 Carbohydrate Fuels

Carbohydrates are not normally the major myocardial fuel although their contribution to 

overall energy requirement of the heart may increased under appropriate conditions. 

The key regulatory steps in the generation of acetyl-CoA from glucose are highlighted 

below.

1.3.1.1 Glucose Transport

The transport of glucose across the plasma membrane of mammalian cells is a carrier- 

mediated process involving a family of glucose transporters (Gould & Holman, 1993). 

These transporters are specific for D-glucose and do not require energy as the 

concentration of glucose in the extracellular space is much higher than in the cytosol. In 

the absence of insulin, glucose transport is the rate-limiting step of exogenous glucose 

utilisation in normoxic perfused hearts (Kobayashi & Neely, 1979). Glucose transport is 

considerably stimulated by insulin which is thought to recruit GLUT 4 transporters from 

intracellular vesicles to their site of action at the sarcolemma. In the presence of insulin 

or at high workloads, transport imposes little constraint on the rate of glucose uptake
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and utilisation. The rate of glucose transport is also stimulated by growth hormones, 

adrenaline, anoxia and increased ventricular pressure development (Neely & Morgan, 

1974), whilst the oxidation of fatty acids, ketone bodies or pyruvate is inhibitory (Randle 

& Tubbs, 1979).

1.3.1.2 Glucose phosphorylation

The phosphorylation of glucose by hexokinase is the first reaction of glycolysis, the 10- 

step pathway that converts glucose to pyruvate (see fig 1.2) and is essentially an 

irreversible process in vivo. Four distinct isoforms of hexokinase are known to occur, of 

which type I and II are predominant in cardiac muscle (Katzen ei al, 1970). At the high 

rates of glucose transport observed in the presence of insulin, the hexokinase reaction 

may become the rate-limiting step in glucose utilisation, and like glucose transport, is 

inhibited by the oxidation of fatty acids and ketone bodies (Randle & Tubbs, 1979). 

Hexokinase is inhibited by its product glucose-6-phosphate which is though to be the 

major regulator of hexokinase activity in vivo (Neely & Morgan, 1974; Randle & Tubbs, 

1979).

1.3.1.3 Phosphofructokinase

Phosphofructokinase-1 (PFK-1) is thought to be a major site of regulation in the 

glycolytic pathway and is subject to a complex series of controls as outlined below. A 

large number of allosteric effectors modulate the activity of PFK-1 in vitro (Neely & 

Morgan, 1974). Positive effectors include its product fructose-1,6-bisphosphate, ADP, 

AMP and Pj, whilst the important negative effectors are citrate, ATP and hydrogen ions. 

Cardiac PFK-1 is a substrate for calcium/calmodulin- (CAMK) and cAMP- (PKA) 

dependent protein kinases in vitro (Mahrenholz et al, 1991). Phosphorylation increases
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Figure 1.2 Pathways of glucose metabolism in the heart
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the sensitivity of PFK-1 to inhibition by ATP and the apparent Km for fructose-6- 

phosphate. These effects are small however and their functions (if any) in vivo are 

unknown. Adrenaline has been shown to stimulate PFK-1 activity and glucose uptake in 

rat hearts via Ca^^-dependent a -  and p-adrenergic mechanisms (Clark & Patten, 1984). 

Changes in the intracellular concentration of adenine nucleotides and citrate are thought 

to be central to the control of PFK-1 activity under a variety of conditions. For example, 

high rates of fatty acid or ketone body oxidation dramatically increase the citrate content 

of perfused rat hearts which inhibits PFK-1 activity and contributes to the glucose- 

sparing effect of lipid fuels (Neely & Morgan, 1974). However, the magnitude and 

direction of changes in levels of these metabolites do not always adequately explain 

changes in glycolytic flux. Citrate levels also increase when hearts are perfused with 

insulin in the presence of glucose, but in this situation glycolysis increases (Opie, 1991) 

indicating that some other mechanism or effector must be involved.

Studies on the mechanism of glucagon action on liver glycolysis and gluconeogenesis 

led to the discovery of fructose-2,6-bisphosphate (Fru-2,6-P2) (Van Schaftingen et al, 

1980a; 1980b). This sugar phosphate appears to be present in all mammalian tissues and 

is a potent activator of all PFK-1 isoforms studied so far (Van Schaftingen, 1987). Fru-

2,6-P2 acts in synergy with AMP and is able to relieve the inhibition of PFK-1 by ATP 

and also citrate (Hue & Rider, 1987; Lawson & Uyeda, 1987). The steady state 

concentration of Fru-2,6-P2 is dependent upon the relative activities of the enzymes 

catalysing its synthesis and breakdown, both of which are present in a single bifunctional 

enzyme. A PFK-2 activity synthesises Fru-2,6-P2 from fructose-6-phosphate and 

MgATP, whilst a fructose-2,6-bisphosphatase (FBPase-2) catalyses its breakdown. At 

least three immunologically distinct isoforms of PFK-2/FBPase-2 occur and an 

interesting feature of the heart isoform is that the FBPase-2 activity is 80 times lower
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than the PFK-2 activity, making the enzyme more of a kinase than a phosphatase (Rider 

& Hue, 1986). Like PFK-1, cardiac PFK-2 is inhibited by physiological concentrations 

of citrate, and also 5«-glycerol-3-phosphate (Hue & Rider, 1987). Purified bovine heart 

PFK-2/FBPase-2 is a substrate for PKA and CAMK in vitro, and phosphorylation 

stimulates the PFK-2 activity by lowering the Km for fructose-6-phosphate (Rider et al,

1992). Insulin on the other hand activates PFK-2 in heart by causing a stable increase in 

the Vmax (Rider & Hue, 1984), which may be mediated via the phosphatidylinositol 3- 

kinase pathway (Hue et al, 1995).

The stimulation of glycolysis caused by glucose, adrenaline, insulin or increased cardiac 

work is accompanied by parallel increases in the Fru-2,6-P2 content of isolated perfused 

hearts (Hue & Rider, 1987; Lawson & Uyeda, 1987; Dupre et al, 1993), demonstrating 

the strong link between levels of this activator, PFK-1 activity and the rate of glycolysis. 

The actions of insulin and adrenaline can be attributed in part to their ability to increase 

fructose-6-phosphate levels (by stimulating glucose transport and glycogen breakdown 

respectively) and also their direct effects upon PFK-2 activity (see above). The increased 

flux through PFK-1 under conditions of high work may be mediated via CAMK which 

phosphorylates and activates PFK-2, thus raising Fru-2,6-P2 levels and stimulating PFK- 

1 (Dupre et al, 1993). However, such correlation is not observed in hearts during anoxia 

when glycolysis increases despite a fall in Fru-2,6-P2 levels (Hue & Rider, 1987). This 

indicates that when glycolysis is the major source of energy, the predominant control of 

PFK-1 activity may be mediated by adenine nucleotides. Pi and citrate rather than Fru-

2,6-P2 (Hue & Rider, 1987). The rate of glycolysis in perfused hearts is reduced by the 

oxidation of p-hydroxybutyrate, lactate or fatty acids and this is accompanied by 

decreased levels of Fru-2,6-P2 (Hue & Rider, 1987; Hue et al, 1988; 1995). These 

effects may be caused by increasing citrate levels which inhibit PFK-2 and Fru-2,6-P2
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synthesis (Hue et al, 1988; 1995). Thus, under normoxic conditions, Fru-2,6-P2 (in 

addition to citrate) may act as a signal to down regulate glycolysis in the presence of 

alternative fuels (the 'glucose-fatty acid cycle').

Increased PFK-1 activity causes levels of glucose-6-phosphate to fall, thereby relieving 

feedback inhibition of hexokinase. Thus it appears that glucose transport, hexokinase 

and PFK-2 can be regulated co-ordinately, allowing each step to simultaneously speed 

up (e.g. in response to insulin, adrenaline or increased cardiac work) or slow down (e.g. 

in the presence of alternative fuels).

1.3.1.4 Glyceraldehyde-3-phosphate Dehydrogenase

Fructose-1,6-bisphosphate produced by the action of PFK-1 is split by aldolase into two 

triose phosphate units; dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3- 

phosphate. Oxidation of the latter to 1,3-hisphosphoglycerate is catalysed by 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and requires NAD^ as a 

coenzyme. GAPDH is inhibited by its end-products NADH and 1,3- 

bisphosphoglycerate, and also by lactate (Mochizuki & Neely, 1979). As such, GAPDH 

limits the rate of glycolysis during ischaemia when levels of NADH and lactate rise. 

Under these conditions, DHAP is increasingly converted to glycerol-3-phosphate by 

glycerol-3-phosphate dehydrogenase. The elevated NADH/NAD^ ratio promotes this 

reaction, increasing intracellular glycerol-3-phosphate levels which in turn promotes 

TAG synthesis as will be discussed in section 1.5.1.

1.3.1.5 Pyruvate Dehydrogenase

Pyruvate represents an important branch point in carbohydrate metabolism and its fate 

depends (in part) upon the oxidation state of the cell. In cardiac muscle, pyruvate
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produced by glycolysis may be converted to acetyl-CoA, lactate or alanine, though the 

latter normally represents a minor route of metabolism.

The oxidative decarboxylation of pyruvate to acetyl-CoA and CO2 is catalysed by the 

multienzyme pyruvate dehydrogenase (PDH) complex. The mammalian PDH complex 

contains multiple copies of; pyruvate dehydrogenase (El), dihydrolipoamide 

acetyltransferase (E2) and dihydrolipoamide dehydrogenase (E3) which together 

catalyse the decarboxylation reactions; two regulatory enzymes (PDH kinase and PDH 

phosphatase); and protein X which links E3 to the complex (Patel & Roche, 1990).

The activity of the PDH complex is primarily regulated by reversible protein 

phosphorylation. Phosphorylation of El by the intrinsic PDH kinase results in 

inactivation, and there are no know activators of the phosphorylated complex (PDHy) 

(Randle et al, 1994). Dephosphorylation and reactivation is catalysed by the PDH 

phosphatase. Phosphorylation can occur at multiple sites on E l and this retards 

reactivation of the complex by PDH phosphatase in vitro (Sugden & Holness, 1994). 

The total amount of PDH complex is constant under most physiological conditions, but 

the functional activity varies widely depending on the relative proportion of the complex 

in the active, dephosphorylated form (PDHa). At rest, approximately 20% of the 

complex is in the active form, but this may increase to 90% when glycolysis is 

stimulated, for example during exercise (Opie, 1991). PDH kinase activity is stimulated 

by increasing mitochondrial ratios of acetyl-CoA/CoASH, NADH/NAD^ and ATP/ADP. 

The activating effects of acetyl-CoA and NADH involve reduction of the lipoyl moiety 

of the complex, and are antagonised by Co ASH and NAD^ respectively (Randle et al, 

1994). PDH kinase is also inhibited by pyruvate which therefore acts as a feed-forward 

activator of the PDH complex. The cardiac PDH is highly sensitive to activation by 

pyruvate, which may facilitate the use of exogenous lactate, explaining why this is a
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preferred fuel of the heart (Sugden & Holness, 1994; Hue et al, 1995). PDH 

phosphatase is dependent upon and is activated by physiological concentrations of 

Ca^  ̂ (O.l-lOpM) (Randle et al, 1994). Perfiision of isolated hearts with increasing Ca^  ̂

concentrations has been shown to increase the amount of PDH in the active, 

dephosphorylated form (McCormack et al, 1990). PDH phosphatase may be inhibited by 

NADH (Randle et al, 1994).

Perfusion of rat hearts with adrenaline increases the amount of PDHa probably by 

increasing cellular Ca^  ̂ levels, which in turn activates PDH phosphatase. The elevated 

cytoplasmic (and thus mitochondrial) Ca^  ̂ concentration associated with muscle 

contraction may be a major factor responsible for the increase in PDHa induced by 

increased cardiac workload (McCormack et al, 1990; Randle et al, 1994). Cardiac work 

may also decrease the mitochondrial acetyl-Co A/Co ASH and NADH/NAD^ ratios, 

thereby relieving inhibition of PDH by PDH kinase. Activation of PDH phosphatase by 

insulin as observed in adipose tissue has not been demonstrated in cardiac muscle 

(Randle et al, 1994), although insulin infusion increases the amount of active cardiac 

PDHa in vivo (Cooney et al, 1993).

Perfusion of rat hearts with fatty acids or ketone bodies decreases the proportion of 

PDH in the active form by up to 70% (Randle et al, 1994), demonstrating the 

importance of PDH in the 'glucose-fatty acid cycle'. Such effects are probably mediated 

via the activation of PDH kinase by the rise in mitochondrial acetyl-CoA/CoASH and 

NADH/NAD^ ratios brought about by oxidation of these lipid fuels.

1.3.1.6 Glycogen

Glycogen present in cytoplasmic storage granules is also a potential source of glucose 

for myocardial energy generation. The regulation of cardiac muscle glycogen
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metabolism and its physiological function are not well understood. Glycogen synthesis 

and degradation occur by separate pathways which in skeletal muscle are regulated 

reciprocally as outlined below. Incorporation of glucose-6-phosphate into glycogen 

involves three steps the third of which, catalysed by glycogen synthase (GS), is 

regulatory. GS activity is controlled by interconversion between an 'active',

dephosphorylated form (GSa) and an 'inactive', phosphorylated form (GSb). Rat heart GS 

has recently been purified to apparent homogeneity (~87 kDa by SDS-PAGE) and can 

be deactivated via phosphorylation by a variety of kinases in vitro, including GS kinase 3 

and PKA (Grekinis et al, 1995). Dephosphorylation and reactivation may be brought 

about by the action of several phosphatases including protein phosphatase-1. Glycogen 

phosphorylase catalyses glycogen breakdown and is also regulated by reversible 

phosphorylation. Phosphorylation activates glycogen phosphorylase and is catalysed by 

a specific phosphorylase kinase, which itself is activated through phosphorylation by 

PKA. Thus a rise in cellular cAMP levels, caused by p-adrenergic stimulation, initiates a 

cascade of events leading to activation of glycogen phosphorylase and inhibition of GS. 

In addition, protein phosphatase inhibitor-1 (PPI-1) present in cardiomyocytes has been 

shown to be hormonally regulated through activation by PKA (Gupta et al, 1996). Thus, 

cAMP also down-regulates glycogen synthesis via PPI-1, which inhibits protein 

phosphatase-1 whose actions would tend to restore GS activity.

Glycogen metabolism is also regulated by non-hormonal factors. Phosphorylated GSb is 

activated by glucose-6-phosphate but inhibited by ATP and Pj, whilst GSa is active in 

the absence of glucose-6-phosphate and only weakly inhibited by ATP and Pi. Inactive 

glycogen phosphorylase is stimulated by AMP.

Anoxia and increased cardiac workload stimulate mobilisation of glycogen and inhibit its 

synthesis (presumably via a fall in high energy phosphates and rise in AMP and P|).
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Glycogen is rapidly resynthesised following depletion of endogenous stores by intense 

work or ischaemia, indicating that low glycogen levels promote glycogen synthesis 

(Opie, 1991). Endogenous glycogen may serve as a substrate reservoir to buffer rapid 

increases in energy demand. In isolated working rat hearts, glycogen appears to be 

preferentially oxidised (as opposed to being metabolised to lactate) and it has been 

suggested that this ensures efficient generation of ATP from a limited supply of 

endogenous substrate (Goodwin etal, 1996).

1.3.2 Lipid Fuels

The high energy requirements of the mammalian heart are primarily met by the oxidation 

of fatty acids. The heart receives fatty acids from both exogenous and endogenous 

sources. Exogenous fatty acids are provided to the heart as circulating non-esterified 

fatty acids (NETA), or in the form of fatty esters in very-low density lipoproteins 

(VLDL) and chylomicrons. Fatty acids can also be derived through lipolysis from 

endogenous myocardial TAG stores, and in some circumstances from endogenous 

phospholipids. The relative proportion of fatty acids derived from these different sources 

is unclear.

1.3.2.1 Plasma Non-Esterified Fatty Acids

Circulating KEF A provide 60-70% of the hearts energy requirements (Neely & Morgan, 

1974). The supply of plasma KEF A is determined by the action of hormone sensitive 

lipase (HSL) in white adipose tissue. HSL catalyses the rate limiting step in the 

hydrolysis of adipocyte TAG to KEF A and glycerol, and is under acute hormonal 

control (Yeaman et al, 1994). Lipolytic agents such as noradrenaline, adrenaline and 

glucagon stimulate lipolysis by increasing the intracellular concentration of cAMP, 

resulting in activation of PKA which then phosphorylates and activates HSL (Kilsson et
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al. 1980). Insulin, the major antilipolytic agent, decreases the phosphorylation and 

activity of HSL and acts, at least in part, by lowering cAMP levels (Londos et al, 1985). 

Phosphorylation of HSL at a second site has no direct effect on activity but prevents its 

subsequent phosphorylation and activation by PKA (Garton et al, 1989). This 'basal' 

site can be phosphorylated by a number of kinases in vitro, including AMP-activated 

protein kinase (AMPK) (Garton et al, 1989). Activation of AMPK decreases 

isoprenaline-stimulated lipolysis in adipocytes, suggesting that this kinase may play an 

important antilipolytic role in vivo by regulating HSL activity (Sullivan et al, 1994). 

AMPK can be phosphorylated and activated by an AMPK kinase, which is itself 

activated by AMP (Weekes et al, 1994). In addition, AMPK kinase is stimulated by low 

concentrations of palmitoyl-CoA (Carling et al, 1987), providing a possible feedback 

mechanism in which fatty acids generated by lipolysis could activate AMPK, leading to 

phosphorylation of HSL at the basal site, antagonising its activation by PKA.

Fatty acids liberated by the action of HSL bind to serum albumin and are transported to 

the heart in the blood stream. Long chain fatty acids (i.e. those containing 14 or more 

carbon atoms) are thought to be the most physiologically important, being the preferred 

substrates for (3-oxidation and TAG synthesis (Lopaschuk et al, 1994a). Extraction of 

plasma NEFA by the heart depends upon the workload, the presence of competing 

substrates and the molar ratio of fatty acid to albumin. As the concentration of albumin 

in the blood is relatively constant (0.6mM), the rate of uptake of fatty acids by the heart 

is largely dependent upon their arterial concentration. The plasma concentration of fatty 

acids is typically about 0.5mM but can rise dramatically during conditions such as 

diabetes, fasting, myocardial infarction or cardiac surgery. At any given fatty acid to 

albumin ratio, fatty acid uptake depends upon the energy demand of the tissue (Oram et 

al, 1973). Uptake of fatty acids by cardiac myocytes is a complex process involving
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many stages (van der Vusse, et al, 1992). Following their release from albumin (which 

may or may not involve a specific interaction with endothelial plasma membranes), fatty 

acids must be transported across the capillary endothelium. Transport may involve 

lateral diffiision within the membranes of the endothelial cells and myocytes (Scow & 

Blanchette-Mackie, 1992), or transport across these membranes and diffiision through 

the endothelial cytoplasm. Fatty acids, probably bound to albumin, then diffuse across 

the interstitial space between the endothelial cells and myocytes. Finally, fatty acids must 

cross the myocyte sarcolemma. This may be a carrier mediated process (Stremmel,

1988), or passive diffusion along a concentration gradient maintained by the subsequent 

metabolic reactions inside the myocyte. In short, the precise mechanisms involved in the 

uptake of fatty acids from albumin and their subsequent transport through or around 

endothelial cells to myocytes, are unknown. There is no evidence to suggest that cardiac 

fatty acid uptake is under direct hormonal control (Fournier, 1987). Within the 

cytoplasm, fatty acids are thought to be transported by tissue-specific fatty acid-binding 

proteins (FABP). The cardiac FABP is extremely abundant in myocytes and may be 

important in directing fatty acids to various metabolic pathways (Fournier, 1987; van der 

Vusse et al, 1992). A cytosolic acyl-CoA-binding protein (ACBP) also exists, and it has 

been suggested that it may be important in relieving the inhibition of various enzymes by 

acyl-CoA (Rasmussen et al, 1993).

1.3.2.2 Plasma Lipoproteins

Exogenous TAG is delivered to the heart in the form of very low density lipoproteins 

(VLDL) secreted by the liver, and chylomicrons secreted by enterocytes in the small 

intestine. Both are composed of a core of hydrophobic lipids (TAG and cholesterol 

esters) surrounded by a coat containing ampiphilic compounds including phospholipids
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and various apoproteins. Uptake of fatty acids from these lipoproteins requires the 

action of lipoprotein lipase (LPL) located at the vascular surface of the capillary 

endothelium. LPL is synthesised in myocytes where the gene expressing the enzyme is 

located (Camps et al, 1990), and transferred to the lumenal surface of the endothelium 

where it is functionally active. LPL is anchored to the lumenal membranes of endothelial 

cells by chains of heparan sulphate proteoglycan (Cryer, 1989). The expression of LPL 

at the site of enzymatic activity may be controlled at many stages, including synthesis of 

the enzyme, its subsequent post-translational modification and degradation within the 

myocyte, transport and attachment to the endothelial cell, and release from the lumenal 

surface (Cryer, 1989). LPL in the heart endothelium is often regulated in an inverse 

manner to that present in white adipose tissue. In the short-term, perfiision of rat hearts 

with adrenaline or glucagon increases the functional activity of LPL. This increase may 

be mediated by cAMP and probably involves stimulation of LPL transport from the 

myocyte to its site of action (Cryer, 1989). Unlike skeletal muscle, insulin appears to 

have little effect on the activity of cardiac LPL (Borensztajn et al, 1975). In the longer- 

term, the quantity and/or activity of cardiac LPL is increased by fasting, diabetes, fat 

feeding and decreased by carbohydrate feeding (van der Vusse et al, 1992). Although 

LPL exhibits phospholipase Ai activity (Groot et al, 1979), it appears that the heart 

does not take up or metabolise fatty acids derived from the phospholipid component of 

plasma lipoproteins (Delcher et al, 1965).

The fate of fatty acids within the myocyte may depend upon their origin. Tamboli et al 

(1983 a) showed that fatty acids derived from exogenous TAG were preferentially 

oxidised with very little being re-esterified, whilst the opposite was found to be the case 

with exogenous NET A. This indicates that the uptake of NEFA and TAG fatty acids 

may occur via different pathways. Indeed, it has been suggested that fatty acids released
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by the action of LPL enter a membrane continuum, (composed of the plasma membrane 

of capillary endothelial cells and the sarcolemma, sarcoplasmic reticulum and 

mitochondrial membranes of myocytes) which delivers them to the myocyte |3-oxidation 

system (Scow & Blanchette-Mackie, 1992).

1.3.2.3 Endogenous Triacylglycerols

In addition to circulating NEFA and lipoproteins, endogenous TAG stores present in 

cardiac adipocytes and myocytes provide the heart with fatty acids for oxidative 

metabolism. It is well established that these endogenous TAG represent an important 

energy reserve and will support contractile function of hearts perfused in the absence of 

exogenous substrates for over 60 minutes (Olson & Hoeschen, 1967; Crass et al, 1971). 

Endogenous TAG fatty acids are used in preference to glucose and in the absence of 

exogenous fatty acids, almost 60% of the energy requirements of the isolated working 

heart are met by the oxidation of endogenous fatty acids (Saddik & Lopaschuk, 1991a). 

Even in the presence of physiological levels of exogenous fatty acids (0.4mM), 

endogenous fatty acids still contribute to over 40% of the overall ATP production 

(Saddik & Lopaschuk, 1991a).

Direct measurements of the rate of endogenous fatty acid oxidation under physiological 

conditions are few. However, it is likely that the rate of oxidation of endogenous fatty 

acids will depend, at least in part, upon the rate of lipolysis of endogenous TAG. The 

identity of the lipase(s) involved in mobilisation of myocardial TAG is a matter of some 

dispute and will be discussed in section 1.4.3.1. The presence of various exogenous 

substrates, including fatty acids, decreases the oxidative metabolism of endogenous fatty 

acids, acting via effects on the rate of lipolysis and P-oxidation as shall be discussed in 

sections 1.4.3.2 and 1.3.4.2 respectively.
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Only a portion of the total endogenous TAG appears to be metabolically available 

(Olson & Hoeschen, 1967), indicating that the myocardium contains at least two distinct 

pools of TAG. Transfer of TAG between these pools does appear to occur 

(Schoonderwoerd et al, 1990b) and will be discussed in section 1.4.2.

Approximately 85% of the total endogenous pool of fatty acids is present in 

phospholipids (van der Vusse et al, 1992). However, myocardial phospholipids do not 

appear to significantly contribute fatty acids for oxidative metabolism when isolated 

hearts are perfiased under a variety of conditions (Olson & Hoeschen, 1967; Crass et al, 

1971; Paulson & Crass, 1982; Saddik & Lopaschuk, 1991a).

1.3.2.4 Ketones

When fat metabolism predominates (e.g. during starvation, diabetes, fat feeding) and 

carbohydrate utilisation is low, hepatic acetyl-CoA accumulates above its capacity to be 

oxidised or used for fatty acids biosynthesis. Under these conditions, the excess acetyl- 

CoA is used to synthesise ketone bodies which are exported fi'om the liver and may be 

used as a source of fuel by other tissues. The heart efficiently uses circulating ketone 

bodies (p-hydroxybutytate and acetoacetate), converting them to acetoacetyl-CoA, via a 

reaction with succinyl-CoA, prior to oxidation. The rate at which the heart utilises 

ketone bodies is proportional to their concentration in the circulation, and perfusion of 

isolated hearts with p-hydroxybutytate or acetoacetate decreases the oxidation of 

exogenous fatty acids (Forsey et al, 1987). Oxidation of both octanoate (carnitine- 

independent) and oleate (carnitine-dependent) was decreased, indicating that inhibition 

occurs intramitochondrially. In contrast, Chen et al (1984) found that 3 -hydroxybutyrate 

decreased oxidation of palmitate, but not octanoate, in isolated cardiomyocytes, 

suggesting inhibition of transport across the mitochondrial membranes.
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1.3.3 Fatty Acid Oxidation

Before they can be metabolised, fatty acids from either exogenous or endogenous 

sources must be converted to the Co A thioester by fatty acyl-CoA synthetase (FAS). A 

number of FAS activities of differing chain-length specificity and subcellular location 

occur in the heart (Aas, 1971). A large proportion of the FAS activity is found in the 

outer mitochondrial membrane (Van Toi, 1975), and the acyl-CoA produced may bind 

to a soluble acyl-CoA-binding protein (ACBP). Knudsen's group has suggested that 

ACBP may be important to allow formation of a cytosolic pool of acyl-CoA without 

inhibiting acyl-CoA sensitive enzymes such as adenine nucleotide translocase and acetyl- 

CoA carboxylase (Rasmussen ei al, 1993). The binding of acyl-CoA synthesised by 

mitochondrial FAS to cytosolic ACBP implies that it will become part of a general pool 

of acyl-CoA esters available for TAG synthesis as well as P-oxidation.

Once activated, acyl-CoA can undergo P-oxidation in either mitochondria or 

peroxisomes. The enzymes of the p-oxidation spiral are located in the mitochondrial 

matrix and therefore acyl-CoA must move across the mitochondrial membranes prior to 

being oxidised. Unlike short chain acyl-CoA’s (<Cio) which readily cross the 

mitochondrial membrane, long-chain acyl-CoA’s require the action of a specific 

carnitine-dependent transport mechanism. This system involves three enzymes the first 

of which, carnitine palmitoyltransferase (CPT) 1, is located in the outer mitochondrial 

membrane and catalyses the conversion of acyl-CoA to acylcarnitine. Acylcarnitine is 

then transported across the inner mitochondrial membrane, in a 1:1 exchange with 

carnitine, by carnitine:acylcarnitine translocase. The third enzyme, CPT 2, situated on 

the matrix side of the inner membrane regenerates acyl-CoA from the incoming 

acylcarnitine and mitochondrial Co ASH (Bieber, 1988). Strong evidence has been
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provided, by the cloning and expression of rat liver CPT 1 and 2 cDNA's, that CPT 1 

and CPT 2 are in fact distinct proteins (Esser et al, 1993, Brown et ai, 1994; Johnson et 

al, 1995). A unique feature of CPT 1 is its inhibitability by low concentrations of 

malonyl-CoA, an intermediate of fatty acid biosynthesis. The malonyl-CoA/CPT 1 

interaction is thought to play a key role in the regulation of cardiac fatty acid oxidation 

and fuel selection (see section 1.3.4.2). CPT 1 exists in at least two tissue-specific 

isoforms, designated L-CPT 1 and M-CPT 1, indicating their presence in liver and 

skeletal muscle respectively (Weis et al, 1994). L- and M-CPT 1 differ in several 

respects including monomer size (88 and 82 kDa respectively by SDS-PAGE), Km for 

carnitine (-30p.M and ~500pM respectively) and sensitivity to malonyl-CoA (the 

concentration required to inhibit activity by 50% (IC50), ~2.7pM and ~0.03|liM  

respectively) (McGarry et al, 1983). Both forms are present in cardiac muscle at a 98:2 

ratio of M- to L-CPT 1 (Weis et al, 1994). This produces a CPT 1 activity in heart that 

displays kinetic characteristics in-between those observed in liver and skeletal muscle; 

Km for carnitine ~200|liM, IC50 for malonyl-CoA -0.1 pM. It is interesting to note that 

expression of L-CPT 1 is relatively high in rat hearts soon after birth and may be 

required to synthesise acylcarnitine during this time when cardiac carnitine levels are low 

(Brown et al, 1995). Expression of L-CPT 1 decreases rapidly with age (as carnitine 

levels rise), so that in the adult heart the M-form is responsible for 96% of the total 

acylcarnitine synthesis (Brown et al, 1995).

Once inside the mitochondrial matrix, acyl-CoA are oxidised with initial oxidation of the 

p-carbon in a series of steps that each release a two-carbon fragment in the form of 

acetyl-CoA. The pathway is cyclic in that each step reduces the acyl-CoA chain by two 

carbon units, with the shortened acyl moiety undergoing the same process in the next
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step. Each step involves four separate reactions: (1) The acyl-CoA undergoes a 

dehydrogenation catalysed by fatty acyl-CoA dehydrogenase, producing trans-l^-Qnoy\- 

CoA. A pair of electrons from the dehydrogenase are transferred to the respiratory chain 

via electron-transferring flavoprotein (ETFP); (2) Enoyl-CoA hydratase catalyses the 

hydration of trans-/^-Qnoy\-Cok to produce L-3-hydroxyacyl-CoA; (3) The L-3- 

hydroxyacyl-CoA is then converted to L-3-ketoacyl-CoA by the action of L-3- 

hydroxyacyl-CoA dehydrogenase with NAD^ as the coenzyme. Electrons are transferred 

to the respiratory chain via NADH dehydrogenase; (4) Attack of L-3 -ketoacyl-CoA by a 

second molecule of Co ASH, catalysed by 3-ketoacyl-Co A thiolase, releases acetyl-CoA 

and a shortened acyl-CoA which begins a new cycle of reactions. The acetyl-CoA 

produced at each step enters the citric acid cycle where it is catabolised to CO2

1.3.3.1 Regulation of Mitochondrial Fatty Acid Oxidation

There are several key steps at which fatty acid oxidation may be regulated, and CPT 1, 

by virtue of its unique inhibitability by malonyl-CoA is an obvious choice. However, 

unlike the liver enzyme, the activity of cardiac CPT 1 and its sensitivity to malonyl-CoA 

appear to be unchanged by dietary or pathological states (Cook & Lappi, 1992). This 

indicates that changes in the absolute levels of malonyl-CoA may be primarily 

responsible for controlling cardiac CPT 1 activity and the rate of fatty acid oxidation 

(Lopaschuk et al, 1994a; Lopaschuk & Gamble, 1994).

The concentration of malonyl-CoA in rat heart is lower than that observed in the liver 

and varies between 5-lOpM (McGarry et al, 1983; Awan & Sagger son, 1993; Saddik et 

al, 1993; Lopaschuk et al, 1994b). However, heart CPT 1 is extremely sensitive to 

inhibition by malonyl-CoA ( I C 5 0  -O.lpM) (Saggerson & Carpenter, 1981; McGarry et 

al, 1983; Saddik et al, 1993), indicating that in vivo fatty acid oxidation should always
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be completely inhibited. This is clearly not the case which implies that most of the 

malonyl-CoA in the heart does not access CPT 1. There are several possible solutions to 

this intriguing paradox; first, malonyl-CoA may be bound to cellular membranes, ACBP 

or some as yet unidentified element making it unavailable for interaction with CPT 1. It 

is also possible that the presence of L-CPT 1 (which is much less sensitive to malonyl- 

CoA) allows fatty acid oxidation to occur at a basal rate when malonyl-CoA levels are 

high (Weis et al, 1994). Finally, it has recently been found that in myocytes malonyl- 

CoA may bind to a low-afFinity non-inhibitory site on CPT 1 as well as the inhibitory 

site, the former producing incomplete inhibition of CPT 1 at infinitely high malonyl-CoA 

concentrations (McMillin et al, 1994).

In any case, CPT 1 appears to be highly responsive to changes in cardiac levels of 

malonyl-CoA, and a number of studies have demonstrated that the rate of fatty acid 

oxidation exhibits a strong inverse correlation with malonyl-CoA concentration. Awan 

& Saggerson (1993) found that adrenaline decreases the malonyl-CoA content of 

perfused hearts and increases palmitate oxidation in isolated myocytes, whilst insulin has 

the opposite effect. Stimulation of PDH with dichloroacetate (DCA) increases malonyl- 

CoA levels in working rat hearts, causing a concomitant fall in the rate of palmitate 

oxidation (Saddik et al, 1993). Maturation of fatty acid oxidation in newborn rabbit 

hearts appears to be accompanied by decreased malonyl-CoA levels (Lopaschuk et al, 

1994b). Kudo et al (1995; 1996) have shown that the increased rates of fatty acid 

oxidation observed in reperfused-ischaemic rat hearts are coupled with decreases in 

malonyl-CoA levels. In addition, the malonyl-CoA content of perfused hearts decreases 

when exogenous palmitate is added to the perfusion medium (Awan & Saggerson, 

1993). This indicates that exogenous fatty acids can 'feed-forward' to promote their 

oxidation by relieving inhibition of CPT 1.
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Acetyl-CoA carboxylase (ACC) which synthesises malonyl-CoA is also emerging as an 

important regulator of cardiac fatty acid oxidation (Saddik et al, 1993). Kudo et al 

1995; 1996) have demonstrated that reperfusion of ischaemic hearts decreases ACC 

activity, decreases malonyl-CoA levels and increases the rate of fatty acid oxidation. It 

appears that the elevated AMP levels observed under such conditions activates AMPK, 

which then phosphorylates and inactivates ACC (Kudo et al, 1996).

The rate of cardiac fatty acid oxidation also depends upon the energy-demand of the 

tissue, the redox state within mitochondria and the ratio of acetyl-CoA to CoASH. 

Increasing the workload of isolated perfused hearts decreases the ratios of 

NADH/NAD^ and acetyl-CoA/CoASH with a concomitant increase in the rate of fatty 

acid oxidation (Neely et al, 1969; Oram et al, 1973; Neely & Morgan, 1974). The 

decreased acetyl-Co A/Co ASH ratio relieves inhibition of 3-ketoacyl-Co A thiolase and 

activates acyl-CoA dehydrogenase, thus increasing the rate of P-oxidation. When the 

energy demand decreases, mitochondrial acetyl-Co A levels rise inhibiting fatty acid 

oxidation (Van der Vusse et al, 1992).

1.3.4 Fuel Selection

Long-chain fatty acids represent the major substrate for energy production in the normal 

working heart (Neely & Morgan, 1974). An additional source of energy is supplied by 

glucose oxidation, with a smaller contribution being made by glycolysis (Lopaschuk & 

Saddik, 1992). Interplay between lipid and carbohydrate fuels allows their relative 

contribution to the oxidative metabolism of the heart to be varied in response to a wide 

range of signals. That glucose oxidation by cardiac muscle is inhibited by increasing 

rates of fatty acid oxidation, in the 'glucose-fatty acid cycle' (Randle et al, 1963), is well 

established (Neely & Morgan, 1974; Randle et al, 1994; Hue et al, 1995). The
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contribution of glucose oxidation to total ATP production in working rat hearts 

decreases from 40% in the absence of exogenous fatty acids, to under 5% in the 

presence of 1.2mM palmitate (Saddik & Lopaschuk, 1991a). This suppression of 

glucose oxidation is mediated via inhibition of glucose uptake and phosphorylation, 

phosphofructokinase and particularly pyruvate dehydrogenase (Randle, 1986) (see 

section 1.3.1). It appears that this 'fuel cross-talk' is not one sided and under appropriate 

conditions carbohydrate fuels can decrease fatty acid utilisation. Glucose suppresses the 

extraction of oleate by perfused working hearts (Taegtmeyer et al, 1980). The presence 

of glucose or glucose plus lactate inhibits fatty acid oxidation by perfused hearts (Forsey 

et al, 1987) and primary cardiac myocytes (Chen et al, 1984; Awan & Saggerson,

1993). Elevation of arterial lactate concentration by infusion of lactate (Spitzer, 1974), 

hemorrhagic (Spitzer & Spitzer, 1972) or endotoxic (Scott et al, 1972) shock decreases 

the extraction and oxidation of fatty acids by canine hearts. In addition, lactate inhibits 

fatty acid oxidation by perfused hearts (McDonough et al, 1982; Bielefeld et al, 1985) 

and isolated myocytes (Liu & Spitzer, 1978; Montini et al, 1981; Awan & Saggerson, 

1983). Much effort has recently been made to elucidate the molecular mechanisms that 

mediate this 'reverse glucose-fatty acid cycle', and there is considerable evidence to 

suggest that the malonyl-CoA/CPT 1 interaction may play a key role in this process.

1.3.4.1 Phosphofructokinase and Pyruvate Dehydrogenase

As discussed in section 1.3.1.3, the oxidation of fatty acids and ketone bodies by 

perfused hearts causes an increase in citrate levels, accompanied by a fall in Fru-2,6-P2 

concentration. The net effect is a decrease in the activity of PFK-1 which causes 

accumulation of glucose-6-phosphate, leading to inhibition of hexokinase and glucose 

transport. The glucose-sparing effects of these lipid fuels can be extended to include
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lactate, the oxidation of which inhibits glycolysis mainly at the level of PFK-1 and -2 

(Hue et al, 1995). PDH also plays a crucial role in the regulation of glucose metabolism 

by fatty acids (Randle et al, 1994). In hearts perfused in the absence of exogenous fatty 

acids, the rate of glycolysis appears to be twice as high as that of glucose oxidation 

(Kobayashi & Neely, 1979; Saddik & Lopaschuk, 1991a). Addition of fatty acids 

results in a dramatic drop in glucose oxidation with only a slight fall in glycolytic rate 

(Saddik & Lopaschuk, 1991a). This indicates that fatty acid inhibition of glucose 

oxidation occurs to a greater extent at the level of PDH than at the level of PFK. The 

increased mitochondrial acetyl-Co A/Co ASH and NADH/NAD^ concentration ratios 

caused by fatty acid oxidation activate PDH kinase, leading to inhibition of PDH (see 

section 1.3.1.5). Reversible inhibition of PDH by hexanoate oxidation has been 

demonstrated in intact beating hearts using ^̂ C NMR spectroscopy (Weiss et al, 1989), 

providing further evidence to support the glucose-sparing role of this enzyme in vivo.

1.3.4.2 Carnitine Palmitoyltransferase 1 and Acetyl-CoA Carboxylase

1.3.4.2.a Acetyl-CoA Carboxylase in the Heart

Acetyl-CoA carboxylase (ACC) catalyses the carboxylation of acetyl-CoA to form 

malonyl-CoA, and is the first committed step in fatty acid biosynthesis. Two 

immunologically distinct isoforms of ACC have been identified (Thampy, 1989; Bianchi 

et al, 1990): a 265kDa isoform which is predominantly expressed in lipogenic tissues, 

and a 280 kDa isoform which is associated with tissues capable of high rates of fatty 

acid oxidation (Bianchi et al, 1990). ACC-280 is the predominant isoform expressed in 

rat hearts, although a small amount of the 265 kDa isoform also appears to be present 

(Saddik et al, 1993). The short-term regulation of ACC-265 activity has been 

investigated extensively and involves a complex combination of allosteric modulation.
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reversible protein phosphorylation and subunit polymerisation (Hardie, 1989). Citrate 

promotes polymerisation of ACC-265 increasing its activity, whilst long-chain acyl-CoA 

has the opposite effect and is inhibitory. A number of kinases, including AMPK and 

PKA, can act upon ACC-265. Phosphorylation decreases activity of this isoform and 

increases its dependence upon the allosteric activator citrate. Adrenaline and glucagon 

inhibit ACC-265 by promoting phosphorylation and depolymerisation, whilst activation 

of the enzyme by insulin is associated with dephosphorylation. Long-term changes in 

ACC-265 activity in response to dietary or hormonal status are produced by altered 

enzyme concentration. In contrast, mRNA levels of cardiac ACC-280 do not appear to 

be altered under these conditions (Lopaschuk & Gamble, 1994). Relatively little is 

known about the short-term regulation of ACC-280 in the heart. Cardiac ACC 

(predominantly ACC-280) has a low affinity (Km~100p,M) for its substrate acetyl-Co A 

(Bianchi et a/, 1990; Saddik et al, 1993). Cytosolic levels of total CoA in the heart 

tissue vary between 10 and 50pM (Idell-Wenger et al, 1978). Therefore the 

concentration of acetyl-CoA in heart appears to be below the Km of ACC-280, 

indicating that the enzyme will be very responsive to changes in the level of cytosolic 

acetyl-Co A. Indeed Saddik et al (1993) recently suggested that ACC-280 is primarily a 

substrate-driven enzyme, and that unlike the 265 kDa isoform, is not regulated by the 

allosteric activator citrate or by protein phosphorylation. However, the use of PEG 

fractionation has demonstrated that ACC activity in rat hearts can be stimulated 2-fold 

by citrate (Kudo et al, 1995). In addition, a significant negative correlation between 

AMPK and ACC activities has been demonstrated in aerobic, ischaemic and reperfused 

rat hearts (Kudo et al, 1995; 1996), suggesting that this kinase may be capable of 

phosphorylating and inactivating cardiac ACC. Furthermore, ACC activity can be 

increased by extracting ACC from hearts in the absence of phosphatase inhibitors, whilst
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purified rat liver AMPK appears able to phosphorylate and inactivate purified heart 

ACC-280 (Kudo et al, 1996). These results indicate that ACC is a physiological 

substrate of AMPK in the intact heart and that in common with the 265 kDa isoform, 

phosphorylation decreases its activity.

In liver and white adipose tissue, ACC is important as the first step of fatty acid 

synthesis. The heart is not regarded as being lipogenic and it is thought that the primary 

role of ACC in this tissue is in regulating fatty acid oxidation (Saddik et al, 1993; 

Lopaschuk & Gamble, 1994; Lopaschuk a/, 1994a; 1994b).

1.3.4.2.h Role o f the ACC:Malonyl-CoA:CPT 1 Interaction in Fuel Selection

There are several lines of evidence suggesting that ACC and CPT 1 form part of a 

negative feedback loop that inhibits fatty acid oxidation in response to increased 

carbohydrate oxidation. Firstly, lactate decreases the oxidation of palmitate but not 

octanoate, a medium-chain fatty acid which does not require the CPT reactions to cross 

the inner mitochondrial membrane (Bielefeld et al, 1985; Forsey et al, 1987). This 

indicates that inhibition of long-chain fatty acid oxidation by carbohydrate fuels involves 

carnitine-dependent reactions, namely CPT 1. In addition, lactate decreases acylcarnitine 

levels in perfused rat hearts and increases incorporation of [^"^CJpalmitate into TAG 

(Bielefeld et al, 1985) which is consistent with an inhibition of CPT 1, since this would 

lead to increased cytosolic acyl-CoA levels. Second, treatment of perfused hearts or 

isolated myocytes with dichloroacetic acid (DCA, activates PDH) stimulates glucose 

oxidation and causes a parallel decrease in palmitate oxidation (Saddik et al, 1993; 

Abdel-aleem et al, 1996). This decrease in fatty acid oxidation was closely correlated 

with DCA-induced increases in tissue acetyl-CoA and malonyl-CoA levels (Saddik et al,

1993). These observations indicate that the intramitochondrial acetyl-CoA generated by 

PDH has access to cytosolic ACC. Indeed, a mechanism analogous to the CPT system
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exists in the heart for the transport of acetyl groups out of the mitochondria (Lysiak et 

al, 1986). In the mitochondrial matrix acetyl groups are transferred to acetylcamitine via 

carnitine acetyltransferase (CAT), and subsequently transported into the cytoplasm by 

carnitine acetylcarnitine translocase in a 1:1 exchange with carnitine (Lysiak et al, 

1986). Studies with isolated rat heart mitochondria and cardiomyocytes have suggested 

that the pool of acetyl-CoA produced by P-oxidation is distinct from that generated 

from carbohydrate fuels by PDH (Lysiak et al, 1986; Abdel-aleem et al, 1996). It 

appears that acetyl-CoA produced by PDH is readily accessible to the carnitine 

acetyltransferase system, whilst that derived from P-oxidation may be directly channelled 

into the TCA cycle. This provides a mechanism whereby mitochondrial acetyl-CoA 

generated by PDH, through the actions of ACC, malonyl-CoA and CPT 1 can inhibit 

fatty acid oxidation. It is also possible that the increased concentration of acetyl-CoA in 

the mitochondrial matrix inhibits 3-ketoacyl-CoA thiolase, directly decreasing the rate of 

fatty acid oxidation. However, this does not explain the increase in malonyl-CoA levels 

in hearts perfused with DCA (Saddik et al, 1993). Finally, elevation of intracellular 

carnitine levels by perfusing hearts with lOmM L-carnitine has been shown to increase 

glucose oxidation coupled with a reduced rate of fatty acid oxidation (Broderick et al,

1992). Carnitine facilitates transfer of acetyl groups from CoASH to carnitine (via CAT) 

and their subsequent translocation into the cytosol, thereby lowering intramitochondrial 

acetyl-CoA levels (Lysiak et al, 1988). The decreased acetyl-CoA/CoASH ratio would 

be expected to relieve inhibition of PDH, explaining the increased rate of glucose 

oxidation in the presence of carnitine. However, a fall in intramitochondrial acetyl-CoA 

would also be expected to activate 3-ketoacyl-CoA thiolase, indicating that some other 

mechanism must be involved in the carnitine-induced decrease in fatty acid oxidation. 

These observations lead Lopaschuk and colleagues to develop the model illustrated in
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Figure 1.3 Proposed pathway by which glucose oxidation inhibits fatty 

acid oxidation in the heart
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fig 1.3 to explain the carbohydrate mediated suppression of fatty acid oxidation. 

According to this hypothesis, as production of acetyl-CoA by PDH increases (e.g. due 

to the presence of DCA, glucose, insulin), acetyl groups are transferred to 

acetylcarnitine in the mitochondrial matrix by CAT. Acetylcarnitine is then transported 

into the cytosol and the acetyl groups transferred back to acetyl-CoA. The resulting 

increase in cytosolic acetyl-CoA is then envisaged to increase malonyl-CoA synthesis by 

ACC-280, leading to inhibition of CPT 1 and down regulation of long-chain fatty acid 

oxidation (Lopaschuk & Gamble, 1994). This also provides a mechanism for the 

feedback regulation of fatty acid oxidation by cardiac energy demand. As the cardiac 

workload decreases, the reduced demand on the TCA cycle would lead to accumulation 

of acetyl-CoA, resulting in export of acetyl groups to the cytosol and decreased fatty 

acid oxidation (via the actions of ACC, malonyl-CoA and CPT 1). Conversely, under 

conditions of high work, the increased demand for mitochondrial acetyl-CoA would 

decrease synthesis of malonyl-CoA and increase fatty acid oxidation rates.

A recent study has questioned the involvement of CPT 1 in the regulation of fatty acid 

oxidation by DCA and L-carnitine, suggesting instead a direct effect of acetyl-CoA upon 

3-ketoacyl-CoA thiolase (Abdel-aleem et al, 1996). The authors found that DCA 

reduced the oxidation of both palmitate and octanoate by isolated cardiomyocytes 

(although neither decrease appeared to be significant), indicating that inhibition is not at 

the level of CPT-1 but most likely results from increased intramitochondrial acetyl-Co A 

levels inhibiting 3-ketoacyl-CoA thiolase. This conclusion is supported by the 

observation that DCA also inhibits oxidation of 3-hydroxybutyrate, which is independent 

of the CPT system (McAllister et al, 1973). In contrast to its effects in perfused hearts 

(Broderick et al, 1992), L-carnitine has been shown to increase palmitate oxidation by 

isolated myocytes without altering the rate of glucose utilisation (Abdel-aleem et al.
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1996). Carnitine decreases intramitochondrial acetyl-CoA levels and it is suggested that 

this relieves inhibition of 3-ketoacyl-CoA thiolase, increasing the rate of fatty acid 

oxidation (Abdel-aleem et al, 1996). The reason for the discrepancy between intact 

perfused hearts and isolated myocytes is unknown but it is possible that the isolation 

procedure may have depleted myocytes of endogenous carnitine. Under these conditions 

carnitine could limit the activity of the CPT system, so that increasing carnitine levels 

will stimulate the transport of fatty acids into the mitochondria and their subsequent 

oxidation.

It is interesting to note that most of the acetylcarnitine produced by isolated myocytes 

appears to be released into the external medium (Abdel-aleem et al, 1996), indicating 

that only a small proportion is converted to cytosolic acetyl-CoA. Although not stated, 

there appeared to be no general correlation between the rates of acetylcarnitine efflux 

and fatty acid oxidation (Abdel-aleem et al, 1996) which is in contrast with what may be 

expected according to Lopaschuk's hypothesis.

1.4 Cardiac Glvcerolipid Metabolism

Phospholipids and TAG are the major storage forms of fatty acids in the heart. 

Phospholipids are essential constituents of biological membranes and in the mammalian 

heart, the appropriate phospholipid composition is required for the maintenance of 

cellular integrity and proper membrane function. Myocardial TAG represent an 

important source of fatty acids for oxidative metabolism as described in section 1.3.2.3. 

In addition, glycerolipid synthesis may serve to buffer intracellular levels of potentially 

toxic fatty acids when extracellular levels are high. Under most physiological conditions, 

the endogenous TAG pool does not become drastically reduced or over expanded.
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indicating that control mechanisms must exist to regulate the (relative) rates of 

myocardial TAG synthesis and lipolysis.

1.4.1 Glycerolipid Synthesis

Although the primary fate of fatty acids within the myocardium is P-oxidation, a notable 

proportion of those taken up (by the heart) are initially incorporated into an intracellular 

TAG pool prior to oxidation. When hearts are perfused with physiological 

concentrations of exogenous substrates, a variable proportion of the fatty acids 

extracted are esterified to endogenous lipids demonstrating that myocardium possesses 

an active and regulated glycerolipid synthesis pathway. The rates of TAG and 

phospholipid synthesis are altered under a variety of conditions but the mechanisms 

underlying such changes are not well understood. The rate of glycerolipid synthesis 

depends upon the availability of the precursors, acyl-CoA and glycerol-3-phosphate 

(G3P), as well as the activities of the enzymes involved in the synthetic pathway. 

Perfusion of rat hearts with lactate increases the incorporation of exogenous 

[ '̂^CJpalmitate into TAG (Bielefeld et al, 1985) and stimulates the re-esterification of 

endogenous TAG fatty acids released by lipolysis (de Groot et al, 1989). Lactate 

elevates myocardial G3P levels (de Groot et al, 1989) and also inhibits fatty acid 

oxidation (see section 1.3.4), thus increasing the supply of these substrates for 

glycerolipogenesis. Inhibition of fatty acid oxidation by oxfenicine also increases the 

estérification of fatty acids to myocardial TAG (Bielefeld et al, 1985), leading to an 

expansion of the endogenous TAG pool and accumulation of cytosolic lipid droplets 

(Jodalen et al, 1988). The partitioning of fatty acids between oxidation and estérification 

pathways in the myocyte is thought to be determined in part by the cytosolic carnitine- 

to-CoASH ratio (Lopaschuk et al, 1986; Lopaschuk & Tsang, 1987; Saddik &
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Lopaschuk, 1991b). In cardiac muscle, where the major fate of fatty acids is oxidation, 

cytosolic CoASH levels are low compared with those of carnitine. This is in contrast to 

the liver where cytosolic CoASH levels are much higher and incorporation of fatty acids 

into lipids predominates. Elevation of myocardial CoASH levels increases the 

incorporation of exogenous fatty acids into TAG whilst decreasing the apparent rate of 

[^"^C]palmitate oxidation (Lopaschuk et al, 1986; Saddik & Lopaschuk, 1991b). The 

stimulation of TAG synthesis may result from increased availability of cytosolic acyl- 

CoA, produced by the elevation of cytosolic CoASH levels. The mechanism for the 

inhibition of fatty acid oxidation by excess CoASH is unknown but does not appear to 

be a consequence of increased glycogen or glucose utilisation (Lopaschuk et al, 1986). 

Interestingly, the rate of phospholipid synthesis does not appear to be dependent upon 

myocardial CoASH levels, leading to the speculation that the enzymes involved in TAG 

synthesis may be regulated to a greater degree by acyl-CoA concentrations that those 

involved in phospholipid synthesis (Saddik & Lopaschuk, 1991b). Excess carnitine on 

the other hand inhibits accumulation of TAG in rat hearts during perfrision with a lipid 

emulsion (Hulsmann et al, 1982). This phenomenon does not appear to result from a 

stimulation of fatty acid oxidation, but may be due to inhibition of TAG synthesis. 

Indeed, it has been found that GPAT activity in rat heart microsomes is inhibited by 

excess acylcarnitine (Hulsmann et al, 1982). The levels of CoASH and carnitine are 

known to be altered in various pathological conditions. During diabetes and fasting the 

CoASH content of the heart is elevated and carnitine is reduced, whilst a fall in both 

carnitine and CoASH levels have been reported in hypertrophied hearts. The 

endogenous TAG pool of the diabetic myocardium is considerably expanded (Denton & 

Randle, 1967b) and the rate of TAG synthesis increases (Murthy & Shipp, 1977; 

Paulson & Crass, 1982). This may be due in part to the increased ratio of cytosolic CoA



69

to carnitine which results in shunting of exogenous fatty acids away from oxidation and 

towards TAG synthesis (Lopaschuk & Tsang, 1987). Enhanced incorporation of fatty 

acids and glucose into myocardial TAG also occurs during ischaemia and subsequent 

reperfusion (Scheuer & Brachfeld, 1966; Trach et al, 1986; Saddik & Lopaschuk, 

1992a). Accumulation of TAG has been observed at the periphery of the infarct zone 

(Jodalen et al, 1985), and increased TAG content can be seen in the subepicardial 

(Jesmok et al, 1978) and subendocardial (Prinzen et al, 1984) regions of the heart. The 

regulation of myocardial TAG turnover and its role(s) during ischaemia will be discussed 

in greater detail in section 1.5.1.

Incorporation of exogenous fatty acids into TAG is increased when lipolysis is 

stimulated by isoprenaline (Takenaka & Takeo, 1976; Jodalen et al, 1988) or adrenaline 

(Kreisberg, 1966a). Adrenaline has also been reported to increase estérification of fatty 

acids to phospholipids (Kreisberg, 1966a). Insulin and epidermal growth factor stimulate 

the synthesis of both phospholipids and neutral lipids in BC3H-1 myocytes (Farese et al, 

1988; 1989), whilst perfusion of rat hearts with media devoid of glucose decreases 

incorporation of exogenous myristate into TAG (Takenaka & Takeo, 1976). In part, 

these effects are likely to be due to altered provision of G3P. G3P is produced from 

glycolytic dihydroxyacetone phosphate by the action of G3P dehydrogenase, located 

primarily in the and cytosol of myocytes (van der Vusse et al, 1992). This reaction is 

driven by NADH and conditions such as ischaemia and anoxia which elevate the tissue 

NADH/NAD^ ratio promote the formation of G3P. Insulin, glucagon and isoprenaline, 

presumably by stimulating glycolysis, also increase cellular G3P levels in cardiac tissue 

(Denton & Randle, 1967a; Hulsmann et al, 1990; Myrmel et al, 1991). Diabetes 

dramatically reduces the G3P content of rat hearts (Denton & Randle, 1967a). Cellular 

G3P levels can be altered experimentally by varying the pyruvate/lactate concentration
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ratios as this alters the redox state of the tissue and thus the ratio of G3P/DHAP. 

Cardiac muscle contains very low levels of glycerol kinase activity (Robinson & 

Newsholme, 1967) and as such, glycerol is not thought to be an important precursor of 

glyceride-glycerol in the heart (see section 1.4.4).

In addition to G3P, the rate of glycerolipid synthesis is dependent upon the availability 

of acyl-CoA (and thus fatty acids). The supply of exogenous fatty acids to the heart in 

vivo is determined by the activity of HSL in white adipose tissue and LPL at the vascular 

endothelium as described in sections 1.3.2.1 and 1.3.2.2 respectively. In vitro, TAG 

synthesis is accelerated by increasing the provision of exogenous fatty acids to perfused 

hearts (Saddik & Lopaschuk, 1991a) or isolated myocytes (Myrmel et al, 1991). Fatty 

acids released from myocardial TAG stores by lipolysis also have the potential to be re- 

esterified. Indeed, Hulsmann et al (1984) have estimated that in the isolated perfused 

heart over 50% of the fatty acids mobilised may be re-esterified. Lipolysis of 

endogenous TAG and the subsequent re-esterification of fatty acids with glycolytic G3P 

forms a cycle through which the myocardial TAG pool(s) are constantly being turned 

over (see section 1.4.5).

It appears that whilst saturated fatty acids are preferentially oxidised by the perfused 

heart, polyunsaturated fatty acids such as arachidonic and linoleic acid, are preferentially 

incorporated into cardiac lipids (Saddik & Lopaschuk, 1991b). The mechanisms 

involved in this selective partitioning of different fatty acids between oxidation and 

estérification pathways are unknown, but could conceivably reflect the affinity of the 

lipogenic enzymes for these different substrates. Although primarily localised within 

myocardial phospholipids, arachidonic acid appears to be preferentially incorporated into 

the neutral lipid pool of perfused hearts (Saddik & Lopaschuk, 1991b). Thus it has been 

suggested that in addition to providing a mobilisable energy reserve, the endogenous
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TAG pool serves as an initial and transient source of essential fatty acids for 

phospholipid synthesis (Saddik & Lopaschuk, 1991b).

Information about the regulation of the glycerolipid synthesising enzymes in cardiac 

tissue is scarce. However, the apparent similarity of these enzymes in various tissues 

justifies some degree of extrapolation of the more extensive findings in liver and white 

adipose tissue to myocardial cells (Stam et al, 1987; Schoonderwoerd et al, 1989a). 

Three enzymes of glycerolipogenesis in particular appear to posses important regulatory 

properties in the heart, namely GPAT, PAP and DGAT.

Both microsomal (NEM-sensitive) and mitochondrial (NEM-insensitive) forms of GPAT 

have been reported to occur in rat heart at a ratio of 60:40 microsomal:mitochondrial 

(Heathers et al, 1985) which is similar the 50:50 ratio observed in the liver. However, 

the assays were not optimised and may have underestimated the mitochondrial activity. 

Whether the specificity of mitochondrial GPAT for saturated acyl-CoA chains observed 

in adipose tissue and liver also occurs in cardiac muscle is unknown. Insulin rapidly 

activates GPAT in BC3H-1 myocytes, causing a decrease in the apparent for G3P 

(Vila et al, 1990). This effect appears to be on the microsomal enzyme since the insulin- 

induced activation was abolished by inclusion of NEM. Insulin also stimulated GPAT in 

isolated membrane fractions, and this effect could be mimicked by a phosphatidylinositol 

(Pl)-specific phospholipase C (PLC) and blocked by sodium fluoride, pertussis toxin, 

anti-PI-PLC or anti-Gia antisera. On the basis of these results, it was proposed that 

insulin acts via a pertussis toxin sensitive Gia-protein to activate a PI-PLC, resulting in 

hydrolysis of PI and release of a soluble low molecular-weight factor which decreases 

the Km of GPAT, possibly by activating a protein phosphatase (Vila et al, 1990). This 

stimulation of GPAT activity may account for the increases in de novo synthesis of 

phosphatidic acid, DAG, TAG and phospholipids by BC3H-1 myocytes observed in the
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presence of insulin (Farese et al, 1987; 1988). Adrenaline rapidly decreases GPAT 

activity in perfused rat hearts via a p-adrenergic mechanism (Heathers et al, 1985). This 

effect appears to be mediated in part by PKA phosphorylation (as suggested for the 

enzyme in white adipose tissue) and is readily reversible. The az-adrenergic agonist 

clonidine increases GPAT activity, which is consistent with a PKA mediated inhibition 

of GPAT as az-adrenoceptor stimulation may lower cellular cAMP levels (Heathers et 

al, 1985). Although these changes in GPAT activity were shown to involve both the 

mitochondrial and microsomal forms, the microsomal enzyme appeared to be more 

sensitive to modification, ai-adrenergic agonists also inhibit microsomal GPAT, possibly 

via a Ca^^-mediated mechanism. Indeed, perfusing rat hearts with increasing 

concentrations of external Ca^  ̂ inhibits GPAT (type unspecified). Ca^  ̂ uptake 

antagonists, which bind to the slow Ca^  ̂channel of the sarcolemma inhibiting Ca^  ̂entry, 

cause a rise in total GPAT activity (Griffiths & Brunt, 1990). These effects are thought 

to be important during ischaemia and subsequent reperfusion when ai-activity intensifies 

and intracellular Ca^  ̂ levels rise (Griffiths & Brunt 1990). Acute regional ischaemia in 

the perfused rat heart has been shown to decrease the activity of GPAT (Heathers & 

Brunt, 1985), whilst no change in activity was reported following 30 minutes of low- 

flow ischaemia (Schoonderwoerd et al, 1989b). The regional ischaemia-induced fall in 

GPAT activity could be abolished by pre-perfusion with (3-antagonists or prior treatment 

of animals with 6-hydroxydopamine to deplete endogenous catecholamines (Heathers & 

Brunt, 1985). Upon reperfusion, GPAT activity is further reduced (Heathers & Brunt, 

1985). Pre-perfusion with ai-antagonists or Ca^  ̂ uptake antagonists abolishes the 

reperfusion-induced inhibition of GPAT, and activity returns to pre-ischaemic values 

(Heathers & Brunt, 1985; Griffiths & Brunt 1990). Thus it appears that the decrease in
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GPAT activity during ischaemia is mediated via a p-adrenergic mechanism (possibly 

involving cAMP), whilst the decrease observed on subsequent reperfusion is due to an 

ai-mediated increase in intracellular Ca^  ̂ concentration. GPAT activity in heart 

microsomal fractions has been reported to be inhibited by excess acylcarnitine 

(Hulsmann et al, 1982). In the longer term, mitochondrial GPAT in rabbit hearts is 

activated by treatment with triiodothyronine and it has been suggested that this may be 

responsible for the increased TAG content observed in the hyperthyroid state (Kako & 

Liu, 1974).

PAP activity has been reported to occur in both particulate and cytosolic fractions of rat 

heart (Schoonderwoerd et al, 1990a), but in this study no distinction was made between 

PAP-1 (Mg^^-activated, NEM-sensitive) and PAP-2 (Mg^^-independent, NEM- 

insensitive). The PAP activity in both fractions was stimulated by Mg^  ̂up to ImM, but 

inhibited at higher concentrations of this cation (Schoonderwoerd et al, 1990a). In 

contrast, cytosolic PAP activity in liver and white adipose tissue is not inhibited by Mg^  ̂

even at concentrations of lOmM and above (Brindley, 1988; Saggerson, 1988). Oleate 

and KCl have been shown to promote translocation of rat heart PAP activity 

(presumably PAP-1) from a soluble to a particulate fraction in cell free incubations 

(Schoonderwoerd et al, 1990a). In addition, perfusion of isolated hearts with glucagon 

appears to have no effect on total PAP activity but increases association of the enzyme 

with particulate fractions (mainly mitochondrial and lysosomal), whilst decreasing 

activity in the cytosol (Schoonderwoerd et al, 1990a). Low-flow ischaemia has the 

opposite effect on the subcellular distribution of PAP and lowers the proportion of 

activity associated with particulate fractions (Schoonderwoerd et al, 1990a). However, 

ischaemia also appears to stimulate total PAP activity, which may mean that the 

functional PAP activity (i.e. that associated with the cellular membranes on which lipid
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synthesis is presumed to occur) is unchanged. Total PAP activity, but not subcellular 

distribution, is increased by diabetes (Schoonderwoerd et al, 1990a). A more recent 

study has shown that both PAP-1 and -2 are present in rat heart in approximately equal 

quantities (Jamal et al, 1992). Both activities appear to be somewhat reduced in male 

JCR:LA corpulent rats which are insulin-resistant, obese and spontaneously develop 

myocardial lesions (Jamal et al, 1992). It is possible that a lower capacity for 

glycerolipid synthesis, which may protect the heart against the accumulation of 

potentially toxic levels of fatty acids in lean rats, could contribute to the increased 

incidence of myocardial lesions in the corpulent state (Jamal et al, 1992).

DGAT activity is present in rat heart and appears to be predominantly microsomal in 

location (Schoonderwoerd et al, 1990a). Cardiac DGAT activity is decreased by 

glucagon, unchanged by low-flow ischaemia and increased by streptozotocin-diabetes 

and free fatty acids (Schoonderwoerd et al, 1990a). The stimulation of DGAT activity 

and PAP translocation by fatty acids provides a mechanism whereby the myocardium 

can increase TAG synthesis in response to increased substrate availability. As has been 

suggested in the liver, this could prevent the accumulation of potentially harmful fatty 

acids in the myocardium when extracellular levels are high, if fatty acid oxidation is 

decreased or during prolonged stimulation of endogenous lipolysis.

Perfusion of isolated hamster hearts with lidocaine or methyl-lidocaine increases the 

synthesis of acidic phospholipids, phosphatidylethanolamine and neutral lipids (DAG and 

TAG) (Tardi et al, 1992; Wong et al, 1994). Lidocaine stimulates GPAT, PAP (types 

unspecified) and DGAT activities (Tardi et al, 1992), whilst methyl-lidocaine increases 

the activities of PAP and CT (Wong et al, 1994). The mechanisms by which these 

amphiphillic, anti-arrhythmic drugs increase the activities of the lipogenic enzymes is
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unknown, but does not appear to include stimulation of PAP translocation (Wong et al,

1994).

The great majority of the studies discussed above have utilised cardiac muscle 

preparations which will contain several cell types such as adipocytes and capillary 

endothelial cells in addition to the cardiomyocytes. Myocytes are the muscle cells of the 

heart and as such are the 'power-houses' responsible for the contractile properties of the 

myocardium. However, very little is known of the properties, subcellular distribution 

and regulation of the glycerolipid synthesising enzymes in myocytes, or the contribution 

of these cells to myocardial lipogenesis.

1.4.2 Storage

Within myocytes, intracellular TAG appears to be associated with three distinct storage 

pools: within membrane-bound lipid particles, as free-floating cytoplasmic lipid droplets 

and in ly so some-like particles. Using electron microscopy and autoradiography, Stein & 

Stein (1968) showed that following synthesis, TAG can be observed in membrane-bound 

particles in the vicinity of the sarcoplasmic reticulum. Similar particles have been 

isolated from bovine heart and appear to posses considerable FAS and acyltransferase 

activities (Christiansen, 1975). In addition, lipase activity is present (Schousboe et al, 

1973), leading to the suggestion that these membrane-bound particles represent an 

efficient unit of metabolism in which TAG synthesis, storage and mobilisation can occur. 

Such a close spatial relationship between the enzymes of lipogenesis and lipolysis would 

reduce the requirement for intracellular transport of TAG. Indeed, the level of TAG 

transfer protein (a 20 kDa protein which accelerates the transfer of lipid between 

intracellular membranes) in rat heart is rather low (Wetterau & Zilversmit, 1986).
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Whether or not these particles originate from a part of the sarcoplasmic reticulum 

specialised for TAG synthesis remains to be established.

An additional part of endogenous TAG is present in fractions of rat heart enriched in 

lysosomal marker enzymes (Stam et al, 1987). The lysosomal TAG is thought to be 

metabolically active due to the presence of an acid lipase (Schoonderwoerd et al, 1989a) 

and the observation that prolonged perfusion decreases recovery of TAG in lysosomal 

fractions of rat heart (Stam et al, 1986a). It has been demonstrated that isolated cardiac 

lysosomes are able to take up and degrade TAG in vitro (Schoonderwoerd et al, 

1990b). This process is accelerated by Ca^  ̂ and by lowering the pH to 6.5, factors that 

may be relevant during myocardial ischaemia which is associated with intracellular 

acidosis and accumulation of Ca^  ̂(Schoonderwoerd et al, 1990b).

Free-floating cytosolic lipid droplets are readily visible in myocytes using the electron 

microscope. Accumulation of lipid droplets has been observed in the myocardium in 

vivo during acute regional ischaemia and following treatment with isoproterenol or 

dexamethasone (Jodalen et al, 1988; Jodalen & Neely, 1991). It appears that these 

droplets represent a rather inert storage pool since they are not associated with any 

lipase activity. However, the engulfment of cytosolic lipid droplets by lysosomes may 

function to transfer TAG to a metabolically active pool (Schoonderwoerd et al, 1990b). 

Regulation of this process may be important for the maintenance of myocardial TAG 

homeostasis. Stimulation of lipolysis by perfusing hearts with agents such as glucagon is 

relatively short lived, typically lasting only 2-5 minutes (Schoonderwoerd et al, 1990b). 

However, following a control perfusion of 60 minutes, the ability of glucagon to 

stimulate lipolysis is restored. It has been suggested that this 'recovery' period is required 

to transfer TAG to a metabolically active pool (Schoonderwoerd et al, 1990b).
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1.4.3 Degradation

Endogenous myocardial TAG can be mobilised through lipolysis to provide fatty acids 

for oxidative metabolism. The rate of lipolysis must be stringently controlled to prevent 

excess fatty acids being released from TAG stores under conditions when fatty acid 

utilisation is low.

1.4.3.1 Cardiac Lipases

The stepwise hydrolysis of TAG to fatty acids and glycerol requires the sequential action 

of three lipase activities, namely TAG lipase, DAG lipase and MAG lipase. DAG and 

MAG lipases are predominantly microsomal in rat heart and their activity exceeds by far 

that of TAG lipase (Stam et al, 1987). As such, TAG lipase is generally considered to 

catalyse the rate-limiting step in overall TAG hydrolysis (Stam et al, 1987; 

Schoonderwoerd et al, 1989a; van der Vusse et al, 1992). The myocardium contains (at 

least) three lipase activities capable of degrading TAG to DAG: i) lipoprotein lipase 

(LPL) present intracellularly and in the vascular endothelium, ii) an intracellular neutral 

lipase distinct from LPL, and iii) an acid lysosomal lipase. Much effort has been spent on 

identifying which of these activities is responsible for the mobilisation of endogenous 

myocardial TAG stores. However, the relative importance of each lipase and the 

contribution of the different cardiac cell types to myocardial lipolysis is still a matter of 

some controversy. The study of cardiac lipases is complicated by the high activity of 

LPL which is synthesised within myocytes before being transported to the vascular 

endothelium. Hearts perfused with heparin to remove vascular LPL, and isolated 

myocytes which have little extracellular LPL both contain TAG lipase activities with 

neutral (pH 7-7.5) and acidic (pH 4-4.5) pH optima (Severson, 1979; Ramirez et al, 

1985). Using heparin sepharose-afFinity chromatography to remove intracellular LPL,
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the presence of an additional neutral lipase has been demonstrated (Ramirez et al, 1985). 

This ‘non-LPL’ lipase does not cross-react with polyclonal antibodies raised against 

LPL, is heat labile and is not activated by serum (Ramirez et al, 1985; Goldberg & 

Khoo, 1985). Considerable evidence exists to suggest that this lipase is in fact the 

hormone-sensitive lipase (HSL) originally identified in white adipose tissue. First, in 

common with HSL, the neutral lipase activity in heart and myocyte extracts can be 

stimulated in vitro by cAMP and PKA (Goldberg & Khoo, 1985; Heathers et al, 1985; 

Schooderwoerd et al, 1987). Furthermore, perfusion of intact hearts (Heathers et al, 

1985) or incubation of isolated myocytes (Palmer & Kane, 1983) with adrenaline 

increases the activity of the neutral TAG lipase (as well as the rate of lipolysis). The 

presence of HSL in extracts of rat heart has been demonstrated by Western blotting 

using an antibody raised against adipose tissue HSL (Holm et al, 1987; Kraemer et al,

1993), and by Northern blotting with a cDNA probe for HSL (Holm et al, 1988). In 

addition. Small et al (1989) have purified a neutral lipase from bovine heart which 

appears to be authentic HSL. The purified lipase has the same subunit size (84 kDa by 

SDS-PAGE) as HSL, cross-reacts with an antiserum raised against HSL and is 

phosphorylated by PKA, apparently at the same site as HSL (Small et al, 1989). 

Importantly, this lipase was show to be present in isolated myocytes, demonstrating that 

the HSL purified was not derived (exclusively) from cardiac adipocytes. Although the 

actual contribution of HSL to endogenous TAG lipolysis in the intact heart is unknown, 

the acute regulation of cardiac lipolysis by catecholamines (see section 1.4.3.2) suggests 

that HSL is responsible for hormonally responsive TAG hydrolysis.

Based upon the negative correlation observed between LPL activity and myocardial 

TAG content under a variety of experimental conditions. Miller & Oscai (1984) have 

suggested that intracellular LPL plays an important role in myocardial lipolysis.
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However, this enzyme is processing through the secretory pathway of the myocyte and 

as such may be inactive and/or inaccessible to endogenous TAG stores. Furthermore 

depletion of cardiac LPL by treatment with cyclohexamide has no apparent effect on the 

rate of basal or glucagon-stimulated lipolysis in subsequently perfused hearts (Stam et 

al, 1986a). These results indicate that intracellular LPL does not have a dominant role in 

myocardial TAG turnover.

Several lines of evidence indicate that the lysosomal acid lipase may also be involved in 

the mobilisation of endogenous TAG. Cell fractionation studies have revealed the 

presence of TAG (and an acid lipase) in rat heart fractions enriched in lysosomal marker 

enzymes (Wang et al, 1977; Stam et al, 1986a; Schoonderwoerd et al, 1990b). This 

TAG appears to be metabolically available as the lysosomal TAG content decreases 

during prolonged perfusion of hearts in the absence of exogenous fatty acids (Stam et al, 

1986a). In addition, cardiac lipolysis has been shown to be inhibited by perfusion with 

lysomotropic agents such as chloroquine (Hulsmann & Stam, 1978) or methylamine 

(Hulsmann et al, 1978; Schoonderwoerd et al, 1990b). Furthermore, purified cardiac 

lysosomes are able to internalise and degrade TAG in vitro, leading to the suggestion 

that this uptake represents metabolic ‘activation’ of endogenous TAG stores by bringing 

them into contact with the lysosomal lipase (Schoonderwoerd et al, 1990b). In contrast, 

Severson et al (1980) reported that chloroquine does not reduce the rate of lipolysis in 

perfused hearts. The involvement of the lysosomal acid lipase in myocardial TAG 

metabolism has also been challenged by Kryski et al (1986) who found that methylamine 

does not inhibit basal or isoprenaline-stimulated rates of lipolysis in isolated rat 

cardiomyocytes.



80

It is possible that the lysosomal acid lipase and HSL are both involved in the 

mobilisation of endogenous TAG. The former activity could provide a ‘basal’ level of 

lipolysis, whilst HSL could assume the dominant role in the presence of lipolytic agents.

1.4.3.2 Regulation of Cardiac Lipolysis

Product inhibition by fatty acids is thought to be a major factor in the regulation of 

cardiac lipolysis. The loss of total and isotopically prelabelled TAG is reduced by 

perfusing hearts in the presence of exogenous fatty acids (Crass, 1977). Fatty acids also 

inhibit the rate of lipolysis (as estimated by glycerol efflux) in isolated cardiomyocytes 

(Larsen & Severson, 1990). In addition, several in vitro studies have shown that TAG 

lipase activity in heart and myocyte extracts is inhibited by fatty acids and their 

derivatives (Hulsmann et al, 1982; Severson & Hurley, 1982; Stam & Hulsmann, 1985; 

Schoonderwoerd et al, 1987). However, it is interesting to note that the concentration 

of free fatty acid required to inhibit lipase activity in vitro (Severson & Hurley, 1982) 

appears to be much higher that that required to inhibit lipolysis in isolated myocytes 

(Larsen & Severson, 1990). This indicates that some other mechanism, in addition to the 

direct feedback on TAG lipase, may be involved in the inhibition of lipolysis by fatty 

acids in vivo.

It is well established that catecholamines and glucagon stimulate lipolysis (as measured 

by glycerol release or disappearance of myocardial TAG in perfused hearts (Kreisberg, 

1966a; Christian et al, 1969; Crass et al, 1975; Jesmok et al, 1977) and isolated 

myocytes (Palmer & Kane, 1983; Kryski et al, 1985). The effect of catecholamines to 

increase TAG mobilisation has been characterised as a P-adrenergic response since 

isoprenaline also stimulates lipolysis (Christian et al, 1969; Crass et al, 1975; Jesmok et 

al, 1977; Kryski et al, 1985), whilst p-adrenoceptor blockade inhibits isoprenaline-
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stimulated lipolysis (Kryski et al, 1985) and prevents degradation of myocardial TAG in 

vivo ( Masters & Glaviano, 1972; Stankiewicz-Chorozucha & Gorska, 1980). There is 

considerable evidence to suggest that the lipolytic effects of glucagon and 

catecholamines are mediated by cAMP-dependent activation of cardiac lipase(s) in a 

manner similar to that described for adipose tissue. The stimulation of glycerol efflux 

from hearts perfused with catecholamines is preceded by a rise in the tissue levels of 

cAMP (Christian et al, 1969). In addition, cAMP analogues stimulate lipolysis in intact 

rat hearts (Crass et al, 1975; Crass, 1977) and isolated myocytes (Kryski et al, 1985). A 

similar effect is produced by elevation of cellular cAMP levels with forskolin or 

phosphodiesterase inhibitors (Crass, 1977; Kryski et al, 1985). Furthermore, in vitro 

phosphorylation of HSL and total neutral lipase in heart extracts by PKA increases 

enzyme activity (see section 1.4.3.1). These observations lend further support to the 

conclusion that a P-adrenoceptor-mediated rise in cellular cAMP activates PKA, leading 

to activation of a cardiac TAG lipase (HSL?) and stimulation of lipolysis.

However, it has also been suggested that the effect of cAMP on cardiac lipolysis is 

indirect (Schoonderwoerd et al, 1987; Hulsmann et al, 1990). Depletion of endogenous 

glycogen appears to abolish the stimulation of neutral lipase activity in heart 

homogenates by cAMP (Schoonderwoerd et al, 1987). Inhibition of glycogenolysis in 

intact perfused hearts prevents the stimulation of lipolysis by glucagon (Hulsmann et al, 

1990). Moreover, the activation of TAG lipase by cAMP in vitro can be mimicked by 

the addition of G3P or DHAP (Schoonderwoerd et al, 1987). Thus, it is proposed that 

by increasing G3P supply (through stimulation of glyco(geno)lysis), cAMP promotes the 

re-esterification of fatty acids, thereby relieving the product inhibition of TAG lipase and 

stimulating lipolysis. G3P availability may therefore represent a major regulatory factor 

of lipolysis, by virtue of its ability to remove inhibitory fatty acids. As such, elevation of
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tissue G3P will stimulate both lipolysis and estérification, thereby increasing the turnover 

of cardiac TAG (see section 1.4.5). This conclusion is supported by the observation that 

the rate of lipolysis in perfused hearts is stimulated by malate and lactate, both of which 

increase the tissue NADH/NAD^ ratio and elevate G3P levels (Schoonderwoerd et al, 

1989b). In contrast, inhibition of glycolysis with pyruvate decreases the rate of lipolysis 

(Schoonderwoerd et al, 1989b). Furthermore, the presence of glucose which may be 

expected to increase the provision of glycolytic G3P, increases basal and isoprenaline- 

stimulated lipolysis in isolated myocytes (Kryski et al, 1985). The rise in lipolysis 

observed during ischaemia can be prevented by exclusion of glucose from perfusion 

media or by inhibiting glycolysis with pyruvate (Trach et al, 1986). However, the role of 

G3P and enhanced fatty acid re-esterification in the regulation of cardiac lipolysis has 

been questioned by several observations. Firstly, although lactate stimulates lipolysis, it 

also appears to raise myocardial fatty acid levels (de Groot et al, 1989). In addition, 

perfusion with ketone bodies increases the G3P content of ischaemic hearts but does not 

stimulate lipolysis (Trach et al, 1986). Finally, the apparent inhibition of GPAT by 

catecholamines and cAMP (Heathers et al, 1985) suggests that fatty acids would not be 

removed by re-esterification with G3P, and indicates that some other mechanism must 

also be involved in the hormonal stimulation of lipolysis.

It appears that Ca^  ̂ also plays an important role in the regulation of (hormone- 

stimulated) lipolysis. Dhalla et al (1977) found that increasing the extracellular Câ  ̂

concentration enhances the rate of lipolysis in rat hearts. Perfusion of rat hearts with low 

concentrations of Ca^  ̂or Ca^  ̂antagonists inhibits neutral TAG lipase activity (Griffiths 

& Brunt, 1990). It has also been shown that the stimulation of lipolysis by 

catecholamines and glucagon is dependent upon a threshold level of extracellular Ca^  ̂

(Hron et al, 1977). In the rabbit heart it has been suggested that stimulation of lipolysis
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by catecholamines is predominantly mediated by Ca^  ̂provided by increased mechanical 

activity, rather than cAMP (Schwartz et al, 1993). This was based upon the findings that 

Ca^^-channel antagonism or lowering perfusate Ca^  ̂ concentration abolishes 

isoprenaline-stimulation of lipolysis, whilst cAMP analogues have no apparent effect on 

lipolysis (Schwartz a/, 1993).

Ketone bodies have been reported to inhibit lipolysis in perfused hearts (Hron et al, 

1978) but appear to increase the rate of both basal and isoprenaline-stimulated lipolysis 

in isolated myocytes (Larsen & Severson, 1990). The reason for this discrepancy is 

unknown but may reflect the contribution of cardiac adipocytes to lipolysis in intact 

hearts, since ketone bodies potently inhibit lipolysis in white adipose tissue (Larsen & 

Severson, 1990). This highlights the benefits of using isolated myocytes for the study of 

cardiac lipid metabolism. In this way it is possible to eliminate the contribution of other 

myocardial cell types, particularly adipocytes which potentially have high rates of TAG 

synthesis and degradation.

The anti-lipolytic action of insulin in white adipose tissue is well documented and is 

thought to be due to decreased phosphorylation and activity of HSL (Belfrage, 1985). 

However, this effect of insulin is not apparent in perfused hearts (Christian et al, 1969; 

Jesmok et al, 1977). Insulin does abolish the glucagon or noradrenaline-stimulation of 

lipolysis in lipid-enriched hearts (Hulsmann et al, 1990). The different effects of insulin 

may reflect the higher relative importance of the neutral TAG lipase (HSL?) in lipid- 

enriched hearts as opposed to the lysosomal acid lipase in lean hearts (Hulsmann et al, 

1990). Nicotinic acid does appear to have an anti-lipolytic effect in perfused rabbit 

hearts (Karwatowska-Krynska & Beresewicz, 1983).

Several studies have indicated that the availability of endogenous TAG is an important 

determinant of myocardial lipolysis. Myocytes containing elevated intracellular TAG
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levels exhibit higher rates of lipolysis (Kermo & Severson, 1985; Larson & Severson, 

1990). It has been suggested that the increased myocardial TAG content is responsible 

for the enhanced rates of lipolysis observed in the hearts and cardiomyocytes of diabetic 

animals (Kenno & Severson, 1985). The transfer of endogenous TAG to a metabolically 

active pool, presumably the site of lipase localisation, may also represent a means of 

regulating myocardial lipolysis.

Increasing ventricular pressure development enhances the rate of lipolysis as estimated 

by the disappearance of myocardial TAG (Crass et al, 1971). This also emphasises the 

advantages of using quiescent myocytes, as such studies are not complicated by the 

possible effects of hormones on the contractile properties of intact hearts.

1.4.4 Methods for the Study of Glycerolipid Turnover

Many studies have examined various aspects of myocardial lipid metabolism. The 

majority of these have used isolated perfused hearts, usually from rat, although a number 

have been carried out in situ in whole animals. There are several disadvantages 

associated with these approaches. Notably, measurements made in intact hearts will 

reflect the net contribution of cardiomyocytes, cardioadipocytes and other cell types 

(e.g. endothelial cells, smooth muscle cells and fibroblasts), and as such are not 

necessarily indicative of events occurring within the myocyte. The alternative approach 

is to use calcium-tolerant cardiomyocytes. Although this model is not representative for 

all properties of the intact heart, it confers some special advantages. First, this system is 

specific for the muscular cell type and eliminates contributions from other cell types. 

Second, cellular metabolism can be investigated under well-defined extracellular 

conditions. In contrast to the beating heart, calcium-tolerant ventricular myocytes are 

not spontaneously active. Therefore, factors such as cardiac contractility and mechanical
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performance, which are important determinants of myocardial (lipid) metabolism, can 

also be eliminated.

Because of the potential importance of endogenous TAG as an extended myocardial 

substrate source, a number of studies have examined the topic of lipolysis in cardiac 

tissue (see section 1.4.3). In the majority of these studies, glycerol release has been used 

as an index of TAG lipolysis. An alternative estimate can be obtained by following the 

disappearance of isotopically prelabelled TAG. In the absence of exogenous fatty acids, 

the fall in total TAG content may also be used. However, the latter methods may 

underestimate the ‘true’ rate of lipolysis, as a variable proportion of the fatty acids 

released by lipolysis may be re-esterified to TAG. Glycerol efflux is generally accepted 

as an accurate estimate of cardiac lipolysis since partial glycerides (DAG and MAG) do 

not accumulate and glycerol is not re-utilised to any great extent by the myocardium. 

The activity of glycerol kinase is low in cardiac muscle (Robinson & Newsholme, 1967) 

which limits the conversion of glycerol to G3P and its incorporation onto glycerolipids. 

Indeed, it has been shown that free glycerol is not oxidised or incorporated into 

glyceride glycerol in perfused hearts (Schuer & Olson, 1967) or isolated myocytes 

(Tamboli et al, 1983b). A recent study has questioned the validity of glycerol release as 

a measure of cardiac lipolysis (de Groot et al, 1994), based upon the observation that 

heart homogenates are capable of dephosphorylating G3P. However, the conditions 

used for preparation of this crude homogenate would have disrupted the lysosomes 

which appeared to be enriched in the G3P hydrolase activity. Therefore it is doubtful 

that in intact cells G3P gives rise to significant amounts of fi'ee glycerol. Furthermore, it 

has been demonstrated that conversion of [^"^Cjglucose to glycerol does not occur to 

any appreciable extent in perfiased hearts (Denton & Randle, 1967a) or isolated 

myocytes (Kryski ûf/, 1985).
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Radioisotopic flux measurements are a useful way to investigate factors regulating the 

pathways of fatty acid metabolism, such as oxidation or incorporation into endogenous 

lipid pools. However, most studies have investigated these processes in isolation and 

few direct measurements of cardiac TAG turnover have been made. Saddik & 

Lopaschuk (1991a) recently devised a pulse-chase protocol in which the turnover of 

endogenous TAG can be measured directly in perfused hearts. Briefly, endogenous 

lipids are prelabelled with [^"^Cjfatty acids during an initial ‘pulse’ period. This is 

followed by a ‘chase’ perfusion with [^H]fatty acids. Measurement of [ '̂^C]C02 and 

[^H]H20 production, and and [^H] radioactivity in different lipid classes following 

the chase perfusion allows estimation of the rates of endogenous TAG turnover, TAG 

and phospholipid synthesis, together with the oxidation of exogenous fatty acids and of 

fatty acids liberated from endogenous TAG stores. In this way it is possible to build up 

an integrated picture of cardiac lipid and fatty acid metabolism, which as yet has only 

been applied to working perfused hearts.

1.4.5 Cardiac Triacylglycerol Turnover

It appears that a number of pools of TAG occur within the myocardium. Morphological 

evidence indicates that TAG may be associated with at least three distinct storage pools 

(see section 1.4.2), but the relationship between these is unclear. Early studies 

established the existence of a ‘mobilisation-resistant’ pool of TAG in isolated rat hearts. 

This pool appears to contains approximately 30% of the total endogenous myocardial 

TAG, and is retained even upon prolonged perfusion in the absence of exogenous 

substrates (Olson & Hoeschen, 1967; Takenaka & Takeo, 1976). By prelabelling 

endogenous lipids with [ "̂^C]fatty acids. Crass et al (1971) found that radiolabelled TAG 

disappeared at a faster rate than the total TAG upon substrate-free perfusion. This
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indicates that newly-synthesised TAG (in this case [^"^CJiabelled) is more susceptible to 

lipolysis. Indeed, Stein & Stein (1968) noticed that membrane-bound TAG associated 

with the sarcoplasmic reticulum (the presumed site of TAG synthesis) may have a higher 

turnover rate than that present in cytosolic lipid droplets. Furthermore, it has been 

suggested that newly-synthesised TAG may be more accessible to cardiac lipase activity 

than ‘older’ TAG tightly packed in the centre of lipid particles (van der Vusse et al, 

1992). However, by prelabelling endogenous lipids with [^"^C]fatty acids, Saddik & 

Lopaschuk (1991a) found that radiolabelled TAG (newly-synthesised) and total TAG 

were lost at a similar rate during subsequent perfusion with glucose as the sole 

exogenous substrate. In this study, it appeared that the endogenous TAG pools were 

homogeneously/uniformly labelled and that [̂ '‘CJfatty acids contained within these pools 

were released and oxidised at a constant rate.

The endogenous myocardial TAG pool(s) are not static but are constantly being turned 

over through the so-called ‘TAG-fatty acid’ cycle, in which fatty acids liberated by 

lipolysis are re-esterified to G3P. The rate of TAG turnover is determined by the rates of 

TAG synthesis and hydrolysis, the regulation of which are discussed in sections 1.4.1 

and 1.4.3 respectively. In white adipose tissue it appears that these processes are 

regulated reciprocally so that recycling of fatty acids back into TAG is restricted under 

mobilising conditions. The situation may be different in the heart in which a number of 

conditions appear to be associated with increased rates of both lipolysis and 

estérification, thus augmenting the rate of TAG turnover. Enhanced turnover of cardiac 

TAG by accelerated lipolysis in concert with increased estérification has been 

demonstrated during ischaemia and hypoxia (Trach et al, 1986; Stam et al, 1987; van 

Bilsen et al, 1989; Schoonderwoerd et al, 1989b; Myrmel et al, 1991), during perfusion 

with lactate or malate (de Groot et al, 1989; Schoonderwoerd et al, 1989b), and in the
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presence of adrenaline (Kreisberg, 1966a) or isoprenaline (Takenaka & Takeo, 1976; 

Myrmel etal^ 1991).

Although few direct measurements of cardiac TAG turnover have been made, increasing 

evidence indicates that the TAG-fatty acid cycle may be controlled by the supply of 

glycolytic G3P (Trach et al, 1986; van Bilsen et al, 1989; de Groot et al, 1989; 

Schoonderwoerd et al, 1989b; Myrmel et al, 1991; 1992). Indeed, the enhanced 

turnover of endogenous TAG observed in hearts perfiised with lactate or malate (de 

Groot et al, 1989; Schoonderwoerd et al, 1989b) may be a consequence of the 

increased formation of G3P because of a higher NADH/NAD^ ratio. It has been 

suggested this promotes TAG synthesis which in turn stimulates lipolysis by removing 

inhibitory fatty acids, with the net result of increasing the rate of TAG turnover. 

However, de Groot et al (1989) demonstrated that lactate also increases tissue fatty acid 

levels which questions the importance of end-product inhibition in the regulation of 

lipolysis and TAG turnover. Accordingly, they proposed that enhanced estérification 

could produce a newly synthesised pool of TAG which is more susceptible to cardiac 

lipases, thereby increasing the rate of lipolysis and TAG turnover.

The rate at which endogenous TAG is turned over may be estimated as the rate of 

glycerol efflux, provided the total TAG content is unchanged. In hearts perfiised with 

lactate in the absence of exogenous fatty acids, it has been calculated that 2% of the 

TAG pool is turned over per minute (de Groot, 1989). The TAG-fatty acid cycle also 

appears to be operating at a high rate (-50% turned over per hour) in isolated myocytes 

incubated without exogenous fatty acids (Myrmel et al, 1991). This simultaneous 

estérification and hydrolysis of TAG is referred to as an energy-wasting or futile cycle 

since ATP is consumed by the conversion of fatty acid to acyl-CoA. As such it is 

difficult to rationalise why this metabolically-expensive cycle operates at such a high
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rate. It is possible that by removing fatty acids from the cytoplasm, the cycle functions to 

protect the myocardium against the accumulation of potentially toxic acyl metabolites 

under conditions such as ischaemia. In addition, this rapid turnover of TAG may ensure 

rapid provision of extra endogenous fatty acids for P-oxidation, without the need for 

upregulation of lipase activity. Fatty acids are withdrawn from the cycle when the 

demand for these substrates increases, such as under conditions of increased workload 

or diminished extracellular substrate supply.

1.5 Pathological Alterations in Cardiac Glycerolipid Metabolism

1.5.1 Ischaemia and Reperfusion

During restriction of coronary flow, i.e. ischaemia, delivery of oxygen and substrates to 

and removal of metabolic by-products from the affected tissue is impaired. Hypoxia and 

anoxia are distinct from ischaemia in that flow (and therefore metabolite supply and 

removal) is maintained despite the oxygen lack.

Myocardial ischaemia is associated with severe disturbances of lipid and fatty acid 

metabolism. The decreased supply of oxygen inhibits the respiratory chain, resulting in 

an enhanced mitochondrial (and therefore cytosolic) NADH/NAD^ ratio, which in turn 

suppresses p-oxidation. As such, a greater proportion of ATP produced is derived from 

glucose via anaerobic glycolysis (Neely & Morgan, 1974). During hypoxia and mild 

ischaemia, allosteric activation of PFK stimulates glycolysis, whilst in prolonged severe 

ischaemia increased levels of lactate, protons and NADH will inhibit glucose utilisation 

at the level of PFK and glyceraldehyde-3-phosphate dehydrogenase.

It has been recognised for many years that fatty acids and their carnitine and CoA esters 

accumulate in the ischaemic myocardium, reflecting the impaired rate of fatty acid
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oxidation. The sequestration of fatty acid metabolites in ischaemic tissue in vivo is 

further augmented by the elevated levels of plasma fatty acids generally associated with 

acute myocardial infarction (van der Vusse et al, 1992).

It is generally accepted that fatty acids and fatty-acyl esters are potentially harmful to the 

(ischaemic) myocardium when their cellular concentrations rise above critical (and as yet 

unidentified) levels (Katz & Messineo, 1981; Corr et al, 1984; Leidtke, 1988). The 

precise mechanisms by which these compounds exert their toxic effects are not fully 

identified, but appear to include a general detergent effect on cellular membranes (Katz 

& Messineo, 1981). In addition, fatty acids and acyl-CoA inhibit the mitochondrial 

adenine nucleotide translocase (Shug et al, 1975) and other essential membrane proteins 

such as the sarcolemmal Na^/K^ ATPase (Lamers & Hulsmann, 1977). Fatty acid 

metabolites also suppress glucose oxidation via the mechanisms described in section 

1.3.4. The latter effect may be particularly important during reperfusion of ischaemic 

hearts, when a marked over-reliance on fatty acid oxidation can be observed (Lopaschuk 

et al, 1990; Saddik & Lopaschuk, 1992a). It is suggested that this increased dependence 

on fatty acid oxidation may be mediated through inhibition of ACC by AMP-activated 

protein kinase, leading to decreased production of malonyl-CoA and de-inhibition of 

CPT 1 (Kudo e/a/, 1995; 1996).

The accumulation of fatty acids in ischaemic tissue may also be a consequence of 

endogenous TAG lipolysis. Myocardial lipolysis is accelerated during ischaemia (Trach 

et al, 1986; Schoonderwoerd et al, 1989b; van Bilsen et al, 1989), possibly due to 

enhanced release of endogenous noradrenaline from sympathetic nerve terminals (Opie, 

1976; Karwatowska-Krynska & Beresewicz, 1983). Indeed, Heathers et al (1985) 

demonstrated that regional ischaemia increases the activity of neutral TAG lipase in 

isolated rat hearts, and that this may be prevented by pre-perfusion with P-adrenergic
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antagonists. The observation that substantial amounts of arachidonic acid accumulate in 

the ischaemic myocardium (van der Vusse et al, 1982; Prinzen et al, 1984; van Bilsen et 

al, 1989) indicates that phospholipid hydrolysis may also be involved in the elevation of 

tissue fatty acid levels under these conditions.

Since P-oxidation is impaired, a major fate of the accumulated fatty acids in ischaemic 

tissue may be estérification to TAG. Indeed, increased myocardial TAG content has 

been observed following periods of ischaemia in the perfused rat heart and in intact 

animals (Jesmok et al, 1978; Whitmer et al, 1978; Prinzen et al, 1984; Jodalen et al, 

1985; Leidtke et al, 1988; Saddik & Lopaschuk, 1992a). The stimulation of lipolysis 

during ischaemia coupled with a maintained or increased level of TAG, implies that the 

rate of TAG synthesis also increases. In line with this notion, enhanced incorporation of 

both glucose and fatty acids has been observed during ischaemia (Schuer & Brachfeld, 

1966; Trach et al, 1986). A variety of factors are likely to be involved in controlling the 

rate of TAG synthesis during ischaemia. The increased NADH/NAD^ ratio observed in 

ischaemic tissue promotes the conversion of DHAP to G3P, which in turn favours the 

estérification of the accumulated fatty acids to TAG. It is also possible that stimulation 

of glycerolipogenic enzyme(s) facilitates increased TAG synthesis. A small increase in 

total PAP activity has been observed under ischaemic conditions (Schoonderwoerd et al, 

1990a). In contrast, GPAT activity appears to be unchanged (Schoonderwoerd et al, 

1989b) or decreased (Heathers et al, 1985) during ischaemia. However, such changes in 

enzyme activity may be overruled in the intact heart by the elevated levels of G3P and 

fatty acids. Moreover, it has been reported that PAP and DGAT are activated by fatty 

acids (Schoonderwoerd et al, 1990a), which may promote the accumulation of TAG in 

the ischaemic myocardium.
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The simultaneous acceleration of TAG synthesis and hydrolysis will result in an 

enhanced rate of TAG turnover. An active TAG-fatty acid cycle has been shown to 

operate in ischaemic hearts (Trach et al, 1986; Riemersma, 1987; Schoonderwoerd et al, 

1989b; van Bilsen et al, 1989; Saddik & Lopaschuk, 1992a) and isolated myocytes 

incubated under hypoxic conditions (Myrmel et al, 1991; 1992). Because TAG turnover 

consumes ATP, it has been suggested that this process is detrimental to the ischaemic 

myocardium in which the ATP supply is already compromised (van Bilsen et al, 1989). 

However, it has been calculated that the energy loss associated with the re-esterification 

cycle is only 2.5 - 4.4% of the total ATP production in ischaemic rat hearts (Trach et al, 

1986; Schoonderwoerd et al, 1989b). This is inconsistent with the notion that energy 

loss via TAG cycling is an important factor in the impairment of function during 

ischaemia. Conversely, it has been suggested that enhanced TAG turnover may actually 

have a protective role in the ischaemic myocardium which counteracts the deleterious 

increase in tissue fatty acid and acyl-CoA levels by increasing their estérification to 

endogenous TAG (Trach et al, 1986; Schoonderwoerd et al, 1989b). It is noteworthy 

that Saddik & Lopaschuk (1992a) found that previously ischaemic hearts which failed to 

recover following reperfusion with [^HJpalmitate maintained their levels of labelled fatty 

acids at the expense of an increase in labelled TAG, lending further support to the 

protective role of TAG synthesis during myocardial ischaemia.

The endogenous TAG pool may also serve to scavenge fatty acids released by 

phospholipolysis during ischaemia (Forsdahl & Larsen, 1995). This may be particularly 

important in the case of arachidonic acid, the main precursor of eicosanoids which have 

a variety of profound effects on cardiac function (van der Vusse et al, 1992).

However, high rates of TAG synthesis/cycling cannot be maintained during prolonged 

ischaemia since G3P production will be impaired due to inhibition of glycolysis.
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Furthermore, the generation of acyl-CoA by FAS will be inhibited by the falling ATP 

and rising AMP levels. Although the accumulation of fatty acyl-esters occurs rapidly 

following induction of ischaemia (Whitmer et al, 1978), the rise in tissue fatty acid levels 

appears to be rather a late phenomenon (in the absence of exogenous fatty acids) and is 

preceded by a substantial decline in ATP and rise in AMP levels (van Bilsen et al, 1989). 

This indicates that fatty acids only accumulate significantly when estérification is 

impaired by excessive depletion of energy nucleotides.

Together, these observations have lead several workers to speculate that during the 

early stages of ischaemia, an acceleration of TAG lipolysis occurs (possibly due to 

release of endogenous noradrenaline) augmenting the rise in tissue fatty acid levels. 

However, these will be prevented from increasing to very high concentrations since fatty 

acids will be (re)incorporated into the endogenous TAG pool (possibly driven by mass- 

action of G3P). During prolonged severe ischaemia, re-esterification is likely to decrease 

due to impaired G3P production and ATP deficiency. Together with other factors, such 

as increased phospholipolysis, this may cause fatty acid levels to rise further to the point 

at which they begin to disrupt myocardial function.

Following the restoration of flow to previously ischaemic hearts (reperfiision), additional 

derrangements of cardiac metabolism may be observed. Importantly, the tissue fatty acid 

content rises further, despite an apparent ‘normalisation’ of the rates of lipolysis and 

fatty acid oxidation (van Bilsen et al, 1989; Saddik & Lopaschuk, 1992a). It has been 

suggested that TAG-fatty acid cycling ends immediately following reperfusion (van 

Bilsen et al, 1989). Although G3P levels fall upon restoration of flow, TAG synthesis 

appears to be enhanced in reperfused-ischaemic hearts compared to non-ischaemic 

hearts (Lopaschuk et al, 1990; Saddik & Lopaschuk, 1992a). In the absence of any
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acceleration of lipolysis, the increase in TAG synthesis results in expansion of the TAG 

pool during reperfusion (Lopaschuk et al, 1990; Saddik & Lopaschuk, 1992a).

1.5.2 Diabetes

Diabetes has a profound effect on cardiac lipid and carbohydrate metabolism. The 

diabetic myocardium may receive over 90% of its energy requirements from the 

oxidation of fatty acids (Wall & Lopaschuk, 1989). This increased reliance on fatty acid 

oxidation is due to the elevated levels of circulating fatty acids and TAG, as well as the 

fall in glucose utilisation.

However, it is unclear whether the actual rate of P-oxidation is altered by diabetes. The 

rate of exogenous fatty acid oxidation has been reported to be decreased or unchanged 

in perfused diabetic hearts (Kreisberg, 1966b; Lopaschuk & Tsang, 1987; Wall & 

Lopaschuk, 1989) and cardiomyocytes isolated from chronically diabetic rats (Chen et 

al, 1983). However, the contribution of endogenous TAG fatty acids to oxidative 

metabolism does not appear to have been examined in detail. If endogenous fatty acids 

do provide a significant energy source, as has been suggested by Saddik & Lopaschuk 

(1992b), then the overall oxidative rate of fatty acids may increase in the diabetic heart. 

Glucose utilisation by the heart is decreased through diminished glucose uptake as a 

consequence of insulin lack (Morgan et al, 1961). In addition, the increased tissue fatty 

acid levels inhibit glucose oxidation and glycolysis according to the glucose-fatty acid 

cycle. The key role of fatty acid metabolism in reducing glucose utilisation in diabetes 

has lead to the development of hypoglycaemic drugs such as Etomoxir, POCA and 

tolbutamide which inhibit CPT 1 activity and therefore fatty acid oxidation.

Diabetes is also characterised by alterations in myocardial TAG metabolism. It is well 

established that the endogenous TAG content is elevated in the diabetic heart (Denton &
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Randle, 1967b) and in myocytes isolated from diabetic hearts (Kenno & Severson, 

1985). Increased supply of exogenous fatty acids to the heart is likely to be responsible, 

at least in part, for this expansion of the TAG pool. In addition, diabetic heart 

preparations have an increased capacity to synthesise TAG in vitro (Murthy & Shipp, 

1977), whilst cardiac PAP and DGAT activities are enhanced by diabetes 

(Schoonderwoerd et al, 1990a). It has also been shown that the incorporation of 

[^"^CJpalmitate into TAG is increased in perfused hearts of spontaneously diabetic rats 

(Lopaschuk & Tsang, 1987).

As well as increased TAG synthesis, it is possible that decreased rates of lipolysis could 

contribute to the accumulation of TAG in the diabetic myocardium. Although the rate of 

lipolysis appears to be accelerated in diabetic heart perfusions (Kreisberg, 1966b, 

Denton & Randle, 1967b) and myocyte incubations (Kenno & Severson, 1985), it has 

been suggested that in vivo the high plasma fatty acid levels inhibit the rate of lipolysis. 

This was based upon the observation that the rate of TAG hydrolysis in diabetic hearts 

perfiised with high exogenous fatty acid concentrations may be less than that in normal 

hearts perfused with a lower fatty acid concentration (Paulson & Crass, 1982). 

However, the method used for estimating lipolysis in this study did not take into account 

the possibility of fatty acid re-esterification and as such may have underestimated the 

true rate of lipolysis. Furthermore, it has subsequently been shown that the even in the 

presence of 1.2mM oleate, the rate of lipolysis (as judged by glycerol release) in diabetic 

myocytes is higher than that in control myocytes incubated without exogenous fatty 

acids (Larsen & Severson, 1990). In addition, induction of diabetes appears to enhance 

the activity of the non-LPL neutral TAG lipase in isolated myocytes (Severson et al, 

1987). These data indicate that the expanded TAG pool may play an important role in
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supplying fatty acids to the heart in the diabetic state, despite the increased exogenous 

fatty acid levels.

An additional explanation for the high levels of myocardial TAG is that diabetes-induced 

increases in CoA levels may stimulate TAG synthesis (Lopaschuk & Tsang, 1987). It 

has been shown that elevating the myocardial CoA to carnitine ratio results in shunting 

of fatty acids towards TAG synthesis and away from fatty acid oxidation (Lopaschuk et 

al, 1986; Saddik & Lopaschuk, 1991b).

Thus it appears that TAG synthesis and hydrolysis are augmented in the diabetic 

myocardium, indicating that there may be an increase in the activity of the TAG-fatty 

acid cycle. Surprisingly, Myrmel et al (1992) demonstrated that the rate of TAG 

turnover (calculated as glycerol release - change in endogenous TAG) is similar in 

diabetic and control myocytes incubated under hypoxic, substrate-free conditions. 

Metabolic changes that occur as a result of diabetes can contribute to the severity of 

myocardial ischaemic injury. Both the accumulation of acyl-metabolites and the 

decreased glucose utilisation have been implicated in the accelerated failure rates of 

ischaemic hearts from diabetic rats (Feuvray et al, 1979; Lopaschuk & Spafford, 1989). 

It has also been suggested that fatty acids originating from elevated levels of 

endogenous TAG may contribute to increased susceptibility of diabetic hearts to 

ischaemic injury (Lopaschuk & Spafford, 1989).

1.5.3 Myocardial Hypertrophy

A hypertrophied myocardium is now recognised as an independent cardiovascular risk 

factor and appears to depress both pre- and post-ischaemic function (Opie, 1991). 

Myocardial hypertrophy may be induced under conditions of pressure or volume 

overload and involves a complex series of events beyond the scope of this chapter. As
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cardiac myocytes are terminally differentiated, the increase in ventricular muscle mass 

during the development of hypertrophy results from an increase in size (rather than 

number) of existing myocytes (Bogoyevitch & Sugden, 1996).

Cardiac hypertrophy is associated with a number of metabolic alterations including a 

decrease in the rate of (long-chain) fatty acid oxidation. The reduction of fatty acid 

oxidation may be due to the lower carnitine content of these hearts, and is partially 

compensated for by an increase in the glycolytic rate (Lopaschuk et al, 1994a). It has 

also been found that CoA levels are reduced in hypertrophied hearts (Reibel et al, 1983), 

which may result in shunting of fatty acids away from oxidation and towards lipid 

synthesis (Lopaschuk et al, 1986). Cardiac lipid metabolism does not appear to have 

been examined during the development of myocardial hypertrophy. Furthermore, it is 

not known how or to what extent phospholipid synthesis is altered in order to fulfil the 

increased demand for membrane phospholipids that is likely to occur during the onset of 

hypertrophy.

1.6 Aims & Objectives

Because of the potential importance of endogenous TAG as an extended substrate 

source, several studies have examined the regulation of TAG lipolysis in perfiised hearts 

and isolated cardiac myocytes. By contrast, only limited information is available about 

the regulation of TAG synthesis in cardiac tissue. The control of myocardial glycerolipid 

metabolism may be relevant to the extent of damage occurring in the ischaemic 

myocardium and therefore merits investigation.

The aims of this project were to:

1) Examine the properties, activities (and subcellular distribution if appropriate) of the 

enzymes involved in glycerolipid synthesis in isolated cardiac myocytes and in whole
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heart tissue. Comparison of these may yield information on the relative contribution of 

myocytes and other cell types to glycerolipid synthesis in the heart.

2) Establish a protocol suitable for the study of glycerolipid synthesis in isolated cardiac 

myocytes.

3) Investigate factors regulating the rates of TAG and phospholipid synthesis in 

myocytes, and whether these can be correlated with changes in the rates of lipolysis and 

fatty acid oxidation, and/or the activities of the glycerolipid synthesising enzymes.
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Chapter 2 -  Materials and Methods
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2.1 Commercial Preparations

Routinely used reagents were obtained from Sigma Chemical Co. Ltd., Poole Dorset, 

U.K. and British Drug Houses Ltd, Poole, Dorset, U.K. In addition, the following were 

supplied by:

Sigma Chemical Co. Ltd., Poole Dorset: phosphatidylcholine (from egg yolk), 

benzethonium hydroxide (IM in methanol), ouabain, fatty acid poor bovine serum 

albumin fraction V (BSA), sodium palmitate, halothane (l-chloro-2-bromo-1,1,1- 

trifluoroethane), L-adrenaline (bitartrate), L-isoprenaline (hydrochloride), L- 

phenylephrine (hydrochloride), oleoyl-CoA, N-ethylmaleimide (NEM), 5-5'dithiobis(2- 

)nitrobenzoic acid (DTNB), 1 ,N^-etheno-CoA, Triton WR 1339, ionophore A23187, 1- 

oleoyl-5«-glycerol-3-phosphate, l ,2-5«-dioeoylglycerol, adenosine 5'-triphosphate

(ATP), streptomycin sulphate, ascorbic acid.

Boehringer Mannheim, Lewes, Sussex, U.K.: cytochrome c, palmitoyl-CoA, insulin, 

nicotinamide-adenine dinucleotide (NAD ), reduced nicotinamide-adenine dinucleotide 

(NADH), reduced nicotinamide-adenine di-nucleotide phosphate (NADPH), lactate 

dehydrogenase, pyruvate kinase, glycerokinase, phosphoenolpyruvate, L-glycerol-3- 

phosphate, glycerolphosphate dehydrogenase. Fully Enzymatic Test-Combination for 

determination of triglycerides.

Amersham International, Bucks., U.K.: [U-^"^C]glycerol-3-phosphate, [U-^'^Cjglucose, 

[l-^"^C]palmitoyl Co-A.

Du Pont (U.K.) Ltd., Wedgwood Way, Stevenage, Herts , U.K.: [U-^"^C]palmitic acid, 

[9,10-^H]palmitic acid.

British Drug Houses Ltd., Poole, Dorset, U.K.: ammonium molybdate, dithiothreitol 

(DTT), sodium taurocholate.



101

BOC Ltd., London, U.K.; pressurised gasses, liquid nitrogen.

Amicon Ltd., Upper Mill, Stonehouse, Glos., U.K.: centricon®-10 concentrators. 

Worthington Biochemical Corporation, Freehold, New Jersey, U.S.A.: collagenase 

type 2 (from Clostridium hystolyticum)

National Diagnostics, Manville, New Jersey, U.S.A.: Ecoscint A

Alpha Laboratories Ltd., 40 Parlham Drive, Eastleigh, Hants, U.K.: Wako NEFA C

test kit.

2.2 Laboratory Preparations

2.2.1 Sodium Phosphatidate

Sodium Phosphatidate was prepared from egg yolk phosphatidylcholine as described by 

Ansell & Hawthorne (1964). Phospholipase D was extracted from cabbage leaves by 

blending with an equal volume of water. The resulting homogenate was filtered through 

cheese cloth and the filtrate centrifuged at 13 O O O g a v  at 4°C for 30 min. The supernatant 

was buffered to pH 5.6 with sodium acetate ( O . I M  final concentration) and calcium 

chloride added (to O . I M ) ,  and used as the source of phospholipase D. 0.5g 

phosphatidylcholine was dissolved in 30ml diethyl-ether, the volume made up to 90ml 

with the buffered supernatant and shaken vigorously before being incubated at 27°C for 

3 hours. The mixture was then left overnight at room temperature. The following day, 

the mixture was acidified to pH 3.0 with glacial acetic acid and the ether layer collected. 

The aqueous phase was extracted four times with 30ml diethyl-ether. The pooled ether 

phases were washed twice with 40ml distilled water saturated with EDTA, then dried by 

the addition of excess anhydrous sodium sulphate. The ether was dried under nitrogen 

and the residue dissolved in 25ml ethanol : diethyl-ether (4:1 v/v) and cooled to 4°C. The
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precipitate formed was removed by centrifugation in glass tubes. After cooling to 4°C, 

phosphatidate was precipitated by drop-wise addition of 5ml 0.5M ethanolic sodium 

hydroxide to the supernatant. The precipitate was collected by centrifugation, washed 

once with ethanol:diethyl-ether, once with absolute ethanol, and redissolved in 10ml 

diethyl-ether. Any remaining particles were removed by centrifiigation, and 20ml 

acetone added to the supernatant at 4°C. The precipitated phosphatidate was washed 

several times with acetone, dried under nitrogen and stored at -20°C.

The purity of the phosphatidate produced was assessed by thin layer chromatography, 

using Polygram SIL G tic plates, with 0.25 mm silica gel coated on to plastic sheets. A 

tic tank was lined with Whatman No. 1 paper and allowed to equilibrate for 2 h with 

200ml of solvent (chloroform: methanol: formic acid: water 65:26:7:3.5 (v/v/v/v)). 

Samples of commercially prepared phosphatidate, phosphatidylcholine (used as 

standards) and the laboratory prepared phosphatidate were dissolved in chloroform, 

spotted on to the tic plates and air dried. The plate was then placed in the equilibrated 

tank and allowed to develop until the solvent front was 2-3 cm from the top of the plate. 

The plate was then removed and air dried before spraying with Zinzadze reagent which 

reacts with phospholipids producing a blue colour. A single spot was seen in the 

laboratory prepared phosphatidate lane, level with the commercial phosphatidate, 

demonstrating the absence of any contaminants.

Zinzadze reagent for phospholipids was prepared by dissolving 6.85g sodium molybdate 

and 0.4g hydrazine sulphate in 250 ml distilled water. 250 ml concentrated sulphuric 

acid was added slowly with constant stirring, and made up to a final volume of IL with 

water.
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2.2.2 Palmitate Bound to Albumin

Palmitate was bound to albumin using the method of Evans & Mueller (1963). 250mg of 

sodium palmitate was added to 50ml of 15% (w/v) BSA in 0.9% (w/v) NaCl. The 

mixture was repeatedly sonicated in a sonicating waterbath. The resulting suspension 

was incubated at 50^C for 20 min, cooled and left at 4°C overnight. The suspension was 

filtered through Whatman No. 1 filter paper and the filtrate centrifuged at 26 OOOgav for 

30 min at 4°C to remove any remaining microcrystals of sodium palmitate. The 

supernatant was adjusted to pH 7.4 with NaOH and stored in aliquots at -20°C. The 

concentration of bound palmitate was determined using the Wako NEFA C kit as 

described in section 2.7.2.

2.3 Animals

These were male Sprague-Dawley rats bred at U.C.L. and selected for experimentation 

at 250-300g body weight. Animals were maintained at 20-22°C, on a 13 h light/ 11 h 

dark cycle, with light from 06:00 to 19:00, with constant access to drinking water and 

Rat and Mouse Breeding Diet (Special Diet Services, Witham, Essex, U.K.).

2.4 Isolation of Cardiac Myocytes

Two methods for the isolation of viable cardiomyocytes were employed.

2.4.1 For Enzyme Assays

Myocytes were isolated essentially as described by Awan and Saggerson (1993). Hearts 

were excised from halothane-anaesthetised rats and placed in ice-cold medium 

containing 120mM NaCl, 8.5mM NaHCOs, 4.8mM KCl, 1.21mM KH2PO4, 0.61mM 

MgS04, 55mM glucose and 0.1% (w/v) BSA. Adhering fat was removed and the heart
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cannulated through the aorta and perfused with medium containing 120.3mM NaCl, 

S.SmMNaHCOs, 4.8mMKCl, 1.21mM KH2PO4, 0.61mM MgS04, 5.5mM glucose and 

0.01% streptomycin until clear of blood. Following a 5 min equilibration period, 

collagenase (0.5mg/ml) and CaCb (25 pM) were added to the perfusion medium. 

Recirculating Langendorff perfusion continued at 37°C, under 80 cm of hydrostatic 

pressure with continuous gassing with 95%C02:5%C02, for 35-45 min. The heart was 

then removed from the cannula and the ventricles placed in a PTFE beaker containing 

20ml of the perfusate plus 0.1% (w/v) BSA. The tissue was dispersed in the gassed 

perfiisate by repeated cutting with blunt ended scissors. Remaining lumps of tissue were 

removed by filtering through 250pM nylon gauze. The filtrate was centrifuged at 

approximately 20g for 30 sec, and the resulting cell pellet washed twice by resuspension 

in 20ml gassed KHB (120mM NaCl, 8.5mM NaHCOs, 4.8mM KCl, 1.21mM KH2PO4, 

0.61mM MgS04, 5.5mM glucose). The washed cells were resuspended in 10ml KHB 

and layered on 40ml KHB containing 4% BSA (v/w). Viable cells were collected by 

centrifuging as above, washed twice with KHB to remove BSA and homogenised in 

lOmM NaCOs buffer (pH 7.4) containing 4mM DTT.

2.4.2 For Metabolic Studies

For metabolic studies it is essential that myocyte preparations contain at least 75% 

viable cells. Using the above method, it was possible to get preparations of 

approximately 80 % viability in the absence of calcium. However, it was not possible to 

routinely obtain calcium-tolerant myocytes with the degree of viability required. In 

addition, the inclusion of palmitate in the isolation buffers appeared to have a 

detrimental effect on cell viability (possibly due to the detergent effect of free fatty acids 

on cell membranes). Therefore it was necessary to adopt a different procedure to isolate
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cells for measurement of lipid turnover. This was a slight modification of the method 

described by Fuller et al (1990). Hearts removed from halothane anaesthetised rats were 

placed in ice-cold KHB (25mM NaCOs, 118mM NaCl, 4.7mM KCl, 1.2mM MgS04, 

1.2mM KH2PO4, lOmM glucose) containing 2.5mM CaCb. Hearts were trimmed, 

cannulated and perfused with oxygenated, calcium-free KHB (at 37°C, under 80 cm of 

hydrostatic pressure) through the aorta until clear of blood. After 4 min of recirculating 

perfiision, collagenase (1 mg/ml), CaCb (50|aM) and BSA (O.lmg/ml) were added to the 

perfusate. Perfusion was continued for a further 10 min or until signs of ischaemia were 

visible. The atria were removed and the ventricular tissue cut into a star shape and 

placed in a 25ml flask with 3.3ml KHB containing collagenase (2mg/ml), CaCb (50pM) 

and BSA (1 mg/ml). The flask was sealed and shaken (150 strokes/min) with gassing 

(95%02:5%C02) for 6 min at 37°C. Myocytes liberated by the action of collagenase 

were collected by filtering the flask contents though a 250pm nylon gauze. The filtrate 

was made up to 10ml with oxygenated KHB containing 2 mg/ml BSA, and cells allowed 

to sediment under gravity. The remaining tissue was re-incubated with collagenase as 

above, and cells collected in a separate tube. This was repeated four times until all the 

tissue was disaggregated. The four cell pellets were pooled and washed six times by 

resuspension in 10ml oxygenated KHB containing 2 mg/ml BSA and increasing 

concentrations of calcium (lOOpM, 200pM, 400pM, 600pM, 800pM and 1.3 mM), 

allowing cells to settle under gravity for 6 min. The final cell pellet was resuspended in 

KHB containing 1.3mM CaCb, 5mM glucose and 2mg/ml BSA at a ratio of 1:20, 

cells:medium (v/v).

All glassware was silicone treated prior to use.

BSA was dialysed for 48 h against distilled water and stored at -20°C before use.



106

2.4.3 Assessment of Myocyte Viability

Viability was assessed by staining with 0.4% (w/v) trypan blue in 0.9% (w/v) NaCl. 

Viable cells exhibited a typical rod shape, had visible cross-striations and excluded 

trypan blue. Non-viable cells were rounded, had no distinct ultrastructure and rapidly 

became stained. Each preparation was assessed before use and was discarded if viability 

was less than 70%.

2.5 Measurement of Carbohydrate Metabolism in Myocytes

2.5.1 Formation of From [U-'^'C] Glucose

The rate of glucose oxidation in isolated myocytes was measured by the rate of "̂̂ 002 

formation from [U-*'*C] glucose. Isolated myocytes were incubated in a final volume of 

2.5ml KHB containing l.SmM CaCE, 5mM [U-̂ '^C] glucose (O.lpCi/flask) and 2mg/ml 

BSA. 2ml aliquots of medium were placed in the outer compartments of metabolic flasks 

fitted with centre wells and pre-warmed to 37“C. Cells were added to the medium and 

the flasks gassed for 5 min before being sealed and left shaking (50 strokes/min) for 1 h. 

Reactions were stopped by injecting 0.5ml benzethonium hydroxide (IM  in methanol) 

into the centre well of each flask, followed by 0.2ml 60% (w/v) perchloric acid into the 

outer compartment. The flasks were shaken for a further 60 min and the centre well 

contents added to 10ml Ecoscint A. The wells were rinsed twice with 0.5ml methanol 

and the wash added to the Ecoscint for scintillation counting. Parallel blanks without 

cells were run to correct for any [̂ "̂ C] substances made volatile during the incubation.

2.5.2 Incorporation of glucose into glycogen

The rate of glycogen synthesis in isolated myocytes was measured by the incorporation 

of [U- '̂^C] glucose into glycogen as described by Cuendet et al (1976). Cells were
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incubated in 25ml flasks as described above and reactions stopped by addition of NaOH 

to IM final concentration. The flask contents were transferred to glass tubes and 

glycogen extracted at 70“C for 1 h. Extracts were allowed to cool and lOmg carrier 

glycogen added. Glycogen was precipitated overnight at -20°C by addition of ethanol (to 

66%). The glycogen precipitate was collected by centrifuging for 5 min at 2 0 0 0 g a v ,  and 

washed twice with 3ml 66% (v/v) ethanol. The final precipitate was dissolved in 1ml 

distilled water and 0.5ml added to 10ml Optiphase for scintillation counting.

2.6 Measurement of Glycerolipid Turnover in Myocytes

Glycerolipid turnover in myocytes was investigated using an adaptation of the method 

established by Saddik and Lopaschuk (1991a) for use with perfused hearts. Cells were 

isolated in the presence of [^H] palmitate during a ‘pulse’ period to label endogenous 

lipids. These ‘prelabelled’ myocytes were then incubated with palmitate during a 

‘chase’ period, allowing lipid turnover to be measured.

2.6.1 Isolation of [^H] Palmitate Prelabelled Myocytes

Myocytes were isolated essentially as described in section 2.4.2. 0.5mM [^H 9-10] 

palmitate (lpCi/p.mol) bound to albumin was included in the medium during the four 

collagenase disaggregations and the first four washes. This constituted the ‘pulse’ period 

and lasted 60 min. The final two washes contained 0.5mM unlabelled palmitate bound to 

albumin, and served to remove any [^H] palmitate outside the cells. Myocytes were 

resuspended at a ratio of 1:20 cells:medium (v/v), in KHB containing 1.3mM CaCb, 

5mM glucose, 2mg/ml BSA and 0.5mM unlabelled palmitate bound to albumin.
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2.6.2 Incubation of [^H] Palmitate Prelabelled Myocytes

Prelabelled myocytes were incubated in a final volume of 2.5ml KHB containing 1.3mM 

CaCb, 5mM glucose, 2mg/ml BSA and 0.5mM [U-̂ '^C] palmitate (0.1|LiCi/|Limol) bound 

to albumin and other additions as indicated. 2ml aliquots of medium were placed in 

siliconised glass flasks, pre-warmed to 37°C and gassed with 95%02:5%C02. 0.5ml of 

prelabelled myocytes were added and the flasks gassed for 5 min before being sealed and 

left shaking (50 strokes/min) at 37°C for 1 h.

2.6.3 Measurement of Glycerolipid Synthesis

The rates of lipid synthesis were measured by the incorporation of palmitate into 

triacylglycerol (TAG), diacylglycerol (DAG) and phospholipids (PL)

At the end of the incubation, flask contents were transferred to glass tubes and 

centrifuged for 2 0  seconds at l O O g a v .  The medium was removed for determination of 

aqueous [^H] products and medium fatty acid concentration. The lipid content of cell 

pellets was determined as described below.

At the start of the incubation, the contents of two flasks were removed and used to 

determine initial TAG content, lipid radioactivity, aqueous [^H] and fatty acid 

concentration in the medium.

2.6.3.1 Lipid Extraction

Cellular lipids were extracted by the method of Folch et al (1957) by mixing cell pellets 

with 20 volumes (approximately 3ml) of 2:1 chloroform:methanol. The mixture was left 

for 1 h, with intermittent sonication to disperse any clumps of cells, and filtered through 

Whatman No.l filter paper. Phase separation was achieved by addition of 0.2 volumes 

of distilled water to the filtrate. The mixture was centrifuged for 5 min at approximately 

2 0 0 0 g a v ,  and the lower chloroform phase removed and evaporated to dryness under a
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stream of Oz-free N2. The residue of extracted lipids was redissolved in a small volume 

of chlorofonn and an aliquot added to 10ml Ecoscint A for counting of total lipid 

radioactivity.

2.6.S.2 Lipid Fractionation

The remaining chloroform was applied to a silica gel (SIL G) tic plate and developed in 

a solvent system of 90:20:3:2 (v/v/v/v) petroleum spirit (b.p. 40-60°C) : diethyl ether : 

acetic acid:methanol, for 90 min as described by Crass et a / (1971). The tic plate was air 

dried and the lipid spots visualised by staining with L Using this method, it was possible 

to separate tri-,di-, and monoacylglycerols, free fatty acids and phospholipids. Spots 

corresponding to the individual lipid classes were identified by comparison with 

standards applied to the tic plate in parallel. The silica gel containing each spot was 

scraped from the plastic plate and added to 10ml Ecoscint A for scintillation counting.

2.6.4 Measurement of Exogenous Palmitate Oxidation

Oxidation of exogenous palmitate was measured by the formation of ^̂ C02 from [U-̂ "̂ C] 

palmitate.

Prelabelled myocytes were incubated in the outer compartments of metabolic flasks 

fitted with centre wells as described in section 2.5.1. Reactions were terminated by 

injecting 0.5ml of benzethonium hydroxide into the centre wells, followed by 0.2ml of 

60% (v/v) perchloric acid into the outer compartment. Flasks were left shaking for a 

further 1 h before the centre well contents were removed and counted for ^̂ C02 as 

described in section 2.5.1.

The acidified medium in the outer compartments was removed and neutralised by the 

addition of 200pl IM triethanolamine and 175pl of a saturated KH2PO4 solution. The
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neutralised medium was stored at -70°C and used for determination of glycerol and 

glycerol-3 -phosphate.

Duplicate blanks without cells were run in parallel to compensate for any substances 

made volatile during incubation. In addition, two flasks were terminated at the start of 

the incubation to determine initial metabolite levels.

2.6.5 Measurement of Lipolysis of Endogenous Triacylglycerol

The rate of endogenous TAG lipolysis during the incubation was measured in two ways.

2.6.5.1 Glycerol Release

Glycerol efflux into the medium was measured enzymatically as described in section 

2.7.3.

2.6.5.2 Disappearance of [^H] labelled Triacylglycerol

Loss of radioactivity from TAG during the chase incubation was used as an alternative 

estimate of lipolysis. The fall in cellular [^H] TAG was determined by comparison of 

residual [^H] radioactivity in the TAG fraction with that present at the start of the 

incubation. The specific radioactivity of the myocyte TAG pool allowed the loss of [^H] 

to be expressed as pmol of palmitate.

2.6.6 Measurement of Endogenous Triacylglycerol Palmitate Oxidation

Oxidation of endogenous TAG palmitate was measured as the formation of aqueous 

[^H] (mainly ^HzO) products as described by Saddik & Lopaschuk (1991a). At the 

beginning and end of the chase incubation, duplicate 0.5ml aliquots of incubation 

medium were taken and mixed with 1.88ml chloroform:methanol (1:2, v/v). 0.625ml of 

chloroform and 0.625ml of 2M KC1:2M HCl (v/v) were then added and the mixture 

vortexed. Following centrifugation at 2 0 0 0 g a v ,  the upper aqueous phase was collected
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and treated with chloroform, methanol and 2M KC1;2M HCl with a ratio of 1:1:0.9 

(v/v/v) and centrifuged as above. The volume of the aqueous phase was measured and 

1ml added to 10ml Ecoscint A for scintillation counting.

2.7 Determination of Metabolites

2.7.1 Triacylglycerol

The TAG content of myocytes was measured at the beginning and end of chase 

incubations using the Boehringer kit for TAG determination. Briefly, hydrolysis of TAG 

in the assay produces glycerol which is phosphorylated by glycerol kinase, releasing 

ADP as a by-product. Dephosphorylation of phosphoenolpyruvate in the presence of 

ADP produces pyruvate. Conversion of pyruvate to lactate results in oxidation of 

NADH which can be followed as a decrease in absorbance at 340nm. Lipids were 

extracted from cell pellets as described in section 2.6.3.1 and the final CHCI3 phase dried 

down under a stream of Oz-free N2. The residue was resuspended in 1.2ml of reagent A 

(74mM Tris-citrate buffer (pH 8.2) containing 7.9mM sodium cholate, 2% polyethylene 

glycol, 30.8mM MgCb, 0.05mM ATP, 0.3mM phosphoenolpyruvate, 0.25mM NADH, 

4U/ml lipase, 0.5U/ml lactate dehydrogenase) of the kit and incubated at 26°C for 10 

min to hydrolyse TAG. 1ml of the solution was placed in a plastic cuvette and the 

absorbance at 340nm read against 1ml reagent A. The decrease in absorbance after 

addition of lOpg glycerokinase was measured and the TAG concentration calculated 

using the extinction coefficient of 6.22 pmof^ml for NADH.

2.7.2 Non-Esterified Fatty Acids

The NEFA concentration in the medium was determined at the beginning and end of 

chase incubations using the Wako NEFA C test kit. Briefly, fatty acids are converted to
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Figure 2.1 ISIEFA C standard curve
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section 2.7.2.



113

acyl-CoA thioesters in the first step of the procedure. In the second step, the acyl-CoA 

is oxidised releasing H2O2 as a by-product. In the presence of H2O2, a purple coloured 

adduct with absorption maximum at 550nm forms, allowing NEFA concentration to be 

determined from the optical density at 550nm. The assay volume recommended by the 

suppliers was successfully reduced from 3ml to 210pl as shown in fig. 2.1. Duplicate 

lOpl aliquots of medium were placed in separate wells of a 96 well microtitre plate. 

Fatty acid standards were set up with 0-5 nmol oleic acid in 2% BSA (provided in the 

kit). 67|li1 of reagent A (50mM phosphate buffer (pH 6.9) containing 3mM MgCl2, 

0.3U/ml acyl-CoA synthetase, 3U/ml ascorbate oxidase, 7 mg/ml Co ASH) was added to 

each well, and the plate incubated at 37®C for 10 min. 133pi of reagent B (1.2mM 

MEHA, 6.6U/ml acyl-CoA oxidase, 7.5U/ml peroxidase) of the kit was then added to 

each well and the plate incubated as above. Once cool, the optical density of each well 

was measured at 550nm using a Titertek Multiskan® MCC microplate photometer. The 

NEFA concentration in each sample was calculated by comparison with the linear 

standard curve.

2.7.3 Glycerol

Glycerol released into the incubation medium was measured spectrophotometrically by 

the method of Garland & Randle (1962). Neutralised perchloric acid-treated medium 

(see section 2.6.4) was centrifuged at 2000gav for 5 min to remove precipitated protein. 

Assays were carried out at 26°C in a final volume of 3 ml containing 50mM 

triethanolamine buffer (pH 7.6), 5mM MgCb, 5mM KCl, 0.3mM ATP, 0.4mM 

phosphoenolpyruvate, 0.1 mM NADH, 20pg lactate dehydrogenase, 20pg pyruvate 

kinase and 1.5ml medium. Absorbance was read at 340nm against a blank containing 

water in place of sample and the reaction initiated by addition of lOpg glycerokinase.
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The resulting decrease in absorbance was measured and used to calculate glycerol 

concentration using the extinction coefficient of 6.22}j,mor^ml for NADH. Glycerol 

contained within myocytes at the start of the incubation was also measured to allow 

calculation of glycerol output during the incubation.

2.7.4 Glycerol-3-Phosphate

Cellular glycerol-3-phosphate in the neutralised perchloric acid extracts of cells plus 

medium (see section 2.5.4) was measured fluorometrically by the method of Chernick 

(1969). Assays were carried out at 26°C in a final volume of 1ml containing 470mM 

glycine buffer (pH 9.5), 189mM hydrazine sulphate, 2.7mM EDTA, 2.3 ImM NAD^ and 

0.5ml of the neutralised perchloric acid-treated incubation medium. The initial 

fluorescence was determined at excitation and emission wavelengths of 340nm and 

425nm respectively. The increase in fluorescence following addition of 100|ig glycerol- 

3-phosphate dehydrogenase was measured and used to calculate glycerol-3-phosphate 

concentration by comparison with a standard curve of 0-5 pM NADH dissolved in assay 

buffer. Blank assays without sample were run to determine the increase in fluorescence 

caused by glycerol-3-phosphate dehydrogenase.

2.7.5 Lactate

Lactate released by myocytes was measured enzymatically by the method of Hohorst 

(1965). Assays were carried out at 26°C in a final volume of 3ml containing 0.2M 

glycine buffer (pH 9.5), 0.5M hydrazine sulphate, 2.7mM EDTA, 2.5mM NAD^ and 

1.5ml of the neutralised perchloric acid-treated incubation medium. The initial 

absorbance at 340nm was determined against a blank containing water in place of 

sample, and lOOpg lactate dehydrogenase added to both cuvettes. The increase in
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absorbance was measured and the lactate concentration determined using the extinction 

coefficient 6.22|j,mor^ml of NADH.

2.8 Measurement of Glycerolipid Synthesising Enzyme Activities in 

Incubated Myocytes

For investigation of the effects of adrenaline on glycerolipid synthesising enzymes, 

myocytes were isolated as described in section 2.11. Cells were incubated shaking for 1 

h at 37°C in a final volume of 5.5ml KHB containing 1.3mM CaCl], 5mM glucose, 

2mg/ml BSA and 0.5mM palmitate bound to albumin in the presence or absence of 5pM 

adrenaline.

2.8.1 Freeze Stopping

At the end of experimental incubations, myocytes were collected by centrifuging at 

l O O g a v  for 10 sec in siliconised glass Ultra-Turrax homogenisation tubes. The medium 

was rapidly aspirated and the tubes plunged into liquid nitrogen. Frozen cell pellets were 

stored at -70°C and assayed within one week. Prior to assay, cells were homogenised in 

1ml ice cold isolation buffer (0.25M sucrose, lOmM Tris-HCl buffer (pH 7.4), ImM 

EDTA, ImM DTT) using two 15 sec bursts of an Ultra-Turrax tissue disintegrator.

2.9 Tissue Preparations

2.9.1 Preparation of Liver and White Adipose Tissue Subcellular Fractions

Rats were killed by a blow to the head followed by cervical dislocation. The liver was 

removed, washed and minced with scissors in ice cold isolation buffer (0.25M sucrose, 

lOmM Tris-HCl buffer (pH 7.4), ImM EDTA, ImM DTT). The liver was homogenised
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in 10 volumes of the same buffer using a Potter-Elvehjem homogeniser fitted with a 

motor-driven Teflon pestle.

Epididymal fat pads were removed and homogenised in three volumes of isolation buffer 

as described for liver.

The homogenates were centrifuged at 4 ° C  for 1 0  min at 6 2 0 g a v  (Sorvall R C - 5 B  

centrifuge). The resulting supernatant was centrifuged at 4 ° C  for a further 1 0  min at 

7 2 5 0 g a v  to yield a mitochondrial pellet. The post-mitochondrial supernatant was 

centrifijged at 4 ° C  for 1 h at 1 0 5  O O O g a v  (Beckman L8 ultracentrifuge), and the resulting 

microsomal pellet resuspended in a small volume of isolation buffer. The 1 0 5  OOOg 

supernatant (cytosol) and microsome fractions were stored at - 7 0 ° C .

2.9.2 Preparation of Crude Homogenates

Myocyte and ventricle homogenates used for assay of glycerolipid synthesising enzymes 

were prepared as described below.

2.9.2.1 Myocyte Homogenates

Freshly isolated myocytes (section 2.4.1) were washed three times by centrifugation 

with KHB to remove BSA. Washed cell pellets were homogenised in 1ml of buffer 1 

(lOmM NaHCOs buffer (pH 7.4) containing 4 mM DTT) using two 15 sec bursts of an 

Ultra-Tarrax tissue disintegrator, and stored in aliquots at -70°C.

2.9.2.2 Heart Homogenates

Rats were sacrificed as above and the hearts rapidly removed and placed in ice-cold 

buffer l(10mM NaHCOs buffer (pH 7.4) containing 4 mM DTT). The atria were 

removed and the ventricles minced with scissors and washed with 10ml of the same 

buffer. The ventricles were then homogenised in a further 10 volumes of buffer 1, using 

three 30 sec bursts of a Polytron homogeniser, and stored in aliquots at -70”C. Prior to
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assaying, heart homogenates were thawed and homogenised using an Ultra-Tarrax tissue 

disintegrator to disperse any lumps of tissue.

2.9.3 Preparation of Heart and Myocyte Subcellular Fractions

2.9.3.1 Preparation of Sarcoplasmic Reticulum and Mitochondrial Membranes

Discreet fractions of mitochondria and sarcoplasmic reticulum (SR) were prepared from 

myocytes and whole hearts as described by Wientzek and Katz (1991). Freshly isolated 

myocytes (section 3.4.1) were washed three times by resuspending in KHB to remove 

BSA. Washed cell pellets were resuspended in 5ml of buffer 1 (lOmM NaHCOs buffer 

(pH 7.4) containing 4 mM DTT) and homogenised by 15 strokes with a Dounce 

homogeniser, alternating with 15 strokes of a Potter-Elvehjem homogeniser, for a total 

of 90 strokes. Homogenates were diluted with buffer 1 (to 1:35, cellsibuffer (v/v)) and 

centrifuged at 4°C for 15 min at 3 3 0 g a v  (Sorval RC-5B). The nuclear pellet was 

discarded, and the supernatant centrifuged for 15 min at 5 O O O g a v  at 4°C. The resulting 

supernatant was centrifuged at 4”C for a further 30 min at 23 O O O g a v ,  and the SR pellet 

resuspended in buffer 2 (30mM histidine-HCl buffer (pH 7.0), 0.6 M KCl, 4 mM DTT). 

SR membranes, free of myofibrils, were recovered by centrifuging for a further 30 min at 

23 O O O g a v  at 4°C, and resuspended in a small volume of buffer 3  (0.1 M Tris-HCl buffer 

(pH 7.2), 0.25 M sucrose, 0.3 M KCl) and stored at -70”C.

To obtain a mitochondrial fraction, myocytes were homogenised in buffer 4 ( 5 0  mM 

Tris-HCl buffer (pH 7 . 5 ) ,  0 . 2 5  M sucrose, 0.1% (v/v) ethanol, 1 . 1 5 %  (v/v) KCl) as for 

the SR preparation. The homogenate was centrifuged at 4°C for 10  min at 6 6 0 g a v ,  and 

the resulting supernatant was centrifuged for 1 0  min at 7 , 5 0 0 g a v .  The crude 

mitochondrial pellet was washed by resuspending in buffer 4, followed by centrifuging as 

above. The final mitochondrial pellet was resuspended in buffer 3  and stored at - 7 0 ° C .
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To obtain SR and mitochondrial fractions from whole ventricles, hearts were removed 

and homogenised as described in section 2.9.2 .2. The homogenate was then treated as 

detailed for myocytes.

2.9.3.2 Preparation of Total Membranes and Cytosol

Hearts were removed and the ventricles homogenised in 8 volumes of isolation buffer 

( 0 . 2 5 M  sucrose, lOmM Tris-HCl buffer (pH 7.4), ImM EDTA, ImM DTT) using a 

Polytron homogeniser. The homogenate was centrifuged at 4°C for 1 5  min at 6 2 0 g a v ,  

and the nuclear pellet discarded. The post-nuclear supernatant was centrifijged at 4°C 

for 1 hr at 1 0 5  O O O g a v ,  and the resulting membrane pellets resuspended in a small volume 

of isolation buffer. Cytosol and membrane fractions were stored at -70°C.

For PAP translocation experiments, part of the sucrose in the isolation buffer was 

replaced by KCl in order to preserve PAP association with membranes as described by 

Moller & Hough (1982). Accordingly, ventricles were homogenised in buffer containing 

54mM KCl, 0.163M sucrose, lOmM Tris-HCl buffer (pH 7.4), ImM EDTA, ImM DTT 

and fractionated as detailed above.

2.10 Measurement of Phosphatidate Phosphohvdrolase Translocation

2.10.1 Phosphatidate Phosphohydrolase Release from Heart Membranes

PAP translocation from membranes was studied using a modification of the method of 

Moller & Hough (1982). Heart total membranes were prepared in isolation buffer 

containing 54mM KCl in order to maximise association of PAP with microsome 

membranes as described in section 2.9.3.2. Membrane pellets were resuspended in 3ml 

of standard isolation buffer (no KCl) to promote release of PAP activity into the soluble 

fraction. Suspensions were incubated at 3TC  for 40 min before being centrifuged at 4°C
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(Beckman TL-100 tabletop ultracentrifiige) for 1 h at 105 O O O g a v ,  to recover 

membranes. The membrane pellets were resuspended in a small volume of standard 

isolation buffer and stored at -70°C. The supernatants were concentrated using a 

centricon®-10 concentrator and resuspended in 2ml of standard isolation buffer before 

freezing as above.

Parallel control experiments were run in which membranes were resuspended and 

incubated in isolation buffer containing 54mM KCl.

2.10.2 Phosphatidate Phosphohydrolase Translocation in Incubated 

Myocytes

Myocytes were isolated as described in section 2.4.2 and incubated in a final volume of 

9.5ml KHB containing 1.3mM CaCl], 5mM glucose, 2mg/ml BSA with 0.5mM 

palmitate bound to albumin and/or 5|iM adrenaline as indicated. After 1 h at 37°C, cells 

were collected by centrifuging for 15 sec at approximately lOOgav The medium was 

removed and the cells homogenised in 2ml ice cold isolation buffer containing 54mM 

KCl using two 15 sec bursts of an Ultra-Tarrax tissue disintegrator. The homogenate 

was centrifuged at 4°C (Beckman TL-100 tabletop ultracentrifuge) for 1 h at 105 

O O O g a v .  The supernatant was stored in aliquots at -70°C. The particulate fraction was 

resuspended in a small volume of isolation buffer containing 54mM KCl and frozen as 

above.

2.11 Enzyme Assays

2.11.1 Fatty Acyl-CoA synthetase

Fatty Acyl-CoA synthetase (FAS) (EC 6.2.1.3) was assayed fluorimetrically by the 

method of Hall & Saggerson (1985). Assays were carried out in a final volume of 0.2ml
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containing 0.35M Tris-HCl buffer (pH 7.4), 8mM MgClz, 5mM DTT, 5mM ATP, 

Img/ml Triton WR 1339 (Tylaxopol), 60|liM  palmitic acid and 0.5mM 1, N^-etheno- 

CoA The reaction was initiated by addition of approximately 20p,g of homogenate 

protein. After 7 min at 25°C, the reaction was terminated by addition of 200til 

6.45mg/ml BSA followed by 2ml ice-cold 0.3 M TCA. Tubes were left on ice for 15 min 

to ensure precipitation of protein and of the acyl-etheno-CoA reaction products, then 

centrifuged for 5 min at 200gav (MSB Minor bench centrifuge). The supernatant was 

discarded, and the pellet washes three times with 2ml 0.3M TCA. The washed pellet was 

dissolved in 3 ml 25mM NaOH and the fluorescence of the samples determined at 

excitation and emission wavelengths of 275nm and 410nm respectively (Perkin-Elmer 

PE-3000 spectrofluorimeter). A linear standard curve was constructed using 0-20nmol 

etheno-CoA in 3ml 0.25mM NaOH and used to calculate the amount of acyl (etheno)- 

CoA, and hence FAS activity, present. The assay was found to be linear for up to 10 min 

(fig. 2.2 A) and with up to 50p,g of homogenate protein (fig. 2.2B).

2.11.2 Glycerolphosphate Acyltransferase

Glycerolphosphate acyltransferase (GPAT) (EC 2.3.1.15) was assayed radiochemically 

by the method of Saggerson et. a l (1980). The assay contained lOOmM Tris-HCl buffer 

(pH 7.4), 0.7mM DTT, 1.75mg/ml BSA, ImM (unless indicated otherwise) [U '̂ -̂C] 

glycerol-3-phosphate (0.5|o,Ci/assay). For microsomal GPAT, the buffer also contained 

120p,M oleoyl-CoA. For mitochondrial GPAT, 40pM palmitoyl-CoA and lOmM N- 

ethylmaleimide (NEM) were also present. These different assay conditions allow 

microsomal and mitochondrial activities to be optimised and clearly distinguished. The 

reaction was carried out at 30°C in a final volume of 1ml, and was initiated by addition 

of 1 OOfxg of homogenate protein. After 8 min, the reaction was terminated by addition
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Figure 2.2A FAS time course
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Figure 2.2B FAS activity in heart
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of 2ml butan-l-ol saturated with O.IM HCl. After mixing thoroughly to extract the 

butanol-soluble reaction products, tubes were centrifuged for 5 min at 2 0 0 0 g a v .  The 

upper butanol layer was removed and washed three times with 3 ml lOmM rac-glycerol- 

3-phosphate in 0.1 M HCl saturated with butan-l-ol. 1ml of the remaining butanol layer 

was added to 10 ml Ecoscint A for scintillation counting. Enzyme activity was 

estimated from the butanol soluble -labelled reaction products. The assay was 

found to be linear for up to 12 min (fig. 2.3 A) and with up to 200pg of homogenate 

protein (fig. 2.3B).

2.11.3 Monoacylglycerolphosphate Acyltransferase

Monoacylglycerolphosphate Acyltransferase (MGPAT) (EC 2.3.1.15) was assayed 

spectrophotometrically by the method of Saggerson et al (1980). DTT present in the 

homogenate buffer was expected to cause interference by its reaction with the Co-A 

acceptor used in the assay. Therefore, homogenates were centrifuged at 4°C (Beckman 

TL-100 tabletop ultracentrifuge) for 1 h at 105 O O O g a v ,  4°C, to pellet particulate material 

containing the MGPAT activity. Pellets were resuspended in lOmM NaHCOs buffer 

(pH 7.4) prior to assay. The assay contained 50mM Tris-HCl buffer (pH 7.4), 120mM 

KCl, 2mg/ml BSA, 120pM oleoyl-CoA and 100p,M 5-5'-dithiobis(2-)nitrobenzoic acid 

(DTNB) in a final volume of 1ml. lOOpg of homogenate protein was added to the buffer 

at 25°C, and after mixing, a stable baseline was obtained. The reaction was initiated by 

addition of 65nmol l-oleoyl-5«-glycerolphosphate in 33mM Tris-HCl buffer (pH 8.0) 

The change in absorbance at 412nm was measured against a blank from which 1-oleoyl- 

5«-glycerolphosphate was omitted. Enzyme activity was calculated using the extinction 

coefficient for the thionitrobenzoate anion of 13.6pmol'^ml. Linear absorbance traces



124

Figure 2.3A Microsomal and mitochondrial GPAT time course
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Shows the time course o f microsomal (□ ) and mitochondrial (■) GPAT assays

carried out under the conditions described in section 2.11.2, (n = 1).
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Figure 2.3B Mitochondrial GPAT activity in heart
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Shows the effect of increasing homogenate protein concentration on the 

mitochondrial GPAT assay carried out under the conditions described in section 

2.11.2(n= 1).
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Figure 2.4 MGPAT activity in heart
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Shows the effect o f increasing homogenate protein concentration on the MGPAT

assay carried out under the conditions described in section 2.11.3 (n = 1).
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were obtained for up to 7 min and the assay was linear with up to 300p,g of homogenate 

protein (fig. 2.4).

2.11.4 Phosphatidate Phosphohydrolase

Phosphatidate Phosphohydrolase (PAP) (EC 3.1.3.4) was assayed as release of 

inorganic phosphate from an aqueous dispersion of sodium phosphatidate as described 

by Taylor & Saggerson (1986). The assay contained lOOmM Tris-maleate buffer (pH 

6.8), 1.4mM sodium phosphatidate, ImM DTT, and either 5mM EDTA (for Mg^^- 

independent activity) or the indicated concentration of MgCb (for Mg^^-dependent 

activity), in a final volume of 0.5ml. Reactions were initiated by addition of lOOpg of 

sample protein and continued at 37°C for 20 min. Reactions were terminated with 0.5ml 

ice cold 10% (w/v) trichloroacetic acid (TCA). Samples were left on ice for 20 min to 

precipitate protein before centrifuging (Eppendorf 5412 microfuge) for 5 min. 

Phosphate in the protein-free supernatant was determined by the method of Ames & 

Dubin (1960). 1.5ml of colour reagent (freshly prepared by mixing one volume of 10% 

(w/v) ascorbic acid and six volumes of 0.42% (w/v) ammonium molybdate in H2SO4) 

was added to 0.5ml of the supernatant. After mixing, samples were incubated at 45°C 

for 20 min then placed on ice to stop the colour producing reaction. The absorbance at 

820nm was measured and the phosphate released into the medium calculated by 

comparison with a linear standard curve constructed using 0-50 nmol KH2PO4 in 0.5ml 

50mM Tris-maleate buffer (pH 6.8) containing 5% TCA.

Parallel blank assays were run and terminated immediately following addition of sample 

protein to compensate for any endogenous phosphate present.

Assays were found to be linear for up to 25 min (fig. 2.5A) and with up to 150pg of 

homogenate protein (fig. 2.5B).
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Figure 2.5A PAP time course
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Shows the time course o f PAP assays in the absence (□ ) or presence (■) o f ImM

MgCb, carried out under the conditions described in section 2.11.4, (n = 1).
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Figure 2.5B PAP activity in heart
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Shows the effect of increasing homogenate protein concentration on PAP assays in 

the absence (□) or presence (■) of ImM MgCb, carried out under the conditions 

described in section 2.11.4, (n = 1).



130

2.11.4.1 NEM Sensitive and Insensitive Phosphatidate Phosphohydrolase

NEM-insensitive, PAP 2 activity was measured in the absence of MgCl], as described 

above by including 5mM NEM in the assay buffer. NEM-sensitive PAP 1 was 

determined as the activity which was NEM-sensitive and activated by Mg^ .̂ 

Preincubation of heart tissue extracts with NEM as described by Jamal et al (1991) was 

found to be unnecessary as shown in fig. 2.6. Complete inhibition of all NEM-sensitive 

PAP 1 activity could be achieved simply by the inclusion of 5mM NEM in the assay 

buffer.

2.11.5 Diacylglycerol Acyltransferase

Diacylglycerol acyltransferase (DGAT) (EC 2.3.1.20) was assayed by measuring the 

incorporation of [l-^'^CJpalmitoyl-CoA into triacylglycerol, as described by Coleman & 

Bell (1978). In a final volume of 0.2 ml, the assay contained 50mM Tris-HCl buffer (pH 

8.0), 8mM MgCb, 0.1 mg/ml BSA, 1.2mM 1,2-^M-dioleoylglycerol and 30pM [1- 

^"^CJpalmitoyl-CoA (0.025pCi/assay). The reaction was initiated at 30°C, by addition of 

20pg of homogenate protein, and terminated after 6 min by addition of 2ml of propan-2- 

ol: hexane: 0.5 M H2SO4 (40: 10: 1 v/v), followed by 1.2ml H2O and 1.2ml hexane. 

After mixing, the hexane layer was removed and washed three times with 2ml of freshly 

prepared 50mM sodium bicarbonate in ethanol: H2O (1: 1 v/v) at 4 ”C. 0.9 ml of the 

remaining hexane layer was added to 10 ml Ecoscint A for scintillation counting. 

Dioleoylglycerol was dispersed in 0.5% (w/v) sodium taurocholate at 120mM by 

sonicating on ice and aliquots stored at -70°C under N2 prior to use. Dioleoylglycerol 

was added so that the final assay mixture contained 1.2mM dioleoylglycerol and 0.005% 

(w/v) sodium taurocholate.
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Figure 2.6 Effect of pre-incubation with NEM on PAP activity 
in heart
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Heart homogenates were incubated at 37”C for the times indicated, in the presence 

(□) or absence (■) of 5mM NEM, prior to assaying as described in section 2.11.4. 

Homogenates incubated in the presence of NEM were assayed with buffer 

containing 5mM NEM and no MgCE Those incubated in the absence of NEM were 

assayed with buffer containing ImMMgCh but no NEM (n = 2).
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Figure 2.7 DGAT activity in heart
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Shows the effect o f  increasing homogenate protein concentration on the DGAT assay

carried out under the conditions described in section 2.11.5 (n = 1).
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Parallel blanks containing 0.005% sodium taurocholate minus dioleoylglycerol were run 

and DGAT activity calculated as the dioleoylglycerol dependent incorporation of 

[^"^CJpalmitoyl-CoA into hexane soluble reaction products. The assay was found to be 

linear with up to lOOjiig of homogenate protein (fig. 2.7).

2.11.6 Lactate Dehydrogenase

Lactate dehydrogenase (LDH) (EC 1.1.1.27) was measured spectrophotometrically at 

26‘"C, by following the oxidation of NADH using the method of Saggerson (1974). In a 

final volume of 1ml, assays contained 65mM Tris-HCl buffer (pH 7.4), 0.3mM NADH 

and lOpl of diluted tissue extract. The assay was initiated by the addition of sodium 

pyruvate (to a final concentration of 1.3mM) and the resulting decrease in absorbance at 

340nm measured against a blank from which sodium pyruvate was omitted. LDH 

activity was calculated using the extinction coefficient for NADH of 6.22p.mol'^ml.

2.11.7 NADP -Cytochrome c Reductase

NADP^ -cytochrome c reductase (EC 1.6.2.4) was assayed spectrophotometrically by 

the method of Phillips & Langdon (1962). In a final volume of 1ml, the assay contained 

0.33M potassium phosphate buffer (pH 7.6), ImM KCN, O.OSmM cytochrome c and 10 

|Lil of sample. The assay was initiated at 25“C, by the addition of NADPH (to a final 

concentration of 40^iM), and the change in absorbance at 550nm was measured against 

a blank fi-om which NADPH was omitted. Enzyme activity was calculated using the 

extinction coefficient for reduced cytochrome c of 18.5 pmof^ml.

2.11.8 Succinate-Dependent Cytochrome c Reductase

Succinate-dependent cytochrome c reductase (EC 1.3.99.1) was assayed 

spectrophotometrically by the method of Scottocasa et al (1967). In a final volume of
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1ml, the assay contained 0.2M potassium phosphate buffer (pH 7.6), ImM KCN, 0.2% 

(w/v) cytochrome c and 30p.l of sample. The assay was initiated by the addition of 

sodium succinate (to a final concentration of 3mM), and the change in absorbance at 

340nm measured against a blank from which sodium succinate was omitted. Enzyme 

activity was calculated using the extinction coefficient for reduced cytochrome c of 

6.22|Limor^ml.

2.11.9 Ca^^/K* ATPase

Ca^*/K* -ATPase was assayed at the release of inorganic phosphate from ATP by the 

method of Jones et al (1979).

Sample containing 5-10|Lig protein was added to 0.9ml of assay buffer containing 50mM 

histidine (free base), 3mM MgCb, 11 ImM KCl, 3|ig ionophore A23187, 1.11 mM 

ouabain, llm M  NaNs, 11.ImM EGTA, with or without 0.67mM CaCE, and pre 

incubated at 37°C for 10 min. Reactions were initiated by addition of 0.1ml 30mM ATP 

in 50mM histidine, 3mM MgCE. After 15 min, reactions were terminated by addition of 

2.5ml of'stop solution'. The stop solution also contained the reagents for colourimetric 

determination of phosphate, and was prepared by mixing 1 volume of solutions A (15g 

sodium bisulphite, 5g p-methylaminopenol sulphate in 500ml H2O), B (12.5 g 

ammonium molybdate in 500ml H2O) and C (68ml concentrated H2SO4 diluted to 500ml 

with H2O), with 4 volumes of water. After 15 min at room temperature, absorbances 

were read at 660nm and the phosphate released in each assay was determined by 

comparison with a standard curve constructed from 0-100 nmol NaH2P04 The specific 

Ca^^/K^-ATPase activity was calculated by subtracting the activity obtained in the 

absence of CaCE from that in the presence of CaCE Parallel blank assays were run and
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terminated immediately following addition of sample protein to compensate for any 

endogenous phosphate present.

2.11.10 Glycerol-3-Phosphatase

The presence of phosphatases capable of dephosphorylating glycerol-3-phosphate in 

tissue extracts and subcellular fractions was measured by the release of inorganic 

phosphate from glycerol-3-phosphate. Assays were carried out at 37°C in a final volume 

of 0.5ml containing lOOmM Tris-maleate buffer (pH 6.8), 1.4mM L-glycerol-3- 

phosphate, ImM DTT and either 5mM EGTA or MgCb at the concentration indicated. 

Assays were carried out in the presence and absence of 5mM NEM. Reactions were 

initiated by addition of lOOng of sample protein and terminated with 0.5ml 10% (w/v) 

TCA after 20 min. Samples were left on ice for 20 min before being treated as described 

in section 2.11.4 to determine the amount of phosphate, and hence phosphatase activity, 

present.

2.12 Measurement of Protein Concentration

The protein concentration of homogenates and subcellular fractions was estimated using 

the method of Bradford (1976). The reagent was prepared as follows: 100ml 85% (v/v) 

perchloric acid was added to lOOmg Coomassie Brilliant Blue G-250 dissolved in 50ml 

95% ethanol, slowly, with stirring. Once cool, the volume was made up to IL with 

distilled water (to a final concentration of 0.01% w/v Coomassie Blue, 4.7% v/v 

ethanol, 8.5% v/v perchloric acid) and filtered prior to use.

Samples containing 10-lOOp.g of protein were made up to 0.1ml with H2O, and 5ml of 

reagent added. After mixing, absorbances were read at 595nm, and the protein
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concentration estimated by comparison with a linear standard curve constructed using 0- 

100 |Lig of BSA.

2.13 Measurement of Myocyte Dry Weight

Triplicate aliquots of resuspended myocytes and resuspension medium (minus cells) 

were placed in separate pre-weighed 10ml glass beakers and heated at 70°C until no 

further decrease in weight was observed (48-72 h). The beakers were then re-weighed 

and the dry weight of myocytes calculated by subtracting the dry weight of the 

resuspension medium.

2.14 Scintillation Counting

Radioactively labelled products from enzyme assays and TAG turnover experiments 

were counted using a Packard Tri-Carb 1900 CA analyser (Canberra Packard, 

Pangbourne, Berks., U.K.) which had been preprogrammed for counting and 

either singly or together. The counter was equipped with a computer programmed with 

the quench curves for and allowing direct printing of disintegrations per min 

(dpm).

2.15 Statistical Analysis

Values are presented as means ± SEM. The n values quoted refer to the number of 

separate preparations. The statistical significance between different preparations and 

within the same preparation was assessed using the Student's t test for unpaired and 

paired samples respectively.
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Chapter 8 - Results and Discussion
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3.1 Glycerolipid Synthesising Enzymes in Whole Ventricle and in 

Ventricular Myocytes

Measurements were made of the specific activities of the following glycerolipid 

synthesising enzymes; fatty acyl-CoA synthetase (FAS), microsomal and mitochondrial 

forms of glycerolphosphate acyltransferase (GPAT), monoacylglycerolphosphate 

acyltransferase (MGPAT), phosphatidate phosphohydrolase (PAP) 1 and 2, and 

diacylglycerol acyltransferase (DGAT). These were made in homogenates of ventricle 

muscle and of isolated ventricular myocytes in order to compare myocyte activities with 

those in the whole ventricle. This comparison has not previously been made and is 

relevant since many of these enzymes have high specific activities in adipocytes which 

are present in whole heart preparations. The assay methods established for use with 

white adipose tissue (WAT) and liver were adapted for the assessment of cardiac 

enzyme activities as described in section 2.11.

In the case of GPAT and PAP, further studies were undertaken in order to investigate 

some of the properties and subcellular distribution of these enzymes in heart, and to 

make comparisons with those more extensively characterised in liver and WAT.

3.1.1 Glycerolphosphate Acyltransferase

As previously discussed, two distinct forms of GPAT occur in liver and WAT, one 

localised in mitochondrial membranes and another in the endoplasmic reticulum. The 

mitochondrial enzyme is highly specific for saturated acyl-CoA and is resistant to thiol 

group reagents such as N-ethylmalemide (NEM). In contrast, microsomal GPAT will 

use both saturated and unsaturated acyl-CoA and is completely inhibited by NEM. 

These properties permit the two forms to be discriminated in crude tissue extracts.
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Briefly, a high concentration (120 |aM) o f  oleoyl-CoA  measures only the microsomal 

enzyme, whereas a lower concentration (40 |iM ) o f  palmitoyl-CoA in the presence o f  

NEM measures only the mitochondrial GPAT. Although the presence o f  NEM -sensitive 

(presumably microsomal) and NEM -insensitive (presumably mitochondrial) forms o f  

GPAT have been reported to occur in rat heart (Heathers et al, 1985), it was not known 

whether the substrate specificities observed in liver and WAT (or the assays described 

above) also applied to these enzymes in cardiac muscle.

Table 3 .1a shows the properties o f  subcellular fractions isolated from ventricle muscle. 

The sarcoplasmic reticulum (SR) fraction was enriched in SR (Ca^ /K -ATPase) and 

microsomal (NADP -cytochrome c reductase) marker enzyme activities compared to the 

whole homogenate. Enrichment o f  the (inner) mitochondrial membrane marker enzyme, 

succinate-cytochrome c reductase, was observed in the mitochondrial fraction.

A significant amount o f  GPAT activity was present in both o f  these fractions. GPAT in 

the SR fraction was equally active with saturated and unsaturated acyl-CoA, and was 

inhibited over 95% by inclusion o f  NEM in the assay buffer (table 3.2). In contrast, 

NEM-insensitive GPAT activity in the mitochondrial fraction was highly selective for the 

saturated palmitoyl-CoA substrate. This indicates that the previously optimised assay 

conditions are suitable for use in heart extracts. The SR fraction was enriched in the 

GPAT active with oleoyl-CoA compared with the NEM-insensitive, palmitoyl-CoA  

requiring activity (table 3.1b). The mitochondrial fraction exhibited an opposite 

enrichment profile.

Therefore, it can be concluded that heart SR contains a GPAT activity similar to the 

liver and WAT microsomal enzyme, whilst the GPAT in heart mitochondrial membranes 

has similar properties to the mitochondrial enzyme in liver and WAT.
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Table 3.1a Distribution of marker enzymes in heart subcellular fractions

Subcellular fractions were obtained from homogenates of ventricle muscle. 

The values are expressed as nmol/min/mg of protein and are means of 2-3 

independent preparations.

Ca^ /̂K^- Succinate-cyt c Ratio 1:2 NADlPycyt c 
ATPase (1) reductase (2) reductase

Whole homogenate 43

Mitochondria 35

Sarcoplasmic reticulum 194

29

93

50

1.5

0.5

3.9

4.5

6.6 

40.3

Table 3.1b Subcellular distribution of GPAT in heart

Subcellular fractions were obtained from homogenates of ventricle muscle. 

Assays contained 40 pM palmitoyl Co A and 10 mM NEM or 120 pM 

oleoyl-CoA. The values are expressed as nmol/min/mg of protein and are 

means of 2 independent preparations.

With oleoyl-CoA (1) With palmitoyl-CoA 
_______________________ + NEM (2)

Ratio 1:2

Whole homogenate 

Mitochondria

0.69

0.51

0.29

0.40

2.38

1.28

Sarcoplasmic reticulum 9.07 0.78 11.63



Table 3.2 Properties of GPAT in heart subcellular fractions

Subcellular fractions were obtained from homogenates of ventricle muscle. The values are expressed as 

nmol/min/mg of protein and are the means of 2 independent preparations.

40 \xM palmitoyl-CoA 
+ 1 OmM NEM

40 pM oleoyl-CoA 
+ 10 mM NEM

Mitochondria 0.39 0.02

120 |liM palmitoyl-CoA 120 pM oleoyl-CoA 120 pM oleoyl-CoA 
+ 10 mM NEM

Sarcoplasmic reticulum 7.24 8.48 0.33
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GPAT activity in heart SR, liver and WAT microsomal fractions was measured at 

several different concentrations of glycerol-3-phosphate (G3P). Eadie-Hofstee 

transformation of this data allowed determination of the apparent Km and Vmax of GPAT 

in these different tissues (fig 3.1). Expressed relative to protein, the Vmax of GPAT in 

heart SR was similar to that of GPAT in liver microsomes, but was considerably lower 

than that of the WAT microsomal enzyme (table 3.3), which is unsurprising in view of 

the huge TAG synthesising capacity of the latter. In addition, the apparent Km of the SR 

GPAT for G3P was approximately 4-fold higher than that of the GPAT in WAT 

microsomes. The liver microsomal enzyme was quite similar to the heart enzyme in this 

respect. Whether these differences in Km reflect tissue-specific isoforms of GPAT or 

simply different microenvironments created by the reticular membranes of each tissue is 

unclear. In either case, the difference may be physiologically relevant.

The G3P concentration in rat hearts perfused with glucose alone has been reported as 

0.25 mM (Denton & Randle, 1967a), 0.14 mM (Trach et al, 1986) or 0.12 - 0.35 mM 

(de Groot et al, 1989), rising to 0.6 - 0.9 mM with glucose plus lactate (de Groot et al, 

1989), 0.57 mM with glucose plus insulin (Denton & Randle, 1967a), and 1.6 mM 

under ischaemic conditions (Trach et al, 1986). The cellular G3P concentration appears 

to be somewhat higher in isolated cardiac myocytes and has been estimated at 1 - 2 mM 

(see section 3.3) or 4 mM (Myrmel et al, 1992), rising to as much as 12 mM under 

prolonged hypoxia (Myrmel et al, 1991). Therefore, under most conditions it appears 

that the G3P concentration in the heart will be considerably lower than the Km of the SR 

GPAT for this substrate. Since this is the major form of GPAT present in cardiac 

myocytes (see section 3.1.3), it is likely that cardiac TAG synthesis will be very 

responsive to factors which alter tissue levels of G3P. This may explain why TAG
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Figure 3.1 Eadie-Hofstee plots used to determine the Km of 
NEM-sensitive GPAT for glvcerol-3-phosphate
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GPAT activity was measured in white adipose tissue (■) and liver (□) microsomal 

membranes, and in heart sarcoplasmic reticulum (a ). Assays contained 120 pM 

oleoyl-CoA and 0.25 - 4.0 mM [U-̂ '^C] glycerol-3-phosphate, with or without 10 

mM NEM. The figure represents typical examples of 3 - 5 different experiments.



Table 3.3 Comparison of GPAT in heart sarcoplasmic reticulum with the activity in liver and adipose tissue 

microsomes

Activities were measured with 120 pM oleoyl-CoA and Vmax and Km calculated from the data presented 

in fig 3.1. Values are means ± SEM of n independent preparations. * and ** indicate P <0.02 and P < 

0.001 respectively for comparison of values with the adipose tissue Km.

n Vmax
(nmol/min/mg protein)

Km for G3P 
(mM)

Adipose tissue microsomes 5 108 ± 19 0.97 ±0.30

Liver microsomes 3 25 ± 1 3.18 + 0.53*

Heart sarcoplasmic reticulum 4 36 ± 6 4.06 ±0.33**
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synthesis increases to such an extent during myocardial ischaemia (Scheuer & Brachfeld, 

1966; Trach et al, 1986) and when hearts are perfused with lactate (Bielfeld et al, 1985; 

de Groot et al, 1989).

The G3P concentration in WAT incubated with glucose alone has been estimated at 0.2 

- 0.8 mM, rising to 1.9-2.1 mM with glucose plus insulin (Denton & Randle, 1967a; 

Saggerson & Greenbaum, 1970). These levels are close to or in excess of the of the

WAT microsomal GPAT, indicating that TAG synthesis in this tissue may be less 

dependent upon changes in G3P concentration.

3.1.2 Phosphatidate Phosphohydrolase

3.1.2.1 Assay Procedure

Both NEM-sensitive (PAP 1) and NEM-insensitive (PAP 2) forms of PAP are present in 

homogenates of whole ventricle and of isolated myocytes (see section 3.1.3). The assay 

originally described for PAP 2 in liver involves preincubation of samples with NEM 

before assaying, in order to inhibit all the PAP 1 activity (Jamal et al, 1991). This was 

found to be unnecessary in heart extracts (see section 2.11.4) as complete inhibition of 

NEM-sensitive PAP 1 activity could be achieved simply by the inclusion of 5 mM NEM 

in the actual assay.

PAP activity is generally assayed as the release of inorganic phosphate (Pi) from an 

aqueous dispersion of phosphatidate. However, in liver microsomes this method is not 

valid since dephosphorylation of G3P, produced by the action of A-type phospholipases 

(PEA) on the phosphatidate, leads to an overestimation of the true PAP activity 

(Brindley, 1988). This does not appear to be applicable in soluble or particulate fractions 

of white and brown adipose tissue (Saggerson, 1988) or in soluble fractions of liver 

(Brindley, 1988). To determine whether the Pj release method is suitable for use in heart
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extracts, G3P phosphatase activity was measured in fractions obtained from ventricle 

homogenates (fig 3.2). Phosphate release by the crude membrane fraction only occurred 

at the insignificant rate of 0.5 nmol/min/mg of protein. Some G3P phosphatase activity 

was present in the high-speed supernatant. Since the specific activity of PL A in rat heart 

cytosolic fractions appears to be very low (below 0.03 nmol/min/mg of protein when 

assayed using a saturating phospholipid substrate concentration) (Nalbone & Hofstetler, 

1985), it is unlikely that enough G3P would be generated from phosphatidate to 

appreciably interfere with the Pj-release assay. Furthermore, these assays were carried 

out using a concentration of G3P equal to that of phosphatidate in PAP assays (1.4 mM) 

and as such will have overestimated the rate of Pj production from this source. 

Therefore, it appears that the use of the Pi-release assay for heart PAP activity 

measurement is justified.

3.1.2.2 Effect of Magnesium on Phosphatidate Phosphohydrolase Activity in Heart

The effect of Mg^  ̂ concentration on PAP activity in ventricle homogenates is shown in 

fig 3.3. Total PAP activity was stimulated by increasing the concentration of Mg^  ̂in the 

assay buffer up to 1 mM, but declined sharply thereafter. A similar Mg^  ̂profile of PAP 

has previously been observed in rat heart (Schoonderwoerd et al, 1990b). The inclusion 

of NEM in the assay buffer resolved the total PAP into two activities which varied 

considerably in their response to Mg^ .̂ The NEM-sensitive PAP was stimulated by 

Mg^ ,̂ with maximal activity occurring at approximately 1.5 mM. No inhibition of this 

PAP was observed even at 7.5 mM Mg^ .̂ In contrast, the NEM-insensitive PAP was 

unaffected by Mg^^ up to 1 mM but was inhibited at higher concentrations. To examine 

the subcellular location of these two PAP activities, the crude ventricle homogenate was 

separated into 105 OOOg soluble and membrane fractions. The majority of PAP activity



147

Figure 3.2 Effect of Mĝ ~̂  on glvcerol-3-phosphatase activity in
rat heart
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Glycerol-3-phosphatase activity was measured in 105 OOOg soluble (□, ■) and 

membrane fractions (a , A) obtained from ventricle muscle homogenates. ■, a  show 

NEM-sensitive activity and □, A show NEM-insensitive activity. Assays contained 0 -

7.5 mM MgCb with or without 5 mM NEM. The values are means of 2 independent 

experiments.
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Figure 3.3 Effect of on PAP activity in rat heart
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PAP activity was measured in homogenates of ventricle muscle. Activity: A, total; ■, 

NEM-sensitive; □, NEM-insensitive. Assays contained 0 - 7 . 5  mM MgCli with or 

without 5 mM NEM. The values are means ± SEM of 5 independent experiments.
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in the soluble fraction resembled PAP 1, being sensitive to NEM and stimulated by 

(fig 3.4). This is in accord with previous studies of PAP 1 in the liver and WAT (see 

section 1.2.1). The activation of PAP 1 in the soluble fraction by Mg^  ̂ exhibited a 

threshold of approximately 0.75 mM (fig 3.4), which was not observed in crude 

homogenates (fig 3.3). The reason for this difference is unknown. In addition, the NEM- 

sensitive activity in ventricle homogenates was maximally stimulated by 2 mM Mg^ ,̂ 

whilst that in soluble fractions was further activated at higher concentrations of Mg^ .̂ 

This may be due to the presence of membrane-bound PAP 1 in the homogenate (see 

below). A small amount of NEM-insensitive PAP activity was also present in the soluble 

fraction and was slightly stimulated by Mg^ .̂ This was unexpected since NEM- 

insensitive PAP 2 is almost exclusively located in membrane fractions of liver (Jamal et 

al, 1991; Day & Yeaman, 1992) and WAT (Jamdar & Cao, 1994). It is possible that this 

activity represents PAP 2 dissociated fi'om membranes during homogenisation and 

preparation of subcellular fractions.

As shown in fig 3.5, the majority of the membrane-associated PAP activity was 

insensitive to NEM and was therefore denoted PAP 2. This PAP activity was 

considerably inhibited by Mg^  ̂ above a threshold of 0.75 mM, and half-maximal 

inhibition ( -3 5  %) was observed at approximately 1.75 mM. Thus, significant inhibition 

of PAP 2 activity in heart appears to occur at physiological concentrations of Mg^ .̂ The 

physiological significance of this is unclear, though it is conceivable that the local 

concentration of Mg^  ̂ions may be important in controlling the activity of PAP 2 in situ. 

This enzyme is thought to play a key role in cellular signalling processes, but at present, 

its mode of regulation is completely unknown. Changes in the intracellular Mg^  ̂

concentration have been reported to modulate several cardiac cell functions including 

RNA translation and ion channel activity (Murphy et al, 1991).
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Figure 3.4 Efect of on soluble PAP activity
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NEM-sensitive (■) and NEM-insensitive (□) PAP activity was measured in 105 OOOg 

soluble fractions obtained from ventricle muscle. Assays contained 0- 7 . 5  mM MgCb 

with or without 5 mM NEM. The values are means ± SEM of 4 independent 

experiments.
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Figure 3.5 Effect of Mĝ ~̂  on membrane-bound PAP activity
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NEM-sensitive (■) and NEM-insensitive (□) PAP activity was measured in 105 OOOg 

membrane fractions obtained from ventricle muscle. Assays contained 0 - 7 . 5  mM 

MgCb with or without 5 mM NEM. The values are means ± SEM of 3 independent 

experiments.
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Using similar assay conditions in which the phosphatidate substrate is presented alone in 

the form of an aqueous emulsion, Jamal et al {\99\) also observed some inhibition of 

liver PAP 2 by Mg^ .̂ However in this study, the overall effect of Mg^^ was less - no 

inhibition was observed at concentrations of Mg^  ̂below 2 mM, and approximately 4 

mM was required to produce half maximal inhibition. This clear difference in sensitivity 

to Mg^^ of PAP 2 in heart compared to that in liver may be representative of tissue- 

specific isoforms. Indeed, at least two different forms of PAP 2 have been observed in 

the liver (Flemming & Yeaman, 1995; Waggoner et al 1995; Siess & Hofstetter, 1996). 

However, this notion needs to be treated with caution since the effect of Mg^^ to inhibit 

liver PAP 2 activity appears to be sensitive to factors such as the presence of Triton X- 

100, which abolishes the inhibitory effect (Jamal et al, 1991; Flemming & Yeaman, 

1995) or presentation of the substrate phosphatidate as a mixture with 

phosphatidylcholine, which lessens the effect of Mg^  ̂ (Jamal et al, 1991). It is therefore 

possible that inter-tissue differences in membrane environment are responsible for the 

varying effect of Mg^^ on PAP 2 activity in liver and heart.

Heart membrane fractions also contained a small amount of NEM-sensitive PAP activity 

(fig 3.5). This was inhibited by Mg^  ̂between 0 and 0.5 mM, a phenomenon for which 

there is no obvious explanation. Higher concentrations of Mg^  ̂then stimulated this PAP 

activity. As discussed in section 1.2.1, PAP 1 occurs in both membrane and soluble 

fractions of liver and WAT. Therefore, it is likely that this NEM-sensitive PAP in heart 

membrane fractions represents membrane-bound PAP 1. It is interesting to note that the 

Mg^^-dependence of the NEM-sensitive PAP activity was different in soluble (fig 3.4), 

compared with membrane (fig 3 .5) fractions. This suggests that the binding of PAP 1 to 

cardiac membranes may somehow alter its requirement for Mg^ .̂
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3.1.2.3 Translocation of Phosphatidate Phosphohydrolase in Heart

Translocation of PAP 1 between cellular compartments is thought to play an important 

role in the regulation of glycerolipid synthesis (see section 1.2.2). This phenomenon was 

examined in heart tissue using two approaches. First, Moller & Hough (1982) reported 

that partial replacement of sucrose with KCl in homogenisation buffers increased the 

association of PAP (presumably PAP 1) with adipocyte membranes, and that PAP 

activity could then be released from membranes by incubation in a low ionic strength 

buffer. Accordingly, 105 OOOg membrane fractions were isolated from ventricle muscle 

in a KCl/sucrose/Tris buffer in order to ‘pre-load’ membranes with PAP. It was found 

that subsequent incubation of membrane fractions in a sucrose/Tris buffer resulted in the 

release of significant PAP activity (referred to as ‘translocated’ PAP). A much smaller 

amount of PAP activity was released if the membranes were subsequently incubated in 

the KCl/sucrose/Tris buffer (4.02 nmol P/min) compared to the sucrose/Tris buffer 

(9.11 nmol Pj/min, mean of 2 experiments). The observation that lowering the ionic 

strength of buffers facilitates release of PAP from membranes, suggests that the binding 

of PAP 1 to cardiac membranes may involve hydrophobic interactions.

As shown in fig 3.6, the translocated PAP was almost entirely inhibitable by NEM and 

was greatly stimulated by Mg^ .̂ The Mg^^-activation profile of this translocated PAP 

was identical to that of the NEM-sensitive PAP 1 in soluble fractions prepared from 

ventricle muscle (fig 3.7), indicating that these are likely to be the same enzyme.

It is well known that in hepatocytes and adipocytes, the translocation of PAP 1 onto 

cellular membranes is stimulated by fatty acids. Using cell-free heart extracts, 

Schoonderwoerd et al (1990a) reported that oleate increased total PAP activity in 

microsomal fractions and decreased that in cytosolic fractions. However, translocation
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Figure 3.6 Effect of Mĝ ~̂  on soluble PAP activity translocated 
from membrane fractions
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Membrane fractions prepared in buffer containing 54 mM KCl were resuspended and 

incubated for 40 min in buffer without KCl. Following centifugation, NEM-sensitive 

(■) and NEM-insensitive (□) PAP activity was measured in the resulting soluble 

fraction. Assays contained 0 - 7 . 5  mM MgCb with or without 5 mM NEM. The 

values are means ± SEM of 3 independent experiments.
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Figure 3.7 Comparison of Mg^^-dependences of soluble fraction 
and translocated NEM-sensitive PAP activities
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The values are taken from figs 3.4 and 3.6 and normalised such that activities at 7.5 

mM are expressed as 100. ■, soluble fraction PAP; □ ; translocated PAP.



Table 3.4 PAP translocation in cardiac myocytes

M yocytes were incubated for 1 h with or without 0.5 mM palmitate before homogenisation and separation o f  crude homogenates into 

105 OOOg soluble and membrane fractions. PAP activity was measured using 3 mM M gCb but no NEM, and is expressed as 

nmol/min/unit lactate dehydrogenase in the crude homogenate. Values are means ± SEM o f  5 independent myocyte preparations.

* indicates P < 0.05 for effect o f  palmitate (paired test).

Palmitate in 
incubation

% recovery compared with crude homogenate 

lactate dehydrogenase NAD P -cyt c reductase

soluble membrane soluble membrane

PAP activity

ratio
homogenate soluble membrane memb ; sol

0

0.5 mM

81 ± 5

81 ± 2

2 + 0.3

2 ± 0 . 3

3 ± 0 . 5

3 ± 0 . 3

84 ± 5

85 ± 1 1

0.83 ± 0 . 0 5  0.43 ± 0 . 0 6  0.16 ± 0 . 0 3  0.37 ± 0 . 0 4

0.92 ± 0 . 0 7  0.32 ± 0 . 0 4  0.16 ±0 . 0 1  0.52 ±0 . 0 7 *

% LA
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of PAP 1 in intact heart (cells) has not yet been demonstrated. Therefore, the effect of 

palmitate on the subcellular distribution of PAP was examined using isolated myocytes. 

As shown in table 3.4, addition of palmitate to cell incubations had no effect on PAP 

activity in subsequently prepared myocyte homogenates. However, separation of 

homogenates into soluble and membrane fractions revealed that palmitate significantly 

increased the ratio of membrane-associated to soluble PAP activity (table 3.4). Palmitate 

did not change the relative activities, subcellular distribution or recovery of marker 

enzymes. These results provide strong evidence that long-chain fatty acids promote 

translocation of PAP (1) onto cellular membranes in vivo in cardiac myocytes, albeit to 

a lesser extent than in liver or WAT.

PAP was assayed with 3 mM Mg^  ̂ in order to maximise PAP 1 activity relative to PAP 

2. PAP activity in the two fractions was expressed relative to cell lactate dehydrogenase 

rather than protein since albumin was present in myocyte incubations. Preliminary 

experiments indicated that inclusion of KCl in homogenisation buffers was necessary to 

preserve the interaction of PAP with myocyte membranes, since no evidence of 

translocation was obtained if the standard sucrose/Tris buffer was used.

3.1.3 Comparison of Enzyme Activities in Whole Ventricle and in Myocytes

The activities of the glycerolipid synthesising enzymes were determined in homogenates 

of whole ventricle muscle and isolated ventricular myocytes as shown in table 3.5. The 

expression of activities relative to total protein allowed direct comparisons to be made 

between the two preparations. The specific activities of FAS, GPAT (microsomal and 

mitochondrial), MGPAT and DGAT in myocytes were quite similar to those in whole 

ventricle (table 3.5). However, the ratio of mitochondrial:microsomal GPAT was 

significantly (P < 0.05) lower in myocytes. Heathers et al (1985) previously reported a
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Table 3.5 Specific activities of glycerolipid synthesising enzymes in whole ventricle and 

myocytes

Actiyities were measured in crude homogenates as described in section 2.11. 

Values are expressed as means ± SEM for 6 independent preparations. * and 

** indicate P < 0.05 and P < 0.01 for comparison of myocytes with whole 

yentricle.

Enzyme Actiyity in myocytes 
(nmol/min/mg of protein)

Actiyity in yentricle 
(nmol/min/mg of protein)

FAS 100 ± 9 81 ± 14

Mitochondrial GPAT (A) 0.17 ±0.02 0.22 ±0.03

Microsomal GPAT (B) 0.59 ±0.05 0.43 ±0.05

Ratio A;B 0.30 ±0.04* 0.55 ±0.04

PAP 1 1.56 ±0.09* 2.15 ±0.23

PAP 2 0.95 ±0.15** 2.26 ±0.30

Ratio PAP 1:2 1.83 ±0.24** 1.00 ±0.09

MGPAT 2.48 ±0.18 2.78 ±0.09

DGAT 0.37 ±0.02 0.42 ± 0.02
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microsomal:mitochondrial GPAT activity ratio of 0.66 which is in line with the ratio of 

0.55 obtained here. The microsomal:mitochondrial GPAT activity ratio is 0.91 in liver 

(Bates & Saggerson, 1979), and 0.25 in white adipocytes (Baht & Saggerson, 1988). 

Therefore, ventricle muscle has an intermediate GPAT profile. In contrast, the 

mitochondrial:microsomal GPAT ratio of 0.3 found in isolated myocytes is similar to 

that observed in adipocytes. Although much of the mass of the heart is myocytes, other 

cell types (e.g. endothelial cells, fibroblasts, smooth muscle cells, adipocytes) are also 

present. These results indicate that the non-myocyte cells have a 

mitochondrial:microsomal GPAT profile closer to that of the liver. It is not known to 

what extent these two forms of GPAT are dedicated to different cellular processes (e.g. 

phospholipid or TAG synthesis), why their activity ratio differs between tissues, or how 

much each contributes to overall glycerolipid synthesis. However, it is clear that in 

cardiac myocytes, like adipocytes (which are highly active in TAG synthesis), the 

microsomal form represents the majority of GPAT activity.

As shown in table 3.6, PAP activity was assayed with or without Mg^  ̂ and with or 

without NEM. PAP 2 was measured as the NEM-insensitive activity in the absence of 

Mg^ ,̂ whilst NEM-sensitive activity at 1 mM was taken as an estimate of PAP 1 at 

physiological Mg^  ̂ concentration. As expected, NEM-sensitive PAP (1) in both 

ventricle and myocytes required Mg^  ̂ for activity, i.e. no NEM-sensitive activity was 

observed in the absence of Mg^  ̂(compare measurements 1 and 4). In contrast, Mg^  ̂did 

not activate NEM-insensitive PAP (2) (compare measurements 2 and 4). Relative to 

protein, myocytes contained 73 % of the PAP 1 activity but only 42 % of the PAP 2 

activity found in whole ventricle homogenates. By implication, the non-myocyte cells of 

the heart must be relatively rich in PAP activities, particularly PAP 2. Although PAP 2 

activity is expressed to a lesser extent in myocytes, its activity is still appreciable and



Table 3.6 Measurement of PAP activities in whole ventricle and mvocvtes

Activities were measured as described in section 2.11. Values are expressed as means ± SEM for 6 independent preparations. 

* and ** indicate P < 0.05 and P < 0.01 for comparison of myocytes with whole ventricle.

Measurement MgCh (1 mM)
NEM (5 mM)

Activity in myocytes 
(nmol/min/mg of protein)

Activity in ventricle 
(nmol/min/mg of protein)

1 _ 0.86 ±0.12 2.47 ±0.16

2 + + 1.01 ±0.13 2.71 ±0.09

3 + — 2.49 ±0.18 4.91 ±0.20

4 (PAP 2) — + 0.95 ±0.15* 2.26 ±0.30

5 = [ 3 - 2 ] (PAP 1) 1.56 ±0.09** 2.15 ±0.23

o
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may play an important role in cellular signalling. Such a function has been proposed for 

PAP 2 in the liver by virtue of its location in the plasma membrane and its ability to 

convert phosphatidate (PA) into DAG (Jamal et al, 1991). A phospholipase D (PLD) 

capable of generating PA from phosphatidylcholine is present in membrane fractions 

(sarcolemma (SL), SR and mitochondria) of rat heart (Panagia et al, 1991; Moraru et al, 

1992). Cardiac PLD appears to be activated in response to a variety of signals including 

ischaemia/reperfusion (Moraru et al, 1992), muscarinic-receptor and P-adrenoceptor 

agonists (Lindmar et al, 1986; 1988), ai-adrenoceptor agonists and endothelin-1 (Ye et 

al, 1994), and mechanical stretch (Sadoshima & Izumo, 1993). It has been suggested 

that in the heart, all agonist-stimulated PA is produced by this route, as opposed to 

phosphorylation of DAG produced by phospholipase C, (Philipson & Nishimoto, 1984). 

In addition to being a precursor to DAG, PA itself appears to be a second messenger 

and has been implicated in the regulation of Ca^  ̂ movements in the myocardium. 

Treatment of heart preparations with PLD or PA has been shown to stimulate Na^-Ca^^ 

exchange in SL vesicles (Philipson & Nishimoto, 1984), increase binding of Ca^  ̂ to SL 

(Burt et al, 1984), inhibit Ca^  ̂ accumulation by SR and increase SR Ca^^-ATPase 

activity (Limas, 1980). PA also stimulates inositol-1,4,5-triphosphate production in 

cardiac myocytes (Kurz et al, 1993) and appears to activate protein kinase(s) in soluble 

fractions of rat heart (Bocckino et al, 1991). By removing PA, PAP (2) activity 

therefore modulates the actions of this potent effector. The ratio of PAP 1 to PAP 2 

activity in ventricle homogenates was significantly lower than in isolated myocytes (table 

3.5). However, it is interesting to note that in both cardiac preparations, PAP 2 

represented a considerably higher proportion of total PAP activity than found in liver, 

WAT or white adipocytes which exhibit PAP I PAP 2 activity ratios of 3.8 (Gomez-
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Munoz et al, 1992), 2.7 (Jamdar & Cao, 1994) and 13.5 (Taylor & Saggerson, 1986) 

respectively.

The activity of FAS relative to the other glycerolipid synthesising enzymes (table 3.5) 

was very high in myocytes (and ventricle) compared with white or brown adipocytes 

(Baht & Saggerson, 1988). This presumably reflects the essential role of FAS in 

supplying acyl-CoA for p-oxidation as well as glycerolipid synthesis in myocytes.

DGAT catalyses the final step of TAG formation and its activity in brown and white 

adipocytes is considerably lower than those of the other glycerolipid synthesising 

enzymes (Baht & Saggerson, 1988). In myocytes and whole ventricle, the activity of 

DGAT relative to the other pathway enzymes was much higher. The ratio of total GPAT 

to DGAT activity in white adipocytes is approximately 0.004, whilst using identical 

assay conditions in myocytes and ventricle, this ratio was 0.04 and 0.06 respectively. 

The explanation for this intriguing observation is not known at present.

3.1.4 Conclusions

Taken together, these data demonstrate that all the enzymes necessary for cardiac 

glycerolipid synthesis are present within the myocyte population. Some interesting 

features of the cardiac glycerolipid synthetic pathway also emerged, namely the high 

of the sarcoplasmic reticulum GPAT for glycerol-3-phosphate, the considerable 

sensitivity of PAP 2 to inhibition by Mg^ ,̂ and the relative activities of the enzymes 

involved.
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3.2 Development of Conditions for the Study of Glycerolipid Turnover 

in Cardiac Mvocvtes

3.2.1 Isolation of Cardiac Myocytes

To study glycerolipid turnover, it was necessary to isolate (and incubate) myocytes in 

the presence of exogenous fatty acids. A concentration of 0.5 mM palmitate with 2 % 

(w/v) bovine serum albumin was chosen as representative of plasma fatty acid to 

albumin ratios (typically 0.2 mM - 1 mM fatty acid:4 % albumin). Using the method 

described in section 2.4.1 it was possible to routinely isolate myocyte preparations 

exhibiting a high degree of morphological viability.

3.2.2 Metabolic Properties of Isolated Myocytes

In addition to being judged viable by morphological criteria, it was essential that isolated 

myocytes should retain normal metabolic characteristics. Therefore the ability of cells to 

utilise [^"^CJglucose was examined, together with the effect of glucose on palmitate 

oxidation.

As shown in fig 3.8 and 3.9, myocytes oxidised glucose and produced lactate in a linear 

manner for at least 1 h. These processes were both slightly stimulated by insulin. The 

cells were also capable of synthesising glycogen, and insulin significantly (P < 0.005) 

increased incorporation of [^"^Cjglucose into glycogen (fig 3.10). These results indicate 

that myocytes were metabolically active and hormonally responsive following isolation. 

All subsequent cell incubations were terminated after 1 h.

The presence of carbohydrate fuels has previously been shown to inhibit long-chain fatty 

acid oxidation by the heart (see section 1.3.4). As shown in table 3.7, glucose 

significantly (P < 0.025) decreased the oxidation of exogenous palmitate to CO2 by
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Figure 3.8 Effect of insulin on glucose oxidation by mvocvtes
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Myocytes were incubated for the indicated time with 5 mM [U- '̂^C] glucose in the

presence (□ ) or absence (■) o f  10 nM insulin. The values are means ± SEM of 3

independent preparations.
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Figure 3.9 Effect of insulin on lactate production by mvocvtes
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Myocytes were incubated for the indicated time with 5 mM [U- '̂^C] glucose in the

presence (□ ) or absence (■) o f 10 nM insulin. The values are means ± SEM of 3

independent preparations.
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Figure 3.10 Effect o f insulin on glycogen synthesis by mvocvtes
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M yocytes were incubated for 1 h with 5 mM [U-'^^C] glucose in the presence or 

absence o f  10 nM insulin. Values are expressed as pmol glucose incorporated into 

glycogen/h/g wet weight o f  cells, and are means ± SEM o f  4 independent 

preparations A indicates P < 0.005
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Table 3.7 Effects of glucose and insulin on palmitate oxidation bv cardiac mvocvtes

Myocytes were incubated for 1 h with 0.5 mM [U- '̂^C] palmitate. Other 

additions were: glucose 5 mM; insulin 10 nM. Values are means ± SEM of 

3 independent myocyte preparations and rates are of production.

* indicates P < 0.025 for effects of glucose (paired test).

Additions Rate of palmitate oxidation 
(|imol/h/g dry weight)

Palmitate 46.84 ±8.97

Palmitate + insulin 44.72 + 9.15

Palmitate + glucose 30.79 ± 5.90*

Palmitate + glucose + insulin 29.41+6.15*
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approximately 35 %, both in the presence and absence of insulin. This provides further 

evidence that the isolation procedure did not disrupt the normal metabolic performance 

of myocytes.

3.2.3 Pulse-Chase Protocol

The method of Saddik & Lopaschuk (1991a), in which heart lipids are prelabelled by a 

‘pulse’ perfiision with [^"^CJpalmitate and then ‘chased’ by perfusion with [^HJpalmitate, 

was adapted for use with cardiac myocytes. Accordingly, myocytes were isolated in the 

presence of 0.5 mM [^HJpalmitate (pulse), and the prelabelled cells incubated with 0.5 

mM [ '̂^CJpalmitate (chase).

The pulse period lasted approximately 1 h and resulted in labelling of 39 % of the total 

myocyte TAG pool (table 3.8). Following isolation, the TAG content of myocytes was 

58 pmol of fatty acid equivalents per g dry weight (table 3.8) which is very comparable 

to the values of 47 (Paulson & Crass, 1982) or 50 - 60 (Saddik & Lopaschuk, 1991a) 

pmol of fatty acid equivalents per g dry weight found in freshly isolated rat hearts, or the 

value of 48 pmol of fatty acid equivalents per g dry weight in hearts after a 1 h perfusion 

with 1.2 mM palmitate (Saddik & Lopaschuk, 1991a). By contrast, myocytes isolated in 

the absence of fatty acids have severely depleted TAG contents of 6 - 8 pmol of fatty 

acid equivalents per g dry weight (Kryski et al, 1985; Larsen & Severson, 1990).

During the chase incubation, the TAG pool was turned over so that oxidation of 

endogenous [^HJpalmitate occurred. This was measured as the formation of aqueous 

[^H] products (mainly [^H]H20). As shown in fig 3.11, endogenous palmitate oxidation 

was linear throughout the chase incubation, indicating that the myocyte TAG pool was 

being mobilised at a constant rate. This is supported by the observation that



Table 3.8 Fate of [^H]palmitate at the end of the pulse period

Myocytes were isolated in the presence of 0.5 mM [^HJpalmitate, washed and analysed as described in section 2.6. Values are 

expressed as |.rmol of fatty acid equivalents per g dry weight of cells and are means ± SEM of 12 independent myocyte preparations.

[^H]palmitate as

Triacylglycerol Phospholipid Diacylglycerol Triacylglycerol content % of triacylglycerol pool 
labelled

20.9 ± 1.2 0.89 ±0.05 0.47 + 0.04 58.1+6.8 38.6 + 2.7

VO
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Figure 3.11 Oxidation of endogenous [^Hjpalmitate bv mvocvtes
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Myocytes prelabelled with [^HJpalmitate were incubated for the indicated time in the

presence o f 5 mM glucose and 0.5 mM [̂ '‘CJpalmitate. Values are means o f 2

independent preparations.
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[^HJpalmitate was lost from endogenous TAG at a linear rate during the chase 

incubation (fig 3.12).

Since glycerol production was to be used as an estimate of endogenous TAG lipolysis, it 

was important to check that partial glycerides did not accumulate during the course of 

the chase incubation. As shown in figure 3.13a, neither [^H]DAG or [^H]MAG 

accumulated within myocytes. This indicates that either [^H]TAG mobilised during the 

chase period was completely hydrolysed to glycerol and [^H]palmitate, or that any 

[^H]DAG/MAG not completely hydrolysed was immediately re-esterified. In principle, 

PL hydrolysis could also contribute to the production of glycerol. This has been shown 

to be the case in isolated myocytes incubated under hypoxic conditions in the absence of 

exogenous substrates (Forsdahl & Larsen, 1995). However, many studies have shown 

that under normoxic conditions, levels of both total and prelabelled PL are unchanged, 

even in the absence of exogenous substrates (Olson & Hoeschen, 1967; Crass et al, 

1971; Takenaka & Takeo, 1976; Paluson & Crass, 1982; Saddik & Lopaschuk, 1992a). 

As show in fig 3.13b, the loss of [^HJpalmitate from myocyte PL was minimal under a 

variety of conditions. In addition, the rates of PL turnover are generally very low 

compared with those of TAG, indicating that glycerol production from PL is unlikely to 

occur to an appreciable extent.

Exogenous [^"^C]palmitate was also oxidised during the chase incubation. This was 

measured as [^"^CjCOi formation, and found to be linear with time (fig 3.14). The 

majority of [^"^Cjpalmitate not oxidised was esterified to endogenous TAG, with a 

smaller amount being incorporated into phospholipids and DAG. The incorporation of 

[^"^Cjpalmitate into TAG and phospholipids occurred at a constant rate throughout the 

chase incubation (fig 3.15 and 3.16 respectively). In contrast, the apparent rate of 

[^"^Cjpalmitate incorporation into DAG decreased during the course of the chase
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Figure 3.12 Loss of [̂ H] radioactivity from endogenous myocyte 
TAG
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Myocytes prelabelled with [^HJpalmitate were incubated for the indicated time in the 

presence of 5 mM glucose and 0.5 mM [^"^CJpalmitate. Values are expressed as dpm 

X 10̂  per g dry weight of cells, and are means of 2 independent preparations.



173

Figure 3.13a [̂ H]DAG and [^H]MAG content of mvocvtes
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Myocytes prelabelled with [^Hjpalmitate were incubated for the indicated time in the 

presence of 5 mM glucose and 0.5 mM [^"^CJpalmitate. DAG (■) and MAG (□) 

content is expressed as dpm x 10̂  and dpm x 10̂  per g dry weight of cells 

respectively. Values are means of 2 independent preparations.
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Figure 3.13b [^Hjphospholipid content of myocytes
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The [^Hjphospholipid content o f  myocytes was measured after isolation (Tnitia)’) or 

following a 1 h incubation with the indicated concentration o f  ['“̂ Cjpalmitate, in the 

presence ( □ )  or absence (■ )  o f  5 pM adrenaline. Values are normalised to account 

for cell weight and the [^Hjpalmitate specific activity o f  the ‘pulse’ medium, and are 

means ± SEM o f  5 independent preparations.
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Figure 3.14 Oxidation of exogenous [ "̂̂ Clpalmitate by myocytes
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Myocytes prelabelled with [^HJpalmitate were incubated for the indicated time in the

presence o f 5 mM glucose and 0.5 mM [^"^CJpalmitate. Values are means o f 2

independent preparations.
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Figure 3.15 Incorporation of exogenous [ "̂^Clpalmitate into TAG
by myocytes
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Myocytes prelabelled with [^HJpalmitate were incubated for the indicated time in the

presence o f 5 mM glucose and 0.5 mM [̂ "^CJpalmitate. Values are means o f 2

independent preparations.
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Figure 3.16 Incorporation of exogenous [ "̂^C]palmitate into
phospholipids by myocytes
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Myocytes prelabelled with [^HJpalmitate were incubated for the indicated time in the

presence o f 5 mM glucose and 0.5 mM [ '̂^C]palmitate. Values are means o f 2

independent preparations.



178

Figure 3.17 Incorporation of exogenous [ "̂^C]palmitate into DAG
by myocytes
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Myocytes prelabelled with [^HJpalmitate were incubated for the indicated time in the

presence o f 5 mM glucose and 0.5 mM [^"^C]palmitate. Values are means o f 2

independent preparations.
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incubation (fig 3.17); i.e. [ '̂^C]DAG had more the characteristics of a metabolic 

intermediate than of a final metabolic end-product.

During the 1 h chase period, the net utilisation of non-esterified fatty acids measured 

enzymatically was only sufficient to account for a decrease in the incubation medium 

fatty acid concentration of approximately 12 % (from 0.52 ± 0.02 mM to 0.46 ± 0.02 

mM, n = 11).

These results indicate that cells were in a metabolic ‘steady state’ throughout the chase 

incubation, and validate the use of the radioisotope pulse-chase protocol described in 

section 2.6 for studying glycerolipid turnover in isolated cardiac myocytes.

3.3 Glycerolipid Turnover in Cardiac Myocytes

3.3.1 Effects of Adrenaline and Exogenous Fatty Acid Concentration

Prelabelled myocytes were isolated in the presence of 0.5 mM [^H]palmitate, and 

subsequently incubated with varying concentrations of [̂ '‘CJpalmitate in the presence or 

absence of 5 ]iM adrenaline.

As illustrated in fig 3.18, the concentration of exogenous palmitate dictated whether 

myocytes were net anabolic or net catabolic with respect to their endogenous TAG pool. 

In the presence of 0.5 mM palmitate (2 % albumin), the TAG content of myocytes 

increased by 40 -50 % during the 1 h chase incubation (fig 3.18). The reason for this 

accumulation of TAG at a near physiological serum fatty acid:albumin ratio is unknown. 

One potential explanation is that the relatively low energy demand of quiescent 

myocytes resulted in higher rates of TAG synthesis than would occur in contracting cells 

exposed to similar fatty acid levels in vivo.
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Figure 3.18 Effect of adrenaline and exogenous fatty acid 
concentration on myocyte TAG content
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Myocytes prelabelled with [^Hjpalmitate were incubated for 1 h with 5 mM glucose 

and the indicated concentration of [^"^Cjpalmitate, in the presence (□) or absence (■) 

of 5 ]xM adrenaline. — | represents TAG content of myocytes following isolation. 

Values are expressed as fatty acid equivalents per g dry weight of cells and are means 

± SEM of 4 - 6 independent preparations.
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The total utilisation of exogenous palmitate (calculated as the sum of estérification to 

TAG, DAG and phospholipids (PL) and oxidation to during the chase

incubation increased in parallel with the concentration of palmitate present in the 

medium (table 3.9). As shown in table 3.9, increasing the concentration of exogenous 

palmitate enhanced incorporation of [^"^C]palmitate into TAG, DAG and PL. Long- 

chain fatty acids have been shown to stimulate the translocation of PAP 1 onto myocyte 

membranes (section 3.1.2) and the activity of DGAT in heart extracts (Schoonderwoerd 

et al, 1990a). Therefore it is possible that incubating myocytes with increasing amounts 

of exogenous palmitate augments the capacity of the glycerolipid synthesis pathway, 

thereby facilitating palmitate estérification.

The ratio of [^"^C]palmitate estérification;oxidation was also increased by raising the 

exogenous palmitate concentration (fig 3.19). In the presence of 0.5 mM exogenous 

palmitate, this ratio was close to 1 which is approximately 4 times higher than that 

observed in working hearts perfused under similar conditions (Saddik & Lopaschuk, 

1991a). This presumably reflects the lower energy demand of quiescent myocytes. In 

contrast, increasing concentrations of exogenous palmitate decreased the ratio of 

[^"^CJpalmitate estérification to PLiesterification to TAG (fig 3.20), indicating that PL 

synthesis is more easily saturated with fatty acids than TAG synthesis. Since nitrogenous 

PL and TAG may be synthesised from a common pool of DAG, it is possible that 

stimulation of DGAT by fatty acids promotes conversion of DAG to TAG (rather than 

PL) at high exogenous palmitate concentrations.

Addition of adrenaline to myocyte incubations had no effect on the total utilisation of 

palmitate (table 3.9) but did appear to alter the partitioning of fatty acids between 

estérification and oxidation (fig 3.19). Somewhat surprisingly, since it is generally 

considered to be a ‘mobilising’ hormone, adrenaline significantly increased incorporation



Table 3.9 Effects of adrenaline and exogenous fatty acid concentration
Myocytes prelabelled with palmitate were incubated for 1 h in the presence of 5 mM glucose and the indicated concentration of 
[^"^CJpalmitate ± 5 pM adrenaline. Values are expressed as pmol of fatty acid equivalents/h/g dry weight and are means ± SEM (n = 4 
for 0.075 mM palmitate, n = 5 for 0.135 mM palmitate, and n = 6 for 0.50 mM palmitate). ^   ̂ indicate p < 0.05, < 0.025, <
0.01, < 0.005, < 0.0005 respectively for effects of adrenaline.

Hormone None Adrenaline (5 pM)

[Palmitate] 0.075 0.135 0.255 0.50 0.075 0.135 0.255 0.50

Exogenous [̂ ‘̂ Cjpalmitate

Oxidation to CO2 19.0 ± 1.3 22.0 ± 1.2 28.0 ±2.8 53.8 ±3.2 14.7 ±1.2 18.2 ±0.4*= 23.1 ±2.1^ 46.9 ±4.3®

Estérification to TAG 12.7 ± 1.7 18.5 ± 1.9 33.0 ±4.4 47.2 ±4.1 11.1 ± 1.3 19.6 ± 1.0 33.8 ±3.9 57.8 ±4.3®

Estérification to DAG 0.28 ±0.07 0.35 ±0.03 0.57 ±0.06 0.72 ±0.09 0.39 ± 0.08° 0.71 ±0.23 0.87 ±0.22 1.31 ±0.17®

Estérification to PL 0.82 ±0.15 1.03±0.16 1.70 ±0.27 1.90±0.17 1.16 ±0.23® 1.63 ±0.25® 2.55 ±0.74 3.03 ±0.18®

Total utilisation 33 ±3 42 ±1 64 ± 6 104 ±7 27 ±2 40 ±1 61 ±6 109 ±7

Endogenous [^HJpalmitate

Oxidation 8.13 ±2.16 3.95 ±1.10 3.77 ±0.70 2.02 ±0.38 13.3 ±2.6® 5.55 ±1.06® 5.50 ± 1.08® 3.13 ±0.53®

Loss from TAG 18.4 ±6.0 12.1 ±3.9 16.1 ±4.7 10.1 ±3.6 27.7 ± 7.42* 19.7 ±4.8® 22.3 ±5.3 17.6 ±2.4*:

Glycerol release 21.5 ±1.7 16.1 ±3.3 11.4±2.1 7.7 ± 3.1 51.8 ±5.2^^ 36.4 ±3.3® 33.9 ±3.2*= 32.2 ±7.1®

Change in TAG content -2.8 ± 7.6 8.3 ±6.3 6.9 ±7.5 35.1 ±5.9 -10.5 ±9.4 3.3 ±8.6 6.6 ± 4.6 33.3 ±4.5

Calculated de novo TAG synthesis

Method 1 18.7 ± 3.8 24.4 ± 6.6 18.3 ±9.3 41.8±5.0 41.3 ±9.9* 39.7 ±8.8* 40.5 ±7.9 65.6 ±3.7®

Method 2 15.7±5.6 22.5 ±5.3 28.3 ±6.3 44.7 ±3.7 35.2 ±7.7 36.3 ±4.3® 45.4 ±5.8*= 72.3 ± 7.4® 00K)
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Figure 3.19 Effect of adrenaline and exogenous fatty acid 
concentration on the ratio of [^"^Cjpalmitate 
estérification : oxidation
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Myocytes prelabelled with [^H]palmitate were incubated for 1 h with 5 mM glucose

and the indicated concentration o f palmitate, in the presence (□ ) or absence (■)

o f 5 \xM  adrenaline. Values are means ± SEM o f 4 - 6 independent preparations.
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Figure 3.20 Effect of adrenaline and exogenous fatty acid 
concentration on the ratio of palmitate
incorporation into PL:TAG
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Myocytes prelabelled with [^HJpalmitate were incubated for 1 h with 5 mM glucose

and the indicated concentration o f [ '̂^C]palmitate, in the presence (□ ) or absence (■)

o f 5 pM adrenaline. Values are means ± SEM of 4 - 6 independent preparations.
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of palmitate into TAG, DAG and particularly PL (table 3.9). This effect was most 

prominent at 0.5 mM exogenous palmitate, when adrenaline stimulated [^'^Cjpalmitate 

incorporation into TAG and PL by 23 % and 58 % respectively. Similarly, Kreisberg 

(1966a) found that perfusion of rat hearts with adrenaline increased incorporation of 

palmitate (and [^"^C]tripalmitin) into TAG and PL. In addition, isoprenaline (a |3- 

adrenergic agonist) has also been reported to enhance estérification of exogenous fatty 

acids to myocardial TAG but not PL (Takenaka & Takeo, 1976). The opposite response 

is generally observed in liver and WAT, where adrenergic agents tend to down-regulate 

the glycerolipid synthesis pathway (section 1.2.2). The mechanisms underlying these 

effects of adrenaline in cardiac tissue are unknown but could involve stimulation of 

lipogenic enzyme activity and/or increased substrate availability.

The rate of lipolysis, as estimated by glycerol release, during the chase incubation was 

stimulated considerably by adrenaline (table 3.9). As discussed in section 1.4.3, the 

ability of catecholamines to stimulate cardiac lipolysis is well known. This effect is 

thought to occur through a P-adrenoceptor mediated rise in cellular cAMP levels, 

leading to phosphorylation and activation of the cardiac TAG lipase, possibly HSL. As a 

result, the oxidation of endogenous TAG-derived [^HJpalmitate was increased in the 

presence of adrenaline (table 3.9).

As shown in table 3.9, myocyte lipolysis was extremely sensitive to inhibition by 

extracellular fatty acids. The presence of exogenous palmitate markedly reduced the rate 

of both basal and adrenaline-stimulated lipolysis in a dose-dependent manner. Similarly, 

Larsen & Severson (1990) found that basal and isoprenaline-stimulated lipolysis in 

'TAG-loaded' myocytes was inhibited by oleate. The authors suggested that this was 

due to feedback of the TAG lipase by fatty acids, although considerable inhibition of 

lipolysis was observed at fatty acid:albumin ratios likely to result in very low (1-2 pM)
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concentrations of free oleate. However, an earlier study found that approximately 100 

\iM  oleate was required to cause 50 % inhibition of cardiac neutral TAG lipase in vitro, 

whilst 25 |xM oleate had little effect (Severson & Hurley, 1982). This apparent 

discrepancy between the degree of inhibition observed in isolated myocytes and in heart 

preparations in vitro indicates that some other mechanism, in addition to direct feedback 

on lipase activity, may be involved in the inhibition of lipolysis by fatty acids in vivo.

As described in section 1.4.3, HSL is an attractive candidate as the lipase responsible for 

mobilisation of myocardial TAG stores. In WAT, HSL contains two mutually exclusive 

phosphorylation sites, namely Site 1 (regulatory) and Site 2 (basal). Site 1 may be 

phosphorylated by PKA and is responsible for the activation of HSL in response to 

lipolytic hormones. Site 2 may be phosphorylated by AMP-activated protein kinase 

(AMPK). Site 2 phosphorylation has no effect on HSL activity per se, but may exert an 

anti-lipolytic action by preventing subsequent phosphorylation of Site 1. Therefore, the 

activity of HSL in vivo should be determined by the relative phosphorylation states of 

Sites 1 and 2.

AMPK is stimulated by high AMP; ATP concentration ratios and through 

phosphorylation by AMPK kinase, which is also activated by AMP. AMPK mRNA 

highly expressed in both heart and skeletal muscle (Verhoeven et al, 1995), and it has 

been suggested that cardiac AMPK may be involved in the regulation of fatty acid 

oxidation (Kudo et al, 1996). It is also possible that AMPK plays a role in regulating 

myocardial lipolysis through phosphorylation of HSL at Site 2. At concentrations of 

exogenous palmitate which inhibited myocyte lipolysis, extensive metabolism of fatty 

acids in oxidation and glycerolipid synthesis was observed (table 3.9). ‘Activation’ of 

fatty acids by conversion to the CoA-thioester is a pre-requisite for their further 

metabolism, and results in the formation of one mol of AMP per mol of fatty acid

V
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activated. Therefore, increasing rates of fatty acid utilisation may enhance ATP/AMP 

turnover, leading to a higher steady state AMP concentration, thereby activating AMPK 

and increasing Site 2 phosphorylation of HSL. Such a mechanism could help explain the 

extreme sensitivity of myocyte lipolysis to inhibition by fatty acids.

The oxidation of endogenous [^HJpalmitate was suppressed by exogenous palmitate, in 

parallel with lipolysis (table 3.9). This clearly illustrates the ability of exogenous fatty 

acids to replace endogenous fatty acids as a respiratory fuel, leading to a fall in the ratio 

of endogenous;exogenous fatty acid oxidation (fig 3.21). It is interesting to note that 

only 20 - 50 % of the [^HJpalmitate lost from endogenous TAG during the chase 

incubation was oxidised (fig 3.22). The palmitate not oxidised presumably remained 

as non-esterified fatty acid. This is in contrast to Saddik and Lopaschuk (1991a) who 

reported that in perfused hearts, essentially all of the fatty acids lost from endogenous 

TAG were oxidised. However, their data indicated that in fact under certain conditions, 

oxidation accounted for only 60 % of the fatty acids lost from endogenous TAG. As 

shown in fig 3.22, the percentage of pH]palmitate lost from myocyte TAG subsequently 

oxidised was unchanged by adrenaline, but was decreased in the presence of increasing 

concentrations of exogenous palmitate.

As mentioned in section 1.4.4, loss of radioisotopically prelabelled TAG may also be 

used as an index of myocardial lipolysis, although this approach does not appear to have 

been applied to isolated myocytes. Like glycerol release, loss of [^HJpalmitate from 

TAG was stimulated by adrenaline and inhibited in the presence of exogenous palmitate 

(table 3.9). However, when expressed as fatty acid equivalents, the amount of glycerol 

released during the chase incubation was generally greater than the concomitant loss of 

[^HJpalmitate from endogenous palmitate (fig 3.23). Since TAG synthesis is an active 

process in cardiac myocytes, it is likely that the discrepancy between glycerol release
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Figure 3.21 Effect of adrenaline and exogenous fatty acid 
concentration on the ratio of endogenous:exogenous 
palmitate oxidation
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Myocytes prelabelled with [^Hjpalmitate were incubated for 1 h with 5 mM glucose

and the indicated concentration o f [^"^Cjpalmitate, in the presence (□ ) or absence (■)

o f 5 pM adrenaline. Values are means ± SEM o f 4 - 6 independent preparations.
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Figure 3.22 Effect of adrenaline and exogenous fatty acid 
concentration on the percentage of [̂ H] palmitate lost 
from TAG oxidised
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Myocytes prelabelled with [^H]palmitate were incubated for 1 h with 5 mM glucose 

and the indicated concentration of [^"^Cjpalmitate, in the presence (□) or absence (■) 

of 5 pM adrenaline. Values are expressed as fatty acid equivalents and are means ± 

SEM of 4 - 6 independent preparations.
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Figure 3.23 Effect of adrenaline and exogenous fatty acid 
concentration on the ratio of glycerol release: [̂ H] 
TAG decrease
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and the indicated concentration o f [^"^CJpalmitate, in the presence (□ ) or absence (■)

o f 5 pM adrenaline. Values are means ± SEM o f 4 - 6 independent preparations.
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and [^H]TAG disappearance reflects re-esterification of [^HJpalmitate released by 

lipolysis back into TAG. This phenomenon was particularly evident at the high rates of 

lipolysis induced by adrenaline (and low exogenous palmitate concentrations). Under 

these conditions, considerable amounts of [^HJpalmitate may have been available for 

estérification to TAG - a process which may be augmented by adrenaline. Conversely, at 

high exogenous palmitate concentrations and in the absence of adrenaline, lipolytic rates 

were low and the supply of [^H]palmitate for re-esterification would have been limited. 

Re-esterification is also likely to have been minimised in the presence of high exogenous 

palmitate concentrations by dilution of endogenous [^HJpalmitate with [^"^C]palmitate. 

Accordingly, in these situations the ratio of glycerol release: [^H]TAG loss was closer to 

one (fig 3.23). Therefore, it appears that whilst the rates of glycerol release and 

[^H]TAG disappearance are qualitatively similar, the latter may considerably 

underestimate the true rate of lipolysis under certain conditions.

It should be noted that the absolute values for loss of [^HJpalmitate from TAG and 

oxidation of [^H]palmitate, were calculated on the assumption that the mean specific 

activity of the TAG mobilised during the chase incubation was equal to the ratio of [^H] 

radioactivity in TAG:total TAG content of myocytes. The possible limitations of this 

assumption leading to underestimation of loss of [^H]TAG and oxidation of 

palmitate are discussed further in section 3.3.5.

When myocytes were incubated with 0.5 mM exogenous palmitate in the absence of 

adrenaline, glycerol production was actually lower than the loss of [^HJpalmitate from 

TAG (fig 3.23). It is possible that this reflects partial hydrolysis of [^H]TAG to 

[^H]DAG and [^HJpalmitate, followed by incorporation of [^H]DAG back into TAG by 

estérification with [^H]- or [^"^CJpalmitate (fig 3.24). The net result of this partial 

turnover would be the loss of [^H]palmitate from TAG, without any production of
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Figure 3.24 Partial turnover of endogenous TAG in cardiac mvocvtes

pH]/[“'C] Palmitate + G3P

PH]/[“>C] Palmitate

I
TAG

DAG

pH] Palmitate

2 X pH] Palmitate

Glycerol



193

glycerol. It may be envisaged that the re-esterification of [^H]DAG with [^"^Cjpalmitate 

would be promoted at high concentrations of exogenous [^"*C]palmitate (whereas in the 

absence of exogenous fatty acids, DAG would be hydrolysed fully to glycerol). It is also 

conceivable (although highly speculative) that the terminal reactions of lipolysis (i.e. 

DAG MAG -> glycerol) are more sensitive to inhibition by fatty acids than the initial 

hydrolysis of TAG to DAG, since this would favour re-esterification of DAG to TAG at 

high exogenous palmitate concentrations. The unusually high activity of DGAT in 

myocytes relative to the other glycerolipid synthesising enzymes (section 3.1.3) may 

have some relevance to the occurrence of partial TAG turnover in these cells. 

Furthermore, it is possible that stimulation of DGAT activity by fatty acids 

(Schoonderwoerd et al, 1990a) may have promoted the re-esterification of [^H]DAG in 

the presence of high palmitate concentrations.

Therefore, the relationship between glycerol release and the loss of [^H]TAG appears to 

be complex, and depends upon the rates of lipolysis, palmitate re-esterification and 

[^"*C]palmitate estérification to [^H]DAG (i.e. partial turnover).

If, as these results suggest, partial turnover of [^H]TAG does occur within myocytes, 

then the incorporation of [ '̂^CJpalmitate into TAG is not necessarily an accurate 

measurement of de novo synthesis of TAG from three fatty acids and G3P (since 

[^"^C]palmitate may be incorporated into TAG by estérification with [^H]DAG). In 

addition, a variable (and unknown) amount of [^HJpalmitate may be re-esterified with 

G3P to TAG. Therefore, it is not possible to directly measure de novo TAG synthesis 

during the chase incubation. However, the rate of de novo synthesis may be calculated 

as follows. Theoretically, the change in total myocyte TAG content (ATAG) during the 

chase incubation should be equal to the rate of TAG synthesis minus TAG lipolysis. 

TAG may be synthesised de novo fi-om [̂ "‘C]/[^H]palmitate and G3P, or from [^H]DAG
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produced by lipolysis. Similarly, endogenous TAG may be lipolysed fully to glycerol, or 

partially to [^H]DAG. Therefore:

ATAG = SYNTHESIS -  LIPOLYSIS (D
rde novo from G3P]  f fully to glycerot\

\and  from DAG\ \and  to DAG J

Since [^H]DAG does not accumulate within myocytes during the course of the chase 

incubation (figs 3.13a and 3.25), its rates of formation from endogenous TAG and 

removal must be approximately equal. Therefore, the synthesis of TAG from [^H]DAG 

and the partial hydrolysis of TAG to [^H]DAG should cancel out, and equation (D 

becomes:

ATAG = de novo synthesis -  glycerol release 

And: de novo synthesis = ATAG + glycerol release

The TAG content of myocytes was measured at the beginning and end of the chase 

incubation, allowing estimation of ATAG and calculation of de novo TAG synthesis as 

shown in table 3.9 (Method 1).

In principle, it is also possible to calculate ATAG from the incorporation of

14 . .[ C]palmitate intc^minus the loss of [ H]palmitate from the endogenous TAG pool. 

Therefore:

ATAG = palmitate -  [̂ H] palmitate   (D
esterified to TAG lost from TAG
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Equation @ may be substituted into equation giving;

de novo synthesis = palmitate -  pH]palmitate + glycerol
esterified to TAG lost from TAG release

The rate of de novo TAG synthesis calculated by this method is also shown in table 3.9 

(Method 2).

In this set of experiments, the rates of de novo synthesis calculated by the two different 

methods agreed quite well (table 3.9). As expected, the rate of de novo TAG synthesis 

was enhanced when myocytes were incubated with increasing concentrations of 

exogenous palmitate (table 3.9). The rate of de novo TAG synthesis (calculated by either 

method) was generally higher than that of exogenous [̂ '‘CJpalmitate incorporation into 

TAG (table 3.9). This discrepancy was most obvious in the presence of adrenaline and 

probably reflects de novo synthesis of TAG from endogenous [^H]palmitate and G3P. 

As mentioned earlier, the degree of [^Hjpalmitate re-esterification is likely to be 

augmented under conditions which stimulate lipolysis of pH]TAG, such as adrenaline. 

Conversely, when myocytes were incubated with high concentrations of exogenous 

palmitate in the absence of adrenaline, the rate of de novo TAG synthesis (calculated by 

either method) was lower than that of [^"^Cjpalmitate estérification to TAG (table 3.9). 

This may reflect incorporation of [̂ '‘CJpalmitate into TAG by estérification with 

[^HjDAG, rather than G3P, thus by-passing the initial reactions of de novo TAG 

synthesis. This phenomenon was observed under the same conditions in which glycerol 

release was less than the loss of [^HJpalmitate from TAG (table 3.9), and provides 

further evidence that partial turnover of TAG may occur within cardiac myocytes.

The addition of adrenaline to myocyte incubations produced a considerable increase in 

the rate of de novo TAG synthesis (using either method of calculation) (table 3.9). This
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Figure 3.25 [̂ H]DAG content of myocytes
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The [^HJDAG content of myocytes was measured immediately after prelabelling (♦) 

or following incubation for 1 h with 5 mM glucose and the indicated concentration of 

[^'^Cjpalmitate, in the presence (□) or absence (■) of 5 pM adrenaline. Values are 

expressed as dpm x 10̂  per g dry weight of cells and are means ± SEM of 4 - 6 

independent preparations.
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effect was observed at all exogenous palmitate concentrations examined, and in the 

presence of 0.075 mM palmitate, adrenaline stimulated de novo synthesis by 

approximately 120 %. As mentioned earlier, adrenaline also appeared to activate 

myocyte PL synthesis as seen by the increased flux of exogenous [^"^C]palmitate into PL 

(table 3.9), the increased ratio of [̂ '‘CJpalmitate incorporation into PL TAG (fig 3.20), 

and the increased proportion of total [^"^CJpalmitate utilised that was esterified to PL. 

Again, these effects were considerable and occurred at all exogenous palmitate 

concentrations examined.

In contrast, lipolytic agents such as adrenaline decrease the rate of glycerolipid synthesis 

in WAT (Saggerson, 1985), and inhibit the activities of FAS (Sooranna & Saggerson, 

1978a), microsomal and mitochondrial forms of GPAT (Sooranna & Saggerson, 1976a; 

1978b; Rider & Saggerson, 1983), PAP 1 (Cheng & Saggerson, 1978a; 1978b), and 

DGAT (Sooranna & Saggerson, 1978c). This provides a mechanism whereby TAG 

synthesis may be reduced under conditions which stimulate lipolysis (e.g. in the presence 

of adrenaline), thus minimising cycling of fatty acids through estérification and lipolysis. 

As discussed in section 1.2.2, these effects of adrenaline may, at least in part, be 

secondary to accumulation of lipolytic fatty acids. Indeed, fatty acids have been shown 

to inhibit GPAT and DGAT in WAT microsomes (Durocher et al, 1990). Cardiac 

myocytes have a much smaller endogenous TAG pool and as such it is unlikely that 

adrenaline increases cellular fatty acid levels to the extent observed in adipocytes. In 

addition, fatty acids do not appear to have an inhibitory effect on cardiac DGAT, but are 

in fact stimulatory (Schoonderwoerd et al, 1990a).
TAG synthesis

Unlike WAT in which fatty acid oxidation is minimal relative to (Harper &

Saggerson, 1976), the heart has a high capacity for P-oxidation which will compete with 

the estérification system for acyl-CoA. Therefore, it is possible that the rate of cardiac
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glycerolipid synthesis may be regulated indirectly by changes in the rate of fatty acid 

oxidation. As well as promoting glycerolipid synthesis, adrenaline decreased the 

apparent rate of exogenous [^"^CJpalmitate oxidation by myocytes (table 3.9). A similar 

effect of adrenaline was observed in perfused hearts by Kreisberg (1966a) who 

suggested that this was due to dilution of exogenous [^"^CJpalmitate with endogenous 

TAG-derived fatty acids. Indeed, the oxidation of endogenous palmitate in myocytes 

was stimulated by adrenaline (table 3.9). However, when this was taken into account, 

adrenaline produced a smaller, but still significant, decrease in total (i.e. endogenous + 

exogenous) fatty acid oxidation. In perfused hearts, adrenaline has generally been found 

to stimulate exogenous fatty acid oxidation. Since adrenaline increases the contractile 

performance of intact hearts, it is possible that the stimulation of P-oxidation is, at least 

in part, secondary to the increased energy demand associated with the hormone. 

Therefore it is likely that isolated myocytes, which are quiescent, may respond 

differently to adrenaline.

As discussed in section 1.3.1, adrenaline stimulates cardiac glucose oxidation, in part by 

activating PDH. Activation of PDH by DCA (inhibits PDH kinase) also stimulates 

glucose oxidation in perfused hearts (Saddik et al, 1993) and in isolated myocytes 

(Abdel-aleem et al, 1996), and causes a parallel decrease in fatty acid oxidation. It was 

proposed that the fall in fatty acid oxidation was due to increased acetyl-CoA 

production by PDH, which then inhibited fatty acid oxidation directly via feedback upon 

3-ketoacyl-CoA thiolase, or indirectly through increased formation of malonyl-CoA 

thereby inhibiting CPT 1 (see section 1.3.4). It is possible that adrenaline decreased 

[^'^C]palmitate oxidation in cardiac myocytes by a similar mechanism. In perfused hearts 

this effect may be over-ridden by the increased energy demand induced by adrenaline.
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Table 3.10 Glycerol-3-phosphate content of isolated mvocvtes

The G3P content of myocytes was measured following a 1 h incubation 

with the indicated concentration of palmitate ± 5 pM adrenaline. Values 

are expressed as pmol per gram dry weight, are means ± SEM of 4 - 8 

independent myocyte preparations.

Palmitate concentration (mM)

Hormone 0.075 0.135 0.255 0.50

None 1.4 ±0.4 1.8±0.3 1.7 ±0.3 1.6 ±0.2

Adrenaline 1.4 ±0.4 1.7 ±0.4 1.6 ±0.2 1.3 ±0.3
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As a result of its inhibitory effect on fatty acid oxidation, adrenaline may have increased 

the availability of palmitate to the estérification system, thereby promoting myocyte 

glycerolipid synthesis. The stimulation of glucose oxidation by adrenaline also provides a 

plausible mechanism through which adrenaline could increase glycerolipid synthesis, 

since the high Km of the SR GPAT (section 3.1.1) for G3P indicates that this process 

may be very responsive to factors which alter tissue levels of G3P. However, as shown 

in table 3.10, adrenaline had little effect on the G3P content of myocytes incubated with 

a variety of exogenous palmitate concentrations.

3.3.2 Effects of Adrenaline on the Activities and Subcellular Distribution of 

Glycerolipid Synthesising Enzymes

Isolated cardiac myocytes were incubated with or without 5 pM adrenaline before being 

snap-frozen. Enzyme activities in myocyte homogenates were expressed relative to cell 

lactate dehydrogenase rather than protein since albumin was present in the incubation 

medium.

As shown in table 3.11, incubating myocytes in the presence of adrenaline did not 

significantly alter the activity of mitochondrial GPAT, PAP 1, PAP 2 or DGAT in

subsequently prepared homogenates. However, adrenaline did produce a 40 % (P < 

0.025) increase in microsomal GPAT activity (table 3.11). The extent to which 

adrenaline stimulated microsomal GPAT activity and de novo TAG synthesis in 

myocytes incubated with 0.5 mM palmitate (approximately 60 %) was comparable. This 

indicates that activation of GPAT may be a major mechanism through which adrenaline 

increases glycerolipid synthesis in isolated myocytes. In contrast. Heathers et al (1985) 

found that perfusion of hearts with adrenaline decreased the specific activity of GPAT 

This appeared to be mediated via a p-adrenergic mechanism, and could be mimicked in

<
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Table 3.11 Effect o f  adrenaline on the activities o f  glycerolipid synthesising enzymes in 

incubated myocytes

M yocytes were incubated for I h with 0.5 mM palmitate ± 5 pM adrenaline 

before snap-freezing. Activities were measured in crude homogenates as 

described in section 2.11 and are expressed as (nmol/min/unit lactate 

dehydrogenase) x 10 .̂ Values are means ±  SEM o f  4-5 independent myocyte 

preparations. * indicates P < 0.025 for effect o f  adrenaline (paired test).

Enzyme None Adrenaline

5 microsomal GPAT 12.9 ± 1.9 18.1 ± 3 .3 *

. y  Q
\ mitochondrial GPAT 6.88 + 0.70 7 .4 3 + 0 .5 8

PAP 1 27.8 ± 4 .9 30.1 ± 4 .0

PAP 2 24.1 ± 1.5 28.2 ± 5 .9

DGAT 3.22 + 0.35 2.64 ± 0 .5 1
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vitro by treatment of homogenates with PKA. The reason for this discrepancy between 

whole hearts and cardiac myocytes is not fully understood, but may be due to the 

different GPAT assay conditions used. The concentration of G3P used by Heathers et al 

(1985) to assay GPAT was in excess of the Km (of the SR GPAT) for this substrate. 

Therefore, if adrenaline stimulated GPAT in myocytes by decreasing the Km for G3P, a 

change in activity may not have been detected using their assay conditions.

Although incubation with adrenaline had no obvious effect on the total activity of 

myocyte PAP 1, these experiments could not determine whether any change in the 

subcellular distribution of PAP had occurred. In order to investigate this possibility, 

incubated myocytes were separated into soluble and membrane fractions without snap- 

freezing since this process may disrupt the association of PAP with membranes. PAP 

activity was measured using 3 mM MgCb in order to maximise PAP 1 relative to PAP 2. 

As shown in table 3.12, the addition of adrenaline to myocyte incubations had no effect 

on PAP activity in crude homogenates. However, adrenaline significantly (P < 0.025) 

decreased the ratio of membrane-associated to soluble PAP activity (table 3.12). 

Adrenaline did not alter the relative activities, subcellular distribution or recovery of 

marker enzymes (table 3.12). These results indicate that adrenaline displaced PAP (1) 

from myocyte membranes. Similarly, cAMP analogues (Butterwith et al 1984a) and the 

phosphoprotein phosphatase inhibitor okadaic acid (Gomez-Munoz et al 1992a) 

decrease the association of PAP 1 with hepatocyte membranes, leading to the suggestion 

that phosphorylation/dephosphorylation modulates hepatic PAP 1 translocation. It is 

unknown whether or not such a mechanism applies to cardiac myocytes. The opposite 

response occurs in WAT, where cAMP promotes association of PAP activity with 

microsomal membranes (Moller et al 1981).



Table 3.12 Effect o f  Adrenaline on the subcellular distribution o f  PAP in incubated myocytes

M yocytes were incubated for 1 h with 0.5 mM palmitate ± 5 pM adrenaline before homogenisation and separation o f  crude 

hom ogenates into 105 OOOg soluble and membrane fractions. PAP activity was measured using 3 mM M gCb but no NEM, and is 

expressed as nmol/min/unit lactate dehydrogenase in the crude homogenate. Values are means ± SEM o f  4 independent myocyte 

preparations. * indicates P < 0.05 for effect o f  adrenaline (paired test).

Adrenaline in % recovery compared with crude homogenate PAP activity
incubation

lactate dehydrogenase 

soluble membrane

NADP -cyt c reductase 

soluble membrane homogenate soluble membrane
ratio 

memb : sol /Z 1 fcM'-' 1

0 81 ± 3 2 ± 0 . 3 3 ± 0 . 3  85 ±1 1 0.92 ± 0 . 0 7 0.32 ± 0 . 0 4 0 . 1 6 ± 0 . 0 1 0.52 ± 0 . 0 6

5 pM 84 ± 9 2 ± 0 . 3 3 ± 0  3 89 ± 1 2 0 . 8 9 ± 0 . 1 6 0.40 ± 0 . 0 5 0.14 ±0 . 0 2 * 0.38 ±0 . 0 8 * rV 6 '

lOo
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3.3.3 Effects of Adrenergic Agonists

The effects of adrenaline on myocyte lipid metabolism were presumed to be mediated 

through the adrenergic pathway via a -  or (3-receptor activation. Isoprenaline and 

phenylephrine were used as a i- and P-adrenoceptor agonists respectively in order to 

further characterise the adrenaline responses. In the following studies a concentration of 

0.5 mM palmitate with 2 % (w/v) bovine serum albumin was chosen as representative of 

plasma fatty acid to albumin ratios. In addition, the effects of adrenaline previously 

described were clearly visible at this fatty acid concentration.

3.3.3.1 Isoprenaline

As shown in table 3.13, neither isoprenaline or adrenaline altered the total utilisation of 

exogenous palmitate by myocytes during the chase incubation. However, unlike 

adrenaline, isoprenaline did not increase the estérification: oxidation ratio of 

[^"^CJpalmitate (which represented the majority of the flux) (fig 3.26). The effect of 

adrenaline to stimulate incorporation of [^"^CJpalmitate into TAG and PL was not 

mimicked by the p-agonist (table 3.13). In contrast, estérification of [̂ “̂CJpalmitate to 

DAG appeared to be slightly enhanced by isoprenaline in a dose-dependent manner 

(table 3.13), although this was only significant at the highest agonist concentration 

tested (10 pM). However, the effect of isoprenaline was very small (approximately 20 

%) compared to that of adrenaline, and could have been due to a limited degree of a- 

receptor activation by the P-agonist. A similar effect of isoprenaline upon de novo TAG 

synthesis was observed (using either method of calculation) (table 3.13). The ability of 

isoprenaline to stimulate de novo TAG synthesis was moderate compared with 

adrenaline and only reached significance at the highest agonist concentration examined. 

Therefore it appears that although p-adrenergic stimulation may increase de novo



Table 3.13 Effects of Isoprenaline
Myocytes prelabelled with [^HJpalmitate were incubated for 1 h in the presence of 5 mM glucose and 0.5 mM [ '̂^C]palmitate. Values 
are expressed as timol of fatty acid equivalents/h/g dry weight and are means ± SEM of 4 independent myocyte preparations. ^  
indicate p < 0.05, < 0.025, < 0.01, < 0.005 respectively for effects of adrenaline or isoprenaline.

Agonist None Adrenaline Isoprenaline

Concentration 5 tiM 0.3 nM 1 [iM 3 tiM 10 |IM

Exogenous [^"^C]palmitate

Oxidation to CO2 72.8 ± 11.0 55.3+6.6'' 74.6 ± 8.4 72.6 ± 11.0 73.6 ±9.8 75.4±11.9

Estérification to TAG 57.6 ±6.2 74.1+2.4® 49.6 + 3.3 52.7 ±2.6 51.5 ±6.0 54.9 ±4.0

Estérification to DAG 0.90 + 0.10 1.84±0.15'^ 0.98 + 0.04 1.02 ±0.12 1.06 ±0.14 1.12 ± 0.08'

Estérification to PL 2.00 ±0.25 3 55 ±0.18^ 1.72 ±0.11 1.85±0.11 1.85 ±0.36 2.15±0.18

Total utilisation 133 ± 13 135 ± 7 127 + 8 128 ± 12 128 ± 10 134 ± 13

Endogenous [^HJpalmitate

Oxidation to H2O 3.14 ±0.66 4.88 + 1.01® 5.97 + 1.44® 6.16± 1.81^ 6.99 ± 2.01' 6.84 ± 1.82®

Loss from TAG 14.5 ±4.4 19.9 + 3 .0 ' 27.7 ±4.9*^ 25.2 ±2.7^ 29.2 ± 6.0® 29.8 ±3.0®

Glycerol release 9.2 ±3.6 51.8 ± 12.9® 34.8 + 6.0® 39.1 ±9.1^ 46.6 ±8.9® 46.7+10.5^

Increase in TAG content 26.8 ±6.4 30.8 + 10.6 8.7 ± 9.3' 14.1 ±4.9 4.8 ±5.9 20.1 ±5.4

Calculated de novo TAG synthesis

Method 1 36.0 ±7.4 82.5 + 10.1® 43.5 ±14.5 53.3 ±9.9 51.4 ± 12.7 66.8 ± 1 3 .8 ' to
oLA
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Figure 3.26 Effect o f  isoprenaline on the ratio o f  exogenous  
palmitate estérification:oxidation
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M yocytes prelabelled with ['^Hjpalmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM [ ‘‘̂ Cjpalmitate, in the presence o f  the indicated concentration of 

isoprenaline (□ )  or adrenaline (■). Values are means ± SEM o f  4 independent 

preparations. A indicates P < 0.005 for effect o f  adrenaline.
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glycerolipid synthesis to a limited extent, it is not sufficient to fully mimic the effect of 

adrenaline. In this set of experiments, the two methods used to calculate de novo TAG 

synthesis did not agree so well; there appeared to be a tendency of Method 2 (uses the 

calculated value of AT AG) to overestimate de novo synthesis relative to Method 1 (uses 

the measured value of ATAG). It is possible that this discrepancy results from the use of 

[^H]TAG loss to calculate ATAG as will be discussed further in section 3.3.5. 

Isoprenaline did not alter the rate of exogenous palmitate oxidation (table 3.13), 

indicating that the inhibitory effect of adrenaline was not mediated through the 13- 

adrenoceptor pathway.

As has been demonstrated in perfused hearts (Crass, 1977; Jesmok et al 1977), 

isoprenaline increased the rate of lipolysis (estimated by glycerol release) in isolated 

myocytes in a dose-dependent manner (table 3.13). The degree of stimulation produced 

by adrenaline and the higher isoprenaline concentrations was similar (approximately 5- 

fold), indicating that activation of P-receptors was sufficient to mediate the lipolytic 

response. This is consistent with the suggestion that catecholamines stimulate cardiac 

lipolysis via a p-adrenergic mechanism linked to changes in cellular cAMP levels (see 

section 1.4.3). The concentration of isoprenaline required for half-maximal stimulation 

of glycerol output by myocytes has been estimated at 0.2 pM (Kryski et al, 1985), 

which would appear to be in agreement with the results obtained here (fig 3.27).

Due to the increased rate of lipolysis, oxidation of endogenous palmitate was enhanced 

by isoprenaline (table 3.13). The dose-response curves for the effect of isoprenaline on 

glycerol output and endogenous palmitate oxidation were very similar (fig 3.27), 

indicating that a major factor controlling the rate of oxidation of endogenous fatty acids 

was the rate at which they were released from TAG stores by lipolysis. It is noteworthy
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Figure 3.27 Stimulation of lipolysis and endogenous [̂ H1 
palmitate oxidation by isoprenaline
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Myocytes prelabelled with [^H]palmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM palmitate, in the presence of the indicated concentration of 

isoprenaline. Values are expressed as percent of the maximum stimulation of glycerol 

release (□) and endogenous palmitate oxidation (■) by isoprenaline.
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that endogenous palmitate oxidation was stimulated to a greater extent by the P-agonist 

than by adrenaline (table 3.13). This discrepancy probably occurred since isoprenaline, 

unlike adrenaline, did not divert palmitate away from oxidation towards estérification. 

Therefore in the presence of isoprenaline, a larger proportion of the endogenous 

palmitate released by lipolysis would have been oxidised. As a result, isoprenaline 

increased the ratio of endogenous:exogenous palmitate oxidation to the same extent as 

did adrenaline (fig 3.28), even though the P-agonist was unable to inhibit exogenous 

palmitate oxidation.

Addition of isoprenaline to myocyte incubations also augmented the loss of 

[^HJpalmitate from endogenous TAG (table 3.13) as may be expected following 

stimulation of lipolysis. Loss of [^H]TAG was greater in the presence of isoprenaline 

than adrenaline since the p-agonist did not appreciably enhance estérification, and 

therefore less of the lipolytic [^HJpalmitate would have been incorporated back into 

TAG.

As observed previously, the ratio of glycerol release: [^H]TAG loss was increased to 

about 3 in the presence of adrenaline (fig 3.29), indicating that a considerable proportion 

of the palmitate released by lipolysis was re-esterified to TAG. Isoprenaline also 

increased this ratio but to a lesser degree than adrenaline (fig 3 .29), since the p-agonist 

stimulated lipolysis (and thus provision of palmitate for re-esterification) but not the 

estérification process per se. That de novo TAG synthesis was generally greater than 

the incorporation of palmitate into TAG when myocytes were incubated with 

isoprenaline (table 3.13) provides further evidence that re-esterification of endogenous 

palmitate occurred in the presence of the P-agonist (presumably due to the enhanced 

supply of endogenous palmitate by lipolysis).
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Figure 3.28 Effect of isoprenaline on the ratio of endogenous: 
exogenous palmitate oxidation
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Myocytes prelabelled with [^H]palmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM [^"^Cjpalmitate, in the presence of the indicated concentration of 

isoprenaline (□) or adrenaline (■). Values are means ± SEM of 4 independent 

preparations. A, B, C indicate P < 0.25, < 0.01, < 0.005 respectively for effects of 

isoprenaline and adrenaline.
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Figure 3.29 Effect of isoprenaline on the ratio of glycerol release: 
[^H]TAG decrease
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Myocytes prelabelled with palmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM [̂ "‘CJpalmitate, in the presence of the indicated concentration of 

isoprenaline (□) or adrenaline (■). Values are means ± SEM of 4 independent 

preparations. A, B, C indicate P < 0.05, < 0.025, < 0.01 respectively for effects of 

isoprenaline and adrenaline.
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Figure 3.30 Effect of isoprenaline on the glvcerol-3-phosphate 
content of myocytes
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Myocytes prelabelled with [^H]palmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM palmitate, in the presence of the indicated concentration of 

isoprenaline (□) or adrenaline (■). Values are means ± SEM of 3 independent 

preparations. A indicates P < 0.025 for effect of isoprenaline.
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These experiments were carried out in the presence of 0.5 mM exogenous palmitate, and 

as a result the myocyte TAG pool increased in size during the chase incubation (table 

3.13). Addition of isoprenaline to cell incubations appeared to reduce the increase in 

total TAG content (table 3.13). This effect of isoprenaline was most apparent at the 

lower agonist concentrations and presumably occurred as a result of the enhanced rate 

of TAG lipolysis. In contrast, the increase in myocyte TAG content was unchanged in 

the presence of 10 [iM isoprenaline or adrenaline (5 |l iM ) despite the high rates of 

lipolysis, since de novo TAG synthesis was also enhanced under these conditions. 

Isoprenaline, when present at 10 pM, increased the G3P content of isolated myocytes 

(fig 3.30). However, this effect was very small and thus unlikely to have an appreciable 

effect on glycerolipid synthesis.

3.3 3.2 Phenylephrine

As shown in table 3.14, addition of phenylephrine to myocyte incubations did not 

change the total utilisation of exogenous palmitate, but like adrenaline appeared to alter 

the partitioning of fatty acids between oxidation and estérification pathways. The ratio 

of palmitate estérification:oxidation (which represents the majority of the fatty acid 

flux) was increased by phenylephrine to the same extent as observed in the presence of 

adrenaline (fig 3.31).

Like adrenaline, the ai-adrenergic agonist also enhanced incorporation of [^"^CJpalmitate 

into TAG, DAG and PL in a dose-dependent manner (table 3.14). When present in 

myocyte incubations at a concentration of 10 pM, phenylephrine was able to fully mimic 

the effect of adrenaline and increased the estérification of [̂ '‘CJpalmitate to TAG and PL 

by 20 % and 40 % above control values respectively. In addition, the rate of de novo 

TAG synthesis was augmented by phenylephrine (table 3.14), although not quite to the



Table 3.14 Effects of Phenylephrine
Myocytes prelabelled with [^HJpalmitate were incubated for 1 h in the presence of 5 mM glucose and 0.5 mM [ '̂^CJpalmitate. Values 
are expressed as pmol of fatty acid equivalents/h/g dry weight and are means ± SEM of 5 independent myocyte preparations. ^  ^
indicate p < 0.05, < 0.025, < 0.01, < 0.005, < 0.0005 respectively for effects of adrenaline or phenylephrine.

Agonist None Adrenaline Phenylephrine

Concentration 5 pM 0.3 pM 1 pM 3 pM 10 pM

Exogenous [^"^CJpalmitate

Oxidation to CO2 52.1 ±6.5 38.4 ±5.4^ 41.6 ±4.7® 44.6 ±5.9 42.2 ±3.0"^ 38.7 +3.5":

Estérification to TAG 43.6 ±4.4 47.4 ± 1.4 43.6 ±3.7 47.0 ±3.7 49.3 ±4.0° 51.2 + 4.1"

Estérification to DAG 0.80 ±0.08 1.24 ±0.14® 0.89 ±0.09 0.95 ±0.07® 1.03 ±0.10° 1.14 ±0.07"

Estérification to PL 1.82±0.18 2.53 ±0.13^ 2.47 ±0.36^ 2.23 ±0.28 2.17 ±0.22^ 2.57 ±0.24^

Total utilisation 98.3 ± 10.0 90.0 ±6.0 88.6 ±7.7 94.8 ±8.1 94.7 ±5.7 93.6±6.8

Endogenous [^H]palmitate

Oxidation to H2O 2.02 ±0.45 3.52 ±0.75^ 1.82 ±0.49"^ 1.96 ±0.50 1.90 ±0.41 1.68 + 0.39

Loss from TAG 7.8 ± 1.9 12.0 ±2.0^ 7.6± 1.1 6.3 ±0.8 7.2 ± 1.7 7.6 ± 1.2

Glycerol release 2.0 ±0.9 25.7 ±4.6° 3.0± 1.6 7.3 ±2.4^ 11.5±3.3® 12.9 ±2.8^

Increase in TAG content 24.2 ±7.9 17.0 ±8.4 15.2 ± 12.4 20.0 ± 10.5 21.9±9.1 25.5 ±8.6

Calculated de novo TAG synthesis

Method 1 26.2 ±8.1 42.7 ±9.8 18.3 ± 13.7 27.3 ±11.7 33.4 ± 10.1 38.4 ±7.5

Method 2 37.8 ±6.3 64.4 ±5.6^ 39.1 ±6.0 48.0 ±5.9^ 53.6 ±5.9® 56.5 ± 5.0"
K)
4̂
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Figure 3.31 Effect of phenvlephrine on the ratio of exogenous 
[̂ "̂ C]palmitate estérification: oxidation
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Myocytes prelabelled with [^Hjpalmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM palmitate, in the presence of the indicated concentration of 

phenylephrine (□) or adrenaline (■). Values are means ± SEM of 5 independent 

preparations. A, B, C, D indicate P < 0.25, < 0.01, < 0.005, < 0.0005 respectively for 

effects of isoprenaline and adrenaline.
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extent observed in the presence of adrenaline. At the highest agonist concentration (10 

|l iM ), de novo TAG synthesis was increased approximately 50 % above the basal rate 

compared to 60-70 % (depending on the method of calculation) in the presence of 

adrenaline (table 3.14). Therefore it appears that whilst activation of the a-adrenergic 

pathway considerably increased glycerolipid synthesis in myocytes, it was not sufficient 

to fiilly mimic the stimulatory effect of adrenaline on de novo TAG synthesis.

As can been seen from table 3.14, phenylephrine decreased the oxidation of exogenous 

palmitate to [̂ "̂ C]C02 during the chase incubation, even when present at very low 

concentrations. The degree of inhibition produced by adrenaline (5 pM) and by 10 pM 

phenylephrine was approximately equal (26 %), indicating that the inhibitory effect of 

adrenaline was mediated through the a-adrenergic pathway. This is consistent with the 

notion that adrenaline inhibited fatty acid oxidation in myocytes through the ‘reverse 

glucose-fatty acid cycle’ (see section 1.3.4) by stimulating glucose oxidation. Although 

the p-adrenergic agonist isoprenaline enhances glucose uptake by myocytes (Kao et al, 

1980), the stimulation of cardiac glucose oxidation by catecholamines appears to be 

predominantly a Ca^^-dependent a-adrenergic effect (Clark & Patten, 1984). Activation

of a-adrenoceptors increases glucose uptake and PFK 1 activity in perfused hearts, j
ii

probably by elevating the cytosolic Ca^  ̂ concentration (Patten et al, 1982; Clark & 

Patten, 1984). Significantly, a - adrenergic agonists enhance mobilisation of cellular Ca^  ̂

and the uptake of Ca^  ̂ by cardiac mitochondria (Crompton et al, 1983), resulting in 

elevation of the intramitochondrial Ca^  ̂ concentration and activation of PDH 

phosphatase, and thus PDHa (McCormack et al, 1982; 1990). Therefore, it is possible 

that in the presence of phenylephrine, increased production of acetyl-CoA by PDH 

inhibited fatty acid oxidation through the mechanisms described in section 1.3.4 (i.e. by
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feedback inhibition of 3-ketoacyl thiolase, or through enhanced malonyl-CoA 

production and inhibition of CPT 1). That phenylephrine stimulated glucose oxidation in 

these studies was indicated by the increase in G3P content of myocytes incubated in the 

presence of this agonist (fig 3.32). The G3P content of myocytes incubated without 

phenylephrine was equivalent to a cellular concentration of approximately 1 mM, which 

is considerably lower than the Km of the SR GPAT for this substrate (~ 4 mM). 

Therefore, it is likely that the elevation of myocyte G3P content (~ 50 %) facilitated the 

stimulation of glycerolipid synthesis by phenylephrine. In addition, by inhibiting 

palmitate oxidation, phenylephrine may have increased the supply of the acyl-CoA 

substrate for glycerolipid synthesis.

At the lowest concentration tested (0.3 pM), phenylephrine had no effect on the rate of 

lipolysis estimated by glycerol release from myocytes (table 3.14). However higher 

concentrations of the agonist significantly stimulated lipolysis (table 3.14), although the 

lipolytic action of phenylephrine was moderate compared with that of adrenaline. Since 

the p-adrenergic pathway is thought to mediate the stimulation of cardiac lipolysis by 

catecholamines, it is possible that the lipolytic action of phenylephrine was due to a 

limited degree of P-receptor activation. Such a ‘non-specific’ effect would be expected 

to increase with increasing agonist concentrations. However, the stimulation of glycerol 

release started to plateau at the higher phenylephrine concentrations (table 3.14), 

indicating that this was in fact a specific a-adrenergic effect, a-receptor activation 

increases the intracellular Ca^  ̂ concentration (and PKC activity), and as discussed in 

section 1.4.3, it has been suggested that this cation plays and important role in the 

regulation of (hormone-stimulated) lipolysis. Therefore, it is possible that phenylephrine 

stimulated myocyte lipolysis by elevating cellular Ca^  ̂ levels. Indeed, increasing the
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M yocytes prelabelled with [^H]palmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM ['‘‘Cjpalmitate, in the presence o f  the indicated concentration of 

phenylephrine (□ )  or adrenaline (■). Values are means ± SEM o f  3 independent 

preparations. A indicates P < 0.025 for effect o f  phenylephrine.
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perfusate concentration has been shown to stimulate lipolysis in isolated rat hearts 

(Dhalla et al, 1977), whilst Ca^  ̂appears to stimulate cardiac neutral TAG lipase activity 

(Griffiths & Brunt, 1990).

The rate of endogenous palmitate oxidation was not increased by the higher 

phenylephrine concentrations (i.e. > 1 pM) in parallel with lipolysis. In the presence of 

0.3 pM phenylephrine, the oxidation of endogenous palmitate was significantly 

decreased (table 3.14). At this concentration the agonist had no effect on lipolysis, and 

presumably inhibited endogenous palmitate oxidation through the same mechanisms 

which reduced exogenous palmitate oxidation. However, unlike exogenous palmitate, 

the oxidation of endogenous palmitate was not inhibited in the presence of higher 

concentrations of phenylephrine. This apparent discrepancy may be due to the increased 

rate of lipolysis observed under these conditions, i.e. the inhibitory effect of 

phenylephrine on fatty acid oxidation may have been offset by the increased provision of 

endogenous palmitate. As a result, the ratio of endogenous:exogenous palmitate 

oxidation was increased, albeit to a very limited extent, by phenylephrine (fig 3.33). 

Although adrenaline inhibited [^"^Cjpalmitate oxidation, endogenous palmitate oxidation 

was increased in the presence of this hormone since lipolysis was stimulated to a much 

greater extent than in the presence of phenylephrine (table 3 .14).

Even though phenylephrine stimulated lipolysis, the loss of [^Hjpalmitate from 

endogenous TAG was not enhanced in the presence of this agonist (table 3.14). 

Therefore, the ratio of glycerol release: [^H]TAG loss was increased by phenylephrine in 

a dose-dependent manner (fig 3.34). This provides further evidence that phenylephrine 

enhanced the estérification process and reduced palmitate oxidation, thereby increasing 

re-esterification of lipolytic [^HJpalmitate back into TAG. In the presence of 10 pM 

phenylephrine, glycerol production during the chase incubation was approximately 2-
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Figure 3.33
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Myocytes prelabelled with [^H]palmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM [^"^CJpalmitate, in the presence of the indicated concentration of 

phenylephrine (□) or adrenaline (■). Values are means ± SEM of 4 independent 

preparations. A, B indicate P < 0.05, < 0.005 for effects of phenylephrine and 

adrenaline.
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Figure 3.34
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Myocytes prelabelled with [^Hjpalmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM [^'^Cjpalmitate, in the presence of the indicated concentration of 

phenylephrine (□) or adrenaline (■). Values are means ± SEM of 5 independent 

preparations. A, B indicate P < 0.25, < 0.005 respectively for effects of phenylephrine 

and adrenaline.
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fold higher than the loss of fH]palmitate from endogenous TAG (table 3.34; fig 3.34), 

indicating that a substantial proportion of the [^H]palmitate released by lipolysis was 

subsequently re-esterified.

3.S.3.3 Conclusions

The ability of phenylephrine and isoprenaline to mimic the effects of adrenaline on 

myocyte lipolysis and de novo TAG synthesis is illustrated in fig 3.35.

The lipolytic effect of adrenaline in cardiac myocytes appeared to be mediated through a 

P-adrenergic mechanism. However, the ai-agonist phenylephrine also stimulated 

myocyte lipolysis to a limited degree.

De novo TAG synthesis was stimulated by both a i- and p-adrenergic agonists, although 

neither appeared able to fully mimic the effect of adrenaline. It is noteworthy that 

activation of ai-adrenoceptors appeared to be more potent in this respect. Furthermore, 

only the ai-agonist was able to appreciably stimulate incorporation of exogenous 

palmitate into TAG, DAG and PL. These results indicate that activation of both a- 

and P-adrenergic pathways may be required to mediate stimulation of myocyte 

glycerolipid synthesis by adrenaline.

In addition, adrenaline inhibited the oxidation of palmitate in myocytes through an a- 

adrenergic mechanism. Therefore it is possible that the stimulation of glycerolipid 

synthesis by adrenaline was secondary to the concomitant suppression of fatty acid 

oxidation. However, the observed activation of microsomal GPAT by adrenaline and the 

ability of isoprenaline to enhance de novo TAG synthesis, without decreasing palmitate 

oxidation, would argue against this notion.
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Figure 3.35 Effect of adrenergic agonists on the rates of de novo 
TAG synthesis and lipolysis in myocytes
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M yocytes prelabelled with ['^HJpalmitate were incubated for 1 h with 5 mM glucose 

and 0.5 mM ['‘̂ Cjpalmitate. Values represent the effects o f  the indicated 

concentrations o f  phenylephrine (A, A) and isoprenaline (□ , ■ ) on de novo TAG 

synthesis calculated by Method 2 (■, A) and lipolysis (□ , A) expressed as percent of 

the adrenaline-induced stimulation
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3.3.4 Effects of Insulin

As observed previously, the partitioning of exogenous [‘"^Cjpalmitate into estérification 

rather than oxidation was increased by adrenaline both alone and in the presence of 

insulin (fig 3.36). Insulin had a similar effect on the [̂ "‘CJpalmitate estérification: 

oxidation ratio, although this was only statistically significant in the presence of 

adrenaline. Insulin also produced a small (~ 10 %) increase in the total utilisation of 

exogenous palmitate by myocytes (table 3.15).

Like adrenaline, addition of insulin to myocyte incubations stimulated the incorporation 

of [^"^Cjpalmitate into TAG (table 3.15). However, the effects of these hormones were 

not additive, i.e. insulin did not increase [^"^C]TAG synthesis in the presence of 

adrenaline, and vice versa, (table 3.15). In contrast, incorporation of [^"^CJpalmitate into 

DAG and PL was not enhanced by insulin, either alone or in the presence of adrenaline 

(table 3.15). It is unclear how insulin stimulated [̂ '‘C]palmitate incorporation into TAG 

but not DAG which is an intermediate in the de novo synthesis of TAG. It is conceivable 

that insulin augmented estérification of [^"^C]palmitate with [^H]DAG (i.e. partial TAG 

turnover) rather than de novo TAG synthesis, thus ‘by-passing’ synthesis of [̂ '‘CJDAG. 

However in the absence of adrenaline, insulin did appear to increase the rate of de novo 

TAG synthesis (table 3.15).

The glycerolipogenic effects of insulin in liver (Zammit, 1996) and WAT (Saggerson, 

1985) are well recognised, and appear to be mediated through a combination of changes 

in enzyme activity (section 1.2.2) and precursor availability. In BC3H-1 myocytes, 

insulin stimulates microsomal (NEM-sensitive) GPAT activity approximately 2-fold 

(Vila et al, 1990), and it has been suggested that this may be responsible for the 

increased neutral lipid and PL synthesis observed in the presence of insulin (Farese et al.
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Table 3.15 Effects o f insulin
Myocytes prelabelled with [^HJpalmitate were incubated for 1 h in the 
presence of 5 mM glucose and 0.5 mM [^"^CJpalmitate. Values are expressed 
as jimol of fatty acid equivalents/h/g dry weight, and are means ± SEM of 6 
independent myocyte preparations except where indicated as n = 5. ^ 
indicate p < 0.05, < 0.025, < 0.005 respectively for effects of insulin.
" indicate p < 0.05, < 0.025, < 0.01, < 0.005, < 0.0005 respectively for 
effects of adrenaline.

Hormone None Insulin 
(10 nM)

Adrenaline
(5nM )

Insulin + 
adrenaline

Exogenous [ '̂^CJpalmitate

Oxidation to CO2 55.9 + 4.3 56.8 + 3.9 48.9 ±3 .8” 43.0 + 2.8^'^

Estérification to TAG 46.7 + 3.8 54.3+3.3^ 56.7 ±3.6’' 56.0 + 3.5

Estérification to DAG 0.77 + 0.09 0.78 + 0.08 1.39 ±0.14" 1.39 + 0.21^

Estérification to PL 2.07 + 0.14 1.96 + 0.10 3.20 ±0.16" 3.31 + 0.24"

Total utilisation 105+7 114+ 7* 110±6 104 + 5

Endogenous [^HJpalmitate

Oxidation to H2O 2.03+0.32 1.96 + 0.29 3.03 ±0.40” 3.01+0.46^

Loss from TAG 10.5+3.5 10.8 + 2.7 18.6 ±3.8 ’̂ 211 + 2.5G

Glycerol release [5] 8.4 + 3.8 8.1 +3.2 3 1 6 ± 8  4f 25.3 +5.3^

Increase in TAG 
content [5]

35.7 + 7.0 44.0 + 11.0 40.2 ±6.1 35.9 + 8.4

Calculated de novo TAG synthesis

Method 1 [5] 37.9 + 4.8 60.1 + 10.5 72.6 ± 5.2” 58.7 + 12.5

Method 2 [5] 42.0 + 5.0 50.6 + 2.8 72.9 ±8 .8” 60.4 + 5.7^°
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Figure 3.36 Effect o f  insulin on the ratio o f  endogenous: 
exogenous palmitate oxidation
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Myocytes prelabelled with ["*H]palmitate were incubated for 1 h with 5 mM glucose

and 0.5 mM [*'^C]palmitate. A, B indicate P < 0.025, < 0.0005 respectively for effects

o f adrenaline, C indicates P < 0.025 for effect o f insulin. Values are means ± SEM of

6 independent preparations.
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1987; 1988). Although extrapolation of these findings to primary cardiac myocyte 

preparations should be treated with caution, it is possible that insulin increased de novo 

TAG synthesis by a similar mechanism. In addition, the elevation of myocardial G3P 

levels by insulin (Denton & Randle, 1967a) also provides a plausible mechanism through 

which insulin could have stimulated TAG synthesis in myocytes. In the presence of 

adrenaline however, insulin appeared to decrease the rate of de novo TAG synthesis 

(calculated by Method 2, P < 0.05). The explanation for this unexpected observation is 

not readily apparent.

The basal rate of lipolysis (glycerol release) was not altered by insulin, and although the 

hormone appeared to have a slight anti-lipolytic action in the presence of adrenaline, this 

effect was not statistically significant (table 3.15). In WAT, insulin is potently anti

lipolytic, and acts by decreasing the phosphorylation and activity of HSL (section 

1.3.2.1). If, as previously suggested, HSL is the main lipase responsible for the 

mobilisation of myocardial TAG stores, insulin would be expected to decrease the rate 

of lipolysis in isolated myocytes.

Addition of insulin to myocyte incubations (alone or in combination with adrenaline) did 

not alter the rate at which [^H]palmitate was lost from endogenous TAG, or the rate of 

[^Hjpalmitate oxidation (table 3.15). Similarly, the oxidation of exogenous palmitate 

was unchanged by insulin in the absence of adrenaline (table 3.15). However, in the 

presence of adrenaline, insulin appeared to decrease [^"^C]palmitate oxidation (table 

3.15). An inhibitory effect of insulin on exogenous palmitate oxidation in isolated 

myocytes was also observed by Awan & Saggerson (1993). In this study, malonyl-CoA 

content of perfused hearts was increased by insulin, leading to the suggestion that the 

hormone enhances malonyl-CoA production (by stimulating glycolytic acetyl-CoA 

formation and/or ACC activity), thus inhibiting CPT-1 activity and the transport of fatty
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acids into mitochondria. It was noted that the efifect of insulin to suppress fatty acid 

oxidation was rather variable (i.e. not always observed), and may be dependent upon the 

ability of the hormone to stimulate glucose transport in isolated myocytes. In turn, this 

may depend upon the activity and distribution of glucose transporters within cells. 

However, this does not clearly explain why insulin did not appear to decrease exogenous 

palmitate oxidation in the absence of adrenaline, or why endogenous palmitate oxidation 

was unchanged by insulin.

3.3.5 Effects of Adrenaline at 0.5 mM Exogenous Palmitate

The mean effects of adrenaline on lipid metabolism in 14 independent myocyte 

preparations are shown in table 3.16. The effects of adrenaline to inhibit exogenous 

palmitate oxidation and stimulate [^"^C]palmitate incorporation into TAG, DAG and PL, 

de novo TAG synthesis, lipolysis and endogenous palmitate oxidation were all highly 

significant (P < 0.0005).

During the chase incubation, the decrease in incubation medium non-esterified fatty acid 

(A NEFA) content was also measured (table 3.16). Only 12 % and 15 % of the total 

medium NEFA was utilised by myocytes during the 1 h incubation with and without 

adrenaline respectively. Due to the enhanced rate of lipolysis, A NEFA was somewhat 

reduced in the presence of adrenaline, although this effect was not statistically significant 

(table 3.16). Assuming that the intra- and extra-cellular NEFA pools were in 

equilibrium, theoretically A NEFA should be equal to the release of [^H]NEFA from 

endogenous TAG minus the total utilisation of exogenous [^"^C]NEFA:

A NEFA = release of [ H]NEFA -  palmitate utilisation 

(where release of [^HJNEFA equals the loss of [^H]palmitate from TAG minus the 

oxidation of [^HJpalmitate).
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Table 3.16 Effects of adrenline at 0.5 mM palmitate
Myocytes prelabelled with [^HJpalmitate were incubated for 1 h in the 
presence of 5 mM glucose and 0.5 mM [^"^C]palmitate. Values are 
expressed as |imol of fatty acid equivalents/h/g dry weight, and are means 
± SEM (n = 14 except where indicated as n = 10). ^  ® indicate P < 0.005, < 
0.0005 respectively for effects of adrenaline (paired tests).

Control Adrenaline (5 |iM)

MEASURED VALUES

Exogenous [̂ '‘CJpalmitate 

Oxidation to CO2 58.2 + 4.5 45.9 + 3.5®

Estérification to TAG 47.9 + 57.7 58.6 + 3.2®

Estérification to DAG 0.80 + 0.06 1.41+0.11®

Estérification to PL 1.90 + 0.11 2.99 + 0.14®

Total utilisation 109 + 7 109 + 6

Endogenous [^H]palmitate 

Oxidation to H2O 2.23+0.29 3.60 + 0.44®

Loss from TAG 10.0 + 2.0 16.1 + 1.6®

Glycerol release 5.8 + 1.8 35.0 + 5.5®

Increase in TAG content 28.8 + 4.0 27.7 + 4.8

Decrease in medium NEFA content [10] 135 + 17 92 + 20

CALCULATED VALUES

Increase in TAG content 
([‘“CITAG - loss of [^H]TAG)

37.9 + 3.7 42.8 + 2.9

de novo TAG synthesis (Method 1) 34.6 + 4.2 62.7 + 6.3®

de novo TAG synthesis (Method 2) 43.6 + 3.8 79.2 + 7.1®

Release of [^HJNEFA [10] 8.0 + 2.1 12.9+1.5^

Decrease in medium NEFA content [10] 109 + 9 100 + 7

Ratio glycerol release:loss of TAG 0.63+0.17 2.33 +0.30®
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Therefore this calculation may be used as a ‘quality control’ to check whether the 

measured parameters (table 3.16) accurately reflect fatty acid dynamics within the 

myocyte. As can be seen in table 3.16, the ‘calculated’ A NEFA agreed well with the 

enzymatically measured value.

During the chase incubation, the myocyte TAG pool was not static but in a state of 

constant turnover, since fatty acids released from endogenous TAG by lipolysis were 

replaced by estérification of exogenous (or endogenous) fatty acids. In the absence of 

exogenous fatty acids, it has been estimated that in perfiised hearts and isolated 

myocytes 120 % and 50 % respectively of the total TAG pool is turned over per h 

through lipolysis and re-esterification (de Groot et al, 1989; Myrmel et al, 1991). As 

shown in section 3.3.1, the concentration of exogenous fatty acids to which myocytes 

are exposed has a profound effect on the rates of both lipolysis and TAG synthesis in 

these cells. Therefore, it was of interest to examine the rate of TAG turnover in the 

presence of physiological concentrations of exogenous palmitate. Although this 

parameter cannot be measured directly, it may be calculated as follows. During the 

course of the chase incubation (in the absence of adrenaline), the TAG content of 

myocytes increased by 29 jimol fatty acids per g dry weight (table 3.16). Concurrently, 

48 jimol [^"^CJpalmitate was incorporated into TAG (table 3.16). Therefore, 29 of the 48 

|imol palmitate esterified to TAG increased the size of the TAG pool, whilst the 

remaining 19 p,mol replaced fatty acids lost from the TAG pool. As such, it may be 

considered that the rate of TAG turnover (expressed as p-mol fatty acids per g dry 

weight) during the chase incubation equals [^"^CJpalmitate incorporation into TAG minus 

the resulting increase in TAG content. Following isolation, the myocyte TAG pool 

contained 58.2 ± 5.8 |Limol fatty acids per g dry weight (n = 14). Therefore,
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approximately 33 % of the endogenous TAG was turned over during the 1 h incubation. 

In the presence of adrenaline this process was markedly enhanced, and approximately 52 

% of the TAG pool was turned over. Interestingly, both isoprenaline and phenylephrine 

appeared to stimulate the turnover of endogenous TAG, even when present at very low 

concentrations (table 3.17). It should be noted that TAG turnover calculated in this way 

does not include cycling of endogenous fatty acids through lipolysis and re- 

esterification, but simply indicates how fast ‘old’ endogenous fatty acids in the TAG 

pool are replaced by ‘new’ exogenous fatty acids. Therefore, it is unsurprising that 

adrenaline had a stimulatory effect on TAG turnover, since both lipolysis and TAG 

synthesis were enhanced in the presence of this hormone.

As mentioned previously, the two methods used to calculate de novo TAG synthesis 

(see section 3.3.3) did not agree particularly well in some experiments. This indicates 

that the ‘calculated’ increase in TAG content ([ '̂‘CJpalmitate incorporation into TAG - 

loss of [^H]TAG) was not equal to the TAG increase measured enzymatically. As can be 

seen in table 3.16, the calculated increase in TAG content appeared to be higher than the 

measured value (and therefore de novo TAG synthesis calculated by Method 2 was 

greater than that calculated by Method 1). Assuming that the enzymatic measurement of 

myocyte TAG was accurate, this suggests that the loss of [^HJpalmitate from TAG 

underestimated the true rate at which fatty acids were lost from endogenous TAG. The 

specific activity of [^H]TAG used to determine the loss of [^H]palmitate, was calculated 

using the total endogenous TAG content of myocytes. However it appears that 

myocytes contain several distinct storage pools of TAG (section 1.4.2), and it is 

unknown whether all or only some of these are metabolically active. It is possible that 

during the pulse period, these pools were not uniformly labelled with [^HJpalmitate, and 

therefore during the subsequent chase incubation, fatty acids may have been mobilised
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Table 3.17 Effect of adrenergic agonists on the rate of mvocvte TAG turnover

Myocytes prelabelled with [^H]palmitate were incubated for 1 h in the 

presence of 5 mM glucose and 0.5 mM [^"^CJpalmitate. Values represent 

TAG turnover (calculated as described in the text) and are expressed as 

percent of the total endogenous TAG pool per h.

Agonist TAG turnover 
(% of pool per hour)

Agonist TAG turnover 
(% of pool per hour)

None 39 None 44

Adrenaline 55 Adrenaline 69

Isoprenaline Phenylephrine

0.3 pM 52 0.3 pM 64

1.0 [iM 49 1.0 pM 61

3.0 pM 59 3.0 pM 62

10 pM 44 10 pM 58
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from a iow  specific activity’ TAG pool. This would account for the apparent 

discrepancy between the two methods of calculating de novo TAG synthesis. By 

‘correcting’ the [^H]TAG specific activity, it is possible to adjust the loss of [^HJTAG so 

that Methods 1 and 2 for calculation of de novo TAG synthesis agree. In the absence of 

adrenaline, a [^HJTAG specific activity ‘correction factor’ of 0.52 was obtained. This 

suggests that during the chase incubation, lipolysis preferentially mobilised ‘older’ TAG 

(i.e. lower specific activity), rather than ‘newer’ TAG synthesised during the pulse 

period. Similarly, Saddik & Lopaschuk (1991a) found that when hearts were prelabelled 

by perfusion with 1.2 mM [^"^Cjpalmitate and then chased with 0.4 mM palmitate, a 

greater proportion of unlabelled rather than labelled fatty acids were lost during the 

chase. Interestingly, this phenomenon was not observed if fatty acids were omitted from 

the chase perfusion.

It is noteworthy that the ‘correction factor’ required to adjust the loss of [^HJTAG was 

almost identical in the presence of adrenaline (0.54). However, as shown in table 3.18 

the ‘correction factor’ appeared to be increased in the presence of isoprenaline, whilst 

phenylephrine had the opposite effect and decreased this value. One interpretation could 

be that the pool(s) of TAG mobilised in response to isoprenaline has/have a higher mean 

[^H] specific activity than that mobilised under basal conditions, whist the opposite may 

be so with phenylephrine. It is possible that a rough balance between these a- and P- 

mediated effects occurred in the presence of adrenaline. There is strong evidence to 

suggest that the p-adrenergic stimulation of lipolysis is mediated via cAMP/PKA (see 

section 1.4.3) and as mentioned in section 3.3.3.2, it is possible that phenylephrine 

stimulated myocyte lipolysis by increasing cellular Ca^  ̂ levels. The identity of the 

lipase(s) responsible for the mobilisation of myocardial TAG is still a matter of some 

dispute (see section 1.4.3). Therefore, it is conceivable that isoprenaline and
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Table 3.18 Effect of adrenergic agonists on the [^H]TAG specific activity ‘correction 

factor’

Values represent the correction factor required to adjust the specific 

activity of [^HJTAG so that AT AG = palmitate incorpration into 

TAG) - (loss of [^H]palmitate from TAG).

Agonist Correction factor Agonist Correction factor

None 0.47 None 0.40

Adrenaline 0.46 Adrenaline 0 39

Isoprenaline Phenylephrine

0.3 |o,M 0.68 0.3 pM 0.27

1.0 |iM 0.65 1.0 pM 0 23

3.0 pM 0.63 3.0 pM 0 26

10 pM 0.86 10 pM 0.30
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phenylephrine, acting through separate pathways (involving cAMP and Ca^  ̂

respectively) activated distinct lipases, which in turn accessed different pools of TAG 

within the myocyte.

The absolute values for the oxidation of endogenous [^HJpalmitate shown in table 3.16 

do not account for the possible overestimation of [^H]TAG specific activity. By 

incorporation of the ‘correction factor’, these values become 4.3 and 6.7 pmol/h/g dry 

weight in the absence and presence of adrenaline respectively. Therefore, endogenous 

palmitate would account for approximately 7 % and 13 % of the total palmitate 

oxidation under basal conditions and with adrenaline respectively.

Even without allowance for the possible underestimation of the net loss of [^H]TAG, the 

ratio of glycerol release: [^H]TAG decrease was significantly less than 1 (P < 0.025) 

under basal conditions (table 3.16). The implication is that the partial turnover of TAG 

(only as far as DAG or possibly MAG) was appreciable. If the loss of palmitate 

from TAG was adjusted using the specific activity correction factor of 0.52, a value of 

19 |Limol/h/g dry weight was obtained. Of this, 6 pmol/h/g dry weight resulted from the 

complete lipolysis of TAG to glycerol (table 3 .16), whilst the remaining 13 |imol/h/g dry 

weight was presumably lost through hydrolysis of TAG only as far as DAG. Since 

[^H]DAG did not accumulate, 13 mol/h/g dry weight must have been re-esterified back 

to TAG. Therefore, the rate of turnover of TAG to DAG and back to TAG (13 mol/h/g 

dry weight) appears to be considerable, and represents 68 % of the total TAG turnover 

under basal conditions.

Based upon the observation that in the presence of adrenaline (or isoprenaline), glycerol 

production was considerably greater than the loss of [^HJTAG, it was suggested that the 

re-esterification of [^Hjpalmitate was appreciable under these conditions (section 3.3.1).
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As shown in table 3.16, with adrenaline present the ratio of glycerol release; [^H]TAG 

decrease was 2.33. However, if the possible underestimation of the net loss of [^H]TAG 

is allowed for, this ratio would be reduced to close to 1 (2.33 x 0.54 = 1.26), and the 

[^H]TAG decrease would become 30 fimol/h/g dry weight. This is in reasonable 

agreement with the value of glycerol production (35 p,mol/h/g dry weight; table 3.16), 

indicating that in the presence of adrenaline, TAG turnover is predominantly directed 

towards complete hydrolysis to glycerol with little re-esterification of partial glycerides. 

In the presence of adrenaline, de novo TAG synthesis (Method 1) was slightly (but not 

significantly) greater than the incorporation of [ '̂^CJpalmitate into TAG, suggesting that 

palmitate re-esterification may occur, but only to a limited extent.

As discussed above, different TAG pools (in terms of their [^H] specific activity) may 

have been mobilised in response to isoprenaline and phenylephrine. Figure 3.37 shows 

the effect of these agonists on the ratio of glycerol release: [^H]TAG decrease obtained 

using the appropriate correction factor (table 3.16). Isoprenaline increased this ratio (i.e. 

stimulated glycerol release relative to the loss of [^H]TAG), indicating that TAG 

turnover shifted away from TAG to DAG to TAG cycling (which results in a lower ratio 

of glycerol release: [^H]TAG decrease) towards complete degradation of TAG to 

glycerol (results in a higher ratio of glycerol release: [^H]TAG decrease). As observed in 

the presence of adrenaline, this ratio was close to (or in excess of) 1 at the higher 

agonist concentrations, suggesting TAG turnover was primarily directed towards the 

complete degradation of TAG. Phenylephrine had a similar effect (fig 3.37), but this was 

less pronounced since the ai-agonist did not stimulate glycerol release as potently as 

isoprenaline or adrenaline. However, even at the higher phenylephrine concentrations, 

glycerol release was still approximately 2-fold lower than the loss of [^H]TAG (fig
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Figure 3.37 Effects of phenylephrine and isoprenaline on the ratio 
of glycerol release :[̂ H] TAG decrease
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Myocytes prelabelled with [^H]palmitate were incubated for 1 h with 5 mM glucose
and 0.5 mM [^"^CJpalmitate, in the presence of the indicated concentration of 
phenylephrine (■) or isoprenaline (□). The effect of adrenaline in the phenylephrine 
and isoprenaline experiments is shown as (A) and (A) respectively. Values are 
calculated using the [^HJTAG specific activity ‘correction factors’ shown in table 
3.16.
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3.37), indicating that partial turnover of TAG to DAG and back to TAG was 

appreciable.

Therefore, it appears that under basal conditions TAG to DAG to TAG cycling 

constitutes the major route of TAG turnover, whilst complete lipolysis of TAG (and 

therefore glycerol release) is minimal. Conversely, if lipolysis is stimulated by adrenaline 

or isoprenaline (or to a smaller extent by phenylephrine), the turnover of TAG through 

DAG cycling is reduced, and the complete degradation of TAG becomes the primary 

route for mobilisation of endogenous [^HJpalmitate (fig 3.38).

It should be noted that the existence of different TAG pools (in terms of [^H] specific 

activity) within the myocyte is speculative and would require a considerable amount of 

experimental work to confirm. However, as discussed above, this would offer alternative 

explanations for some of the observations made during the course of the study.
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Figure 3.38 Proposed ‘TAG-DAG’ cycle in cardiac myocytes
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Chapter 4 -  General Discussion
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4.1 General Discussion
Previous research has established that endogenous myocardial TAG represent an 

important source of fatty acids for oxidative metabolism. For the first time this work 

shows that cardiac myocytes contain an enzyme system capable of de novo synthesis of 

TAG via a pathway similar to that seen in liver and WAT However, two of the cardiac 

enzymes namely GPAT and PAP 2, appear to have properties which differentiate them 

from the more extensively studied enzymes in liver and WAT.

GPAT initiates the process of de novo glycerolipid synthesis, and has been implicated as 

determining the maximum flux through the entire pathway. Although the characteristics 

of the sarcoplasmic reticulum GPAT in heart resemble those of the microsomal GPAT in 

WAT with respect to acyl-CoA substrate specificity and NEM-sensitivity, the heart 

enzyme has a 4-fold higher Km for the glycerol-3-phosphate substrate. It is unknown 

whether this Km difference simply represents different membrane environments for the 

GPAT in each tissue, or whether it could be indicative of tissue-specific isoforms of the 

endoplasmic reticulum/sarcoplasmic reticulum GPAT. This question has not been 

addressed here and would form an ideal further study.

The glycerol-3-phosphate concentration in isolated myocytes is between 1 and 2 mM 

which is considerably below the Km of the sarcoplasmic reticulum GPAT for this 

substrate (~ 4 mM). It is likely that the high Km for glycerol-3-phosphate of this, the 

major form of GPAT in myocytes, means that cardiac TAG synthesis can vary 

appreciably with changes in the tissue glycerol-3-phosphate concentration (provided the 

fatty acid supply is maintained). This may help to explain why TAG synthesis is 

increased to such an extent during ischaemia and hypoxia (Schuer & Brachfeld, 1966;
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Ward & Harris, 1984; Trach et al, 1986) - conditions which are known to elevate levels 

of glycerol-3-phosphate.

In liver and WAT, PAP occurs in two forms. PAP 1 is thought to be involved in de novo 

TAG synthesis, requires Mg^  ̂for activity and is inhibited by NEM. PAP 2 is a (plasma) 

membrane protein and is not activated by Mg^^ or inhibited by NEM. It has been 

suggested that PAP 2 may participate in signal transduction via the phospholipase D 

pathway (Jamal et al, 1991). However, the mode of physiological regulation of PAP 2 is 

unknown at present. PAP 2 activity is shown to occur in cardiac myocytes as well as 

whole heart preparations. By contrast with the PAP 1 activity in cytosolic fractions of 

heart which is considerably activated by Mg^ ,̂ PAP 2 in crude homogenates and 100 

OOOg membrane fractions is inhibited by Mg^^ in excess of 0.75 mM. This is a potentially 

important finding since it clearly differentiates cardiac PAP 2 from the PAP 2 in liver 

plasma membranes (Jamal et al, 1991), and suggests that the local Mg^^ concentration 

may be able to regulate PAP 2 activity in the heart. The cytosolic free Mg^  ̂

concentration in cardiac tissue has been estimated at 0.5 - 1.2 mM (Murphy et al, 1991). 

Cellular ATP is often complexed to Mg^ ,̂ and therefore under conditions in which ATP 

levels are decreased such as ischaemia, the loss of these binding sites may lead to a rise 

in cytosolic free Mg^^ levels. Indeed, it has been shown that the free Mg^^ concentration 

in perfused hearts is increased from 0.85 mM to 2 mM following a short period of 

ischaemia (Murphy et al, 1989). This is well within the range likely to cause substantial 

inhibition of cardiac PAP 2, and also activation of PAP 1. It is possible that stimulation 

of PAP 1 activity could contribute to the increase in TAG synthesis seen during 

ischaemia. Interestingly, cardiac PLD is activated by ischaemia/reperfusion (Moraru et 

al, 1992) and it has been suggested that this may be responsible for the accumulation of 

phosphatidic acid observed under these conditions. As discussed in section 3.1.3,
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phosphatidic acid appears to be an important signalling molecule in the heart, and is also 

the substrate of PAP 2. Therefore, it is possible that inhibition of PAP 2 by Mg^  ̂ may 

enhance the accumulation of phosphatidic acid in the ischaemic heart, by reducing its 

conversion to DAG.

Because of its potential importance in PLD-mediated signalling, it would be of interest 

to examine the distribution of PAP 2 in relation to its presence in different cardiac cell 

types, its precise subcellular distribution and its co-localisation with PLD.

Although fatty acids are the major respiratory fuel of the mammalian heart, at high 

concentrations they may exert a deleterious effect on myocardial function (Katz & 

Messineo, 1981; Corr et al, 1984; Leidtke et al, 1988). Within myocytes, the relative 

rates of glycerolipid synthesis and degradation are likely to be important factors 

controlling cellular non-esterified fatty acid levels. During the course of this study, 

several interesting features of myocyte glycerolipid metabolism emerged. Particularly 

noteworthy is the apparently high rate at which endogenous TAG was turned over 

through a proposed cycle of hydrolysis of TAG to DAG, followed by re-esterification of 

DAG back to TAG. Although energy-requiring, this TAG to DAG to TAG cycling is 

not as metabolically expensive as the complete turnover of TAG to fatty acids plus 

glycerol, and may serve to ensure the rapid provision of endogenous fatty acids when 

the demand for these substrates increases (without the need for upregulation of enzyme 

activity). Considering that the energy demand of the heart probably changes on a beat- 

to-beat basis, it is possible that the rapid turnover of endogenous TAG functions to 

‘buffer’ cellular fatty acid levels, ensuring an adequate supply of fatty acids for P- 

oxidation, but preventing accumulation of these potentially toxic metabolites.
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It is totally unknown whether TAG synthesised by re-esterification of DAG is distinct to 

that synthesised de novo from glycerol-3-phosphate and fatty acids. If so, it is 

conceivable that TAG to DAG to TAG cycling represents a means of transfer between 

different endogenous TAG pools. That multiple pools of TAG may occur within the 

myocardium has been recognised for many years (see section 1.4), although the 

relationship between these is unclear. Some evidence for the metabolic heterogeneity of 

myocyte TAG was also obtained in this study (section 3.3.5), the implication being that 

lipolysis may preferentially mobilise ‘older’ TAG. This is in contrast to Crass et al 

(1971) who reported that newly-synthesised TAG is more susceptible to lipolysis when 

hearts are perfused in the absence of exogenous substrates. However by prelabelling 

endogenous lipids with [̂ '‘CJpalmitate, Saddik & Lopaschuk (1991a) noted that a 

greater proportion of unlabelled rather than labelled (i.e. newly synthesised) TAG was 

lost during a chase perfusion with glucose and 0.4 mM palmitate, conditions similar to 

those used in this study.

The occurrence of TAG to DAG to TAG cycling in cardiac myocytes means that the 

incorporation of exogenous [^'^C]palmitate into TAG is not necessarily an accurate 

estimate of de novo TAG synthesis from glycerol-3-phosphate and fatty acids. However 

as described in section 3.3.1, it is possible to calculate the rate of de novo TAG synthesis 

using other measurable parameters. De novo TAG synthesis in cardiac myocytes is a 

regulated process, being responsive to the presence of hormones and the exogenous 

fatty acid concentration. Particularly interesting is the observation that adrenaline, which 

is generally considered to be a ‘mobilising’ hormone, stimulates de novo TAG synthesis 

by approximately 80 %. Adrenaline also enhances the incorporation of exogenous 

[^"^C]palmitate into myocyte phospholipids. The lipogenic effects of adrenaline may be 

mediated through activation of the NEM-sensitive (microsomal) GPAT, which occurs
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when myocytes are incubated in the presence of this hormone. It is also possible that by 

inhibiting (exogenous) fatty acid oxidation adrenaline increases the availability of fatty 

acids, thereby promoting glycerolipid synthesis. It appears that both ai- and P- 

adrenoceptor-mediated pathways are necessary for complete adrenergic stimulation of 

de novo TAG synthesis. By contrast, ai-adrenoceptor activation is sufficient to fully 

mimic the inhibitory efifect of adrenaline on (exogenous) fatty acid oxidation.

During myocardial hypertrophy there appears to be a switch away from the oxidative 

metabolism of fatty acids and towards the use of carbohydrate fuels (Lopaschuk et al, 

1994a). Treatment of cardiac ventricular myocytes with a-adrenergic agonists produces 

a hypertrophic response, which includes an enlargement of cell size (Bogoyevitch et al, 

1996; Wollert et al, 1996). Therefore it is possible that the very early stages of this 

process occurred during the short-term incubation of myocytes with adrenaline (or 

phenylephrine) in this study. This would be consistent with the reduced rate of fatty acid 

oxidation observed in the presence of these agonists. In addition, the onset of 

hypertrophy must require an expansion of phospholipid synthesis (for increased 

membrane biogenesis and cell enlargement) which was also observed in this study. 

Whether induction of hypertrophy does actually enhance glycerolipid synthesis and the 

activities of enzymes involved in cardiac myocytes is unknown but merits further 

investigation.

It is noteworthy that during ischaemia, increased release of endogenous catecholamines 

from sympathetic nerve terminals of the heart occurs. This could conceivably enhance 

the rate of glycerolipid synthesis in the myocyte population, and may help to explain why 

the myocardial TAG content increases following ischaemia (see section 1.5.1).
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In conclusion, this study shows that cardiac ventricular myocytes are capable of 

synthesising TAG via a pathway similar to that observed in liver and WAT. Isolated 

myocytes actively synthesise TAG and phospholipids, and turn over their endogenous 

TAG pool so that oxidation of endogenous fatty acids occurs. In several aspects, the 

control of glycerolipid metabolism in myocytes appears to differ from that observed in 

liver and WAT, presumably reflecting the diverse roles of these cells/tissues in vivo. 

Further research may be directed towards the characterisation of cardiac GPAT and 

PAP 2 activities, and also establishing the effects of cardiac hypertrophy on glycerolipid 

metabolism in isolated myocytes.
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139

Briefly, a high concentration (120 ^M) of oleoyl-CoA measures only the microsomal 

enzyme, whereas a lower concentration (40 |iM) of palmitoyl-CoA in the presence of 

N EM  measures only the mitochondrial GPAT. Although the presence o f  N EM -sensitive  

(presumably microsomal) and NEM-insensitive (presumably mitochondrial) forms of 

GPAT have been reported to occur in rat heart (Heathers 6̂ / cr/, 1985), it was not known 

whether the substrate specificities observed in liver and WAT (or the assays described 

above) also applied to these enzymes in cardiac muscle.

Table 3 la shows the properties of subcellular fractions isolated from ventricle muscle 

The sarcoplasmic reticulum (SR) fraction was enriched in SR (Ca^VK-ATPase) and 

microsomal (NADP -cytochrome c reductase) marker enzyme activities compared to the 

whole homogenate Enrichment of the (inner) mitochondrial membrane marker enzyme, 

succinate-cytochrome c reductase, was observed in the mitochondrial fraction.

A significant amount of GPAT activity was present in both of these fractions GPAT in 

the SR fraction was equally active with saturated and unsaturated acyl-CoA, and was 

inhibited over 95% by inclusion of NEM in the assay buffer (table 3 2) In contrast, 

NEM-insensitive GPAT activity in the mitochondrial fraction was highly selective for the 

saturated palmitoyl-CoA substrate This indicates that the previously optimised assay 

conditions are suitable for use in heart extracts The SR fraction was enriched in the 

GPAT active with oleoyl-C oA  compared with the NEM-insensitive, palm itoyl-CoA  

requiring activity (table 3 lb). The mitochondrial fraction exhibited an opposite 

enrichment profile.

Therefore, it can be concluded that heart SR contains a GPAT activity similar to the 

liver and WAT microsomal enzyme, whilst the GPAT in heart mitochondrial membranes 

has similar properties to the mitochondrial enzyme in liver and WAT


