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PREFACE 

Over the past years, the thrust of research in cardiology has 
been toward an understanding of the engineering of the heart as a 
pump that transports blood to the various organs of the body. More 
recently, the fields of biochemistry and biophysics have come to 
influence heart research. The modern cardiologist can no longer 
pretend to understand, for example, what is happening to the patient 
with myocardial infarction or ischemia without understanding the 
principles of molecular biology. The structure and function of the 
heart are therefore central themes of cardiological research and 
practice, which incorporate knowledge and discoveries from diverse 
disciplines. 

The importance of lipid metabolism in the myocardium has become 
clearly understood. In the well-oxygenated heart, fatty acids are 
the preferred substrates. The fact that the heart derives most of 
its energy from the oxidation of lipids, which represent the larg
est energy store of the body, is logical for an organ that must 
work throughout our lifetime. There are, however, several lines 
of evidence that during ischemia, lipids may. be harmful to the heart. 
High levels of free fatty acids in the serum have been suggested to 
play a role in causing life-threatening arryhthmias and damage in 
the ischemic heart. The molecular basis for these effects remains 
poorly understood, and several possible mechanisms for these harm
ful effects have been suggested. 

Recognition of these important questions was the stimulus that 
led to the organization of the meeting which served as the basis for 
the present text. This book, therefore, is concerned with the in
timate activities of lipids within the heart muscle cell; their dis
tribution; their specific effects on heart membranes; the patholog
ical effects of their abnormal accumulation during ischemia; the 
possibility of reducing these toxic effects; and the clinical re
levance of this rapidly growing body of knowledge. We believe that 
bringing together these various aspects of lipid metabolism will be 
of help not only to those working on these subjects, but all phy
siologists, biochemists and clinicians to whom the myocardium is 
important. 

v 



PREFACE 

This book is, of course, not comprehensive, but contains selec
ted highlights in the areas covered. The present work is intended 
to provide a basis for the continuing study of lipid metabolism 
during myocardial ischemia, to lead to a greater understanding of 
its complexity, and to help generate ideas for further research. 

Odoardo Visioli, Chairman 
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OVERVIEW OF LIPID METABOLISM 

N. Siliprandi, F. Di Lisa, 
C.R. Rossi and A. Toninello 

Istituto di Chimica Biologica, Universita di Padova and 
Centro Studio Fisiologia Mitocondriale C.N.R., 35131 
Padova, Italy 

Cardiac muscle is ·a typical aerobic tissue; its metabolism 
is closely dependent on oxygen, so that oxygen restriction leads 
to more or less profound functional and structural damages. 
Myocardial cells are extremely rich in mitochondria, which 
occupy - 40 per cent of the cellular volume, in myoglobin, and 
in carnitine (1.3 pmoles/g wet wt of tissue). More than 95 per 
cent of the ATP utilized in contraction is produced by oxidative 
phosphorylation. 

In the well oxygenated heart, fatty acids and ketone bodies 
have been identified as the preferential substrates by both in 
vitro and in vivo studies (for review see 1). The fact that the 
heart derives most of its energy (approximately 80%) from 
lipids, by far the largest energy stores in the body, is 
appropriate for an organ that must work for a life-time without 
stopping. The pattern of lipid metabolism in the heart does not 
differ significantly from that of other tissues with the only 
exception of lipogenesis, which is practically absent. This 
means that, unlike other tissues, the heart is unable to convert 
glucose into fatty acids. 

In the present report, two aspects of cardiac lipid 
metabolism will be considered briefly: i) the transport of 
fatty acids across sarcolemma and within the cytoplasm; and ii) 
the activation of fatty acids and their compartmentation. 

1 
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Proposed path'l1ay for fatty acid transport across the 
sarcolemma. P.N.: plasma membrane; ALB.: albumin; R: fatty acid 
receptor; P: .fatty acid binding protein; TG: triglycerides; CD: 
lipoprotein lipase; ~ : unbound fatty acids. 

Transport of Fatty Ac"ids in the Cardiac Cell 

Despite extensive investigations into cellular uptake of 
fatty acids, there is still no precise answer as to hO'11 these 
compounds enter the cell. Both simple diffusion (2) and a 
facilitated transport dependent on binding of fatty acids to a 
receptor in the sarco lemma (3) have been demonstrated. In 
either case, Ca2+ seems to be an important regulator of fatty 
acid transfer across cell membrane (4). As illustrated in 
Figure I, a portion of the fatty acids taken up by the heart are 
albumin-bound, in which form they are transported from adipose 
tissue. Albumin-bound fatty acids are in equilibrium with 
unbound fatty acids present in the blood at very low 
concentration; this small pool is free to bind to the surface of 
the myocardial cell (5). However, direct transfer of fatty 
acids from albumin to a more or less specific receptor present 
in the sarcolemma cannot be excluded. A dual mechanism for the 
fatty acid entry into the cell was proposed by Stein and Stein 
(6), who proposed that fatty acids enter the cell through 
selective anatomical channels by Qeans of two non-energy 
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dependent mechanisms, one resembling passive diffusion down a 
concentration gradient and the other being a saturable fatty 
acid binding process between proteins in the blood and on the 
myocardial sarcolemma. A second portion of fatty acids is 
derived from plasma triglycerides by the action of lipoprotein 
lipase located int he capillary endothelium. The relative 
contributions of these tto1O sources is dependent on the 
nutritional state and hormonal equilibrium of the subject. 

Once in the cytosol, free fatty acids bind to a cytoplasmic 
protein that assists in the fatty acid distribution to various 
pools and pathways. Fournier et ale have recently isolated a 
soluble myocardial protein, molecular weight 12,000, considered 
to be the specific transcytop1asmic fatty acid carrier (7, 8). 
This protein, which is also able to bind acyl CoA and acyl 
carnitine, may self-aggregate in at least four distinct 
molecular species, each having a different fatty acid binding 
capacity. As illustrated in Figure 2, the monomer has little, 
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Interaction of fatty acid or acyl CoA with cytoplasmic binding 
protein. ENZ.: membrane enzymes (acyl CoA synthetase or acyl 
transferases). Fatty acids free in cytoplasm (As), bound to 
the protein (Ab) and free in the membrane (Ain). P: fatty 
acid binding protein. Reproduced from Biochemistry 22: 1863 
(1983) with the author's permission. 
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4 N. SILIPRANDI ET AL. 

if any. binding capacity for fatty acids or their derivatives. 
According to Fournier et ale (7). the self-aggregating 
properties of the cardiac fatty acid carrier have important 
metabolic implications. For instance. the activity of acyl CoA 
synthetases and carnitine or a-glycerophosphate acyl transferase 
might be strongly regulated by the concentration and the status 
of the carrier. Two types of regulation by this carrier protein 
are possible: a long-term and a short-term regulation. The 
former is likely occur in yiyo, since the protein is inducible 
by a fat-rich diet (9). A short-term regulation can be 
predicted on the basis of the uneven distribution of the protein 
in the cytosol and the equilibrium among the multiaggregated 
states of the protein. Fournier~. (8) assume that the 
short-term regulation might occur. for instance. during each 
cardiac cycle. It can also be postulated that a deficiency of 
the fatty acid binding protein, or abnormalities of its 
structure or a self-aggregation capability might be responsible 
for the damage induced by free fatty acids or their 
derivatives. According to Gloster and Harris (10), myoglobin, 
rather than specific fatty acid binding proteins, may transport 
fatty acids as well as oxygen. Indeed, the myocardium is very 
rich in myoglobin and it is very likely that myoglobin may act. 
if not primarily as a transporter, as a buffer for fatty acids 
in the cytoplasm. 

Regarding the existence of cytoplasmic fatty acid-binding 
proteins having a high affinity for acyl CoA (11), the possible 
role of long-chain fatty acids as regulators of mitochondrial 
ATP-ADP exchanger (12) seems to be rather doubtful. at least in 
vivo (13). 

Fatty Acid Activation 

Oxidation, as well as any other metabolic utilization of 
fatty acids, requires an initial investment of energy (in the 
form of ATP or GTP) for the activation step leading to acyl CoA 
formation. For this reason, a critical concentration of 
nucleotide triphosphates is required in order to initiate fatty 
acid oxidation. The activation process consists of two 
reactions catalyzed by the ATP-dependent acyl CoA synthetase 
(acid:CoA ligase (AMP), E.C.6.2.l.2) respectively: 

,.0 ~ 
1) R-C: + CoASH + ATP ~ 

OH 

;:0 
R-C.... + 

l.SCoA 
+ PPi --)~ 2Pi 

ATP-dependent acyl CoA synthetase 
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2) 
/.0 

R-C~ + CoASH + , 
OH 

-JI /.0 
GTP* R-C/ + 

lSCoA 
GDP + 

GTP-dependent acyl CoA synthetase. 

The ATP-dependent enzymes are present both in the 
extramitochondrial space (outer mitochondrial membrane and 
sarcoplasmic reticulum) and in the "inner membrane-matrix" 
space; the GTP-dependent acyl CoA synthetase is uniquely present 
in the intramitochondrial space. 

It is important to note that the ATP-dependent synthetases 
are inhibited by AMP, whereas the GTP-dependent synthetase is 
inhibited by inorganic phosphate (14); note that both AMP and 
inorganic phosphate are products of the reactions. 

"External" fatty acid activation 

Fatty acids, when activated by the extramitochondrial 
ATP-dependent acyl CoA synthetase, require carnitine as a 
"carrier" in order to reach the oxidation site, located within 
the "inner membrane-matrix" space: .carpi tine dependent 
oxidation (15). Figure 3 shows the conditions under which the 
oxidation of fatty acids activated at the external site takes 
place and illustrates the mechanism involved. Under the 
conditions of a typical experiment, represented by the oxygen 
trace in Figure 3, mitochondrial synthesis of ATP is prevented 
by an uncoupler (DNP) and the entry of extramitochondrial ATP is 
prevented by atractyloside; consequently, the intramitochonarial 
activation of fatty acid is abolished. Note that oleate is not 
oxidized unless ATP and carnitine are added: ATP is necessary 
for the "external" activation of oleate, while carnitine is 
necessary for the translocation of activated acyl into the inner 
compartment. 

The carnitine-dependent acyl translocation allows controlled 
access of the acyls to the oxidation site. However, in the 
heart the mechanism of this regulation is much less clear than 
in the liver. where malonyl CoA, the presence of which in the 
heart is doubtful, has a predominant role (16). 

"Internal" ATP-dependent fatty acid activation 

Intramitochondrial ATP-dependent activation, preliminary to 
the so-called "carnitine-independent" oxidation, involves fatty 
acids that diffuse freely into the mitochondrion or are 

5 
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INNER 
MEMBRANE 

~o 
R-C 

'-SCoA 

+ f3 -OXIDATION 

Fatty acid "carnit ine dependent oxidation". Left: oleate 
oxidation by rat heart mitochondria. The incubation system 
contained 16 mM phosphate buffer (pH 7.2),0.2 M sucrose, 10 mH 
HEPES, 2 mll ~!gC12 and 10 ml-1 malonate. At the points indicated 
by arrous, 5 mg of mitochondrial protein (MITO), 0.1 JImole of 
2,4-dinitrophenol (DNP), 50 pcoles of atractyloside (ATRACTY), 2 
pmoles of ATP, 0.2 }1n1ole of oleate (OLE), 0.3 pinole of CoA and I 
Jltaole of L-carnitine (CARN) were added. Total volume was 2.0 
mI. Right: scheme of the mechanism involved in the fatty acid 
oxidation supported by "external" activation. <D external 
acyl-carnitine transferase. @ carnitine translocase. 

generated in situ by the activity of phospholipases. It occurs 
at expense of endogenous ATP, produced either by respiratory 
chain-coupled phosphorylation or substrate-linked 
phosphorylation. Unlike external activation, the internal 
ATP-dependent activation does not require added ATP and 
carnitine (Figure 4). The presence of two ATP-dependent acyl 
CoA synthetases, external and internal to the inner membrane, 
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has been confirmed by their identification in submitochondrial 
fractions on. 

The dual localization of the ATP-dependent acyl CoA 
synthetase can be reasonably interpreted as a device for the 
synthesis of acyl CoA, impermeable to the inner membrane, in the 
same site as its metabolic utilization. Acyl CoA formed in the 
inner compartment is utilized in the oxidation processes 
occurring within this compartment, while acyl CoA synthesized in 
the outer compartment is directly available for glyceride 

A 

MITO 

l 

, 
25natoms 0 

t 

B 

MITO 
J ONP 

IOLIGOMYCIN 

J ATP 
11LEATE 

/,0 
R-C 

OH 

AT P 

AD 

FIGURE 4 
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CO\.H 

(<D"\ 
AlP AMP + GTP 

~GDP AOP 

"Internal ATP dependent and carnitine independent oleate 
oxidation. Left: (A) coupled and (B) uncoupled rat heart 
mitochondria. Experimental conditions as in Fig. 3 except that 
no malonate was present. At the points indicated by arrows 5 mg 
of mitochondrial protein (MITO), 0.2 ~mole of oleate, 0.1 ~mole 
of D1~, 2 ~g/ml protein of oligomycin, 2 pmoles of ATP were 
added. Right: scheme of the mechanism involved in the fatty 
acid oxidation supported by internal activation. CD ATP 
dependent acyl CoA synthetase. GD GTP-AMP phosphotransferase. 
Ah~: adenine nucleotide translocase. 
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8 N. SILIPRANDI ET Al. 

and phospholipid synthesis. However, when the acyl production 
in one or the other compartment exceeds its utilization in situ, 
translocation mediated by the carnitine-dependent system ensures 
a redistribution according to the physiological demand. 

The extent to which long chain fatty acids are oxidized in 
vivo by the carnitine-independent process is unknown. To our 
knowledge a condition of absolute carnitine deficiency in the 
heart, which might resolve this question, has not been described 
so far. Houever, the concept that the carnit ine-dependent 
process is by far the most important for fatty acid oxidation in 
the heart can be inferred from many experimental and clinical 
observations. For instance, the finding by Bressler and Wittels 
(8) that tri.glyceride accumulation in diphtheritic myocarditis 

1 
38 n.toms 0 

r 
_60_ 

S«. 

CoASH 

R_C"'O 
'SCoA 

! 
~-axIOATION 

FIGURE 5 

._-- CoASH 

<I-KETOGWT. 
HAD 

GTP-dependent fatty acid oxidation. Left: oleate oxidation by 
rat heart mitochondria in the absence of inorganic phosphate. 
Experimental conditions as in Fig. 3 except that inorganic 
phosphate and malonate were omitted. At the points indicated by 
arrows 5 mg of mitochondrial protein OnTO), 0.1 )Jmole of DNP, 
0.2 )Jmole of oleate (OLE), 30 )lmoles of inorganic phosphate were 
added. Right: scheme of the reactions involved in the 
GTP-dependent fatty acid oxidation. 
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is associated with a depressed rate of oxidation of fatty acids 
and a decreased content of carnitine, and oxidation and acyl 
carnitine synthesis to normal (19) underlines a clearcut 
relation between the carnitine system and fatty acid oxidation. 
Similarly, other conditions of triglyceride accumulation in 
myocardium (for review see 20) might be referred to an 
impairment of the carnitine-dependent process for fatty acid 
translocation into the mitochondrial inner space. 

GTP-dependent fatty acid activation 

This process is located in the "inner membrane matrix" space 
and is dependent on GTP producted in the same compartment at the 
a-ketoglutarate oxidation step in the Krebs cycle. As shown in 
Figure 5 the GTP activation is insensitive to uncouplers and 
sensitive to both phosphate and arsenate. The responsible 
synthetase, isolated and purified by Rossi et ale (20), has a 
molecular weight of about 20,000 and contains a cofactor 
identified as 4'-phosphopantotheine. This process, which is 
very active in liver mitochondria (22), has very low activity in 
myocardium (23). The existence of the three fatty acid 
activation processes (carnitine-dependent, carnitine
independent and GTP-dependent) in the heart is shown in Figure 
6. 

Significance of fatty acid activation in the heart 

The ATP-dependent activation (intra- and 
extra-mitochondrial), the most important if not the only system 
for fatty acid activation in the heart, produces one mole of MIP 
per mole of acyl CoA formed. It is well known that AMP, unlike 
ATP and ADP, is unable to cross the inner mitochondrial membrane 
and, if not phosphorylated to ADP, remains sequestered in the 
same compartment where it is formed. When AMP accumulates above 
a critical value, the activity of ATP-dependent synthetase is 
inhibited. Furthermore, accumulation of AMP in the cytosolic 
space leads to a stimulation of fructose-6-phosphate kinase. 
Therefore, oscillations in the extra-mitochondrial ATP/AMP ratio 
represent a regulatory mechanism whereby the rates of 
carbohydrate and lipid utilization are integrated. On the other 
hand, accumulation of MIP within the matrix space (Figure 7) 
stimulates a-ketoglutarate oxidation by promoting a continuous 
supply of GDP, which is necessary for a-ketoglutarate oxidation 
in the reaction catalyzed by the GTP-AMP phosphotransferase: 

GTP + AMP ;::,==~' GDP + ADP 

9 
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Evidence for the existence of the three fatty acid activation 
processes in rat heart mitochondria: GTP-dependent, internal 
ATP-dependent, external ATP- and carnitine-dependent. 
Experimental conditions as in Fig. 3 except that inorganic 
phosphate and malonate were omitted. At the points indicated by 
arrows 5 mg of mitochondrial protein (MITO), 0.1 pmole of DNP, 
0.2 pmole of oleate, 2 pg/mg protein of oligomycin, 2 pmoles of 
ATP, 50 nmoles of atractyloside, 1 pmole of L-carnitine, 0.3 
pmole of CoA, 30 pmoles of inorganic phosphate were added. 

At the same time AMP is converted into ADP and the inhibition of 
the ATP-dependent acyl CoA synthetase is progressively removed. 
Therefore, changes of the intramitochondrial ATP/AHP ratio 
impose a mutual control to a-ketoglutarate and fatty acid 
oxidations. A high ATP/AMP ratio stimulates fatty acid 
oxidation, whereas a low ATP/AMP ratio stimulates 
a-ketoglutarate oxidation and substrate level phosphorylation. 
Furthermore, fatty acid activation promotes and sustains 
a-ketoglutarate oxidation and vice versa. Therefore, it is 
likely that fatty acid activation, rather than oxidation (24), 
might control the metabolic flux in the Krebs cycle. 
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OUT 
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FIGURE 7 

Scheme for adenine nucleotide changes consequent to fatty acid 
activation in the extra- and intta-mitochondrial space. It is 
shown that accumulated AI1P is removed by the adenylate kinase 
reaction in the extramitochondrial space, and by GTP-AMP 
phosphotransferase in the intra~itochondrial space. Since GTP 
is produced by a-ketoglutarate oxidation, this reaction is 
critical for the internal fatty acid activatiop process. 

Another important condition involved in this regulAtion is 
the availability of free CoA within the "inner membrane matrix" 
space. Free CoA is necessary for the oxidation of both fatty 
acids and a-ketoglutarate. Overproduction of acyl CoA causes a 
shortage of free CoA which, in turn, induces an inhibition of 
a-ketoglutarate oxidation. This inhibition can be relieved by 
carnitine which, through the transacylation reactions, makes 
more CoA available (25). This sparing action of carnitine, 
together with its role in redistributing acyls between cellular 
compartments is important in the regulation of mitochondrial 
oxidation. The acyl buffering action of carnitine and the 
consequent improvement of the metabolic flux in the Krebs cycle 
might be relevant to hypoxic conditions, in which fatty acids 
and their metabolites accumulate in the cardiac cell. 
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It is generally accepted that the accumulation of fatty 
acids and their derivatives in hypoxic conditions aggravate the 
functional and structural lesions induced by oxygen 
restriction. However, in the scrutiny of the underlying 
biochemical mechanisms, fatty acid activation and its 
implications have not been extensively considered. Indeed, the 
activation process may continue even when fatty acid oxidation 
is blocked. For instance, the deacylation of membrane 
phospholipids, which seems to be accelerated in ischemic tissue 
as the result of activation of phospholipase A2 (26), 
represents a futile cycle leading to progressive accumulation of 
AMP and contributing signficantly to the degeneration of the 
ischemic tissue. 
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The availability of fatty acids is a dominating factor in 
the regulation of the rate of fatty acid oxidation in the 
heart. When the heart is offered both fatty acids and glucose, 
fatty acids are the preferred substrate, even in the presence of 
insulin. Uptake and oxidation increase with the concentration 
of free fatty acids in the perfusion fluid. Hith high 
concentrations of fatty acids (0.75 roM on 2% albumin) 80-90% of 
the total C02 produced in the normal heart will be derived 
from the fatty acids (l-3). 

However, the rate of oxidation is not regulated by the 
availability of fatty acids alone. An increased work load 
accelerates fatty acid uptake and oxidation (4). Glucose can 
inhibit fatty acid oxidation (2), and ketone bodies have a 
strong inhibitory effect (5). Free acetate, which inhibits 
glucose oxidation, has almost no effect on fatty acid oxidation 
(6). Thus. the heart exhibits hierarchy in its substrate 
preferences. Fatty acid oxidation in the heart is also 
influenced by the endocrine state of the animal. Thus, glucose 
plus insulin inhibits fatty acid oxidation less in hearts from 
alloxan diabetic rats than in normal hearts (2). 

The oxidation of long chain fatty acids is 
carnitine-dependent. and the rate of oxidation varies with the 
level of long chain acyl-CoA and acylcarnitines (7.8). The 
endocrine state of the animal seems to influence the formation 
of long-chain acyl-CoA and acyl-carnitines from endogenous 
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substrates. Thus, perfused hearts from diabetic rats release 
more glycerol, showing a more active lipolysis of endogenous 
triglyceride (2), and contain higher levels of acyl-CoA and 
acylcarnitines than normal hearts (9). 

In the following discussion the difference between heart and 
liver in their regulation of fatty acid oxidation will be 
examined. This comparison is useful for our understanding of 
the regulation of fatty acid oxidation in both organs. 

Uptake and Activation 

In both the heart and liver the uptake and activation of 
fatty acids seem to depend mainly on the concentration of free 
fatty acids in the blood. Acyl-CoA causes product inhibition of 
the activation (10). Thus, accelerated removal of acyl-CoA, 
e.g. by increased oxidation, will increase fatty acid uptake 
even at an unchanged concentration of fatty acids. No other 
regulatory mechanism for the synthesis of long-chain acyl-CoA 
has been established. 

Does Esterification Compete with Oxidation in the Heart? 

Esterification and oxidation are the main alternatives for 
fatty acids in the body. In the liver the activity of the 
glycerophosphate acyltransferase, which catalyses the initial 
step in the synthesis of triacylglycerol, is relatively high in 
both the endoplasmic reticulum and mitochondria, while it is 
relatively low in the heart (11, 12). Accordingly it has been 
demonstrated in liver mitochondria and in isolated hepatocytes 
that glycerophosphate can inhibit fatty acid oxidation by 
directing the fatty acids towards esterification (12-15). 

At a fixed low concentration of palmityl-CoA, 
glycerophosphate inhibits the carnitine dependent oxidation of 
palmityl-CoA in liver mitochondria (Table 1). It should be 
noted that under the conditions of these experiments (state 3, 
ADP added) glycerophosphate does not act as a competing 
oxidizable substrate (16). Presumably the glycerophosphate 
aCjltransferase in the outer membrane of the mitochondria 
prevents the acyl-CoA from reaching the carnitine 
acyltransferase in the inner membrane. 

ROlJever, glycerophosphate had no effect on the oxidation of 
palmityl-CoA in heart mitochondria. This is in agreement with 
the low activity of glycerophosphate acyltransferase (12), and 
with relatively slow esterification and rapid oxidation of fatty 
acids observed in the normal heart (17). It is therefore 
unlikely that variable triacylglycerol synthesis has any 
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TABLE 1: The effect of free CoA and of ~glycerophosphate on the 
carnitine-dependent oxidation of palmityl-CoA in liver and 
heart mitochondria. 

14 
[1- C)palmityl-CoA recovered as acid soluble 
products: (nmol x min-1 x mg protein-I) 

Add it ions Liver Heart 

None 0.52 0.54 0.55 0.52 
Glycerophosphate 0.33 0.32 0.54 0.52 
CoA 0.25 0.24 0.42 0.39 
CoA + gloP. 0.11 0.11 0.42 0.39 

14 
[1- C)Palmityl-CoA, 11 pM; (-)carnitine, 0.25 mM (liver) or 1 
mH (heart>; and mitochondria, 1.1 mg protein (liver) or 0.7 rng 
protein (heart), were incubated with Tris, pH 7.4, 20 roM; 
potassium phosphate, 5 ml-I; malate, 5 mM; ADP, 2.5 ml-t; mannitol, 
60 mM; and KCL, 40-50 ml-I; and, where noted, free CoA, 50 )lM; and 
DL-~glycerophosphate, 2 nIl·t. 

significant influence un the rate of fatty acid oxidation in the 
heart. However, the rate of esterification seems to increase 
when oxidation is inhibited. Thus, loss of carnitine from the 
heart caused by diphtheria toxin leads to triacy1g1ycero1 
accumulation (18). A similar phenomenon is seen in skeletal 
muscle and heart low in carnitine because of an inborn error of 
carnitine metabolism and transport (19). 

Other mechanisms that impair fatty acid oxidation also lead 
to accumulation of triacylg1ycerol. Diets high in erucic acid 
or other C22 fatty acids lead to a temporary lipidosis in the 
heart, presumably because these long chain fatty acids are poor 
substrates for the mitochondria, and may also inhibit the 
oxidation of other fatty acids (17, 20). 

Decreased oxidation in hypoxia also leads to increased 
esterification and accumulation of triacylglycerol in the heart 
(21). 

Carnitine-Dependent Transport of Fatty Acids into the 
Mitochondria 

In the heart, 85-90% of the CoA is found in the 
mitochondria, whereas 90% of the carnitine is outside the 
mitochondria (10). Since carnitine and acylcarnitines can 
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penetrate the inner mitochondrial membrane, while CoA and 
acyl-CoA cannot, fatty acid oxidation in the heart is carnitine 
dependent. The distribution of carnitine and CoA suggests that 
fatty acids are automatically directed toward oxidation in the 
mitochondria. Only a relatively small fraction of the fatty 
acids is normally esterified as triacylglycerol in the heart 
(17). 

In both the liver and heart of the newborn, the outer 
carnitine palmityltransferases have a low activity, but their 
activities increase rapidly after birth (22, 23). It seems 
likely that the carnitine palmityltransferase and the ability to 
oxidize fatty acids is turned on immediately after birth. It is 
not known how the apparently latent enzyme is activated in the 
newborn animal, but in isolated mitochondria it can be activated 
by preincubation of the mitochondria under different conditions 
(24, 25) or by treatment with phospholipase (26). 

A low activity of the outer carnitine palmityltransferase is 
also found in mitochondria from hearts exposed to chronic 
ischemia (27). The mechanism of this inactivation is not known. 

Several differences between the heart and liver carnitine 
systems have been reported. The concentration of carnitine in 
the heart is norma 11y higher (about 1 mN in the rat) than in the 
liver (0.3 riM). In the heart, carnitine concentration is 
relatively invariable, while in the liver it increases 
signficantly in fasted and in diabetic animals. Especially 
marked variations are found in the livers of sheep (28). 

TABLE 2: The effect of malonyl-CoA and of free CoA on the carnitine
dependent oxidation of palmityl-CoA in heart mitochondria. 

Additions 

None 
CoA 
Nalonyl-CoA 
CoA + malonyl-CoA 

14 

14 
[1- C]Palmityl-CoA 
soluble products 
(nmol x min-1 x mg 

1.70 
1.32 
1.24 
1.01 

recovered as acid 

protein-l~) ____ __ 

1.65 
1.24 
1.21 
1.00 

£1- C]Palmityl-CoA, 2 )IN; (-)carnitine, 1 mJ.1; and 
mitochondria, 0.65 m~ protein, were incubated l-lith HEPES, pH 
7.4, 25 mH; potassium phosphate,S mH; malate, 2 mM; ADP, 2 ml1; 
KCl, 50-60 ml1; mannitol, 30 mH; albumin, 1%; and, where noted, 
malonyl-CoA, 20 )l~f; and CoA, 50 pH. 
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TABLE 3. The effect of malonyl-CoA and of free CoA on the 
carnitine dependent oxidation of palmityl-CoA in liver 
mitochondria. 

Additions 

None 
CoA 
Malonyl-CoA 
CoA + malonyl-CoA 

14 

14 
[1- C]Palmityl-CoA recovered as 

acid soluble products 
(nmol x min-1 x mg protein-11 

1.88 
1.16 
0.49 
0.23 

1.81 
1.19 
0.57 
0.27 

[1- C]Palmityl-CoA, 45 pM; (-)carnitine, 0.25 mM; and 
mitochondria. 3 mg protein; were incubated with Tris, 33 mM, pH 
7.4; potassium phosphate. 5 mM; malate, 5 mM; KCl, 100 mM; and 
ADP, 5 mM; albumin, 1%; and where noted, malonyl-CoA, 20 pM; and 
CoA, 100 pM. 

In the liver the activity of the outer carnitine 
palmityltransferase is increased by fasting (12, 13, 29) and by 
triiodothyronin (30), but no such changes have been found in the 
heart. 

Malonyl-CoA 

The outer carnitine palmityltransferase is inhibited by 
malonyl-CoA (31, 32). In liver mitochondria this inhibition is 
increased by a low pH (33), and decreased when the animal is 
fasted (29, 34. 35). These effects have not been found in heart 
mitochondria. 

The oxidation of palmityl-CoA is inhibited by free CoA to 
about the same extent in heart and liver (Tables I, 2, and 3). 
However. we found malonyl-CoA relatively less inhibitory on 
palmityl-CoA oxidation in heart mitochondria (Tables 2 and 3). 
This was unexpected since the heart carnitine palmityl
transferase has been fouQd to be more sensitive to malonyl-CoA 
than the liver enzyme (32). It is still not established that 
malonyl-CoA takes part in the regulation of fatty acid oxidation 
in the heart. We have measured malonyl-CoA in the hearts of fed 
and fasted rats, and malonyl-CoA indeed is found in the heart in 
similar concentrations as in the liver (Table 4). Its 
concentration is decreased in fasted animals, although to a 
smaller extent than in the liver. Since the heart enzyme 
apparently is very sensitive to malonyl-CoA (32), it is possible 

19 



20 J. BREMER ET AL. 

TABLE 4. Malonyl-CoA content of tissues of fed and fasted rats 
according to Singh et al. (39). 

Malonyl-CoA 
~DmolLg fresD tissuel 
Liver Heart Kidney 

Fed 4.1 ± 0.12 3.7 ± 0.3 0.7 ± 0.05 

Fasted 1.4 ± 0.09 2.8 ± 0.22 0.6 ± 0.05 

that malonyl-CoA participates in the regulation of fatty acid 
oxidation in the heart. 

The carnitine acetyltransferase of the heart is not 
inhibited by malonyl-CoA, while the liver enzyme is (36). It 
appears that fatty acid oxidation can be inhibited by 
malonyl-CoA without interfering with the formation of 
acetylcarnitine. 

Interaction of Fatty Acid Oxidation with the Citric Acid Cycle 

In liver the formation of ketone bodies permits B-oxidation 
to proceed independently of the citric acid cycle. while in 
heart fatty acid oxidation depends on the citric acid cycle for 
the oxidation of the acetyl-CoA. This difference in the 
dependence on the citric acid cycle in heart and liver is 
demonstrated by the effect of fluoroacetyl-carnitine on the 
oxidation of palmitylcarnitine in heart and liver mitochondria. 
In both types of mitochondria formation of fluorocitrate is 
followed by an accumulation of citrate which inhibits its own 
synthesis by feedback inhibition of citrate synthetase (37, 
38). In liver mitochondria the increased acetyl-CoA is disposed 
of by acetoacetate formation, and fatty acid oxidation continues 
almost abated. 

In heart mitochondria. which have no ketogenesis to consume 
the acetyl-CoA, palmitylcarnitine oxidation is strongly 
inhibited. However, the inhibition is not total. In the 
inhibited mitochondria free acetate is formed by acetyl-CoA 
hydrolase which becomes active when the acetyl-CoA/CoA ratio 
increases (37). This illustrates the function of acyl-CoA 
hydrolases as a "safety valve" securing some regeneration of 
free CoA under conditions where the mitochondria or the cell is 
"flooded" by acetyl- or fatty acyl groups. However. the 
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TABLE 5. The effect of malate, glutamate and ADP on the 
carnitine dependent oxidation of palmityl-CoA in rat 
heart mitochondria. 

14 
[1- C]Palmityl-CoA recovered in: 
(nmol x min-l x mg protein-I) 

CO2 Acid soluble ~roducts 
Additions -ADP ~ =ill ~ 

None 0.01 1.06 1.89 1.37 
0.01 1.14 1.96 1.40 

Malate 0.01 0.04 1.79 2.53 
0.01 0.05 1.77 2.58 

Glutamate 0.01 0.25 1.70 2.19 
0.01 0.26 1.75 2.37 

Malate + 0.01 0.02 1.54 2.44 
glutamate 0.01 0.03 1.55 2.52 

14 
[1- C]Palmityl-CoA, 37 pM; (-)carnitine, 1 mM; and 
mitochondria. 0.5 mg protein, were incubated with Hepes, pH 7.4, 
25 mM; potassium phosphate, 5 mM; mannitol. 60 mM; and KCl, 
50-60 mM; and, where noted, ADP, 2.5 mM; malate, 1 mM; 4 
glutamate and 5 mM. 

capacity of this enzyme in the heart is insufficient to permit 
high rates of fatty acid oxidation. 

Carnitine acetyltransferase represents an extra pathway for 
the utilization of acetyl groups, in addition to citrate 
synthase and acetyl-CoA hydrolase. This enzyme is very active 
in heart mitochondria and acetylcarnitine can leave the 
mitochondria via carnitine translocase (40). This possibility 
is illustrated in Tables 5 and 6, which show that isolated heart 
mitochondria can oxidize palmityl-CoA at a rapid rate in the 
absence of malate when sufficient carnitine is present. The 
isolated mitochondria contain sufficient citric acid cycle 
intermediates to permit a significant rate of oxidation all the 
way to C02 (Table 5), but more than half of the acetyl groups 
formed can be transferred to carnitine (Table 6). In the 
presence of malate (and ADP) acetylcarnitine formation drops 
almost to nil. Evidently citrate synthase wins in the 
competition when oxaloacetate is available and when citrate does 
not accumulate as it does when fluorocitrate is formed from 
fluoroacetylcarnitine. 
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TABLE 6. The effect of malate, glutamate, succinate, and ADP on 
the formation of acetylcarnitine from palmityl-CoA and 
carnitine in heart mitochondria. 

Acid 
Additions -ADP 

None 1.01 
0.94 

Malate 0.93 
0.90 

Glutamate 0.92 
0.91 

Malate + 0.75 
glutamate 0.77 

Succinate 0.32 
(0.5 mM) 0.31 

14 
[1- C]Palmityl-CoA recovered in: 

(nmol x min x mg protein-I) 

soluble ~oducts AcetIlcarnitine 
+ADP -ADP ~ 

0.72* 0.55 0.39 
0.73* 0.53 0.39 

1.22 0.35 0.08 
1.23 0.33 0.06 

1.01* 0.51 0.15 
0.98* 0.51 0.14 

1.05 0.32 0.09 
1.01 0.33 0.08 

1.07 0.06 0.06 
1.04 0.06 0.05 

*In the absence of malate and in the presence of ADP significant 
amounts of radioactive C02 is formed beside the acid soluble 
products (see Table 5). 

Incubation conditions as in Table 5. The radioactivity in 
acetylcarnitine was measured by addition of carrier 
acetylcarnitine to the perchloric acid extract and precipitation 
with ammonium reineckate. The reineckate was decomposed with 1 
N HCl and acetone-ethyl ether 1:1. 

However, carnitine cannot function long as a sink for acetyl 
groups in the intact tissue. The total carnitine in the heart 
represents only a small fraction of the total flux of acetyl 
groups in the working heart, and there is no important known 
extramitochondrial metabolism of acetylcarnitine. Small amounts 
of extramitochondrial acetyl-CoA may be formed by outer 
carnitine acetyltransferase, but the heart has no significant 
fatty acid synthesis or other metabolic uses of acetyl-CoA. 
However. the formation of acetylcarnitine and extramitochondrial 



FACTORS INFLUENCING THE CARNITINE-DEPENDENT 

acetyl-CoA will trap these cofactors in the extramitochondrial 
space and. as suggested by Oram et al. (4). this may have a 
regulatory function. decreasing the formation of long chain 
acyl-CoA and acylcarnitines when the rate of acetyl-CoA 
oxidation in the mitochondria is slowed. In this regard. it may 
be important that the carnitine acetyl transferase is not 
inhibited by malonyl-CoA in the heart (36). Therefore. 
acetylcarnitine formation and malonyl-CoA may act together to 
slow fatty acid oxidation. 

A high concentration of free carnitine can be used in vitro 
to make the a-oxidation of fatty acids in heart mitochondria 
independent of the citric acid cycle. Table 6 shows that the 
oxidation of palmityl-CoA in the presence of substrate amounts 
of carnitine is only moderately slower in state 4 (no ADP added) 
than in state 3 (ADP added). In state 3. endogenous citric acid 
cycle intermediates present in the isolated mitochondria 
evidently permit significant C02 production. However. in 
state 4 this production of C02 is completely suppressed. 
Evidently the respiratory control can suppress the citric acid 
cycle completely. while a-oxidation and acety1carnitine 
formation continue almost unabated. 

In state 3 addition of malate prevents formation of 
radioactive C02 because the added malate acts as a trapping 
pool. This was confirmed by column chromatography. which showed 
that most of the acid-soluble radioactivity was recovered in 
succinate and malate. However. the rate of fatty acid 
a-oxidation per se is unaffected by malate both in state 3 and 
state 4. 

These results agree with previous studies on liver 
mitochondria showing that it is difficult to suppress 
a-oxidation with a high NADH/NAD ratio (41). It is much easier 
to suppress pyruvate oxidation (42) or the citric acid cycle 
(16). However, a-oxidation is not completely insensitive to 
competing substrates. Tables 5 and 6 show that malate plus 
glutamate, which is equivalent to an active malate-aspartate 
shuttle transporting reducing equivalents into the mitochondria. 
or succinate inhibit a -oxidation in the heart as they do in 
liver mitochondria (16), but only in a high energy state (state 
4). This inhibition by glutamate plus malate can be partially 
overcome by a higher concentration of acyl- carnitine (not 
shown) • 

These studies show that the oxidation of fatty acids. unlike 
the citric acid cycle. is almost independent of the respiratory 
state, i.e. it is not under direct respiratory control. When 
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the citric acid cycle is slowed down by an increased NADH/NAD 
ratio in the mitochondria. the oxidation of fatty acids is 
therefore most likely slowed by secondary mechanisms such as an 
increased acety1-CoA/CoA ratio, which ties up CoA and carnitine 
in the cytosol via the carnitine acetyl transferase. It has also 
been suggested that accumulated acety1-CoA may inhibit thio1ase 
and that the resulting accumulation of s-oxidation intermediates 
gives a feedback inhibition of the acy1-CoA dehydrogenases (43). 

Levels of Citric Acid Cycle Intermediates and CoA 

In fasting and diabetic animals, the levels of citric acid 
cycle intermediates increase in the heart and in skeletal muscle 
(44). Since both have significant activities of pyruvate 
carboxylase, which is stimulated by acety1-CoA (45, 46), it is 
likely that this increase is explained by an increased 
acety1-CoA/CoA ratio in the mitochondria under conditions where 
the rates of fatty acid oxidation are increased. It is not 
known whether this increased level of citric acid cycle 
intermediates is of direct significance for the rate of fatty 
acid oxidation, but since citrate is an inhibitor of glycolysis, 
its increase probably facilitates the switch from glucose to 
fatty acid oxidation in the fasting state. 

The total level of CoA in the heart also increases in 
diabetic and fasting animals (9). This seems paradoxical since 
acety1-CoA is a strong inhibitor of pantothenate kinase. the 
first enzyme in the biosynthesis of CoA (47). In agreement with 
this effect of acety1-CoA, fatty acids and other acety1-CoA 
precursors inhibit the synthesis of CoA from pantothenate in the 
perfused heart (48). It is not known whether this increase in 
CoA is of significance for the rate of fatty acid oxidation, or 
other CoA- dependent reactions in the mitochondria. 

Conclusions 

Fatty acids represent the predominant substrate in the heart 
as in other tissues. The oxidation of long-chain acy1carnitines 
is inhibited only under strongly reduced conditions in the 
mitochondria. i.e. when the NADH/NAD ratio is very high. The 
oxidation of other substrates, like pyruvate (glucose) and 
citric acid cycle intermediates, is much more easily 
suppressed. The oxidation of fatty acids in the heart (and in 
other tissues) is therefore only indirectly under respiratory 
control. probably via a high acetyl-CoA/CoA ratio, which may 
increase the level of mitochondrial S-oxidation intermediates 
(S-ketoacyl-CoA?) that inhibit the acy1-CoA dehydrogenases. A 
high acetyl-CoA/CoA ratio will ~lso make less carnitine (and 
CoA?) available for acylcarnitine formation in the cytosol. The 
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formation of acylcarnitine may also be inhibited by malonyl-CoA 
which is present in the heart. The uptake of fatty acids in the 
heart is probably ultimately determined on the one hand by the 
concentration of available free fatty acids, and on the other by 
the availability of free CoA and a feedback inhibition of the 
acyl-CoA synthase by acyl-CoA. 
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LOCALIZATION AND FUNCTION OF LIPASES AND THEIR REACTION PRODUCTS 

HI RAT HEART 

w. C. Hulsmann, H. Starn, and J. M. J. Lamers 

Department of Biochemistry I 
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p.O. Box 1738, 3000 DR Rotterdam, The Netherlands 

Lipoprotein lipase is involved in catabolism of circulating 
triglycerides. Its function is exerted at the vascular 
endothelial surface, where the enzyme is bound and from which 
the enzyme is released by heparin perfusion (1-3). Natural 
substrates that may be used include chylomicrons and very low 
density lipoproteins, while artificial substrates include 
triglyceride-filled liposomes with phospholipid and 
apolipoprotein C-II on the surface. The enzyme is an -lipase 
that also hydrolyzes l-acylglycerol esters of partial glycerides 
and phospholipids. In perfused hearts of fed rats, only about 
25% of the tissue lipoprotein lipase is removed by heparin 
perfusion while the ability of the heart to catabolize 
chylomicrons is largely lost (2, 4). The study of Schotz et al. 
(5), who perfused rat hearts with an antibody against heart 
lipoprotein lipase, led to the observation that subsequent 
perfusion with l4c-labelled chylomicron triglyceride no longer 
resulted in l4C02 formation, suggesting also that 
endothelial surface lipoprotein lipase, accessible to the 
antibody, is the functionally active fraction of the enzyme. 
llowever, small chylomicrons, very low density lipoprotein, low 
density lipoprotein (as well as high density lipoprotein) can 
enter the myocardial interstitium (6-10) so that lipoprotein 
lipase, shown to be present in interstitium (11, 12), could also 
act upon these lipoproteins. Therefore it cannot be excluded 
that interstitial lipoprotein lipase also contributes to 
lipoprotein catabolism. 
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Whereas lipoprotein lipase promotes the uptake of lipolytic 
products in the cell, the lysosomal system is involved in the 
mobilization of lipids stored in the cells (13). The rate of 
mobilization of stored fat is larger when the lipid depot is 
increased (13). The lipoprotein lipase activity during fat 
feeding is also increased (14, 15), so that the fatty acid 
turnover in heart is increased. In contrast to the feeding of 
monoenoic very long-chain fatty acids like erucic acid, foods 
rich in palmitic, oleic or linoleic acid does not cause 
myocardial lipidosis. In the latter cases practically all fatty 
acid taken up is oxidized. However, during limited 02 
availability or during erucic acid feeding, when the 
carnitinepalmitoyltransferase reaction is inhibited (16), the 
activated fatty acids cannot be oxidized by the mitochondria, 
and triglyceride may be formed in the extramitochondrial space 
as long as glycerol-3-phosphate is formed. When the flow is 
limited, however, glycogen will soon be depleted and glucose 
supply interrupted so that then free fatty acids and their 
coenzyme A and carnitine derivatives accumulate (17, 18). Fatty 
acid acceptor sho=tage does not occur during erucic acid feeding 
when flow is not limited. Therefore fatty acids (and coenzyme A 
and carnitine esters) only accumulate under restricted flow. In 
fact, in the absence of ischemia fatty acid levels are very low 
(19) and long-chain acylcarnitine absent (see below). We find 
the presence of long-chain acylcarnitine a better marker for 
ischemia than lowering of the phosphate potential. 

RESULTS A~ID DISCUSSION 

Release of fatty acids from cellular triglyceride stores into 
the interstitium 

Whereas fatty acids do not accumulate intracellularly under 
aerobic conditions (19), they might attain significant levels 
extracellularly under certain feeding conditions (20). The 
question where interstitial fatty acids come from is important 
as interstitial fluid has a lower albumin concentration than the 
blood, so that detergent fatty acids (and long-chain 
acylcarnitine - see below) might interfere with the cell 
membranes which limit this compartment. Free fatty acids (FFA) 
certainly can enter the interstitium from the blood while 
complexed to albumin. This is probably harmless, as the blood 
compartment generally contains sufficient albumin to bind FFA 
tightly. However, FFA may also enter the interstitium from the 
cells, particularly when they contain excessive stores of 
long-chain fatty acid esters. This has been shown by us to 
occur after erucic acid feeding to rats, particularly after 
stimulation of endogenous lipolysis by glucagon or 
catecholamines (20). If the interstitial fluid, which durin& 
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Langendorff perfusion can be separated from the coronary 
effluent (21), is produced slowly, FFA levels in the millimolar 
range have been measured (20). The chronic irritation of fatty 
acids may be the basis of myocardial fibrosis observed by many 
authors to occur on prolonged el~cic acid feeding. Stimulation 
of endogenous lipolysis by catabolic hormones is accompanied by 
stimulation of interstitial fluid production (Table I, ref. 
11). It is possible that there is a close correlation between 
these phenomena. A higher rate of removal of lipolysis
inhibiting fatty acid (22-24) may be expected to stimulate 
endogenous lipolysis. FFA removal from the cells is 
accomplished by secretion into the lycph (minor component -
Table 1), by oxidation in the mitochondria and by 
reesterification in the endoplasmic reticulum. In the 
Langendorff heart the latter amounts to 62% (25), as estimated 
by the effect of inhibition of glycogenolysis during glucose
free perfusion (thereby interfering with glycerol-3-phosphate 
synthesis) upon lipolysis (26). Hormone-stimulated fatty acid 
removal might be the basis of hormone-sensitivity lipolysis in 
heart (27, 28). Such a mechanism will normally prevent FFA 
overload of cells and interstitium. 

29 

TABLE I. Effects of albumin, glu~agon and norepinephrine (NE) on lymph 
flow and lipolysis in Langendorff hearts of rats fed erucic acid. 

Additions to Qi (% of FFA GIIcerol 
2erfusion medium total flow) (n) (nmol/min x g wet weight) 

None 2.5:!;.0.3* (9) 33.8:!:.2.3 
0.2 pM glucagon 4.0:!;.0.6 (9) 63.3:!:.2.7 
0.2 pM NE 4.2:!;.0.3 (4) 64.3:!;.1.9 
1% albumin 1.6:!;.0.2 (4) 17.6:!;.2.2 (8) 
1% albumin + 0.2 pM glucagon 2.5:!;.0.2 (4) 22.7:!;.2.1 (8) 
5% albumin 0.6:!;.0.1 (8) 
5% albumin + 0.2 )111 glucagon 0.9:!;.0.1 (8) 

(n) = number of experiments; *standard error of mean. Male 
Wistar rats were fed for 3 days with a trierucate-rich diet 
before sacrifice, the Langendorff p'erfusion technique was 
modified (21) to separate interstitial (Qi) from coronary 
effluent. For the persuion technique followed see ref. 20. FFA 
and glycerol were determined in the interstitial fluid which 
contains more than 80% of these products (20). 

(4) 
(4) 
(4) 
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Release of fatty acids within the interstitium; compartmentation 
of lipoprotein lipase 

Heparin addition to the perfusion medium of Langendorff 
hearts in the fasted or fed states causes the immediate release 
of lipoprotein lipase into the coronary effluent (Qrv) and 
practically not into the interstitial fluid (Qi) (Figure 1). 
Only when Ca 2+ is omitted from the perfusion medium is a 
considerable portion of lipoprotein lipase released into the 
Qi. whether heparin is present or not (compare ref. 12). Then 
an extra amount of lipoprotein lipase is also released in the 
coronary effluent. This is thought to result from a breakdown 
of the glycocalyx of myocytes and opening of endothelial 
plasmalemmal invaginations of capillaries (29). so that 
lipoprotein lipase is released from the outside of cells. to 
which lipoprotein lipase may be attached (12. 30. 31). The 
presence of lipoprotein lipase in the interstitial compartment 
(Figure 1) together with triglyceride containing lipoproteins 
(6-10) allow lipoprotein lipase activity to occur. leading to 
the interstitial formation of FFA. 

Accumulation of long-chain acylcarnitine in the sarcolemma 
during ischemia 

We (32) have recently reported that after a two hour 
recirculating Langendorff perfusion of rat heart with 
Intralipid and 5 ~1 carnitine. the hearts (freeze-clamped 
during perfusion) contained 38l~35 nmoles (n=4) acid-insoluble 
acylcarnitine. Assuming a predominant cytosolic localization of 
long-chain acylcarnitine (17) and a cytosolic space of 2 ml/g 
dry tissue (33). we calculated a long-chain acylcarnitine 
concentration of 0.8 roM in the cell. It has been shown. 
however. that long-chain acylcarnit ine binds strong ly to 
sarcolemma (34). a finding that we have been able to confirm 
(unpublished). This phenomenon will cause high local 
concentrations of these detergent molecules and probably result 
in the inhibition of a number of sarcolemmal proteins and 
alteration of permeability. The latter is described by Lamers 
et al. in the present volume. We have observed that concomitant 
with the accumulation of long-chain acylcarnitine. 
non-heparin-releasable lipase from heart was lost (32). This 
enzyme is identical with non-releasable lipoprotein lipase (12). 
the bulk of which is bound to the outside of cells and released 
by Ca2+-free perfusion (12. 25) (Figure 1). Loss of 
lipoprotein lipase appears to be a good marker for ischemia in 
pig heart as well. as will be shown below. 
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Lipoprotein lipase release from normal chow fed or fasted male 
Wistar rats. For the perfusion technique see Table I. 
Immediately after collection, the effluents were tested for 
lipoprotein lipase activity, using an Intralipid substrate in 
the presence of apolipoprotein C-II, as described in ref. 12. 
Where indicated 5 Ulml heparin was added to the perfusion 
medium. Calcium was present or omitted as shown. 
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Markers of ischemia 

In the normal rat, myocardial long-chain acylcarnitine 
accumulation is virtually absent (Table II). The rats used had 
been fed olive oil 2 h prior to heart removal. In order to 
limit ischemia, which causes elevation of long-chain 
acylcarnitine levels (17, 18), we anesthetized the animals with 
fluothane/N20/02 (0.5:64.5:35) and attached a tracheal 
cannula to an artificial respirator to avoid anoxia during 
thoracotomy. After mobilizing the heart, the large vessels were 
cut and the heart rapidly frozen in isopentane at liquid N2 
temperature. The heart was crushed in a mortar cooled with 
liquid N2, and deproteinized by mixing with 5% (w/v) 
perchloric acid. Creatinephosphate and adenine nucleotides were 
determined by high performance liquid chromatography. The 
virtual absence of long-chain acylcarnitine in heart is 
accompanied by a normal energy charge as is usually found when 
normoxic organs are rapidly frozen. Also, during Langendorff 
perfusion of hearts from normal rats with glucose-containing 
medium and during glucose-free perfusion of hearts from erucic 
acid fed rats, which utilize fatty acids as fuel, we find very 
little long-chain acylcarnitine (Table II). Therefore during 
the 2 h perfusions with Intralipid and carnitine (32), in which 
long-chain acylcarnit ine accumulated, ischemia must have 
occurred. When the experiment was repeated with a similar 
medium, but fortified with 2% BSA, the long-chain acylcarnitine 
concentration in the heart was less [32+8 nmol instead of 381+35 
(n=4) in the absence of BSA (details not shown)]. It is likely, 
therefore, that in the presence of Intralipid and lipoprotein 
lipase so much FFA is produced initially that in the absence of 
BSA ichemia develops gradually. High levels of FFA have been 
shown to increase capillary permeability, ultimately resulting 
in edema and hampered microcirculation. 

The accumulation of fatty acyl detergents (long-chain 
acylcarnitine from the cellular contents and FFA probably 
predominantly from the interstitium) in plasma membranes during 
tissue anoxia will result in a decline in a number of 
plasmalemmal enzymes, including lipoprotein lipase. This is 
illustrated in Figure 2 for pig heart. During anesthesia and 
after thoracotomy, branches of the left descending coronary 
artery were l;~~ted at one h intervals and samples taken from 
the cyanotic ischemic zones. Immediately thereafter the tissue 
was homogenized and sarcolen~a partially purified by 
differential centrifugation according to Reeves and Sutko (38). 
This work on ischemic samples of pig heart has been carried out 
in cooperation with Dr. P.D. Verdouw (Thoraxcenter, Erasmus 
University) and will be published in detail elsewhere. 
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FIGURE 2 

Effect of ischemia on lipoprotein lipase of pig heart. The 
samples were obtained as described in the text. The lipoprotein 
lipase assay was carried out with 3H-trioleoylglycerol 
labelled Intralipid in the presence of apolipoprotein C-II as 
described (12). SL stands for sarcolemma. The specific 
activity of the sarcolemmal preparation of the control sample (0 
h ischemia) was 9 times higher than the specific activity of the 
total homogenate from which the SL was purified (not shown). 

CONCLUSIONS 

Myocardial ischemia results in the accumulation of 
amphiphilic compounds: FFA, long-chain acylcarnitine, 
long-chain acyl-CoA (17-19) and lysophospholipids. The latter 
accumulate not only due to stimulated formation by phospholipase 
action, but also by inhibited removal (39). All compounds arise 
mainly intracellularly with the exception of FFA, which enters 
the cell primarily by dissociation from its blood plasma vehicle 
albumin, and also after its release from glycerol esters in 
extracellular lipoproteins in the lipoprotein lipase reaction. 
This enzyme appears to have many locations: on the vascular 
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endothelial cells facing the bloodstream, on the surface 
membranes of cells that limit the interstitium, and within the 
myocardial cells where the enzyme is synthesized. In the latter 
compartment there is probably relatively little enzyme (12, 25) 
(Figure 1), while its activator apolipoprotein C-II is absent at 
this locus. The amphiphilic compounds accumulate in membranes, 
amongst which the sarcolemma. In vitro studies reveal that FFA 
(40) and the other compounds (34, 41) can inhibit 
(Na+,K+)ATPase which, if this occurred in situ, might also 
promote calcium overload by Ca2+/Na+ exchange (38). Our 
recent studies (see Lamers et al., this volume) suggest that at 
least FFA and long-chain acylcarnitine increase sarcolemmal 
Ca2+ permeability in a more direct fashion as well. That FFA 
increases Ca2+ availability to myocardial cells has been 
demonstrated by us before, using contractility as an index of 
intracellular Ca2+ (42, 43). The Ca2+ ionophoric properties 
were thought to reside in the ability of FFA to bind Ca2+, and 
does not necessarily imply that FFA only functions as a Ca2+ 
~huttle through the membrane. FFA and also their esters with 
detergent properties might modulate hydrophobic domains in such 
a manner that passage of Na+ and Ca2+ is enhanced (compare 
44). Occasionally this may lead to Ca2+ overload and result 
in irreversible damage to the cells (45-47). 
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ULTRASTRUCTURAL LOCALIZATION OF LIPIDS IN MYOCARDIAL MEMBRANES 

N.J. Severs 

Department of Cardiac Medicine 
Cardiothoracic Institute 
London, WIN 2DX, England 

MOLECULAR STRUCTURE OF MEMBRANES 

All biological membranes are constructed according to a 
common plan. The central features of this plan are summarized 
in the 'fluid mosaic' model proposed by Singer and Nicolson 
(1). A bilayer of lipid molecules makes up the basic structure 
of the membrane; proteins are embedded in and attached onto this 
'backbone' (Figure 1). The properties unique to each membrane 
system are determined by the exact types and amounts of its 
constituent lipids and proteins. Precise chemical 
identification and localization of these constituents is thus 
central to our understanding of membrane function. 

MEMBRANE ULTRASTRUCTURE IN THIN SECTION 

Wben a membrane is transversely sectioned, two 
electron-dense layers sandwiching a central electron-lucent 
layer can often be resolved (Figure 2). This 'unit membrane' 
structure arises from the interaction of the stains with the 
surface groups of the membrane lipids and proteins, the 
hydrophobic interior, represented by the electron-lucent core, 
remaining unstained. Unit membrane structure is visible under 
favorable conditions; in many instances, however, membranes are 
seen as single dense lines (each corresponding to the overall 
width of a single 'unit membrane') or as broader fuzzy 
boundaries (in tangential view). 

Details of membrane structural differentiation are 
detectable by thin sectioning, especially with the aid of 
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FIGURE 1 

Molecular details of membrane structure. Phospholipids each have a 
hydrophilic head group attached to two non-polar fatty acid tails. Black 
rectangles represent the neutral lipid. cholesterol. Integral membrane 
proteins (shown as large stippled globular structures) are embedded in the 
lipid bilayer. sometimes spanning its entire width. Peripheral proteins. 
which are only loosely attached to the membrane surface are not shown in 
this diagram. The arrow indicates the path of the fracture plane in the 
freeze-fracture technique. 

FIGURE 2 

Unit membrane structure of the sarcolemma (arrows). gly. glycocalyx. 
From a tannic acid-treated rabbit cardiac muscle cell. Scale bar. 100 nm. 

FIGURE 3. Freeze-fracture views of the sarcolemma. (a) shows a view of 
the hydrophobic face of the half-membrane sheet left attached to the 
protoplasm (P-face). (b) is a view of the hydrophobic face of the 
half-membrane sheet left attached to the extracellular space (E-face). 
Note that intramembrane particles are more abundant in the former than in 
the latter. For fracture face terminology see Branton et al. (2). Rabbit 
cardiac muscle cell from glutaraldehyde-fixed and glycerinated left 
ventricle. Scale bar. 100 nm. 
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Figures 3a and 3b 
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special staining techniques. In many instances, such 
differentiation is only hinted at (e.g. by variations in width 
or staining intensity of one of the dense lines of the unit 
membrane), though where extensive peripheral protein components 
are involved it becomes strikingly conspicuous. In either case, 
however. the precise chemical identification of the membrane 
components involved can be achieved only if cytochemical methods 
are combined with thin sectioning. Such methods include the use 
of ligands conjugated to electron-dense markers, selective 
stains, precipitation of electron-dense enzymatic products, 
enzyme digestion and electron microscope autoradiography. 
Through these approaches, major advances have been made in 
correlating cell, organelle and membrane structure with 
function, particularly with regard to the role of protein 
components. However. none of these methods permits the 
high-resolution localization of specific types of lipids in 
membranes. 

MEMBRANE ULTRASTRUCTURE IN FREEZE-FRACTURE 

The freeze-fracture technique allows membranes to be split 
apart and veiwed en face. The fracture plane travels along the 
membrane's hydrophobic core (Figure 1), exposing structural 
detail in its interior. This detail is viewed by making a 
replica. The replica is cast by shadowing a fine layer of 
platinum at an angle to the specimen surface, and then 
evaporating carbon from directly above to form a strengthening 
coat. After removal of the cells, the replica is examined in 
the transmission electron microscope. 

Freeze-fracture replicas provide compelling visual evidence 
for the fluid mosaic model - they reveal the membrane as a 
smooth matrix containing a rich assortment of irregularly-shaped 
particles (Figure 3). Reconstitution experiments have 
demonstrated that particles of this type are visible only when 
proteins are incorporated into the membrane (3); pure lipid 
appears completely smooth (Figure 4). The intramembrane 
particles therefore represent proteins (or lipoprotein 
complexes) in the hydrophobic core of the membrane (for review. 
see ref. 4), as depicted in the model (Figure 1). Most natural 
membranes contain a large variety of proteins but in a few 
systems one protein predominates, and it is then possible to 
establish the identity of individual intramembrane particles 
(Figures 5 and 6). Standard freeze-fracture electron microscopy 
has proved to be a highly effective tool for investigating the 
structural components of membrane specializations, for example, 
those of intercellular junctions (Figures 6 and 7). 
Disappointingly. however, the lipid portion of the membrane is 
generally visualized only as an undifferentiated background 
matrix. 
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FIGURE 4 

Freeze-fractured multi lamellar liposome composed of 
phosphatidylcholine. The fracture plane has travelled along the 
hydrophobic interior of the lipid bilayer, as in natural 
membranes. Note that the fracture faces are completely smooth 
with no particles because of the absence of proteins. In some 
artificial membrane systems, however. lipid micells (7) or 
inter-membrane attachment sites (8) may give rise to structures 
which superficially resemble the usual form of proteinaceous 
intramembrane particles. Unpretreated specimen frozen directly 
by plunging into propane (9). Scale bar, 0.5 pm. 
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FIGURE 5 

Freeze-fracture replica of isolated sarcoplasmic reticulum 
vesicles. Both P-face (highly particulate) and E-face 
(relatively smooth) views are visible. Because the 
Ca2+-ATPase is the principal integral membrane protein 
present, the intramembrane particles are generally considered to 
represent this protein (10, 11). Preparation isolated from 
rabbit skeletal muscle (12) and directly frozen by propane 
plunging (9). Scale bar. 100 nm. 
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FIGURE 6 

Freeze-fractured gap junction from a rabbit cardiac muscle 
intercalated disc. The intramembrane particles from which this 
membrane specialization is comprised are termed connexons. 
Cardiac connexon proteins have recently been characterized 
(13-16). In freeze-fracture. the connexons are viewed on the 
P-face (PF) and their imprints on the E-face (EF) of the 
adjacent membrane. From glutaraldehyde-fixed and glycerinated 
left ventricle. Scale bar. 100 om. 
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FIGURE 7 

Freeze-fractured tight junction from the intercellular boundary 
between two endothelial cells of a cardiac venule. This 
membrane specialization appears as discontinous strands (curved 
arrows) on the P-face (PF), and as grooves (straight arrows) on 
the E-face (EF). It has recently been proposed that the tight 
junction strands represent lipids in micellar configuration 
(17), although the more widely accepted view is that they 
consist of protein. Careful inspection of P-face/E-face 
boundaries (e.g. between arrows marked with asterisk) reveals an 
arrangement of strands and grooves consistent with the presence 
of two intramembrane fibrils rather than one (18). From 
glutaraldehyde-fixed and glycerinated rabbit left ventricle. 
Scale bar. 200 nm. 

As in thin-sectioning, a range of cytochemical techniques 
can be combined with freeze-fracturing to gain information on 
the chemical nature of the structural components viewed. It is 
from advances in these techniques that attempts can now be made 
to localize specific classes of lipids in biological membranes 
(5, 6). 
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FREEZE-FRACTURE DETECTION 

OF STEROLS - METHOD 

Initial fixation in 
buff .. ed glutaral~de 

GI .... I~wJ .. _I~ ..... ldehyde 
C tral agent (50-200~ em 3) In Co tr I 

on ~s glutaraldehyde fixative co~ntaining nos 
DMSO 

l 
25% Glycerol 

Mounting Ld freezing 
for freeze-fracture 

FIGURE 8 

Experimental protocol for freeze-fracture detection of sterols, 
as used for the results illustrated in this article. An 
alternative approach to that summarized here is to extend the 
initial glutaraldehyde fixation, and then incubate the samples 
in buffer containing the sterol probe. Exposure of unfixed 
samples to the probe is not recommended because membrane and 
cellular damage is extensive in the absence of glutaraldehyde 
(5. 20). 

FIGURE 9. Action of filipin (a) and tomatin (b) on a 
cholesterol-rich membrane, the cardiac fibroblast plasma 
membrane. In (a), asterisks mark zones that remain unperturbed 
by the agent. These zones are of two distinct types; 1) long 
thin bands, and 2) circular indentations. Scale bar, 200 nm. 

(Following Page) 
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FREEZE-FRACTURE CYTOCHEMISTRY OF LIPIDS - THE PRINCIPLE 

Freeze-fracture cytochemical detection of lipids relies on 
the induction of structural alterations in membranes by the 
interaction of a cytochemical probe with the target lipid 
molecules. These sites of altered structure appear as distinct 
deformations in freeze-fractured membranes and can therefore be 
used as labels for localizing the lipids in the membrane plane. 
Two classes of lipids are at present accessible to study with 
this approach - 3-S-hydroxysterols and anionic phospholipids. 
For a comprehensive discu'ssion of this topic, the reader is 
referred to the review by Severs and Robenek (19). 

LOCALIZATION OF STEROLS 

The cytochemical probes used to detect sterols in 
freeze-fractured membranes are filipin (a polyene antibiotic), 
and tomatin and digitonin (saponins). Of these agents, filipin 
has been the most widely used to date because it is the least 
disruptive to membranes, the most sensitive to low sterol 
concentrations, and it provides high resolution quantifiable 
labelling patterns. From the practical point of view. the 
experimental use of these agents presents little difficulty 
(Figure 8). Samples are first fixed in glutaraldehyde as in the 
routine pretreatment procedure for freeze-fracture, and then 
incubated in fresh fixative containing the sterol probe. After 
completion of this experimental treatment, glycerination and 
freezing are carried out according to standard procedures. 
Because a small quantity of dimethylsulphoxide (DMSO) is often 
used to aid dissolution of the agent in the fixative. it is 
standard practice to process two controls in parallel; one in 
fixative alone and one in fixative containing DMSO. 

The characteristic appearance of the deformations induced by 
filipin and the saponins in cholesterol-rich membranes is 
illustrated in Figure 9. Filipin deformations appear as 
circular bumps which measure -25 nm in diameter and may 
protrude from either side of the membrane (Figure 9a). 
Saponins, on the other hand, induce hemicylindrical deformations 
of 40-60 nm width and variable length (Figure 9b). 

Precisely how the agents induce deformations in membranes is 
incompletely understood. A possible mechanism of filipin action 
is summarized in Figure 10. 
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DISTRIBUTION OF CHOLESTEROL IN MYOCARDIAL MEMBRANES 

Cholesterol is the principal 3-s-hydroxysterol in mammalian 
cellular membranes (21). In the myocardium. therefore. the 
effects of the agents may be attributed specifically to 
cholesterol rather than sterols in general. 

Inspection of the filipin-treated cardiac fibroblast plasma 
membrane in Figure 9a reveals patches of membrane that have 
remained unaffected by the cholesterol probe. Two types of 
unlabelled domain are visible: i) long thin bands and ii) 
circular indentations. The former are identified as membrane 
areas which overlie bundles of microfilaments. and the latter as 
coated pits - specialized sites of the membrane engaged in 
receptor-mediated endocytosis. The clathrin coats of coated 
pits - which are so readily visualized by standard thin section 
electron microscopy - are not visible in freeze-fracture because 
of their location at the cytoplasmic surface of the membrane. 

Local heterogeneities in the distribution of filipin 
deformations are also evident in the plasma membrane of cardiac 
muscle cells. As can be seen in Figure 11. gap junctions and 
desmosomes in the intercalated disc sarcolemma are completely 
resistant to filipino despite heavy labelling in the surrounding 
membrane regions. Typically. the general (i.e. non
intercalated disc) sarcolemma shows a less marked response to 
filipin than that observed in the plasma membranes of 
neighbouring capillary endothelial cells and fibroblasts (Figure 
12; 23). Endothelial vesicles. which are responsible for 
transporting materials across the endothelial wall. are usually 
affected in a similar manner to that characteristic of the 
endothelial plasma membrane. Some vesicle membranes within the 
endothelial cell remain unaffected. however (Figure 12). 

Apart from the Golgi apparatus (24). intracellular membranes 
of the cardiac muscle cell show little response to filipin or 
tomatine Occasional foci of affected membrane appear in the 
free sarcoplasmic reticulum but mitochondrial membranes are 
completely resistent to the treatment (Figure 13). This pattern 
of response is not altered following ischemia (Figure 14) 
despite reports of markedly increased cholesterol levels in 
mitochondria isolated from ischemic myocardium (25). The 
nuclear membranes of cardiac muscle cells are seldom affected by 
filipin whereas those of the capillary endothelium show a 
moderate to marked response (26). 
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Model of filipin action adapted from that originally discussed 
by Severs et ale (22). 1) shows filipin molecules, possibly in 
micellar form. in the solution external to the membrane. 2) 
Binding of filipin to cholesterol in the upper monolayer of the 
membrane. with an alteration in the orientation of the molecules 
from a vertical to a horizontal position. This initiates 
deformation of the membrane because of the increase in surface 
pressure in the upper monolayer. Note the increase in fluidity 
of the phospholipid molecules immediately adjacent to the 
filipin-cholesterol complex. 3) Aggregation of primary filipin
cholesterol complexes to produce an ultrastructurally-detectable 
membrane deformation. The precise molecular arrangement within 
the region indicated by dashes is uncertain. 
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FIGURE 11 

Freeze-fractured filipin-treated intercalated disc sarcolemma. Gap 
junctions (GJ) and desmosomes (D) are unaffected by the cholesterol 
probe. From rabbit left ventricle. Scale bar. 200 nm. 

FIGURE 12. Freeze-fracture replica illustrating response of the plasma 
membranes of a cardiac muscle cell (CKC) and an endothelial cell (E) to 
filipin treatment. The cardiac muscle sarcolemma is only minimally 
affected by the probe, whereas the endothelial plasma membrane is 
extensively affected, both at the tissue front (ET) and at the luminal 
front (EL). In the endothelial cytoplasm (Cyt), most vesicles are 
sensitive to filipin (open arrows) though some are spared (filled 
arrows). ES. extracellular space; L, lumen. From rabbit left ventricle 
Scale bar. 200 nm. 
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Figure 12 
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These observations suggest that marked heterogeneities in 
cholesterol distribution exist both between and within different 
membrane types. It has recently become apparent, however, that 
the interpretation of filipin labelling patterns is complicated 
by the possibility of false-negative responses in membrane 
domains containing densely-packed integral and peripheral 
proteins (19). In at least some instances, saponins can be used 
to verify negative responses to fiiipin (22, 27). Applying this 
approach to the membrane types so far investigated in the 
myocardium, tomatin gives comparable results to those obtained 
with filipin (28). Furthermore. in any given myocardial 
membrane type for which biochemical data are available for 
comparison (25, 29-31), no suspicious discrepancies in the 
overall cytochemical responses are evident. 

Some filipin-negative membrane domains, notably coated pits 
and gap junctions, are also saponin-negative (19, 28). Since 
isolated coated vesicles reportedly contain lower cholesterol 
levels than those of the plasma membrane (32), the cytochemical 
responses shown by their precursors might seem to be 
vindicated. Enzymatic removal of the clathrin coat does not 
alter the filipin insensitivity of coated pits (33) yet natural 
removal of the coat from the vesicle apparently does (34). The 
data on gap junctions are also puzzling; despite the agreement 
in the filipin and saponin effects, isolated gap junctions 
reportedly have a high cholesterol content (35. 36). However. 
gap junction formation zones - in which interference with probe 
action would seem unlikely because of the dearth of protein 
particles present - give a·negative cytochemical response just 
like their mature counterparts. 

Until further information on these and other membrane 
domains is available. it is clear that valid interpretation of 
the cytochemical results requires the exercise of extreme 
caution. It should nevertheless be stated that because 
interaction of the probes with 3-a-hydroxysterols is highly 
specific (5), a positive cytochemical response may be taken as a 
convincing demonstration of the presence of these sterols. 

LOCALIZATION OF ANIONIC PHOSPHOLIPIDS 

Using the peptide antibiotic polymyxin-B, attempts have been 
made to localize anionic phospholipids in membranes following a 
similar approach to that described for sterols. As with filipin 
and the saponins, specimens are exposed to polymyxin-B before 
the freezing step. There are, however. two differences in the 
practical procedure that make polymyxin a less satisfactory 
cytochemical probe than filipin and the saponins. First, 
polymyxin treatment has to be carried out on single cell 
suspensions or monolayer cultures; it has not, as yet, proved 
suitable for whole tissue samples. Secondly. the experimental 
treatment is given before fixation. 
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FIGURE 13 

Freeze-fractured cardiac muscle mitochondrial (M) and 
sarcoplasmic reticulum (SR) membranes after fi1ipin treatment. 
The former are spared though the latter are sometimes affected 
(asterisk). For detailed discussion on the response of SR to 
fi1ipin, see Severs (28, 37) and Sommer et a1. (38). From 
rabbit left ventricle. Scale bar. 200 nm. 
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FIGURE 14 

Freeze-fracture replica of filipin-treated ischemic myocardium. 
The mitochondrial membranes and elements of cisternal 
sarcoplasmic reticulum (SR) remain unperturbed by the agent. 
From a Langendorff-perfused rabbit heart; initial 
stabilization' perfusion with oxygenated Krebs-Henseleit 

buffer. 2S min at 36 0 C, followed by 60 min global ischemia. 
Scale bar. 200 nm. 
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DISTRIBUTION OF ANIONIC LIPIDS IN CARDIAC MUSCLE SARCOLEMMA 

To study negatively charged phospholipids in cardiac muscle 
cell membranes, I, and my colleagues Trevor Powell and Victor 
Twist, have recently applied polymyxin treatment to suspensions 
of isolated myocytes. The myocytes were dissociated by in vitro 
perfusion of adult rat hearts with collagenase, as described by 
Powell et ale (39). We have previously shown that the 
ultrastructure of myocytes isolated by this method closely 
resembles that of myocytes in the intact myocardium (40). 

Figure 15 illustrates the effects of polymyxin and of 
filipin on the sarcolemma of isolated rat myocytes. An 
untreated control is shown in (a); this has the usual smoothly 
contoured appearance of the sarcolemma studded with 
intramembrane particles and occasionally interrupted by 
caveolae. After polymyxin treatment (b), the membrane becomes 
somewhat ruffled, and broad (60-200 om diameter) indentations 
cover the surface. These indentations are membrane deformations 
induced by the selective interaction of polymyxin with 
negatively charged phospholipids in the membrane. For 
comparison, the effect of filipin on the isolated myocyte 
sarcolemma is illustrated in (c). Small circular deformations 
can be seen which have a similar appearance and density to those 
observed in the general sarcolemma of filipin-treated myocytes 
in intact tissue (23). 

These results indicate that anionic phospholipids - which 
potentially form an important source of calcium-binding sites -
are widespread within the sarcolemma. The effect of polymyxin 
on intracellular membranes cannot be ascertained from studies on 
isolated myocytes, however, since the agent does not readily 
penetrate across the sarcolemma. No such difficulty occurs with 
filipin, though in tissue samples the depth of penetration of 
this probe is limited to several cell layers. The similar 
extent of filipin labelling in isolated myocytes and myocytes of 
the intact heart confirms that contrary to a suggestion by 
Sommer et ale (38), penetration problems are unlikely to account 
for the relatively low density of filipin deformations reported 
in the sarcolemma of myocytes in tissue samples (23). 

CONCLUDING COMMENT 

Because the freeze-fracture cytochemical approach for 
detecting membrane cholesterol has been adopted with great speed 
and enthusiasm. interpretation of the results has not always 
been t"empered with appropriate caution. An understanding of the 
theoretical and practical limitations of the technique is 
essential if the conclusions drawn from its use are to be of 
value. These aspects are explored in greater detail elsewhere 
(19, 28). Despite some difficulties, however. freeze-fracture 
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cytochemistry provides fascinating insights into the 
distribution of different types of lipid between and within 
membranes. 
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FIGURE 15. Freeze-fractured sarcolemmata of isolated rat 
myocytes; (a) untreated control, (b) after treatment with 
polymyxin-B (200 ~g cm-3/20 min) and (c) after treatment with 
filipin (100 ~g cm-3/70 min). Note that the deformations 
induced by polymyxin (asterisks and arrows) are much larger than 
those induced by filipino The arrows indicate shallow 
indentations; the asterisks, deeper onces in which the fracture 
plane has left the membrane. Scale bar. 200 nm. 
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figure 15 
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Phospholipids are the major form of lipid in all cell 
membranes and their fixed composition and disposition within 
membranes are genetically predetermined. In combination with 
other lipids and proteins, phospholipids are responsible for 
both structural characteristics and functional properties of the 
biological membranes such as fluidity (I, 2), ionic permeability 
(3, 4), transport of material across cell membranes (5), 
activities of a large number of membrane-bound enzymes (6) and 
receptor-mediated cell responses (7, 8). Phospholipases are the 
enzymatic systems responsible for the catabolism of membrane 
phospholipids, and the interplay between these catabolic enzymes 
and those of anabolic systems determines the turnover rate and 
maintains the biological properties and fixed composition of 
these lipids in membranes. Various physiological stimuli (e.g. 
certain hormone-receptor interactions, increase in intracellular 
Ca2+, fat absorption, etc.) enhance phospholipid turnover in 
membranes (8-11). In some disease conditions, membrane 
phospholipid composition and metabolism are progressively 
altered resulting in the functional abnormalities of the cell 
02-15). 

Ischemia-induced specific electrophysiological alterations 
leading to ventricular fibrillation (16) appear to be associated 
with abnormal cardiac lipid metabolism (17-20). It has been 
suggested that lipid abnormalities of the ischemic heart could 
alter cardiac functions by changing the properties of cardiac 
cell membranes and that these functional changes may contribute 
to the decline in myocardial contractility, to arrhythmia and 
eventual cell death (18). Some of these abnormalities have been 
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ascribed to be the consequences of ischemia-induced activation 
of phospholipases, even though direct proof for such activation 
is still obscure. Phospholipase activity is found in a number 
of cardiac membranes (21, 22) as well as cardiac lysosomes (23) 
and lysosomal enzyme activity increases in the ischemic heart 
(24). Depletion in myocardial phospholipid content or 
accumulation of lysophosphoglycerides and other amphiphiles have 
been observed in experimental animals after coronary artery 
occlusion, presumably due to phospholipase activation (12, 14, 
15). Depletion of membrane phospholipid has been related to an 
increased Ca 2+ permeability of sarcoplasmic reticulum vesicles 
in vitro and to the extent of irreversible damage in reperfused 
myocardium. These defects could be prevented by pretreatment of 
the animal with chlorpromazine, a phospholipase inhibitor 04, 
25). 

Reports of accumulation of lysophosphoglycerides (lyso-PL) 
in ischemic myocardium (12, 15) and their increased 
concentrations in effluents from ischemic isolated perfused 
rabbit hearts (26) and arrhythmogenic properties of these 
amphiphiles in tissue bath experiments has led Sobel and 
co-workers to postulate that lysophosphoglycerides are potential 
mediators of dysrhythmia (27). However, lyso-PL at their 
maximum levels in ischemic heart accounts for only 160 nmoles/g 
wet wt. or 0.6% of total phospholipid-phosphorus (15). A much 
higher concentration of lyso-PL (approx. 10-fold) bound with 
albumin is required to induce electrophysiological alterations 
in normoxic Purkinje fibers in a tissue bath that are analogous 
to changes in ischemic tissue in vivo (28). Unbound lyso-PL in 
quantities similar to those found in ischemic myocardium or 
lower amounts have recently been shown to produce electro
physiological derangements (28-30) and to induce arrhythmia in 
isolated perfused hearts analogous to other detergents (31). 
However, free concentrations of lyso-PL equivalent to those 
employed in the forementioned experiments would not be expected 
in the plasma compartment bathing cardiac tissue where these 
amphiphiles would be bound with plasma albumin. 

He investigated the possiblity that the accumulation of 
lyso-PL or depletion of phospholipid molecules in the sarcolemma 
is responsible for the electrophysiological abnormalities of 
ischemic hearts by producing in vitro phospholipase-induced 
abnormalities in muscle and Purkinje fibers of the sheep heart. 
Under control conditions, exogenous phospholipase A2 was 
employed to produce lyso-PL in the membrane matrix, and 
phospholipase C was used to achieve depletion of membrane 
phospholipids « 1.0%) without lyso-PL production. For 
comparative purposes, electrophysiological effects of exogenous 
free lyso-PL were also described for sheep cardiac fibers. 
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~1ATERIALS AND METHODS 

Phospholipase A2 (Naja Naja) and phospholipase C (C. 
welchii or B. cereus) were purchased front Sigma Chemical Co. 
(St. Louis, MO). Chromatographically pure lysophosphatidyl
choline (LPC) prepared from pig-liver and synthetic LPC of 
different fatty acid moieties were purchased from Sigma Chemical 
Co. and Serdery Research Laboratories Inc. (London, Ont., 
Canada). Hhen necessary these lipids were further purified by 
thin-layer chromatography using chloroform-methanol-acetic 
acid-water (100:45:20:6.8, by vol.) as a developing solvent 
(32). Isolation of LPC from the silica gel and quantification 
were done essentially as described earlier (15). Gas-liquid 
chromatography of pig-liver LPC demonstrated the following per 
cent fatty acid composition (C 16:0, 32%; C 18:0, 62%; C 18:1, 
2%). Mixtures of LPC resembling in fatty acid composition those 
of porcine heart as reported earlier (15) or of sheep moderator 
band (C 14:0, 3%; C 16:0, 43%; C 18:0, 42%; C 18:1, 4%; C 18:2, 
3%; C 20:0 + 20:4, 4%) were prepared by proportionately mixing 
LPC of different fatty acid moieties in chloroform-methanol 
solutions. For tissue bath experiments, LPC solutions in 
chloroform-methanol were dried under N2 at 370 C, dissolved 
in Tyrode's buffer and vortexed for 5 minutes to obtain 
emulsions. In some experiments, these emulsions were sonicated 
for 1 min. at the 50% level (high setting) of the Biosonic IV 
Sonicator (Bronwill Scientific). LPC solutions were prepared in 
larger volumes and proportionately pipetted to achieve 
particular molarity in 1.8 ml of tissue bath perfusate. Final 
LPC amounts to achieve different molarities in 1.8 ml perfusate 
were: 0.27 }Jmoles = 0.15 roM; 0.9 )lmoles = 0.5 mM; 1.35 }Jmoles = 
0.75 ~I; and, 1.8 }Jmoles = 1.0 ~I. 

Sheep hearts were obtained from the abattoir at the time of 
sacrifice and immediately placed in ice-cold oxygenated Tyrode's 
buffer. The right ventricle was excised to allow dissection of 
both muscle and Purkinje fibers. The left ventricle was excised 
to obtain subendocardial muscle strips containing Purkinje 
fibers. The tissues were secured to the bottom of a 2 ml tissue 
bath and superfused ,,,ith modified Tyrode's buffer oxygenated 
with 95% 02, 5% C02 at 370 C. Buffer composition was (in 
mM): sodium 144, potassium 4, magnesium 1.4, calcium 1.4, 
chloride 125, phosphate 1.0, bicarbonate 25, and dextrose 11. 

The cardiac tissue was electrically paced at one end with a 
surface contact bipolar probe. The stimulus was maintained at 
2x threshold with a biphasic pulse width of 1 msec duration. 
Transmembrane action potentials were recorded using glass 
microelectrodes 00 to 30 Hegohm tip impedance) filled with 3 H 
KCl and connected via driven-shield cables to high input 
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impedance buffer amplifiers. The action potential parameters 
(resting membrane potential, RHP; amplitude, AMP; action 
potential duration, APD (50 & 90%); maximum rate of rise of 
phase zero, dV/dt) were analyzed, and all data recorded on an 
instrumentation tape recorder. In order to minimize artifact in 
the dV/dt recordings, repetitive checks were made of the 
microelectrode capacitive compensation. 

After continuous superfusion to stabilize the transmembrane 
potentials the flow of buffer was stopped for 10-12 minutes and 
action potential parameters were recorded. All subsequent test 
incubations with LPC or phospholipases were done similarly in 
stagnant buffer conditions. To test the effects of exogenous 
LPC, the buffer flow was stopped and 0.2 ml out of 1.8 ml 
perfusate (tissue bath volume) was pipetted out and this volume 
was replaced with 0.2 ml of pre-warmed (370 C) LPC solutions 
(9-fold concentrations of the desired molarity). The mixture 
was briefly mixed by repetitive pipetting and was left 
undisturbed for 10-12 minutes. This procedure ensured a 
constant stagnant perfusate volume thereby avoiding impalement 
adjustments and erroneous electrophysiological parameters due to 
changing microelectrode compensation. In some experiments total 
replacement of tissue bath fluid by LPC solutions at 37 0 C was 
used but in these cases cell impalement required either 
adjustment or re-impalement of new cells. The surface of the 
tissue bath ,.,as sealed with paraffin oil when anoxic effects 
\lere being studied. In these cases lyso-PL determinations could 
not be achieved on the same fibers and parallel tissue bath 
experiments without paraffin oil were used to perform these 
analyses. To ensure that measured parameters were not an 
isolated cell event, other cells were monitored at the end of 
single cell protocols. 

To test the effects of endogenously produced lyso-PL or the 
depletion of membrane phospholipids, cardiac tissues were 
incubated in tissue bath with phospholipase A2 and 
phospholipase C, respectively. The enzymes were dissolved in 
Tyrode's buffer (370 C) and 0.2 ml aliquots were used 
similarly as described above for LPC incubations. P.hospholipase 
activities varied from batch to batch and were monitored 
before-hand under similar conditions of tissue bath 
experiments. Sufficient amounts of these enzymes were then used 
to achieve desired amounts of hydrolysis of the membrane 
phospho lipids. 

At the end of each protocol, cardiac tissues were 
immediately rinsed with ice-cold Tyrode's buffer to remove 
entrapped perfusate containing exogenous LPC or phospholipases, 
blotted dry and weighed. Depending upon the expected value for 
LPC, measurement was made either by GLC or by phosphate analysis 
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of the isolated lipid fraction essentially as described earlier 
(15) • 

RESULTS 

Effects of Exogenous Lysophosphatidylcholine 

Figure 1 shows the electrophysiological effects of different 
concentrations of pig-liver LPC emulsions (unsonicated) on both 
muscle and Purkinje fibers of the sheep heart. In these 
experiments, moderator band (120-200 mg wet wt.) containing both 
muscle and Purkinje fibers was incubated for 10 min in 1.8 ml of 
pig-liver LPC prepared in Tyrode's buffer and action potential 
profiles were recorded. No significant effect on 
electrophysiological profiles of either muscle or Purkinje fiber 
(left- hand panel) was observed when incubated for 10 min with 0 
roM (control), 0.15 mM, 0.5 mM, 1.0 mM LPC emulsions in 
oxygenated buffer of pH 7.35 at 37 0 C. In nitrogenated 
acidotic conditions (right-hand panel) significant shortening of 
APD (22%, p<.005) was observed but when compared to their 
respective controls (0 mM LPC) LPC was ineffective in altering 
any electrophysiological parameters. Similar results were 
obtained when LPC emulsions of different fatty acid composition 
(similar to those found in sheep or porcine hearts) were 
tested. In both oxygenated and nitrogenated acidotic conditions 
high concentrations of pig-liver LPC (greater than 1.5 mM) 
sho,~ed significant decrease (30-50%, p<.OOI) in amplitude, APD, 

.\ \ 

0,. pH 7.35 -"'" '\ "\ 
- \...- \.... 

_\_\ _l_l 
_\_\ _\_\ 

FIGURE 1 
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Effects of pig-liver LPC on action potential configuration of 
both muscle and Purkinje fibers of the sheep heart in oxygenated 
and nitrogenated acidotic buffers. 
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and upstroke velocity. In these instances the transmembrane 
potentials continued to deteriorate even after prolonged ,,,ashing 
with normal oxygenated buffer, suggesting detergent-like effects 
of lyso-PL. 

In order to assess the possibility that unsonicated LPC 
emulsions form larger particle sizes thereby reducing the 
effective concentrations of LPC over the fibers, a series of 
experiments were performed where sonicated synthetic 
palmitoyl-LPC solutions were used. Figure 2 shows electro
physiological profiles and parameters of sheep Purkinje fibers 
under such conditions. The left-hand panels sho,,, 
electrophysiological profiles in oxygenated, continuous flowing 
Tyrode's buffer. The middle panels show the same fibers when 
incubated for 10 min with different concentrations of LPC and 
the right panels sho,., Tllhen ref low with normal oxygenated buffer 
was restored. No significant changes in electrophysiological 
profiles or parameters (AHP, RHP, dV/dt and APD) of Purkinje 
fibers were noticed when LPC concentrations analogous to those 
found in porcine ischemic myocardium (0.15 mH) or 2- to 3-fold 
those amounts were used. However, at 0.75 mM LPC 
concentrations, action potential parameters were altered and 
continued to deteriorate even after prolonged washing with 
normal buffer. After 10 min of washing, AHP, RNP, dV/dt 
parameters were reduced by 40-70% of their control values. 
Furthermore, sequential incubations with different amounts of 
LPC (0.15-0.5 mH) increased the sensitivity of the fibers to a 
lo,·,er LPC level (e.g. 0.3 mH) and enhanced the washing effect. 
These observations sug~est detergent-like structural damage to 
the sarcolemmal membrane (removal of glycocalyx and/or 
lipoproteins of sarcolemma) and that the sonicated LPC is more 
potent in producing such effects than LPC emulsions. In all 
these experiments LPC concentrations of the cardiac tissue did 
not increase significantly (+5%) from their control levels. The 
next series of experiments describes the electrophysiological 
effects of raising the endogenous lyso-PL levels or depletion of 
membrane phospholipid by using exogenous phospholipases. 

Effects of phospholipases 

Figure 3 shows typical electrophysiological profiles of both 
muscle and Purkinje fibers when moderator bands were incubated 
with phospholipase A2 for 10 min in Tyrode's buffer of pH 7.35 
at 370 C. Only the first few layers of cardiac cells were 
impaled and lyso-PL were analyzed immediately after the 
completion of the incubation period. Action potential 
configuration of both fibers did not alter when endogenously 
produced lyso-PL levels reached 2- to 3-fold the amounts 
reported for ischemic myocardium. l1uch higher concentrations 
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exhibited the ischemic effects. toThen concentrations of 
endogenously produced lyso-PL equivalent to or slightly more 
than ischemic concentrations were produced under controlled 
conditions and the Purkinje fibers were then incubated in 
nitrogenated acidotic buffer and subsequently washed with 
oxygenated buffer, no changes were observed (Figure 4). Since 
lyso-PL concentrations were to be determined, paraffin oil could 
not be used to seal the tissue bath for maintenance of proper 
anoxic conditions. This in fact reduced the effect of anoxia 
which was seen for experiments described in Figure 1. 
Nevertheless, lyso-PL concentration even after washing with 
oxygenated buffer for 10 min remained high (0.19 mB versus 
contro 1 0.09 wI). 

(~'\ 
l00mV \ 

~ 

l00mV 

-200 .... -

CONTROL 

O.09mM 
Lyso-PL 

.. 
O.41mM 
Lyso-PL 

MUSCLE 

PURKINJE 

PHOSPHOLIPASE A2 

O.80mM 
Lyso-PL 

FIGURE 3 

2.0mM 
Lyso-PL 

Effects of endogenously produced lyso-PL on both muscle and 
Purkinje fibers of the sheep heart. 
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Control PlAz 10 min N •• pH 6.6. 5 min N •• pH 6.8, 10 min O •• pH 7.35. 10 min 

O· 

\ -~ ~ 
.~ 

~ 
mV -, 

\ \ 
'---- "'- ~ 100.0 200 400 O.l8mM O.l9mM 

(msec) Lyso-PL Lyso-PL 

FIGURE 4 

Effects of exogenous lyso-PL on action potential parameters in 
sheep Purkinje fibers incubated in nitrogenated acidotic 
buffers. 

In the next series of experiments, endogenous production of 
much higher concentrations of lyso-PL (0.8 mH) resulted in a 
significant alteration of action potential parameters (Figure 
5). Hhen these preparat ions were subsequently vlashed l>.ith 

I I I I I I I I I I I I I I I I I 

0 200 400 (msec) 0 200 400 (msec) 0 200 400 (msec) 

Phospholipase A2 Washout 
Control~ t t t 

Omin 2min Omin 6 min 

Lyso-PL (mH) 0.10 0.82 0.42 

dV/dt (V/sec) 400 146 423 

RHP (mV) -90 -62 -102 

AP (mV) 130 59 139 

APD50 (msec) 200 260 200 

APD90 (msec) 360 380 350 

FIGURE 5 

Effects of endogenously produced lyso-PL on action potential 
parameters in sheep Purkinje fibers. 
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oxygenated normal buffer, the same impaled cells sho,.,ed complete 
recovery in about 6 min. However the lyso-PL levels remained 
abnormally high (0.42 mH). The recovery time varied for 
different experiments (6-20 min) and with the extent of damage 
in terms of the levels of lyso-PL produced. In our experimental 
conditions, the recovery was always achieved when the endogenous 
lyso-PL concentrations were not allowed to exceed more than 0.5 
roM. Washing the phospholipase A2-treated fibers with buffer 
containing albumin diminished cell recovery suggesting that the 
removal of hydrolysis products from the membrane plays an 
important role in cell dysfunction. To test this hypothesis, 
Purkinje fibers were incubated with phospholipase C under 
control conditions so as to achieve very little hydrolysis of 
sarcolemmal phospholipids (Figure 6). In these fibers, action 
potentials were completely abolished after washing with normal 
buffer and the cell became unresponsive to stimulus even after 
prolonged ,.,ashing (approx. 2 hrs.) ,-lith normal oxnenated 
buffer. Significant differences in the phospholipid content of 
whole tissue could not be demonstrated by the chemical analyses 
of the phosphate content. Phospholipase C cleaves the diester 
phosphate bond of phospholipid molecule to produce diglyceride 
and phosphorylated base. The increase in the diglyceride 
content of the incubated tissue was taken as a measure of 
phospholipid hydrolysis. Diglyceride content of the fiber was 

m:! ~ -~ ~~ r---. 
-100 -, , , , , I I I , I I I I , I I I I I I I , I I 

0 200 400 msec 

6 min INCUBATION 5 min. WASHOUT 

CONTROL PHOSPHOLIPASE C 

Lyso-PL(mH) 0.102 0.09 0.10 

OG (mg/g) 0.32 0.41 0.36 

dV/dt (V/sec) 410 407 207 

RHP (mV) -91 -87 -80 

AP (mV) 120 120 88 

AP050 (msec) 220 240 120 

AP090 (msec) 350 440 200 

FIGURE 6 

Effects of membrane phospholipid depletion on action potential 
parameters in sheep Purkinje fibers. 
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increased by 0.09 mg/g wet wt. (28%) suggesting about 0.8% 
hydrolysis of membrane phospholipids. Subsequent decrease in 
diglyceride content upon restoration of the flow amounts to 
about 0.46% depletion in membrane phospholipid content. In 
these experiments sphingomyelin was also partially hydrolyzed 
but lyso-PL levels remained similar to controls. 

DISCUSSIon 

Lipid-induced abnormalities that may contribute to the 
pathogenesis of ischemic damage in the myocardium have recently 
been elegantly reviewed (18-20). Hydrolysis of membrane 
phospholipids by the ischemia-induced activation of endogenous 
phospholipases (33) could result in the accumulation of lyso-PL 
and fatty acids and subsequent depletion of phospholipids from 
membranes (34). Recently, both phospholipid depletion and 
lyso-PL accumulation in and around me~branes have been 
implicated as important factors contributing to the functional 
abnormalities of the ischemic heart (14, 25, 35). Since 
phospholipids are required for a number of vital membrane 
functions, their depletion could have severe consequences on 
ionic transport, enzymatic activities, permeability, fluidity, 
and honaone receptor-mediated cell responses. On the other 
hand, lyso-PL are amphiphiles and their accumulation in and 
around the sarcolemma could alter membrane-bound enzymatic 
activities (36) and/or disrupt the membrane integrity by a 
detergent-like effect (37). Recently lyso-PL have been reported 
to induce marked electrophysiological alterations analogous to 
those observed in ischemic tissue in vivo, implicating these 
lipids as potential mediators of malignant dysrhythmia (27, 35, 
38). "Ie have shown earlier that ·lyso-PL levels increased by 60% 
in an ischemic zone as compared to their pre-occlusion control 
levels, this increase being similar to that reported by others 
(12). Despite significant elevation in lyso-PL levels in 
ischemic myocardium, their absolute quantities remained very 
small (0.6% of total phospholipid-phosphorus). This led us to 
suggest that these lipids alone could not be responsible for the 
electrophysiological manifestation of ischemia 05). HOl.,ever, 
the possibility that the accumulation of these amphiphilic 
lipids occurs at selective membrane sites (e.g. in the vicinity 
of enzymatic apparatus, at receptor sites, etc.), proposes 
severe consequences for cell functions. lHthin the limitations 
of current membrane teclmology, such a possibility is difficult 
to ascertain. 

The arrhythmogenic nature of lyso-PL has been proposed in 
tissue bath experiments where normoxic cardiac tissue has been 
superfused with various concentrations of exogenously added LPC 
and cell functions evaluated by determining the action potential 
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parameters. In some of these experiments, normoxic cardiac 
tissue was continuously superfused with albumin-bound LPC in 
quantities up to 10-fold higher than those present in ischemic 
myocardium (12, 39) while in other experiments, the tissue was 
continously superfused (29, 30, 38) or incubated with free LPC 
solutions (26, 28, 35, 40) in amounts similar to or less than 
those observed in ischemic tissue in situ (160 nmoles/g wet wt. 
of porcine ischemic myocardium). LPC decreased maximum 
diastolic potentials, peak dV/dt, amplitude, overshoot of phase 
o and action potential duration in a dose-dependent fashion 
(28). Much higher amounts of LPC (2 mM) if bound with albu!llin 
were required to induce these effects (27, 28,39). 

It is very difficult to say how much free LPC bathing the 
cardiac cells would be available under in situ conditions. 
Since albumin has a very high affinity for amphiphiles like 
fatty acids and lyso-PL and the amounts of plasma proteins 
relative to LPC is very high (8 g% protein or 4.8 g% albumin for 
human plasma; 6.5 mg% LPC for porcine plasma), it is not 
unreasonable to expect that all the LPC in fluids bathing the 
ischemic compartment would be completely bound to plasma, 
cytosolic or lymph proteins. Exposing the cardiac tissue to 
free LPC solutions is therefore unphysiological and at best the 
observed effects could be attributed to the detergent-like 
properties of these molecules. This conclusion could also be 
drawn from most of these experiments since often one particular 
type of LPC (C-16) was used even though this molecular moiety 
constitutes a fraction of the total lyso-PL found in ischemic 
myocardium in situ. The monomeric effects of other moieties of 
lyso-PL could be inferred to be different if the extent of 
uptake in membranes and their effects other than detergent-like 
are taken into consideration. 

Bearing in mind the serious limitations of the tissue bath 
studies, we performed experiments using different moieties of 
lyso-PL and keeping the volume of the tissue bath to the minimum 
possible (1.8 ml for 120-220 mg cardiac tissue) to simulate the 
ischemic compartment. Pig-liver LPC, synthetic palmitoyl-LPC or 
LPC of similar fatty acid composition to that present in sheep 
or porcine heart ,,,ere used. l-lhen the emulsions (vortexed 
solutions) of these lyso-PL (up to 1.0 ml1) were superfused in 
stagnant nonflowing conditions for 10-12 min, no significant 
alteration in action potential parameters were observed even in 
conditions of anoxia and acidosis (Figure 1). Higher 
concentrations of these amphiphilic lipids (greater than 1.5 mM) 
altered transmembrane potential characteristics in a manner 
similar to other detergents (unpublished results). This is 
further substantiated by the fact that washing of the 
pre-incubated tissue produces more deleterious effects than 
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incubation alone with LPC (Figure 2), suggesting removal of 
lipids and/or lipoproteins from the membrane upon washing. The 
concentrations of the lyso-PL required to produce significant 
alteration in membrane potential were reduced to half if the 
emulsions of these lipids were sonicated. This reduces the 
micellar size and thereby increases the effective concentrations 
of these detergent-like molecules to come in contact with 
cardiac tissue. However, such micellar solutions in amounts 
similar to or 2- to 3-fold the levels found in ischemic 
myocardium remain ineffective in producing significant electro
physiological aterations. In all these experiments the total 
amounts of lyso-PL in superfused cardiac tissue did not change 
significantly. The differences in our results and those 
obtained by some of the other workers (29, 30) could be 
e,:plained on the basis that in our studies a noflow incubation 
rather than a continous superfusion of the cardiac tissue with 
these detergent-like compounds was employed. In other studies 
where a similar technique was employed (28), it is difficult to 
compare the results since cardiac tissue from different 
experimental animals were used and the weight of the perfused 
tissue was not reported. As stated earlier (see Results), the 
sequential incubation of the tissue with different amounts of 
LPC and repetitive washing increases the sensitivity of the 
fibers to lower LPC levels. This suggests that the ratio of 
total LPC to tissue weight is important. 

Assuming that the accumulation of lyso-PL in myocardial 
ischemia is limited to sarcolemmal membrane, we performed 
experiments to assess whether producing lyso-PL in the 
sarcolemma by incubating cardiac tissue with exogenous 
phospholipase A2 mimics electrophysiological manifestation of 
in situ ischemia, bearing in mind that such experimentally 
produced endogenous lyso-PL may not reflect in situ conditions, 
where concentrations of lyso-PL may be produced only in certain 
membrane domains. These in vitro experiments nevertheless 
clearly showed (Figures 3 to 5) that many fold concentration of 
these amphiphiles did not alter action potential parameters. 
Concentrations between 0.5 to 0.8 ~1 progressively altered 
membrane potentials but control action potential could be 
restored upon ref low with normal oxygenated buffer. Even at 
this stage of complete recovery, lyso-PL concentrations 
nevertheless remained abnormally high (0.3-0.42 w1). This may 
reflect increased fluidity of the nembrane as a consequence of 
higher lyso-PL levels which were partially reacylated to diacyl 
forms upon the restoration of the flow. Much higher 
concentrations of endogenously produced lyso-PL (greater than 
0.8 mM) drastically altered electrophysiological characteristics 
and in such cases recovery upon prolonged ref low could not be 
achieved indicating depletion of membrane lipids. This is in 

75 



76 N. A. SHAIKH ET Al. 

agreement with the observations that in experiments where 
complete recovery upon reflow was possible (Figure 5), washing 
the cardiac tissue with normal oxygenated buffer containing 
albumin deteriorated action potentials. However, the 
concentrations reported above could be misleading since whole 
tissue was analyzed for lyso-PL levels and the actual 
concentrations in the first few layers of the cells would be 
many fold higher. These results, nevertheless, strongly suggest 
that the concentrations of lyso-PL reasonably expected to be 
present in the sarcolemmal membranes of the ischemic nlyocardium 
did not alter any electrophysiological characteristics. Earlier 
studies employing 3lp ~~R spectroscopy showed that when intact 
erythrocytes or ghosts were treated with phospholipase A2, the 
residual phospholipids and lyso-PL remained organized in a 
bilayer arrangement (41). Cholesterol, which is abundant in 
membranes, can stabilize a bilayer orientation of LPC (42, 43). 
Further~ore, in aqueous phases, lyso-PL and free fatty acids in 
equimolar concentrations form a bilayer type of organization 
(44). These studies and others (45) concluded that the 
permeability barrier of the lipid core is not significantly 
altered when more than half of the phospholipids are degraded to 
lyso-PL in the outer membrane layer. However, lyso-I'L can 
modulate various enzymatic activities (36, 46, 47), although the 
concentrations e~ployed in these in vitro studies are rather 
high. It is possible though difficult to document 
experimentally that lyso-PL if concentrated in the 
micro-environment of certain membrane bound enzymes could alter 
membrane functions. 

On the other hand, treatment of the cardiac tissue with 
phosiholipase C produceJ diglycerides rather than 
lysophosphatides, cocpletely abolishing action potentials 
(Figure 6). Even though the depletion of membrane phospholipids 
was minor «1.0% of total phospho lipid content) recovery cou Id 
not be achieved after prolonged washing with normal oxygenated 
buffer. As stated earlier for phospholipase A2 experiments, 
this measured phospholipid depletion could in fact be many fold 
higher at surface cell layers. The effects of phospholipases 
could not be attributed to the presence of proteases in the 
enzyme preparations since the levels of such activities in the 
quantities of enzyme preparations used were negligible. Similar 
preparations of phospholipase C were also employed by others 
(48). 

Thus the detrimental effects of phospholipase treatment 
appear to be due primarily to loss of membrane lipids rather 
than the formation of lyso-PL. Depletion of membrane 
phospholipid had been shown to be associated with a marked 
decrease in the activities of several membrane marker enzymes, 
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with an increase in tissue Ca2+ content in vivo, with the 
development of a 6- to 50-fold increase in Ca 2+ permeability 
in sarcoplasmic reticulum and microsomal membranes (13, 14) and 
with marked in~rease in both Ca2+ and K+ permeabilities in 
myoblast cell cultures (48). Hith the exception of two 
phospholipids (phosphatidylinositol and sphingomyelin), 
phospholipase C type activities toward other major phospholipid 
(phosphatidylcholine and phosphatidylethanolamine) has not been 
well documented, even though a report for such activity has 
appeared (49). However, depletion of major taembrane 
phospholipids could occur progressively by the actions of 
phospholipase A2' lysophospholipases and diesterases (see 
Figure 7). 

The results of this study suggest that the functional 
abnormalities of the ischemic myocardium could in part be 
attributed to the phospholipase-induced abnormalities in the 
sa::ocolemma. Evidence for ischemia-induced activation of 
phospholipase 11.2 in the intact heart has been recently 
described by us elsewhere (33). Within the limitations imposed 
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by tissue bath experiments, it is not unreasonable to suggest 
that lyso-PL alone are not responsible for the 
electrophysiological abnormalities of the ischemic heart. On 
the other hand, depletion of membrane phospholipids floes appear 
to pose potential deleterious effects on cell functions. 
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A SURFACE CHARGE HYPOTHESIS FOR THE ACTIONS OF PALMITYLCARNITINE 

ON THE KINETICS OF EXCITATORY IONIC CURRENTS IN HEART 

A. J. Pappano and D. Inoue 

Department of Pharmacology 
University of Connecticut Health Center 
Farmington, CT 06032 USA 

The relationship between increased levels of free fatty 
acids (FFA) and the increased incidence of severe arrhythmias 
reported by Kurien and Oliver (1) in the pathogenesis of 
ischemic heart disease has prompted a critical examination of 
the mechanisms by which changes in lipid metabolism disturb the 
regulation of ion transport in cardiac membranes. This concept 
has been modified to include the possibility that long chain 
fatty acid derivatives (acyl carnitine; 2) and lysophosphatidyl
choline, which accunrulate in the ischemic heart, can alter ion 
transport in cardiac membranes (reviewed in 3, 4). These 
reviews have also addressed the molecular ~echanisms by which 
these lipid metabolites alter membrane structure and thereby 
change the function of transport proteins in the sarcoplasmic 
reticulum and plasma membrane. 

Of particular interest is the arrhythmogenic action of 
palmitylcarnitine and lysophosphatidylcholine. These substances 
have been reported to depolarize the membrane and to reduce the 
amplitude, rate of rise (Vmax ) and duration of action 
potentials in Purkinje fibers and ventricular muscle (5-7). 
Althou7,h there is considerable information on the derangements 
produced by these substances in cellular transmembrane 
potentials, little is known about the mechanism for the chan~es 
in biophysical properties of the plasma membrane. 

Accordingly, we be~an a study of the mechanism for the 
action of palmitylcarnitine in avian ventricular muscle (8). 
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Acute mobilization of lipids by glucagon increased plasma FFA 
and produced cardiotoxic effects in geese that ~.,ere not 
prevented by pretreatment Hith nicotinic acid or propranolol 
(9). The gluca~on-induced increase of plasma FFA ,,,as also 
associated with the development of fatty deposits in the liver 
and hemorrhagic lesions in the heart (10). Therefore, the avian 
heart seemed to be a suitable model for ascertaining the 
mechanisms of action of lipid metabolites on ion transport 1n 
cardiac plasma membranes. 

METHODS 

Hatched chicks (l to 10 days) were decapitated and the 
hearts \Olere quickly removed. The right ventricle free ,.,all Has 
isolated and pinned to the bottom of a tissue chamber (3 ml 
volume) t"ith the endocardial surface uppermost. Tissues ~"ere 
superfused with Tyrode's solution (mH composition: K+, 5.4; 
Na+, 149; Ca 2+, 1.8; Hg2+, 1.0; Cl-, 148; HC03_, 11.9; 
H2P04-, 0.4; and glucose, 5.5) at a rate of 5 ml/min. Hhen 
equilibrated with a mixture of 95% 02 - 5% C02, the Tyrode's 
solution had a pH of 7.3 to 7.4; bath temperature was constant 
at 37 + 0.50 C. Preparations were equilibrated in this 
soluti~n for at least 60 minutes. In those experiments in which 
mer.lbrane polarization resistance (Rl'ol) was to be measured, 
thin strips of ventricle (0.3 to 0.5 mm ~Yide, 4 to 5 nnn long) 
were dissected with a razor blade and placed in a single sucrose 
gap chamber ,.,ith 0.5 ml.l of tissue in the potential recording 
pool. After the equilibration period, the central (2 mm) pool 
was superfused ,,,ith isotonic sucrose plus 0 .01 ml-~ CaCl2 ",-hile 
the lateral pools were superfused with Tyrode's solution. 
Constant current pulses ,.ere applied across the tissue by 
Ag-AgCI electrodes placed in the lateral pools. A detailed 
descriotion of this method and its limitations is given in Inoue 
et a1.· (1). 

Hetabrane potentials were recorded with standard 
microelectrode techniques. The membrane potent ial ,.,as led 
through a differentiator (Tektronix, Type 0) with a response 
linear £l·om 0 to 500 V/sec in order to obtain the r.Jaximum rate 
of rise (Vr.lax ) of phase C and the plateau phase of the action 
potent ia1. 

Rec t angu lar constant vo ltase s t imu Ii ,,,ere app lied to the 
preparation through a glass insulated silver electrode (tip 
diameter of 250 flm). Stimulus intensi.ty ,.,as 1.5 to 2x diastolic 
threshold at a frequency of I Hz for eliciting acti.on potentials 
dependent on the fast Na+ conductance (gNa) and at 0.1 Hz 
for eliciting action potentials dependent on the sloH Ca 2+ 
conductance (gCa). 
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The methods used to determine the steady-state inactivation 
of the Na+-dependent (phase 0) and Ca 2+-dependent (plateau 
phase) components of the action potential have been described 
along with the limitations of this technique (8). Heasurements 
of the time constant for recovery from inactivation of Vmax 
were done essentially as described in a previous report from 
this laboratory (12). The zero point for the interval between 
the control action potential and the test action potential was 
the time at \lhich 90% repolarizationof the control action 
potential had occurred because there ,,,as too much uncertainty in 
determining the time of complete repolarization. Cardiac muscle 
contractions .. "ere recorded from ventricular muscle strips in the 
manner described previously by our laboratory (13). 

Heasureraents are given as the mean.±. SEH. Student's t-test 
was used to evaluate the statistical significance of sample 
means. 

RESULTS 

~-Palmitylcarnitine Hodifies the Xinetics of the Fast Na+ 
Channel 

Membrane Actions at Restin~ Potential of -80 mY. 
L-palrnitylcarnitine increased action potential duration (Figure 
lA) and reduced the maximum rate of rise (Vmax ; Figure IE) of 
the ventricular qction potential (Em) or overshoot potential 
(Eov)' Because Vmax of such action potentials is an index 
of gNa' it may be concluded that palmitylcarnitine inhibited 
3Ua slightly 03% reduction of Vmax in Figure IB). This 
effect ,.;as registered at stimulus conditions that kept latency 
of impulse initiation constant so as to preclude the possibility 
that an increased latency ,.,ould permit a greater proportion of 
inactivation (h) of gNa to occur (14). 

He could not detect a significant effect of stimulus 
frequency on the reduction of Vmax by palmitylcarnitine. An 
example of one such experiment is sho,m in Figure 2. At a 
stimulus frequency of 0.1 lIz, Vmax ,.,as 282 V/sec in the 
absence and 208 V/sec in the presence of palmitylcarnitine (30 
j.l1'I). PaJmitylcarnitine reduced Vmax by 24% in this cell, a 
diminution that is greater than average. Nevertheless, 
increasing stimulus frequency to 1 Hz for a 60 second period did 
not change the amount of bloc;kade of Vmax caused by 
palmi~ylcarni14ne. Because Vmax is a non-linear function of 
gNa (Vmax - iNa; 15), it is probable that ,,,e would not 
detect a small change of gNa by this method. The variation in 
Vmax measurements ,,,as.±. 3% so that gUa would have to be 
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FIGURE 1 

~ffect of 300 ~m L-palmitylcacnitine (+PC) on ventricular action 
potential in 5. l• m!' :'+-Tyrode's solution recorded at ;;10'" (A) 
and fast (B) s .. leep speeds. :i.orizontal ti;ue calibrations (SO 
msec in A; 2 msec in n) mark zero potential; vertical volta5 e 
calibration in A (SO oV) applies to panels A and E. Vertical 
calibration for "max (200 VIsed in B applies to 10Hest trace 
in B. (Reproduced ,lith permission of the American Eeart 
Association.) 

reduced by more than 27. in order to detect a frequency
dependent action of palmitylcarnitine on fast }7a+ channels. 
It may be concluded that stimulus frequency had no important 
effect on gl'-!a in the absence or presence of palmitylcarnitine. 

The depression of Vrnax by palmitylcarnitine at the normal 
restin~ Em (-80 mV) could be mimicked by raisinJ the external 
Ca2+ concentration ([Ca2+1 0 ) from the usual concentration 
of 1.8 mt-! to 5.4 mHo A comparison of the effects of elevated 
[Ca2+1 0 and of palmitylcarnitine on membrane potentials at 
-80 mV is shoun in Tab Ie 1. neither palmitylcarnitine nor 
elevated [Ca2+1 0 ch~nges the rest ing Em or Eov yet both 
substances reduced Vrnax • He do not knou ho, .. 'O'max ,,,as 
reduced consistently and significantly at 30 M but not at 
300 ~!-i palrnitylcarniti_ne <Vmax decreased in 2 out of 4 cells 
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300 

u : ..... 
> 200 
" o 
E 

.> 

CONTROL 

. . .. . ...., .. - ----.~_ .............. _ .... ....._ .. __4._ ... _. 

1.0 I 
01------' 

-40 -20 
o 
o 

20 40 

TIME (sec) 

FIGURE 2 

60 
o 

PALMITYLCARNITINE 
(30)lMI 

20 40 60 

The reduction of Vmax by palmitylcarnitine (30 flN) is 

Hz 

independent of frequency. In the absence of palmitylcarnitine 
(0), Vmax I~as 282 V/sec and did not change when stimulus 
frequency .. ~as increased frO[11 0.1 to 1 Hz for 60 seconds. In the 
presence of palmitylcarnitine ('), Vmax decreased to 208 V/sec 
(a reduction of 7.4%) and remained at this level I~hen stimulus 
frequency t~as increased from 0.1 to 1 Hz for 60 seconds. In 
this cell, palmitylcarnitine did not change the resting ~ 
(-85 mV), reduc ed Eov from 4L; to 40 mV and inc reas ed APDOmV 
fron 105 to 112 msec and APD90% from 123 to 141 msec. 

in the presence of 300 flM palmitylcarnitine). Horeover, the 
increase of action potential duration at 0 mV (APDOmV) and at 
90% repolarization CAPD90%) was statistically significant only 
at 30 PM palmitylcarnitine. The only qualitative difference 
between palmitylcarnitine and elevated [Ca2+]0 t~as 
registered in the APD which ~as increased by the former and 
decreased by the latter. 

Steady-State Inactivation (hoJ of Ymax of Na+-Dependent 
Action Potentials. Elevated [Ca 2+]0 shifts the inactivation 
curve for iUa to less negative potentials in cardiac fibers 
(reviewed in 16). This effect of Ca2+ in cardiac fibers is 
attributed to a reduction in surface negative charge first 
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o CONTROL 
B 

A 
• L- PIIlLMITYLCARNITINE, 300 ..... 

300 1.0 • ...,TIIOL 
• L-PIlLMITYl.CARNITINE. 500.-.. .. . 

250 ... . . . .. . . . . . . . 
j 200 

.. ... . . IlI-

a ••• E~ 2! ... ., 
~ 
"-
0 

Ii a: 
2 
i 
;C 
C 
2 

I';.i . · . ... 1 . . h 150 0.5 . . ~J · . U · . . c-
100 2 

.. .. 
50 

. 
0 

0 . I I I I 
0 i i i i -80 -70 -60 -50 -10 -10 -10 -50 

RESTING MEMBRANE POTENTIAL ConV) RESTING MEMIItANE POltNTIAL (lilY) 

FIGURE 3 

Steady-state inactivation of Vmax in the absence (0) and 
presence of 300 loll-! palmitylcarnitine (I); same cell as in Figure 
1. Absolute values of Vmax (V/sec) vs. resting Em (mV) are 
shown in A; normalized values are shown in B with Vmax given 
as fraction of maxir,lUm. The lines in B are drawn according to 
the equation h"" = 1/[ 1 + exp(Zt.vF/RT) ,,,here hoo = steady-state 
inactivation of Vmax , Z = slope factor; 6V = ~ifference 
bet,.een test volta~e and the voltage (Vh) at Vnax is 0.5 of 
maximum, and F, Rand T have their usual physical meanings 
(8). (Reproduced ,.,ith permission of the American Heart 
Assoc iat ion.) 
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proposed in squid axon (17). Because palmitylcarnitine and 
elevated [Ca2+]0 acted similarly on Vmax at -80 mY, we 
examined the effects of these substances on the relationship 
between hooVmax and membrane voltage. 

The [K+]o was increased from 5.4 to 25 mM in order to 
depolarize the membrane and thereby evaluate the effect of 
membrane voltage on Vmax• This procedure was repeated in the 
same cell in the presence of palmitylcarnitine and the results 
of a typical experiment are shown in Figure 3 (same cell as in 
Figure 1). Palmitylcarnitine reduced Vmax by 13% at the 
resting Em of -84 mV (Figure 3A). As elevated [K+]o 
depolarized the membrane, Vmax diminished and the steady-state 
values of Vmax in palmitylcarnitine crossed over the. control 
values at -65 mV so that at more positive voltages, Vmax was 
greater in the presence of palmitylcarnitine. When fraction 
values of Vmax were plotted as a function of membrane voltage 
(Figure 3B), the half maximum value of Vmax (Vh) shifted by 
5 mV from -60 to 55 mV to more positive potentials in the 
presence of palmitylcarnitine without a change of slope. The 
positive shift of Vh by palmitylcarnitine was observed 
consistently and was concentration dependent (Table 1). 

Elevation of [Ca2+J o from 1.8 to 5.4 mM, as expected, 
shifted the steady-state inactivation of Vmax to more positive 
potentials; the average shift was 3 + 1 mV in 4 cells (Table 
1). Because elevated [Ca2+]0 reduced ~~x at -80 mY, the 
hooVmax vs. voltage curve in 5.4 mM rCa Jo crossed over 
the control curve (1.8 mM) at around -69 mY. 

Time CQnstant for Recoyery from Inactivation of Vmax
llRe;t. Gettes and Reuter (19) reported that elevate~ 
[Ca~ ]0 not only shifted the hooVmax vs. voltage relat10n 
to more positive potentials but also accelerated the recovery of 
Vmax from inactivation (that is, TRec decreased). 
Measurements in normal Tyrode's solution indicated that T Rec 
averaged 26 .± 5 msec(Table 2). Elevation of [Ca2+]0 to 5.4 
mM did not change 'iec (28 .± 9 msec) significantly from that 
observed in 1.8 mM [Ca 2+]0' a result that confirms that 
reported by Gettes and Reuter (19). For this reason and because 
it is unlikely that TRec can be diminished to values 
significantly less than this at potentials more negative than 
-80 mV (reviewed in 16), the cells were depolarized in order to 
slow recovery from inactivation. In the presence of 10.8 mM 
[K+]o at normal [Ca2+]0' the membrane depolarized and 
Vmax was significantly reduced (Table 2). Moreover,T Rec 
increased significantly to 69 .± 8 msec, a result consistent with 
those obtained by Gettes and Reuter (19) and by this laboratory 
(12) • 
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A 

i , 

\. 
, 

-, 
FIGURE 4 

Palmitylcarnitine (300 lJ!!) reduced TRec in ventricular cell 
depolarized to -68 mV in 10.8 raH K+-Tyrode's. Cal ibrations 
for time, voltage ~nd Vmax are given as in rigure 1. Panel A 
shows recovery of Vmax (first interpolated Vmax signal 
indicated by arroH) from inactivation at constant voltage in 
control. The first test action potential had Vmax of 69 V/sec 
at an interval of 33 msec. Panel B shows results obtained ~n 
palmitylcarnitine. At this voltage, palmitylcarnitine had no 
significant effect on Eov (42 mV), Vmax increased slightly 
(202 to 213 V/sec), and APDOmV (82 msec) and APD90% (100 
msec) did not chan~e. Vmax of the first test action potential 
,,,as 119 V/sec at an interval of 24 msec. The TRec was 
significantly reduced by palmitylcarnitine from 53 to 22 msec 
(see Figure 5). 

Experimental determination of TRec is shown in Figure 4 in 
the absence (A) and presence (B) of palmitylcarnitine. Peak 
values of Vmax for test pulses regained the control value with 
t,,",o time constants. This is shoun graphically in Figure 5 where 
85% of the recovery occurred \-lith TRec of 50 msec in the 
absence of palmitylcarnitine. The slo,,,er phase of recovery 
accounted for 15% of the total and had a TRec of 140 msec. 
[Recovery from inactivation could be described by two 
exponentials in 6 out of the 12 cells in the control group with 
an average time constant of 112 ±. 10 maec for the slo~"er phase. 
That recovery from inactivation of cardiac Na+ channels may 

89 



T
ab

le
 2

. 
T R

ec
 o

f 
Vr

na
x 

of
 N

a+
 C

ha
nn

el
s 

AP
D 

(m
se

c)
 

at
: 

N
 

[K
+ 

]0
 

[C
a2

+ ]
0 

Em
(m

V)
 

Eo
v(

m
V)

 
Vr

na
x(

V/
 s

ec
) 

Om
V 

90
%

 
TR

ec
(m

se
c)

 

8 
5.

4 
1.

8 
-7

9%
1 

41
%

1 
23

0*
22

 
10

1%
 8

 
13

0*
 8

 
26

%
5 

12
 

10
.8

 
1.

8 
-6

5%
1*

 
39

%
1 

18
4%

11
* 

94
* 

7 
11

8*
 7

 
69

%
8*

 
4 

10
.8

 
1.

8 
-6

6%
 1

 
39

%
2 

15
3*

25
 

10
9*

14
 

13
5%

15
 

35
%

8*
 

+ 
P

al
m

it
yl

-
ca

rn
it

in
e 

( 3
00

Il
M)

 
8 

10
.8

 
5.

4 
-6

5%
 1

 
46

%
1*

 
18

8%
17

 
86

%
10

 
10

3*
 

7 
35

%
7*

 

N
 is

 t
he

 n
um

be
r 

of
 c

el
ls

 s
tu

di
ed

 a
t 

co
nc

en
tr

at
io

ns
 o

f 
[K

+]
o 

an
d 

[C
a2

+]
0 

gi
ve

n 
as

 
mM

. 

*p
 <

 0
.0

5 
wh

en
 c

om
pa

re
d 

to
 c

on
tr

ol
 

va
lu

e 
gi

ve
n 

in
 

li
ne

 i
m

m
ed

ia
te

ly
 a

bo
ve

 
fo

r 
10

.8
 m

M 
[K

+]
O

' 
1.

8 
mM

 [
C

a2
+]

p 
in

 
th

e 
ab

se
nc

e 
an

d 
pr

es
en

ce
 o

f 
pa

lm
it

yl
ca

rn
it

in
e.

 
D

at
a 

ob
ta

ln
ed

 i
n 

10
.8

 ~
M 

lK
+]

o.
 

5.
4 

mM
 [

C
a2

+]
0 

ar
e 

co
m

pa
re

d 
to

 
th

os
e 

in
 1

0.
8 

mM
 

[K
+]

o'
 

1.
8 

mM
 [

C
a 

+]
0'

 

CD
 

o !>
 

t.
..

 ~ "'t
I ~ Z
 o » z o o z o C
 m
 



KINETICS OF EXCITATORY IONIC CURRENTS IN HEART 

~ 
§ .. 

o 
E 

,;> .... .. 
~ .. 
o 
E .> 
I 

3.0 

1.0 

0.5 

0.3 

0.1 

0.05 

0.03 

0.01 
I 
o 

i 
50 

010.8 K+ 

• +PALMITYLCARNITINE (300)JMI 

i 
100 

i 
150 

i 
200 

I NTERVAL (mite) 

FIGURE 5 

i i 
250 300 

Graphical representation of results frou Figure 4 illustrating 
reduced TR~c by palmitylcarnitine. Ordinate: 1 - (Vnaxtestl 
~maxcontrol) on logarithmic scale; abscissa: time in msec 
after attainment of 90% repolarization (= 0 illsec) on linear 
scale. There are two exponenti.al phases for Vma~~ recovery. 
The tRec of the faster phase in the absence (0) and presence 
(I) of palmitylcarnitine is shown with TRec of 50 and 22 msec, 
respec t ive ly. 

occur according to t\·TO exponential processes has been reported 
by others (20-23).J In the presence of palmitylcarnitine there 
~as no significant change of resting Em or of APD, \-Ihile 
Vaax increased fro:a 202 to 213 vi sec (Figure 4B). Recovery 
from inactivation in the presence of palmitylcarnitine could 
also be described by two exponentials ",ith the faster phase 
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accounting for 90% of the total and the slower phase accounting 
for 10%. The tRec of the faster phase was 22 msec in 
palmitylcarnitine, a significant reduction in recovery from 
inactivation. (In the presence of palmitylcarnitine, 2 out of 4 
cells displayed two exponential phases of recovery; the slower 
phase had "tRec of 84 :!:. 14 msec.) 

The effects of palmitylcarnitine on membrane potentials in 
10.8 mN [I<+]o are summarized in Table 2. The amphiphile did 
not change the resting Em, Eov, Vmax or APD 
significantly. Althoush Vmax tended to deline in 
palmitylcarnitine, the change was not si'~nificant. This may be 
explained by tne observation that the cross-over of the h Vmax 
vs. membrane vo ltage relationship occurred at around -65 mV (see 
Figure 3) and therefore \Tmax might be expected to increase or 
decrease relative to control. The TRec of the faster phase 
was reduced by about 50% in the presence of palmitylcarnitine to 
35 :!:. 8 msec. 

A significant reduction of TRec was also observed when 
[Ca 2+]o was increased to 5.4 mN in tbe presence of 10.8 m~1 
[K+]o (Table 2). As with palmitylcarnitine, elevated 
[Ca 2+]o reduced TRec by a~out 50% to 35 :!:. 8 msec uithout 
changing the resting Em, Vmax or APD significantly. Unlike 
palr.litylcarnitine, Eov of the action potential increased 
significantly to 46 :!:. 1 mV in 5.4 mN [Ca2+]o (Table 2). 
This may be explained by a larger isi produced by elevated 
[Ca2+]o \.hich can carry a large im.lard current through isi 
channels. 

1.-Palmitylcarnitine llodifies the Kinetics of the Slo\1 Ca2+ 
Channel 

Nembrane Actions at Resting Potential of -40 mV. Activation 
of isi channels that generate CaZ+-dependent action 
potentials was achieved by depolarizing the preparations with 25 
mN K+-Tyrode's solution. The fast Na+ channels are 
completely inactivated at potentials more positive than -45 mV 
(12) so that the Ca2+-dependent action potential can be 
studied directly. Under these conditions, the cells displayed 
Ca2+-dependent action potentials in the absence of 
catecholamines and Eov of these action potentials changed by 
30 mV/IO-fold changes of [Ca2+]o (24). The [Ca2+]o was 
reduced to 0.9 mH to permit detection of the effects of 
palmitylcarnitine and elevated [Ca2+]o (8). 
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~, 20 

'/ -O'C '\. "":]40 
'-..:.;,------

, ,'. 
j ; 4 

-,~ 
FIGURE 6 

Palmitylcarni.t ine (30 )11) increases the ma3nitude of the 
Ca 2+-dependent action potential in 25 mH K+-Tyrode's 
solution with 0.9 fill! Ca2+. Calibration format is the same as 
in Fi~ure 1. In the pre~ence of palmitylcarnitine (+PC), the 
amplitude, duration and Vmax of the Ca2+- dependent action 
potential increased. (Reproduced with permission of the 
Affierican Heart Association.) 

Palmitylcarnitine increased the amplitude, Vmax and 
duration of Ca 2+-dependent action potentials; a representative 
experiment is shown in Figure 6. The effect of 
palmitylcarnitine on the Ca2+-dependent action potential , ... as 
similar to that observed with the Na+-dependent action 
potential insofar as the resting Em was not changed and a 
steady-state effect was reached in about 15 minutes. A summary 
of the concentration-dependent effects of palmitylcarnitine on 
the Ca2+- dependent action potential is given in Table 3. It 
is evident in the results shovm in Table 3 that elevation of 
[Ca2+]0 to 5.4 mM mimicked the stimulatory effects of 
palmitylcarnitine on the amplitude, Vmax and duration of the 
Ca2+-dependent action potential. 
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Steady State Inactivation (foo) of Vmax of Ca2+-Dependent 
Action Potentials. The increased r.lagnitude of the 
CaZ+-dependent action potential caused by palmitylcarnitine 
could arise from either a change in the kinetics (d, activation 
variable; f, inactivation variable) or in the driving force 
(resting Em-reversal potential) on isi' A change of driving 
force seemed unlikely because the resting potential did not 
change. HO~lever, a change of isi kinetics by 
palmitylcarnitine was supported by the results sho~ in Figure 7 
(same cell as in Figure 6). The cell was depolarized by raising 
[K+l o continuously from 25 \11J.'1 to 60 mH and the 
potential-dependent reduction of Vmax had a sigmoid shape in 
the absence and presence of palmitylcarnitine (Figure 7A). In 
the pr.esence of palmitylcarnitine, hO'vever, Vmax of the 
Ca2+-dependent action potential increased at the resting Em 
(-42 mV) and its inactivation ,,,as shifted to more positive 
potentials (Figure 7A). The positive shift by palmitylcarnitine 
is also evident in the normalization of the foo-V l'elationship 
(Fi:~ure 7B). The lines in Fi3ure 7B were dra,ffi according to the 
equation given in the figure legend and had the same slope 
factor (k = 2). The membrane voltage at which \Tmax was 0.5 
maximum (Vh) shifted by 3 r.N to more positive potentials in 
the presence of palmitylcarnit ine and uas observed consistently 
(Table 3). A3ain, the effect of palmitylcarnitine was mimicked 
by elevation of [Ca2+1 0 to 5.4 rrJ1 ,,,hich also shifted Vh by 
6 mV to more positive potentials (Table 3). It is noteworthy 
that isoproterenolA ,.,hich also increases the amplitude, Vmax 
and duration of Ca~+-dependent action potentials, did not 
change Vh (8), a result similar to that reviewed hy Reuter 
(25) in voltage clamp experiments. Therefore, the positive 
shift of Vh by palmitylcarnitine and eleva~ed [Ca2+1 0 is 
probably not an artifact of the increased Vmax that simply 
permits its detection at more positive potentials. 

Force of Contraction. Because palmitylcarnitine increased 
the amplitude, \Tmax and duration of Ca 2+-dependent action 
potentials, it ,,,ould be expected that the amphiphile increase 
the force of contraction. This supposition was borne out as 
shown in Figure 8. Palmitylcarnitine increased the force of 
contraction in a concentration-dependent manner. llaximal 
effects of palmitylcarnitine occurred in 15 minutes in right 
ventricular muscle strips superfused with Tyrode's solution (5.4 
~1 K+) and excited at a frequency of 1 Hz. At 15 minutes in 
palmitylcarnitine, the force of contraction had increased to 151 
+ 20% (3 x 10-5 U) and to 242 + 45% (3 x 10-4 H). 
Propranolol (3 x 10-7 H) was p~esent in all but one of the 
experiments (3 x 10-4 H palmitylcarnitine increased force to 
228% of control values in this experiment) so that the positive 
inotropic effect of palmitylcarnitine was probably independent 
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FIGURE 7 

Palmitylcarnitine shifts the fooVmax-V relationship to more 
positive potentials. Results are taken from the same cell sho,,m 
in Figure 6. Panel A: ordinate in V/sec; abscissa in mV. 
Palmitylcarnitine (,) increased Vmax to 6 V/sec from a control 
(0) value of 4 V/sec. Panel B: "normalized" plot of results in 
panel A with Vmax given as fraction of maximum. The lines are 
drawn according to the equation foo = 1/[1 + exp(Vm-Vh/k)] 
where foo = steady-state inactiv~tion of Vmax • Vm = test 
voltage. Vh = voltage at which Vmax is 0.5 of maximum and k 
= slope factor. Vh shifted from -33 mV (control) to -30 mV in 
the presence of palmitylcarnitine. (Reproduced with permission 
of the American Heart Association.) 
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Palmitylcarnitine increased the force of contraction in a 
concentration-dependent manner. Ordinate: twitch tension as 
percent of initial (=100%); abscissa: time in minutes. Tissues 
stimulated at 1 Hz in normal Tyrode's solution were exposed to 
either 30 lJH or 300 lJM L-palmitylcarnitine for 15 minutes. 
t-lashout of palmitylcarnitine cont inued for 60 minutes and is 
marked by the lower set of numbers (0.15, 30 and 60 minutes). 

of S-adrenergic receptor activation. Removal of palmityl
carnitine was associated with a slow reversal of the positive 
inotropic effect; initial twitch tension was attained between 30 
and 60 minutes of t'lashout (Figure 8). It is notel'lOrthy that the 
time course for onset and dissipation of palmitylearnitine 
action on the force of contraction was the same for its 
electrophysiologieal effects. 

b-Palmitylearnitine and Background ~+ Conductance (&Kl) 

The ability of palmitylcarnitine to increase plateau 
amplitude and duration has been attributed to an effect on isi 
kinetics. However, the amphiphile may act indirectly on the 
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FIGURE 9 

Lack of effect of palrnitylcarnitine on electrotonic potentials. 
A 325 msec de?olarizing current pulse of 5 ]JA \-/as applied across 
a single sucrose gap on evo!(ed action potentials in the absence 
(-PC) and presence (+PC) of 30 ]JU palmitylcarnitine. Althou6h 
APD was increased L-palrnitylcarnit ine, there ,,,as no chan~e in 
the amplitude of the electrotonic potential at 325 msec. 
Calibrations for time and voltage and zero potential are given 
as in Figure 1. 

Ca2+-dependent action potential by reducing an outward 
current. Such a mechanism has been considered to explain the 
effects of lysophosphatidylcholine on Purkinje fibers (5). 

To test the hypothesis that palmitylcholine affected 
voltage-dependent gKl, experiments were done with the single 
sucrose gap technique. The results of a typical experiment are 
shown in Figure 9. In the absence of palmitylcarnitine (Figure 
9, -PC), a 5]JA depolarizing current pulse evoked an action 
potential with an Eov of 37 mV and APDo and APD90 of 59 
and 81 msec, respectively. At 15 minutes in palmitylcarnitine 
(Figure 9, +PC), the APDo and APD90 had each increased by 10 
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Cuaent-voltage (I-v) relationship for cell shown in Figure 9 in 
the absence (0) and presence (.) of L-palmitylcarnitine. 
Ordinate: applied current in ~A (depolarizing current is 
positive); abscissa: membrane potential in mV. Neither the 
resting Em (-80 mV) nor the I-V relationship \Olas chan.~ed by 
palmitylcarnitine. Addition of 50~?l Ba 2+ depolarized the 
met:lbrane to -78 mV and increased Rpol from a control value of 
1.2 Kn to 3.0 Kn. 

msec \~hile Eov and resting Em were unchansed. The 
steady-state electronic potential evoked a 5 ~ depolarizing 
current \"as the same (11 mV) in the absence and presence of 
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pa1mitylcarnitine. The lack of effect of pa1mitylcarnitine on 
resting menbrane conductance is shown more clearly in Figure 10 
which illustrates the current-voltage (I-V) relationship for the 
same cell in Figure 9. The control I-V relationship displayed 
in"Tard-going rectification; polarization resistance (Rpol) ~.,as 
estimated from the slope of the membrane voltage changes 
produced by hyperpolarizing currents. Neither inward-going 
rectification nor R 01 (1.2 Kn) was changed by 
palmitylcarnitine (~igure 10). Addition of 50 J.lN Ea2+, which 
reduced gK1, increased Rpo1 to 3.0 Kn and depolarized the 
membrane from -80 to -78 mV. The Ba2+-induced depo larization 
is attributable to the reduction of gKl. 

These results indicate that palmitylcarnitine does not 
change plateau amplitude and duration by reducing gKl which 
is vo ltage-dependent. HOHever, these experiments do not exc lude 
the possibility that the amphiphile increases the plateau 
al!!plitude and duration by reducing a tjme-dependent out~.,ard 

current (ix ). 

DISCUSSIOlJ 

Our results indicate that L-palmitylcarnitine and elevated 
[Ca2+]0: 

1) reduced Vmax of the Na+-dependent phase of the 
ventricular action potential at the resting potential of -30 
mV, 

2) shifted the ~Vmax-V relationship to more positive 
potentials, 

3) reduced TRec from inactivation of fast 11a+ channels, 

4) increased the amplitude, Vmax and duration of the 
Ca 2+-dependent phase of the ventricular action potential, 

5) shifted the fooVmax-V relationship to more positive 
potentials, and 

6) increased the force of cardiac contractions. 

Taken altogether, these results are consistent with the 
hypothesis that palmitylcarnitine affects excitatory Na+ and 
Ca2+ channels in the heart by reducing surface nesative charge 
in a !":lanner qualitatively similar to that of elevated 
[Ca2+]o· 
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The manner by which [Ca2+]0 can modify surface negative 
charge and thereby affect the kinetics of membrane ionic 
currents has been addressed by Frankenhaeuser and Hodgkin (7) 
and by Hille et al. (26). Discussion ,·.rill focus on how 
[Ca2+]0 affects the kinetics of fast Na+ channels as an 
example but the argument can also be applied to the isi 
channel. The Na+ channel can exist in 3 states, resting (R) 
or closed, open (0) and inactivated (I). Sodium ions flow down 
their electrochemical gradient to produce an inward current only 
,,,hen the Na+ channel is in the open state. The relationships 
arr,ong states of the Na+ channel are as follot<7s: 

At very ne~ative resting potentials, Na+ channels are in the R 
state. Rapid depolarization shifts a large fraction of the 
channels to the 0 state by virtue of a voltage-dependent 
increase of the opening rate constant, am' [The rate 
constants a and 13, which are functions of voltage, temperature 
and Ca2+, regulate the activation (m) and inactivation (h) of 
the Na+ channel tl1ith time constants defined as: Tn = (am 
+ Sm)-l and Th = (ah + Sh)-l.] l1aintained 
depolarization shifts the Na+ channel to the I state because 
of the eventual increase of Sh' The effects of elevated 
[Ca2+]0 are qualitatively similar to those of membrane 
hyperpolarization 07,26) and include: 1) a reduction of am 
thereby s 10win3 the transit ion of Na+. channels from R ~ 0 
(Tm is increased). The reduction of Vmax by elevated 
(Ca?+]o at -80 mV is consistent ,.,ith this viet<7, 2) a 
reduction of Sh thereby slouing the transition of Na+ 
channels from 0 -71 (T h is increased). This mechanism is 
consistent with the positive shift of the steady-state 
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inactivation 
potentials. 
of the feo-V 
potent ia 1.) 

curve for Vmax of lla+-dependent act ion 
(This mechanism may also explain the positive 

relationship for the Ca 2+-dependent action 
shift 

In their analysis, Frankenhaeuser and Rod3kin (17) found no 
difference between ~~ and the removal of inactivation. 
Ho,,,ever, it has been reported that the time constant for 
recovery from inactivation (TRec) exceeds ~h in cardiac 
fibers at depolarized potentials (reviewed in 16). In their 
experiments on mammalian ca~diac fibers, Gettes and Reuter (19) 
reported that the vo Itage-dependent increase of TRec cou ld be 
overcome by elevated [Ca 2+]o' a result attributed to the 
effect of Ca 2+r' on surface ne~ative charge. Ou;: results were 
essentially the same as those of Gettes and Reuter insofar as 
elevated [Ca2+]o reduced TRec particularly in depolarized 
fibers. Summarily, the similar effects of palmitylcarnitine and 
elevated [Ca2+]0 on vo Itage- andt ime-dependent properties 
of Vmax of lTa-dependent act ion potentials can be ta!~en as 
evidence that the al'lphiphile, like elevated [Ca2+]0, affects 
the kinetics of Na+ channels by reducing surface nesative 
charge. A similar model can be ap~lied for the effects of 
palmitylcarnitine and elevated rCa +]0 on the kinetics of 
isi channel operation. Althou~h our results focus pl-imarily 
on the possible effects of the amphiphile and elevated 
[Ca2+J o on inactivation of Na+ and Ca 2+ channels, we 
cannot exclude an action on activation. Our recording 
techniques are not suited to such an analysis. 

Two observations deserve comment because they are not 
consistent with this hypothesis. First, ~almitylcarnitine 
tended to increase APD while elevated rCa +]0 tended to 
decrease APD. This may be explained by the ability of elevated 
[Ca 2+]0' but not of palmitylcarnitine, to increase outuard 
time-dependent current and thereby accelerate repolarizatton 
(27-29). Second, palmitylcarnitine had no effect on gia In 

spite of its ability to affect iNa and isi through a 
reduction of surface ne~ative charge. Whereas elevated 
[Ca2+]0 should screen surface negative charge at K+ as 
,,,ell as at Na+ channels (17), it has been conc luded that the 
local electrical fields at I~+ channels are smaller than at 
Na+ channels in peripheral nerve (26). Perhaps a similar 
condition is operative at resting K+ channels in heart muscle; 
this could explain the lack of effect of palmitylcarnitine on 
gK1. It should be noted that the inability of 
palmitylcarnit ine to change bKl can be vie~led as evidence in 
favor of th~ amphiphile's action on gsi alone to increase the 
amplitude, Vmax and duration of Ca2+-dependent action 
potentials. 
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Several laboratories have reported concentration-dependent 
effects of palmitylcarnitine on the Ca 2+-ATPase activity and 
Ca2+-binding capacity of cardiac and skeletal muscle 
sarcoplasmic reticulum (SR) membranes (30-32). The binding of 
Ca2+ to SR membranes '-las reported to increase in the pl-esence 
of low concentrations of palmitylcarnitine (30). If 
palmitylcarnitine had a similar effect on Ca 2+ binding to 
plasma membrane, one \lOuld have a plausible mechanism for the 
ability of palmitylcarnitine to reduce surface negative charge. 
However, we cannot exclude the possibility that incorporation of 
palmitylcarnitine into the lipid re~ions around Na+ and Ca2+ 
channels acts directly to reduce surface negative charge by 
virtue of the cationic head of the molecule. In either case, 
the incorporation of palmitylcarnitine into the lipid bilayer of 
the plasma membrane ,.,ould be a necessary step to account for the 
amphiphile's actions on ionic currents. The interaction of 
palmitylcal-nitine and lysophosphatidylcholine with cardiac 
plasma membranes has been attributed to incorporation of the 
amphiphiles in the lipid bilayer (reviewed in 3, 4) and has been 
tested in experiments with cardiac membranes (33). 

It is instructive to coopare our results 1n the avian heart 
with those obtained in the mal.lmalian heart regarding the 
biochemical and electrophysiol03ical actions of 
palmitylcarnitine on ion transport. Palmitylcarnitine inhibited 
Na+,K+-ATPase of mamn~lian heart, an action attributed to 
delipidation of phospholipids essential for enzyme function, and 
this has been offered as a mechanism for inhibition of ion 
transport (30). He did not detect membrane depolarization in 
avian hearts and therefore cannot implicate inhibition of active 
Na+ and K+ transport by palmitylcarnitine in the avian 
ventricle. In this connection, accumulation of 
palmitylcarnitine in ischemic manmlalian heart apparently \'las 
insufficient to inhibit the Na+ ,K+-ATPase because tissue 
K+ content did not change (2, 34). Rather, it has been 
speculated that the accumulated palmitylcarnitine disturbed 
myocardial Ca2+ metabolism (34). 

Our results in avian heart muscle appear to be dissimilar 
with those obtained in manmlalian heart. In ventricular muscle 
and Purkinje fibers froo mammals, palmitylcarnitine depolarized 
the membranes and b locked fast Na+ channels by 
voltage-dependent inactivation (7). vlhatever the mechanism for 
depolarization, it may be concluded that avian ventricular 
muscle is less sensitive to this effect of palmitylcarnitine. 
However, this result should not obscure the possibility that the 
amphiphile has similar actions in avian and manmlalian hearts. 
For example, the reduction of Vmax of the Na+-dependent 
component of the action potential is greater than might be 
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expected on the basis of depolarization alone (7). This view is 
supported by the observation that low concentrations of lyso
phosphatidylcholine (10 to 20 ~M), which acts like 
palmitylcarnitine, reduced Vp.lax t."ithout changing the restin~ 
potential of Purkinje fibers (5). Horeover, depolarized 
Purkinje fibers and ventricular muscle could '~enerate 
CaZ-f--dependent action potentials in the presence of palmityl
carnitine (35). Although the effect of amphiphiles on the 
properties of Ca2+-dependent action potentials was not 
reported (35), it is conceivable that the Ca2+-dependent 
action potentials persisted in nammalian cardiac fibers for the 
reasons offered to explain the action of palmitylcarnitine on 
these action potentials in avian heart (8). 

The concept that abnormal concentrations of acyl carnitine 
i.njures the ischemic heart by altering ion transport and 
contractility has attracted much attention (reviewed in 3, 4, 
36). Insofar as our results are consistent with a surface 
char-Se hypothesis for the electrophysiological actions of 
palmitylcarnitine, it may be concluded that the amphiphile 
exerts a laembrane sta::'ilizing effect like that of Ca 2+. 
Palmitylcarnitine differs from local anesthetics (raembrane 
stabilizers) insofar as the latter block Vp.lax in a 
frequency-dependent raanner, shift the I"bVmax-V relationship to 
more ne3ative potentials and increase TRec. Because the 
effects of palmitylcarnitine on kinetics of iNa are opposite 
those obtained tvith the antiarrhythmic drugs quinidine and 
lidocaine (37), it may be supposed that palmitylcarnitine is 
arrhythmogeni.c. Ilot.ever, it is difficult to dratol such a 
conclusion unti.l .,e have a better understanding of the 
disposition of palmitylcarnitine in the extracellular 
environment of normal (non-ischemic) and ischemic heart cells. 
Although Vmax of the Na+-dependent component of the action 
potential is reduced by palmitylcarnitine at very negative 
resting potentials, the non-linear relationship between 
conduction velocity (8) and Vmax (8-v}tai) should permit 
little change in conduction of non-ischenic cells. It also 
seems unlikely that the amphiphile could reduce TRec of 
non-ischenic cells sufficiently to diminish the refractory 
period so that premature impulses might be more readily 
conducted. If the resting potential were about -65 mV in 
ischemic tissue, palmitylcarnitine '\olOuld tend to reduce the 
refractory period because it decreased TRec. Actually, TRec 
in palmitylcarnitine at 10.8 mH K+ t.as as brief as that 
observed in control cells in 5.4 mH K+. Accordingly, 
palmitylcarnitine might be expected to make the refractory 
period of depolarized cells similar to that of cells at their 
normal resting potential and thereby reduce inhomogeneity of 
refractory per iods bet,~een ischemic and non-ischemic tissues. 
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The ability of palmitylcarnitine to increase the entry of Ca2+ 
through isi channels and thereby augment the force of 
contraction could be considered beneficial if one supposed that 
decreased contractility associated with ischemia is 
deleterious. However, the increased force of contraction would 
require additional 02 consumption for its maintenance, a 
potentially harmful outcome for ischemic myocardium. 
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MODUIATION OF HEHBRANE FUNCTIOn BY LIPID H.'TERMEDIATES: 

A POSSIBLE ROLE IN MYOCARDIAL ISCHEHIA 
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The specific biochemical derangements that lead to the rapid 
loss of contractile function and enhancement of cardiac 
excitability after the interruption of myocardial bloodflow are 
not yet settled. P..owever, it may involve either a cellular 
depletion of high energy compounds (1), an accumulation of 
noxious products such as U+ ions and lipid intermediates 
(2-6), and/or alteration in the functional properties of 
subcellular membranes 0-10). Abnormalities found in membrane 
preparations purified frola the ischemic heart are most likely 
irreversible defects. These destructive changes may be caused 
by degradat ion of membrane phospho lipids or proteins by 
activated phospholipases and proteases, respectively. 

Some cellular factor(s) or metabolic product(s), occuring as 
a consequence of reduced coronary perfusion, could also 
contribute to the observed degeneration of mel:Jbrane function. 
Large accumulations of long chain fatty acids and their 
derivatives: fatty acyl CoA-thio esters, fatty acylcarnitine 
esters have been demonstrated in ischemic myocardium due to 
oxygen deficiency of the mitochondria (2, 3). These compounds 
are active detergents and bind extensively to membranes 
(11-13). A large body of evidence (11, 13-17) now indicates 
that these interl:Jediates alter functional properties of 
myocardial membranes in vitro, and that these changes may 
contribute in the decline of myocardial contractility and the 
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generation of arrhythmias. By this mechanism the lipid 
intermediates may also cause intracellular Ca~+ overload, 
which may lead to cell death (18-20). 

Long chain fatty acids and acylcarnitines have been found to 
inhibit (Na++K+)ATPase in sarcolemma isolated from cardiac 
musc Ie (11, 14, 21). In these studies Ota++K+)ATPase 
enriched membrane particles were prepared by using a 
surface-active agent (desoxycholate) to solubilize and a high 
dilution into detergent-free media to reprecipitate them. After 
this treatment Ca2+ transport is no longer measurable because 
the membrane particles are not well sealed. There are no 
studies available on the influence of lipid intermediates on 
sarcolemmal Ca2+ transporting systems such as the Ca2+ pump 
and the electrogenic Na+/Ca2+ antiporter. In the present 
study the sarcolemmal membranes were not treated with 
surface-active agents during isolation in order to attempt to 
maintain in vitro the native environment of the sarcolemma as 
much as possible. In a previous study we showed that cardiac 
sarcolemmal vesicles contain large amounts of latent 
(Na++K+)ATPase activity, which was attributable to tightly 
sealed right side-out oriented vesicles (22). These vesicles 
have also been shown to sequester Ca2+ ions intravesicularly, 
when a gradient of Na+ ions is imposed across their membranes 
(23). An ATP-dependent Ca2+ transport system was also shown 
to be present, which was ascribed exclusively to sarcolemma as 
the accumulated Ca2+ was promptly and completely released in 
exchange for Na+ (22, 24). This Ca2+ pumping activity 
indicates the presence of a significant amount of sealed 
inside-out sarcolemmal vesicles in the preparation. In the 
present study the effects of lipid intermediates on sarcolemma 
enzyme activity and ion permeability are investigated. 

MATERIAL AND METHODS 

Sarcolemma was isolated from pig heart by the procedure 
described by Reeves and Sutko (25) except that 0.5 mH phenyl 
methane sulfonyl fluoride, a protease inhibitor, was added to 
all media. The preparation lfas highly enriched in sarcolemma as 
revealed by the high specific activity of ouabain-sensitive 
(Na++K+)ATPase: 50-75 ~moles/h/mg if preincubated with 0.3 
mg SDS or 0.5 mg alamethicin per mg membrane protein (compare 
22, 26). Cross contamination with sarcoplasmic reticulum 
membranes was minimal as controlled by Na+- and Ca 2+
dependent 32P-incorporation into 120 kD proteins separated on 
polyacrylamide gel electrophoresis (22). 



MEMBRANE FUNCTION BY LIPID INTERMEDIATES 

Assay of Na+/Ca2+ exchange and passive Ca2+ permeability 

Na+/Ca2+ t'las measured in sarcolennnal vesicles loaded 
with 160 m1-1 NaCl (20 ml1 MOPS pH 7.4) by preincubation in this 
salt medium at 37 0 C for 20 min essentially according to the 
method previously described (23). To estimate Ca2+ uptake, a 
10 \11 aliquot (12.5 ]1g protein) was added to 200 \11 160 mH KCl 
or NaCl medium containing 20 1lll'1 HOPS (pH 7.4) and 50 \1H 
45CaC12 (0.1 Ci/mmol). The 45Ca uptake reaction was 
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terminated at IS, 30, 60 and 120 sec by 1-1illipore filtration (50 
J11) and washed twice with ice-cold 160 IIll'1 KCl, 20 m.."1 HOPS (pH 
7.4) containing 0.1 ml·1 LaC13. 45Ca uptake reactions in NaCl 
were used as b lank values and subtracted from corresponding time 
values in dilution with KC1. The passive efflux from pre10aded 
vesicles was estimated by dilution of 50 ]11 sample of a 2 min 
Na+/Ca2+ exchange reaction into 1.2 m1 160 mH KCl, 20 roM 
HOPS (pH 7.4) containing 0.1 m1-1 EGTA at 37 0 C. Samples of 200 
\11 stopped by Mi11ipore filtration after 15 sec, I, 3, 5 and 10 
min were used for estimation of the release rate. 

ATPase assay,s 

(Na++K+)ATPase act1v1ty was determined by incubating 
12.5 \1g membrane protein (either preincubated in 0.25 mg/m1 SDS, 
20 mN imidazol, pH 7.4 or not) in 200 ]11 medium containing 50 mH 
Tris-maleate (pH 7.4), 100 roM NaCl, KCl concentration as 
indicated, 2.5 ml·t MgC12' 1 m1-i EGTA, 2 roM [y_32p]-ATP (0.25 
mCi!mmol). Reactions were carried out in the absence or 
presence of 1 m1-1 ouabain. (Ca2++Hg 2+)ATPase reactions were 
done in 200 \11 medium containing 12.5 ]1g mecbrane protein, 0.1 
m1-f [y_32p]-ATP (0.01 Ci!mmoI), 50 mH Tris-maleate (pH 6.8), 
100 mH KCl and 5 m1-1 HgC12 at 370 C. Free Ca2+ was 
controlled in the sub\1M range by buffering with 100 ]1H EGTA 
(27). 

Assay of cyclic AMP-dependent protein kinase 

Phosphorylations were carried out by adding 10 ]1H 
[y_32p]~~TP (20 Ci/mmo1) to 50 \11 media containing 5 \1g 
membrane protein, 50 m1-1 KCl, 10 roM HOPS (pH 7.4),20 roM 
K-phosphate, 5 m1-1 NgC12' 0.5 m1-I EGTA, 5 \1M cyclic AHP and 10 
m1-i theophylline. Incubations were carried out for 2 min at 
250 C and terminated by adding SDS-S-mercaptoethanol-glycerol 
mixture, further incubated. at 950 C for 10 min and analyzed 
for SDS-PAGE (15%) as described previously (28, 29). 
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Assay of 22Na release from 22Ha-preloaded vesicles 

Membrane samples (500 ~g protein) ,"'ere preincubated for 20 h 
at 0-40 C in 60 ].11 medium containing 160 mIl 22NaCl (0.4 
mCi/nunol), 20 mN HOPS (pH 7.4). 22Na efflux was initiated by 
adding a 5 ul aliquot of this suspension into 200 ul mediuln 
containing 160 111M KCl, 20 111M HOPS (pH 7.4). Samples of 50 ul 
were withdra~~ for the estimation of vesicular 22Na content by 
Millipore filtration as described for the assay of Ua+ /Ca2+ 
exchange. 

Preparation of the oleate-albumin. complexes 

Oleic acid was dissolved in a hot solution of 160 taU KCl at 
concentrations of 0, 2.8, 14 and 19.6 mM by adding an equivalent 
amount of KOB. One volume of these hot oleate solutions were 
added dropwise to one volume of 2.S ~t albumin (made fatty acid 
poor by the method of Chen, 30) in 160 rut KCI and 40 mH HOPS (pH 
7.4). This procedure gave oleate-albumin complexes with molar 
ratios of 0, 1, 5 and 7, respectively. Aliquots were added to 
the assay media to produce a 0.14 mM albumin concentration. 

Naterials 

Radioactive [y_32p]-ATP, 45Ca, 22Na lJere obtained from 
Amersham International PLC (Amersham, U.K.). A23187 was 
purchased from Boehrin~er U'!annheim, \-lest Germany). Alamethicin 
,.,as a kind gift from Dr. J.E. Grady (The Upjohn Company, 
Kalamazoo, l-tI). L-palmitoylcarnitine was a gift from Sigma-Tau 
(Rome, Italy). 

RESULTS 

Effect of palmitoylcarnitine Qn Na+/Ca2+ antiporter 

Palmitoylcarnitine produced a concentration-dependent 
inhibitory effect on the sarcolemmal Na+/Ca2+ antiporter as 
illustrated in Figure 1. Almost complete inhibition was 
obtained at 100 ].IH and half-maximal inhibition was seen at 15 ].1M 
palmitoylcarnitine. At 25 ].IN the ratio of acylcarnitine to 
sarcolemma protein was 0.45 ].Imol/mg. Similarly, it was shown 
previously (15, 31) that palmitoy1carnitine at this ratio was a 
potent inhibitor of ATP-dependent Ca2+ sequestration by the 
sarcoplasmic reticulur" Ca2+ pump. From the results presented 
in Figure 1 it can be inferred that the initial rate of the 
Na+/Ca2+ antiporter is extremely high. However, it is 
apparent from the first time point at 15 sec and the last at 2 
min that the initial rate and the maximum Ca2+ uptake are both 
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affected by the lipid intermediate. To test the possibility 
that palmitoylcarnitine caused the sarcolenunal vesicles to 
become leaky, Ca2+ uptake was allowed to proceed for 1 min 
before addition of palmitoylcarnitine. Palmitoylcarnitine 
stimulated Ca2+ release to the same extent that it inhibited 
the initial rate of Na+/Ca2+ exchange (results not shown). 
To further differentiate the effects of palmitoylcarnitine on 
either the Na+/Ca2+ antiporter or the Ca2+ and Na+ 
permeability of the sarcolemma, the lipid intermediate was 
tested on the passive Ca2+ release. Vesicles were preloaded 
with Ca2+ by the Na+/Ca2+ antiporter and, after 2 min 
incubation (compare Figure 1), the sarcolemmal vesicles ,,,ere 
rapidly diluted in 160 mM KCl containing 0.1 mH EGTA. This 
dilution step reduced the external Na+ and Ca 2+ 
concentrations to extremely low values. Unpublished experiments 
have shown that the addit ion of 50 mIt Na+ released the Ca2+ 
within 1 min, indicating that the Ca 2+ is still removable by 
reversed Na+/Ca 2+ exchange. Without Na+ the passive 
Ca2+ efflux is measured and, as seen in Figure 2, 
palmitoylcarnitine addition resulted in a rapid release of 
accumulated 45Ca2+ within the first min of the measurements. 
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Effect of palmitoylcarnitine on Na+/Ca2+ antiporter activity 
in cardiac sarcoler.mtal vesicles. 
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The efficiency of stimulation of Ca2+ release by acylcarnitine 
is even higher than that of inhibition of the Na+/Ca2+ 
exchange (compare Figures 1 and 2). However, this difference is 
probably due to the higher ratio of acylcarnitine to sarcolemmal 
protein in the Ca2+ release experiments if similar amphiphile 
concentrations are compared. These results appear to indicate 
that the inhibition of the Na+/Ca2+ exchange by 
acylcarnitine is due to an effect on leakiness of the vesicles 
to Ca2+ ions. 

Effect of palmitoylcarnitine on (Ca2++Mg2+)ATPase 

The effect of palmitoylcarnitine on ATP-dependent Ca2+ 
uptake was also studied and inhibition by this amphiphile -
again very likely due to Ca2+ permeability increase - was 
found at a concentration that was similar to that ,.hich 
inhibited the Na+/Ca 2+ antiporter. The Ca2+- dependent 
ATP hydrolysis driving this Ca2+ accumulation exhibited a rate 
that was about IO-fold higher than that of the Ca 2+ uptake. 
The lo~., coupling ratio (ratio of the amount of Ca 2+ taken up 
and ATP hydrolyzed), which has been found repeatedly (23,24, 

Time (min) 

FIGURE 2 

Effect of increasing concentrations of palmitoylcarnitine on the 
passive Ca2+ release in sarcolemma. 
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[Palmitoyl-carnitine] in JIM 

FIGURE 3 

Effect of palmitoylcarnitine on the sarcolemmal 
(Ca2++Hg2+)ATPase, either stimulated by the Ca2+-ionophore 
A23187 or not. The activity was assayed with (12 llM 
Ca2+free) or without Ca2+ (basal ATPase). 

28, 32}, indicates that the inside-out oriented particles in the 
sarcolemmal prep.arat ion contain a relatively large amount of 
unsealed vesicles. In contrast to its effect on the 
ATP-dependent Ca2+ uptake, 50 PM palmitoylcarnitine stimulated 
the (Ca2++Mg2+}ATPase 1.9-fold (Figure 3). The ATPase was 
estimated at saturating Ca 2+ concentration of 12 ~1 after it 
had been shown that the Ca2+-affinity of the enzyme (Ka=0.35 
UM) was not affected by the lipid intermediate (results not 
shown). The concentrat ions of palmitoyJcarnitine that reduced 
Na+/Ca2+ exchange activity and increased (Ca2++Hg2+)-
ATPase activity were both in the range of 10-50 ]JH (compare 
Figures land 3). As this finding suggests a possible 
relationship between the stimulation of the (Ca2++Mg2+)-
ATPase and increased leakiness of the vesicles for Ca2+ ions, 
we tested the specific Ca2+ ionophore A23l87, lJhich indeed 
caused a similar increase of enzyme activity. Palmitoyl-
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carnitine had no clear additive effect t.rhen tested in the 
presence of the Ca2+ ionophore. These data suggest the 
intravesicularly accumulated Ca2+ is inhibiting the 
(Ca2++Mg2+)ATPase. 

Influence of palmitoylcarnitine on sarcolemmal (Na++~+l 
ATPase and cyclic AMP-dependent protein kinase 

The membrane preparation used contains vesicular particles 
as demonstrated by the operation of the Na+/Ca2+ antiporter 
and Ca2+ pump. Because the vesicles are tightly sealed, they 
exhibit several latent enzyme activities. In earlier trork (22, 
26), we and others showed that the activities of latent enzymes 
such as (Na++K+)ATPase, adenylate cyclase and cyclic 
AMP-dependent protein kinase could be increased if the vesicles 
were pretreated with the peptidic ionophore alamethicin. 
Alamethicin eliminates the permeability barriers of the vesicles 
for [y_32p]-ATP, cyclic MiP, and, as we will show later, for 
monovalent cations. From these results it was concluded that 
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FIGURE 4 

Cardiac sarcolemmal (Na++K+)ATPase measured in control and 
SDS-treated vesicles either in the presence (0) or absence (.) 
of 25 ~t1 palmitoylcarnitine. 
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the method now used to isolate sarcolemmal vesicles yields 
predominantly right side-out oriented vesicles (22, 26). 
Palmitoylcarnitine at 0.4 ~mol/mg membrane protein (25 ~M), a 
concentration that markedly increased the Ca2+ permeability _as 
shown in Figure 2, did not significantly affect the sarcolemmal 
(Na++K+)ATPase (Figure 4). The potency of free fatty ac ids 
to inhibit sarcolemmal (Na++K+)ATPase increased if 
suboptimal K+ concentrations were used for estimation of the 
enzyme activity (14). Therefore, in the present work, we 
attempted to study the possible effect of 10\1 K+ concentration 
on the palmitoylcarnitine interaction with the 
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(Na++I{+)ATPase. Even if K+ concentrations lower than 10 
mll ~"ere used for estimating the ouabain-sensitive ATPase, no 
c lear effect of palm-itoylcarnitine on the enzyme was observed 
(Figure 4). SDS pretreatment of the vesicles (0.3 mg/mg 
membrane protein) typically increased (Na++K+)ATPase 
activity 2.4-fold, a degree of stimulation that is similar to 
that found with alamethicin (results not shown). Under these 
experimental conditions, which measured overt plus latent 
acti-vity, 37% inhibition t-las caused by the addition of 25 ~H 
acylcarni.t ine (Figure 4). This finding suggests that the 
activity of (Na++K+)ATPase, Hhen present in the 
microenvironment provided by the sarcolemma, is resistent to 
perturbation by palmitoylcarnitine. Apparently the detergent 
effect of SDS may be sufficient for the lipid intermediate to 
enter the lipid bilayer and to readily affect the 
(Na++K+)ATPase. 

Another enzyme that was markedly stimulated by alamethicin 
in cardiac sarcolemmal vesicles is the intrinsic cyclic 
A}jP-dependent protein kinase of type II (Figure 5). Unpub lished 
observations revealed that SDS could not be used to unmask the 
protein kinase because of the concomitant inactivation of the 
enzyme by the detergent. From the results shown in Figure 5 it 
can be seen that there are several substrate proteins for cyclic 
ANP-dependent protein kinase in the sarcolemma: phospholamban
like protein or otheno1ise named calciductin (9 kD molecular 
weight) and some minor proteins of 55, 26 and 15 kD molecular 
\leight. As demonstrated in Figure 5, there is no complete 
parallelism between alamethicin-activation of the 
32P-incorporation into the 9 and 15 kD proteins. Analogous 
results have been reported earlier and it ~las suggested that 
this non-parallelism is due to the presence of subpopu1ations of 
sarcolemmal vesicles (22, 29, 33). At any rate, 
palmitoylcarnitine, up to concentrations of 50 and 100 ~M (0.4 
and 0.8 ~mole/mg membrane protein), could not unmask the protein 
kinase. In some unpublished experiments it was shown that no 
concomitant detergent inactivation of the cyclic AHP-dependent 
protein kinase occurred. This was tested by adding pa1mitoyl-
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'carnitine to alaraethicin-treated sarcoler.mlal vesicles. Thus, 
palmitoylcarnitine at relatively high concentrations (50-100 llN) 
did not increase the permeability of the sarcolemmal vesicles 
for [y_32p]_ATP and cyclic At1P. These results are in 
agreement ,.,ith the data illustrated in Figure 4, in which no 
stimulation of (Na++~+)ATPase by acylcarnitine could be 
observed. 

-55 

t -26 
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o 60 120 2140 0 25 50 100 
~,----~~-----,I~,----~~-----, 
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Palmitoyl-camitine 
(,.,M) 

FIGURE 5 

Effect of alamethicin and palmitoylcarnitine on the intrinsic 
cyclic AHP-dependent protein kinase of cardiac sarcoleoma. 
Autoradiographs of 32P-protein patterns obtained after running 
on 15% SDS-PAGE are sho~~. 
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Effect of oleate-albumin complexes with different ratios Qn 
sarcolemmal Ca2+ permeability 

To study the effect of high concentrations of free fatty 
acids on some of the Ca2+ transport properties of cardiac 
sarcolemma, fatty acid was added to the membranes in the form of 
fatty acid-albumin complexes similar to those delivered from the 
plasma to the cardiac ce1l in vivo (34, 35). Albumin has two 
very strong binding sites and a number of weak binding sites for 
free fatty acid so that the amount of unbound fatty acid 
increases exponentially as fatty acid-albumin ratios are 
increased. Once transported through the sarcolemma, free fatty 
acid is also believed to be bound to "Z-proteins" or 
incorporated into cellular membranes. Fatty acid-albumin ratios 
of 4 or more are very unusual in plasma, even in disease. 
HO~lever, due to 10'" albumin concentration in interstitium 
compared to that of plasma, interstitial and intracellular 
accumulation of free fatty acid, du~in3 hampered e-oxidation, 
very likely lead to high concentrations of unbound fatty acid. 
We found previously (14) that fatty acid-albumin ratios higher 
than 5 were inhibitory to sarcolemmal (Na++K+)ATPase 
purified from myocardium using deoxycholate. Similar results 
comparing molar ratios of 0, I, 5 and 7 were obtained with the 
present sarcoler.~l preparation. Only the complex of ratio 7 
effectively produced almost complete inhibition of 
(Na++l{+)ATPase at 10 roM K+ (0.14 mH albumin, results not 
shown) in either control or SDS-treated vesicles. It was 
therefore of interest to examine whether fatty acid under the 
same conditions is able to affect the Ca2+ permeability and 
Na+/Ca2+ exchange activity of the vesicles. Although 
albumin (0.14~!) itself increased slightly, but reproducibly, 
the Ca2+ permeability, as illustrated in Figure 6, only the 
oleate-albumin ratio of 7 dramatically increased the Ca2+ 
efflux rate from sarcolemmal vesicles. It is interesting to 
note that the oleate-albumin complex of ratio 5 somewhat 
decreased the Ca2+ permeability of the vesicles compared to 
that seen when albumin alone was present. This effect of a low 
concentration of unbound fatty acid on Ca2+ permeability may 
be related to the inhibition by low concentrations of oleic acid 
of Ca2+ release from sarcoplasmic reticulum vesicles, as 
observed previously by Katz et al. (36). Our results with 
increased sarcolemmal Ca2+ permeability caused by free fatty 
acid are consistent with the results of Cheah (37) in 
sarcoplasmic reticulum vesicles. There is no clear explanation 
for the effect of bovine serum albuuin itself on the sarcolemm~l 
Ca2+ permeability; it may be due to contamination of the 
albumin preparation with cations (Ca2+ or Na+) which were 
not removed after extensive dialysis. These cations could have 
initiated Ca2+ release by operation of Ca2+/Ca2+ or 
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FIGURE 6 

Effect of oleate-albumin complexes with different molar ratios 
on the passive Ca2+ release in sarcolemmal vesicles. 

Ca2+/Na+ exchange (38). As was expected from the results 
obtained in studying fatty acid effects on the Ca2+ 
permeability, only the oleate-albumin complex of ratio 7 was 
inhibitory to the Na+-dependent Ca2+ influx in sarcolemmal 
vesicles (data not shown). 

Effect of lipid intermediates ~ Na+ permeability of 
sarcolemma 

Electrophysiological studies have indicated that the 
sarcolemma is impermeable to Na+ and Ca 2+ except during the 
action potential. The net direction and rate of the ~ vivo 
operating Na+/Ca2+ antiporter is dependent on both the Na+ 
gradient and the membrane potential, which are regulated by the 
activity of the Na+/K+-ATPase (23). Therefore the 
possibility that palmitoylcarnitine or free fatty acid could 
alter the Na+ gradient by a direct ionophoretic action was 
investigated by 22Na+ flux studies. Due to the extremely 
low amounts of Na+ crossing the sarcolemmal membrane in 
exchange for Ca2+, relative to the absolute Na+ 
concentration intra- and extravesicu1arly, it was not possible 
to load the vesicles with 22Na+ by Ca2+/Na+ exchange for 
the study of passive 22Na+ release. For this reason 
sarcolemmal vesicles were loaded with 22Na+ by preincubation 
in 160 roM 22NaC1 for 20 h at 0-40 C. To increase the 
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sensitivity of the 22Na+ measurement it was necessary to use 
a very concentrated vesicle suspension (about 8 mg/ml) in the 
preincubation phase, after which 22Na+ efflux was initiated 
by rapid 40-fold dilution in 160 mM KCl medium. A disadvantage 
of this method is that, due to the passive loading with 
22Na+, a large part of the 22Na+ may be present at . 
sarcolemmal binding sites for this cation and not free in the 
intravesicular medium. If the fraction of bound Na+ is 
assumed to be negligible, the isotope space of the sarcolemmal 
vesicles is calculated to be about 2 ~l/mg protein, which is 
well in the usual range found for the sarcolemmal vesicles 
(39). First the ability of the sarcolemmal fraction to exchange 
22Na+ for external Ca2+ was tested. As can be seen from 
the results in Table I, 1 mM CaC12 caused 20% more Na+ 
release than in the control situation after 1 min. As was the 
case for the passive Ca2+ leakage {compare Figures 2 and 6}, 
the Na+ release rate was in the order of minutes, which we 
believe is characteristic for non-mediated {not by carrier or 
voltage-dependent channel} permeation. The peptidic ionophore 
a1amethicin released almost all Na+ within 10 sec, the first 
time point in Millipore filtration. Both palmitoylcarnitine at 
50 ~M (0.25 ~mol/mg membrane protein) and oleate-albumin complex 

TABLE 1. 22Na+ release from cardiac sarcolemmal vesicles. 

22 + 
Na content in nmoles/mg 

119 

10 sec 1 min 2 min 45 min 

Control 7 320±25 278±18 225±17 36±13 
25 ~M palm.carnitine 7 340±25 283±29 244±25 27±10 
50 ~M palm.carnitine 5 263±21a 211±23 a 181±lla 
1 mM oleate-albumin (7:1) 3 259±42 209+33a 168±29a 17±5a 
1 mM CaC12 7 285+28 21i+32a 172+29a 6±la 

0.1 mg/ml a1amethicin 4 10± 2a 6± l a 6±la 

a 
Values differ significantly from the corresponding control 

values. 
bN means the number of experiments. 
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of ratio 7 were able to increase the Na+ permeability of the 
vesicles. At least for palmitoylcarnitine Na+ and Ca2+ 
permeability of the vesicles are seen to increase in parallel, 
when results obtained at similar palmitoylcarnitine/membrane 
protein ratios are compared. 

GENEP~L DISCUSSION 

Although the Ca2+ uptake under the experimental conditions 
described in this paper is referred to as sarcolenmml uptake, 
the possibility that a vesicle preparation with mainly 
inside-out sarcolemmal vesicles would be affected by the lipid 
interr.lediates in a manner different from that of right side-out 
vesicles cannot be overlooked. The cardiac sa~colemmal vesicles 
were isolated in vesicular form; because they were tightly 
sealed and predominantly of right side-out orientation, 
intrinsic (Na++K+)-ATPase and cyclic AMP-dependent protein 
kinase exhibited considerable latency. In an idealized 
situation, where no leaky vesicles are present, the carriers and 
enzymes are allOl-led to operate depending on the orientation of 
the sarcolemmal vesicle (Figure 7). It is important to note 
that the Na+/Ca Z+ antiporter has been sho~~ to operate 
symmetrically in both directions (38, 40). Thus in the present 
report, passive Ca2+ and Na+ efflux is measured from both 
inside- and right side-out vesicles. The effects of 
palmitoylcarnitine and oleate-albumin complexes on 
(Ua++K+)ATPase and (Ca2++l1g 2+)ATPase in native 
sarcole~~l vesicles probably were exerted at the cytosolic side 
of the sarcolemmal oembrane. Again, for this analysis, it must 
be assumed that no leaky vesicles l-lere present. The finding 
that palmitoylcarnitine at 0.4 pmol/mg protein did not 
significantly inhibit (Na++K+)ATPase could be related to 
this problem of sidedness of the vesicles. Accumulation of 
palmitoylcarnitine in vivo will most likely exert its membrane 
perturbing effect at the cytosolic side of the sarcolemmal 
membrane. On the other hand, high amounts of fatty acids are 
supposed to occur in either the cytoSQ1ic or interstitial 
compartment during an ischemic episode in the heart because 
fatty acids accumulate not only by the hampered a-oxidation in 
the mitochondria, but also by increased intracellular lipolysis 
and apolipoprotein C II-dependent lipoprotein lipase action in 
the interstitium (35, 41). Horeover the lOl-1 protein (albumin) 
concentration in the interstitial space further contributes in 
the accumulation of high concentrations of unbound fatty acid in 
this compartment. 
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He have demonstrated that SDS-unmasked (Na++K+)ATPase is 
significantly inhibited by 0.4 llmol palmitoylcarnitine/mg 
protein ~lhich, according to the scheme presented in Figure 7, 
would mean that the amphiphile is effective only at the outer 
side of the sarcolemmal membrane. This would imply that the 
inhibition of the vectorial enzyme (Na++K+)ATPase by 
palmitoylcarnitine has no pathophysiological relevance, unless 
the detergent accumulates under pathological conditions in the 
interstitial fluid. An alternative explanation ~uld be that 
the detergent SDS may have altered the membrane structure and 
lipid domains rendering (Na++K+)ATPase into a 
palmitoylcarnitine-sensitive form. Some evidence for this 
alternative explanation can be found in the report of Adams et 
al. (11) which demonstrated a difference between palmitoyl
carnitine concentration-response curves for two cardiac 
preparations of (tra++K+)ATPase (citrate and deoxycholate 
fraction). At any rate, our results with native sarcolemmal 
ves ic les agree ,,,ith those of Owens et a 1. (I 7) , who showed no 
effect of palmitoylcarnitine on (Na++K+)ATPase using 
concentrations of the lipid intermediate up to 10 llmol/mg 

RIGHlSIDE -OUT INSIDE-ouT 

FIGURE 7 
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Schematic picture of operation of ion fluxes, ca~rier and enzyme 
systems depending on the orientation of the sarcolemmal 
vesicles. 
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protein. Finally, it should be questioned whether vesicle 
sidedness is important for studying the effect of lipid 
intermediates on vectorial membrane properties as the 
amphiphiles studied are lipophilic in character and therefore 
may rapidly pass the membrane having acess to both sides. 

The other sarcolemmal membrane enzyme that might have been 
attacked only from the cytosolic side of the membrane is the 
(Ca2++Mg2+)-ATPase. As found earlier by Adams et ale (11) 
for sarcoplasmic reticulum (Ca2++l-fg 2+)ATPase, 10-50 pM 
palmitoylcarnitine (0.16-0.80 Pmol/m?, protein) produced a 
concentration-dependent stimulation of the sarcolemmal enzyme. 
Niggli et ale (42) and Gietzen et ale (43) recently reported 
that amphiphilic lipids can mimic the effect of calmodulin on 
purified erythrocyte (Ca2++Ug2+)ATPase and brain 
phosphodiesterase. Previously it was shown by us (27) and by 
Caroni and Carafoli (24) that calmodulin is also involved in the 
regulation of the sarcolemr.~l (Ca2++Mg2+)ATPase. The 
possibility of a calmodulin-like effect of palmitoylcarnitine on 
the (Ca2++Mg2+)ATPase in the present preparation is very 
unlikely because calmodulin is tightly bound and not easily 
removed, in contrast to the loosely bound entity of erythrocyte 
(Ca2++Hg2+)ATPase and brain phosphodiesterase. The findings 
that the (Ca2++Ug2+)ATPase of sarcolemma was stimulated to 
the same extent by the Ca2+ ionophore A23187 and that 
palmitoylcarnitine increased the Ca 2+ permeability of the 
sarcolemma, suggest that a Ca 2+ ionophoric mechanism of action 
explains the acylcarnitine effect. It is important to note that 
the effect on the (Ca2++Mg2+)ATPase cannot be attributed to 
unmasking of the enzyme (alteration of the vesicle permeability 
for the substrate ATP) , in view of the inability of 
palmitoylcarnitine, up to concentrations of 0.8 pmol/mg protein, 
to unmask (Na++K+)ATPase and cyc lic AMP-dependent protein 
kinase. 

The present study has de~nstrated that the in vitro effects 
of palmitoylcarnitine, an endogenously occurring long chain 
fatty acid acyl-ester, are deleterious to the Ca2+ and Na+ 
permeability of the sarcolemma. These findings confirm previous 
reports on effects of palmitoy1carnitine on Ca2+ release in 
isolated sarcoplasmic reticulum membranes (15, 31). It is 
questionable if high concentrations of palmitoylcarnitine are 
present under ischemic conditions in the heart. From the values 
given by Idell-Wenger et ale (2) it can be calculated that the 
"cytosol" content of acylcarnitine in normal and ischemic heart 
is 0.15 and 0.78 Pool/g wet weight. Pitts et ale (15) estimated 
the amount of palmitoylcarnitine relative to sarcoplasmic 
ret iculum fron; these values by assuming the presence of 3 mg 
sarcoplas~ic reticulum protein/g wet weight of heart. They 
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calculated ratios of 0.03 and 0.16 ~mol palmitoylcarnitine/mg 
sarcoplasmic reticulum in normal and ischemic heart, 
respectively. If these calculations are also applicable to the 
sarcolemma, the present results indicate that acylcarnitine 
could be expected to cause considerable effects on Ca2+ 
permeability of sarcolemma in the ischemic heart. Recent 
experiments carried out in our laboratory (iiulsmann et al., this 
volume) have demonstrated that acylcarnitine in control hearts 
is undetectable when artificial respiration of rats is carried 
out prior to freezing of the heart. Thus the relative increase 
of myocardial content of palmitoylcarnitine during ischemia may 
be more extreme than previous measurements would suggest. 
Finally, other direct effects of palmitoylcarnitine on 
sarcolemma-bound enzymes, e.g. (Na++K+)ATPase, (Ca2+ +' 
M8 2+)ATPase and Ca 2+-calmodulin-dependent protein kinase (5, 
II, 17, 21, 44) are usually seen at higher concentrations of the 
lipid intermediate in comparison to the effect on ion 
permeability. 

From the present work it can be concluded that high 
concentrations of fatty acid also increase Ca2+ and Na+ 
permeability of sarcolemma. As we showed previously (14) free 
fatty acids are also very potent inhibitors of (Na++K+)-
ATPase. Both effects of free fatty acid may have causal 
significance for the derangements of cardiac cell function seen 
in ischemia (4, 5). Harked accumulation of free fatty acid has 
been observed in biopsies taken from ischemia areas of the left 
ventricular wall of dog hearts (45). Fatty acid complexes of 
molar ratios 6 or higher added to perfusates in Langendorff 
perfused hearts, even under normoxic conditions, produced 
depression of contractility (46). Hany inhibitory effects of 
free fatty acids on plasma membrane transport phenomena have 
also been described (47, 48) in tissues other than heart. In 
conclusion, our data are in full accord with the hypothesis that 
lipid intermediates accumulating in cardiac ischemia might 
influence membrane and thereby muscle function. 
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FATTY ACID EFFECTS ON SARCOPLASHIC RETICULUH FUNCTIOtl IN VITRO 

F. C. Hessineo, H. Rathier, J. H. Watras, H. Takenaka, 
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Hhen heart muscle is rendered ischemic or hypoxic, changes 
in lipid and phospholipid metabolism result in the accunulation 
of amphiphilic compounds, including non-esterified fatty acids 
(FA), fatty acylcarnitine esters, and lysophosphatides (1-5). 
These amphiphi1ic substances, possibly by interacting with 
membrane lipids, can alter the functional properties of a 
variety of membrane systems in vitro; and this interaction has 
been postulated as a possible mechanism for ischemic heart 
muscle dysfunction in vivo. (See references 6-8 for revie~ls). 
The mechanism by whi.ch amphiphiles alter r.tembrane function in 
vitro, hO~'I1ever, remains unclear. The calcium sequestration 
properties and ATPase activity of sarcoplasmic reticulum 
membrane vesicles (SR) isolated from skeletal muscle are 
modified by both non-esterified fatty acids and acylcarnitines 
(9-11). The present report describes studies examining the 
effect of oleic and palmitic acids on the properties of calcium 
sequestration and ATPase activity of SR in order to elucidate 
the mechanisms by ~'I1hich structurally dissimilar fatty acids can 
alter differently SR calcium sequestration. The results suggest 
that fatty acids can influence calcium permeability of SR or 
change the amount and characteristics of the sequestered 
calcium. These qualitative effects appear to depend upon 
aliphatic change structure whereas the quantitative potency of 
the effects appear to depend, in part, on the relative amounts 
of added amphiphile to membrane phospho lipid. 
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HETHODS 

Crude or "light" (enriched in longitudinal tubule derived 
membranes) sarcoplasmic reticulum vesicles were prepared by 
methods described previously 02, 13). Calcium sequestration by 
6 to 12 llg/ml SR protein was determined in 120 mH KCl, 1 mH 
MgCl, 1 mN Hg ATP, 8 to 13 llH 45CaC12, and 40 roM histidine 
buffer (pH 6.8) at 250 C. Reactions ~.,ere initiated by the 
addition of sarcoplasmic reticulum and terminated by Hillipore 
filtration as previously described (12, 14). ATPase activity 
and phosphoprotein levels were determined by the methods of 
Shigekawa (15) and Takenaka et al. (14). Reaction conditions 
t-lere as described for calcium sequestration except the reactions 
were initiated with either 1 mM (y 32p) HgATP for ATPase 
determinat ions or 50 liN (y 32p) ATP for EP leve Is. 

RESULTS 

\-Jhen present from the onset of the react ion 11 concen
trations of palmitic acid (C16 saturated) stimulated and oleic 
acid (CIS cis 69) inhibited calcium sequestration by SR 
membranes (Table 1). When added at similar concentrations to 
calcium filled vesicles palmitic acid promoted further calcium 
sequestration while oleic acid induced calcium release (data not 
shown). Although the inhibitory effect of oleic acid on calcium 
sequestration is concentration dependent in the presence of a 
fixed amount of SR membrane (16), the finding that the effect of 
16 H oleic acid could be attenuated from 78% inhibition in the 
presence of 6 llg/ml SR protein to 21% inhibition in the presence 
of 48 llg/ml (Table 2) suggests that these fatty acid effects are 
dependent on the mo Ie ratio of amphiphile to membrane 
phospholipid. 

Despite opposite effects on the amount of calcium 
sequestered, both palmitic and oleic acids, at a concentration 
of 18 M, stimulated SR ATPase activity from 0.74 ~ 
0.04 llmol/mg·min to 2.12 ~ 0.23 and 1.81 ~ 0.14 llmolhng·min, 
respectively (Table 1). The amount and distribution of the 
phosphoprotein intermediates of the SR ATPase protein were not 
affected by the presence of either fatty acid. Therefore, the 
divergent effects of these fatty acids on calcium sequestration 
\-Ias not reflected by their effects on either ATPase activity or 
phosphoenzyme distribution (Table 1). 

When added to calcium-filled sarcoplasmic reticulum vesicles 
under conditions where low concentrations of ATP cannot support 
calcium influx, oleic acid promotes further calcium release 
whereas palmitic acid has no effect (data not shown). These 
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Table 2. Effect of increasin; SR membrane lipid on the 
inhibition of Ca sequestration by 16 llH oleic acid 
expressed as percent control. 

6 llg/ml 
(2.66 ) 

22% 

12 llg/ml 
0.33 ) 

47% 

24 llg/ml 
(0.57) 

71% 

48 llg/ml 
(0.33) 

79% 

Nuubers in parentheses represent the mole ratio of fatty acid to 
membrane phospholipid. Conditions were as described in }!ethods 
and a crude SR prepaI'ation was utilized. 

results suggest that oleic acid inhibits calcium sequestration 
by increasing a passive calcium pecmeability whereas palmitic 
acid under these conditions has no effect on calcium 
perrueab i 1 ity. 

The unusual ability of palmitic acid to enhance SR calcium 
sequestration was not observed in the absence of ATP or when 
control calcium sequestration was inhibited completely by the 
presence of the calcium ionophore A23l87 (Figure 1). This 
ionophore when added to control calcium-filled vesicles causes 
the immediate release of all but approximately 10 nmole/mg of 
the sequestered calcium; in contrast, approximately 120 nmole/w~ 
of the calcium sequestered in the presence of 18 M palmitic 
acid is not released byA23l87 (Figure 1, Table 3). 

DISCUSSION 

The studies presented in this report demonstrate that 
micromolar concentrations of non-esterified fatty acids can 
alter both calcium sequestration and ATPase activity of 
sarcoplasmic reticulum vesicles in vitro (Table 1). The effect 
of these compounds on calciur.l sequestration is not solely 
dependent on fatty acid concentration but related to the ratio 
of amphiphile to SR protein or lipid. Since Lee et al. (16) 
have suggested that fatty acid binding to the SR ATPase protein 
is saturated at approximately 10 llM, the finding that oleic acid 
induced inhibition of calcium sequestration decreases with 
increasing protein concentration suggests that the oleic acid 
effect is not due to a direct action of the fatty acid on the 
ATPase protein, but may reflect a secondary effect mediated 
through an interaction with SR phospholipid. 

The double bond at position 9 in the aliphatic chain of 
oleic acid imparts a 30 degree angle to the molecule; and this 
structure results in a compound that inhibits calcium 
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The effect of A23187 added to Ca-filled vesicles (left) or 
present from the onset of the calcium sequestration reaction 
(middle and right). Palmitic acid ",as added 2 mins. after the 
onset of the reactions initiated in the presence of A23187. Ca 
sequestration by 6 ~g/ml SR was carried out as described in 
Methods except for the presence of 5 m.~ MgATP. 
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Table 3. Calcium released by A23lS7 in the presence and absence 
of palmitic acid. 

Calcium sequestered 140 :!:. 5 (4) 209 :!:. 11 (9) 

Calcium released by 
A231S7 (nmol/mg) 129.3 91 

A231S7 "insensitive" 
calcium 10.7 :!:. O.S (4) lIS :!:. 12 (4) 

The amount of calcium sequestered by 12 glml sarcoplasmic 
reticulum vesicles in the presence or absence of 18 H palmitic 
acid ,.as measured 5 min. after the start of the reaction and 1 
min. later in 120 roM KCI, 40 roM histidine buffer (pH 6.S), 5 lIM 
added CaCI2, and 1 mH MgATP + 1 mN HgCI2, or 5 ml1 HgATP. 
Values are mean:!:. S.E. for the n listed in parentheses. 

sequestration while the straight aliphatic chain palmitic acid, 
of similar molecular length, enhances calcium sequestration. 
These findings suggest that fatty acids may exert their 
different effects by inserting into different phospholipid 
domains within the SR membrane. The unchanged phosphoprotein 
intermediate amounts and the similar stimulation of SR ATPase by 
both compounds, however, argues that this particular effect on 
the ATPase reaction may not be secondary to preferential 
insertion of the fatty acids into different SR lipid domains 
(17) • 

The abilities of oleic acid to inhibit calcium 
sequestration, to promote calcium release from calcium filled 
vesicles, to enhance the calcium release observed during ATP 
depletion, and to stimulate SR ATPase activity all support the 
view that this fatty acid increases membrane permeability to 
calcium. However, whether oleic acid is altering a regulated 
membrane permeability such as a channel or, by a detergent-like 
action, is disrupting the structural integrity of the membrane 
as an ion barrier is not clear from this study (IS). 

Palmitic acid, however, does not appear to enhance calcium 
sequestration by inhibiting the permeability of the SR membrane 
to calcium. Furthermore, the finding that palmitic acid does 
not enhance calcium sequestration in the absence of ATP or when 
sequestration has been inhibited by A23187 argues against 
palmitic acid promoting calcium binding to the outer membrane 
surface of the vesicle (Figure 1). The ability of palmitic acid 
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to enhance calcium sequestration, therefore, requires that 
calcium be transported and concentrated in the SR vesicle, 
interior. The generation of an A23187-insensitive calcium pool 
within the vesicle by palmitic acid (Table 3) suggests that this 
compound is interacting, possibly complexing, with a portion of 
the intravesicular calcium to generate a second pool of 
sequestered calcium and thereby enhance the total calcium 
sequestered by the SR membrane. The recent report 
demonstrating that micromolar concentrations of palmitic acid, 
but not oleic acid, can lower the ionized calcium concentration 

,in aqueous solution further supports this view (19). 

The findin?,s reported here demonstrate that the effects of 
non-esterified fatty acids on isolated intact SR membrane 
function are complex; and these effects are 'dependent on both 
fatty acid aliphatic chain structure and the relative amounts of 
fatty acid and membrane present. Therefore, any potential role 
for the accumulation of these compounds in the deterioration of 
myocardial membrane function during ischemia must consider 
individual amphiphile structure as well as the total membrane 
compartment with which these amphiphiles loli 11 interact. 
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lIyocardial ischemia describes a condition that exists when 
fractional. uptake of oxygen in the heart is not sufficient to 
maintain the rate of cellular oxidc1tion. This leads to an 
extremely complex situation which has been extensively studied 
in recent years. Part of this complexity is due to the fact 
that experimental myocardial ischemia results in a non
homogeneous tissue dama~e which depends on the duration of the 
ischemic period, degree of coronary flo,,, reduction and substrate 
avai lab ility. 

Many authors have pointed out that there are wide 
differences in flow across an infarction area of myocardium (1, 
2). It has been suggested that surrounding the severely damaged 
area (where coronary flow can be reduced to zero) may exist a 
region of moderate damage (where coronary flow is moderately 
reduced) separating it from the normally perfused non-ischemic 
tissue (3). Histolo~ical analyses have sho\m that adjacent 
individual heart cells may be differently affected. An ischemic 
zone, therefore, is a mixture of dead, dying and normal cells, 
subjected to a wide range of reduction in blood flow. The 
de~ree of coronary f low reduct ion during ischemia may tnf luence 
the extent of ischemic damage, as it can provide some oxygen 
supply to the ischemic cell and remove metabolic products from 
the interstitial space. 
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Another important factor that may inf luence the c!es:.-ee of 
ischemic daEla:~e is the substrate composition of the coronary 
perfusate. Hi_~h levels of fatty ac ids (FFA) have been found to 
be deleterious for the ischemic r,lyocardium (4, 5), vhilst 
~lucose has been found to be protective (6). The mechanis;'l of 
the toxic effects of FFA durin~ ischemia is not coupletely 
understood. Fatty acids increase rr.yocardial oxy~en consumption 
vben conpared to carbohydrate (7), vhich may be detrinental 
durin~ ischer.lia, ,.hen the oxy~en supply is severely dama<;ed. 
Alternatively, the toxic effect of fatty acids may be related to 
the intracellular accumulation of their intermediates (8, 9). 

In this study the effects of different degrees and duration 
of coronary flou reduction on the metabolic and mechanical 
function of the _~solated and perfused rabbit \:earts have !Jeen 
investigated, and the effects of glucose, palmitate and the 
con:bination of tbe t,.;o substrates on t;:e metabolic and 
mechanical function of the isolated and perfused hearts have 
been cOrJ?aced. Hearts uere perfused under moderate ischemic 
conditions for 30 ninutes, after which the effects of 
post-ischer'lic reperfusion uere foUoued. Because the 
accumulation of free fatty acid inten:lediates has been 
associated with histolo~ical evidence of mitocho~dri31 
destruction (10), ~itochondria were isolated and t~eir function 
assessed by r~,easurin,; calciun content, oxy~en consumption, .3.nd 
the capacity to phosp,10rylate adenosine diphosphate. 

!lC:TEODS 

Pertus ion of the 'reacts 

Adult New-Zealand white cab~its (2.5 to 3.0 ~;) were stunned 
by a blow on the head. The hearts were rapidly excised and 
perfused by the non-recirculating L,"ngendorff technique (10. A 
period of 30 minutes equilibration durin3 uhich bearts were 
pecfused with ~rebs-Henseleit solution (12) equilibrated with 
95;; 02 - 5% C02 ,,,as allo,"led before any experimental 
intervention. Hearts ,-,ere then electrically paced at 180 
beats/min as previously described (13) and sUJjected to three 
different degrees o[ global ischer.lia. Noderate ischer.lia 1-18S 

induced by reducing the coronary flow rate to 3 ml/win (12% of 
control value); severe ischemia by reducin~ the coronary floll to 
1 ml/min (4% of control value); while in a third series of 
experiments coronary floll ~"as completely abolished to provide no 
flo~-J ischemia (total ischenia). Left ventricular wall 
temperature "as maintained at 35 to 360 C, L-respective of 
coronary flo",. 
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In separate groups of e;{peri.ments the hearts \,7ere reperfused 
after each period of ischemia. Reperfusion \-/as for 30 minutes 
at the aerobic, pre-ischemic coronary flow of 25 ml/min ,,,ith 
Krebs-Renseleit solution. In these experinents, when moderate 
or severe ischemia Has induced, the perfusate consisted of 
Kreb.:;-Henseleit buffer, equilibrated \"ith 95% 02 - 5% C02 
and with '~lucose as SU0strate (11 mI·!). Hhen the effects of FFA 
on the ischemic myocardium were tested, the hearts ,,,ere 
separated in three <;roups dependin5 on the substrate utilized: 
glucose 11 mH C:;roup 0; palmitate 1.2 TIlH (~roup 2); ~lucose 
11 rill·: + palmitate 1.2 ml: {group 3). In group 2 slucose was 
replaced with an equi_ffiolar concentration of mannitol. 
Palmitate, as 30diu~ salt, was bound to 3% bovine serum albumin 
as described by Oram (14), and palmitate concentration 
determined on the final perfusate by the procedure of Ducombe 
(15). The hearts were either perfused under aerobic conditions 
f01- 60 minutes, macie ischemic for 30 minutes (by reducing 
coronary flow frOTa 25 to 3 mi./;-ain), or made ischemic fo:: 30 
minutes and then reperfused for 30 minutes. During reperfusion, 
glucose 11 mH ,,,as alvays the only suJstrate. 

Left Ventricular Pres2.!:!!~ Heastlrements 

To obtain an isovo lumetrically oeatin~ preparation, a fluid 
filled balloon was inserted into the left ventricular cavity via 
the at:Lium. The intravent..-icular balloon ':las then connected by 
a fluid filled polyethylene catheter to a Statham pressure 
transducer (p 23 D 6) for the determination of left ventricular 
pressure. 

Iso lation of Hitochondria 

Hitochondria were isolated at the end of each perfusion by 
differential centrifu~ation with conventional homogenization 
methods as previous ly described, using either a KCI, BSA and 
EDTA-containins medium or a medium containing sucrose and 
ruthenium red (16). 

Oxygen Consumption Heasurements 
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Rates of oxygen consumption ~~ere monitored polarographically 
at 250 C usin.s a Clark electrode. The reaction media ,~ere 
idential to those previously described (16, 17). 

Protein Determination 

Protein determination Has made as described by Bradford, 
followin~ hypotonic shock (18). 
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Hitochondrial. ATP Production 

ATP synthesis ~·!as i.nitiated oy addin~ ADP to provide a final 
concentration of 0.5 mHo Sam;>les Her.e taken before and at 

, 
0, 

IS, 30, 45, 60, 120 and 130 seconds after addin3 the A~P. They 
were then nixed with 50 I of 10% perchloric acid on ice. 
Precipitated protein ,.;as separated by centrifu(;ation and the ATP 
content of the supernatant determined en:::ymatically (19). 

Mitochondrial Calcium Content 

iIitochondrial ca lciuL'I 
absorption spectrouetry. 
overni.ght in 500 I 11N03' 

Tissue ATP and CP 

cont ent ~;'as de ten'.; ined by atomic 
?·fitochondrial pellets ~lere di1ested 

CaC03 ~.,as used as the standard. 

The perfusion of the hearts in ~.;hich ATP and CP levels uere 
to be measured ~"ere terminated ;'y freeze clamping l/ith aluminum 
tongs (20). The frozen r,lUSC Ie ,,,as then pulverized, homogenized 
and assayed for ATP and CP as previously described (19). 

Tissue Calcium 

At the end of the perfusion period duplicate samples of left 
ventricular musc] e wet'e taken and di3ested in 1 ;nl/~ wet 'oTt. of 
nitric acid (IUID3)' The extracts Here diluted in 25 1:11 of 
deionized water and the calciu:n content Has assayed 
spectrophotometrically using a Perkin Elmer atomic absorption 
spectror.leter (mod. 306). Lanthanum trichloride was added to 
prOViae a final concentration of 0.1 percent. Total tissue 
uater was obtained by drying to constant ~lei:~ht at 950 C. 

CP!{ Activity 

Durins each perfusion, 
in chilled ~lass vials and 
(creatine phospho~inase). 
method of Oliver (21). 

Statistical Analysis 

the coronary effluent was co llected 
assayed, on the same day, for CPK 
CP:~ activity was determined by the 

Results are expressed as mean ~ standard error of the mean. 
Tests of significance ~lere made using Student's t tests, taking 
P = 0.05 as the limit of significance. 
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RESULTS 

Effects of Duration and Degree of Coronary Flol" Reduction 

In the isolated rabbit hearts perfused under aerobic 
condition at coronary fJm-l of 25 ±.. 1.72 ml/min for 120 minutes 
~.,ith oxygenated Krebs-Henseleit buffer (,,,ith glucose 11 mlf as 
substrate), the developed pressure remained constant for the 
first 60 ruinutes of perfusion and was only slightly decreased 
after 120 minutes (Figure la). lThen coronary flm. was reduced 
from the unrestricted rate of 25 ml/min to 3 nl/min (Fi~ure Ib) 
or abolished (Figure 2), developed pressure rapidly fell to near 
zero. Contractile activity ceased completely 10 minutes after 
the coronary flow was reduced to 1 rul/min (data not sho,m) or 
o ml/min (Figure 2). In contrast, 70 minutes after reduction of 
coronary flo~,' to 3 ml/min, developed tension was still 6% of 
control. values and ventricular activity ceased completely only 
80 minutes after the onset of low fl.ow perfusion (Figure lb). 

Hhen coronary flow was reduced to 3 ml/min, resting pressure 
did not chan~e significantly during the first 40 minutes, after 
which started to increase (Figure lb). This pattern is in 
contrast to that seen with 1 roll/F.,in ischemia (data not sho,,1I1) or 
zero flow ischemia in ,,,hich resting pressure be$an to rise as 
early as 20 minutes after the onset of ischemia (Figure 2). 

Reperfusion after 30 minutes of ischenia resulted in a rapid 
decline of resting pressure in all groups. Hhen the ischemic 
period was prolonged to 60 minutes, reperfusion resulted in a 
small, further increase in resting pressure, followed by a 
dec line towards contro 1 (F igure lb). Hm-lever, aft er 30 minutes 
of reperfusion follotving 60 minutes of no flo", ischemia, resting 
pressure was still increased (Figure 2), while for the 3 ml/ruin 
group it was almost at the control values (Figure lb). 
Reperfusion after 90 minutes of ischenia resulted in a marked 
increase in resting pressure in the total ischemia 1rouP (Figure 
2). In the 3 ml/min group, resting pressure started to decline 
after an initial increase, and at the end of 30 minutes of 
reperfus ion was 5 ±.. 0.9 mmHg (F igure lb). Reperfusion of the 
ischemic hearts resulted in some restorati.on of their capacity 
to generate active tension (Figures lb and 2), the percentage of 
recovery bein~ inversely proportional to the duration of the 
ischemic period (Table 1). Table 1 and Figures 1 and 2 sho\11 
that the degree of developed pressure recovered during 
reperfusion ~las also inversely proportional to the degree of 
reducti.on of coronary flow, the highest percentage of tension 
recovery occurring in the group with coronary flow rate 
maintained at 3 ml/min and the lo,.est in the group with no 
coronary flo\v. 
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Effect of the duration of moderate ischemia and subsequent 
reperfusion on mechanical function and tissue ATP and CP content 
in isolated and perfused rabbit hearts. Data are mean + 
standard error of at least six separate experiments. Under 
control and reperfusion conditions the hearts were perfused t-rith 
Krebs-Henseleit buffer at a mean of coronary flo,., of 25 ml/min. 
Ischemia was induced by reducing coronary flow to 3 ml/min. 
Tissue ATP and CP are expressed as lJmoles/g dry wt. 
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FIGURE 2 

Effect of duration of the total ischemic period and subsequent 
reperfusion on mechanical function and tissue ATP and CP content 
of the isolated and perfused rabbit hearts. The data are the 
mean values ±. standard error of at least six separate 
experiments. Under control and reperfusion conditions the 
hearts were perfused ~.,ith Krebs-Ilenseleit buffer at a mean of 
coronary flow of 25 ml/min. Ischemia ~"as induced by abolishing 
completely coronary flow. Tissue ATP and CP are expressed as 
~moles/g dry wt. 
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Fi5ure la shovs that tissue ATP and CP levels ·"'ere virtually 
constant during 120 minutes of aerobic perfusion. As expected, 
30 minutes of ischemia reduced ATP and CP levels si~nificantly. 
The fall in ATP and CP concentration after 30 minutes of 
ischemia was proportional to the severity of the ischemic 
condition, the decline in CP bein~ 3reater than that for ATP. 
The decline in ATP and CP concentrations, however, t1las not 
proportional to the duration of ischemia as there ,lias not a 
significant difference bett'1een the ATP and CP values after 60 
and 90 minutes of ischemia. 

The effects of reperfusion on absolute values of ATP and CP 
content of the hearts are shown in Fi:;ure 1 and 2, and the 
percenta3e of ATP recoveree after 30 minutes of reperfusion in 
Tab Ie 2. Restorat ion of coronary f 10\'1 after 30 minutes of 
ischer.lla resulted in a si~nificant (P<O.05) increase of ATP and 
CP contents in both groups when compared t"ith the ischemic 
values obtained before reperfusion. In none of the hearts, 
hO\leVer, were the ,'\.TP and CP concentrations restored completely 
to the aerobic control value. The percentage of recovery of ~TP 
after repecfusion Fas inversely proportional to the duration of 
the ischemic period, and the percenta<;e of ATP recovered after 
reperfusion was also inversely proportional to the de~ree of 
reduction of coronary flow (Table 2). Figure 3 shows that there 
Has an assoc iat ion between the tissue ATP content measured at 
the end of 30 r.linutes of reperfusion and the maximum recovery of 
developed pressure after 30 minutes of reperfusion. 

TARLE 1. Percenta1e ~ecovery of Developed Pressure During 
?eperfusion 

Duration of Ischemia (Hin) 
before Reperfusion 

Hoderate lo~" flot1l ischemia (3 ml/nin) 
Severe low flow ischemia (1 ml/min) 
No flow ischemia 

1 CO 
83 
62 

65 
39 
20 

S3 
21 
o 

The percentage of developed tension recovered after 30 minutes 
of reperfusion is calculated tlith respect to the pressure 
developed before the onset of ischemia. 
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Effects of Fatty Acid During Ischemia 

Figure 4 shows the effects of 30 minutes of moderate 
ischemia (3 ml/min) followed by reperfusion, using 3lucose as 
the only substrate, while Figure 5 shows the effects of the same 
period of ischemia when palmitate "Tas the only substrate durins 
ischemia. Figure 4 shows that, as expected, when coronary flow 
was reduced from the unrestricted rate of 25 ml/min to 3 ml/min, 
developed pressure fell rapidly towards zero. Resting pressure 
did not change significantly durin~ ischemia or reperfusion, and 
CPK release during ischemia was not significantly different from 
that observed during aerobic perfusion. Thirty minutes of 
moderate ischemia significantly reduced tissue ATP and CP 
levels, CP declining to a greater extent than ATP. The data 
illustrated in Figure 4 also show that when glucose ,.,as present, 
reduction of coronary flo'07 from 25 ml/min to 3 ml/oin did not 
si~nificantly modify tissue and mitochondrial calcium content, 
or isolated mitochondrial function measured in terms of rate of 
respiration durin~ ATP synthesis (Q02) and total ATP 
production. Reperfusion resulted in a prof,lpt recovery of active 
pressure generat ion. During the firs t 10 minut es of rejJerfus ion 
there \las a transient increase of CP[( concentrations in the 
coronary effluent that ,"as followed by a decline to'olards 
control, pre-ischemic values. Re-establishment of coronary flolo1 
also resulted in a signficiant, but incomplete, recovery of 
tissue ATP and CP concentrations. Reperfusion did not 
significantly affect tissue and mitochondrial calcium 
concentrations or isolated rJitochondrial function. Figure 5 
shows that when palmitate ,07as used as the only substrate during 
ischemia, reduction of coronary flow to 3 ml/min induced a rapid 
decline of developed pressure, contractile activity of the 
hearts ceased completely 5 minutes after the onset of ischeoia. 

Tl'.ELE 2. Percentase of Recovery of Tissue AT? durin;~ Repe::-fusion 

Duration of Ischemia (Hin) 
before Reperfusion 

iioderate 10'" flow ischemia (3 mlhain) 
Severe low flow ischemia (1 rol/min) 
No flow ischemia 

30 

90 
74.9 
59 

60 

79.3 
38.1 
29.2 

64.5 
37.4 
23.7 

The percenta~e of ATP recovery after 30 minutes of reperfusion 
is calculated with respect to the values obtained before the 
onset of ischemia. 
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Effect of moderate ischemia and reperfusion on mechanical and 
metabolic function of isolated, perfused rabbit hearts.· 
Substrate durin3 ischemia \JaS 11 mN glucose. Under control and 
reperfusion conditions hearts .lere perfused with Krebs-Henseleit 
buffer containing 11 Jll}1 glucose as substrate. Data are mean + 
standard errOl' of at least s :.x experiments. P is the 
significance of the difference between values obtained durin,,; 
aerobic perfusion and those obtained during ischemia and 
reperfusion. 
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At this time resting pressure t.,ras unchanged. HOl-leVer, lO 
minutes after the onset of ischemia resting pressure began to 
rise progressively and, by the end of 30 ~inutes, had increased 
to 79 :!:. 11 mmHg. Durin3 ischemia there tvas significantly more 
release of CPK than when glucose tofaS used as substrate (compare 
with Fi~ure 4). Tissue ATP and CP were severely reduced after 
30 minutes of ischemia. Tissue calcium \o,as unchanged after 
ischemia, while mitochondrial calcium content was increased 
after 30 minutes of ischemia. Mitochondrial Q02 and ATP 
production were also reduced after 30 min. of ischeaia. 
Reperfus ion of these hearts tvith a perfusate containing 11 mN 
glucose as substrate resulted in a small, insignificant decline 
of resting pressure and a minor recovery of developed pressure 
(compare with Figure 4). Reperfusion also resulted in a marked 
release of CPK into the coronary effluent. (The scales of CPK 
release are different in Figures 4 and 5.) Readmission of 
coronary flow did not result in a recovery of tissue ATP and CP 
concentrations, but ",ere follot~ed by a large, significant 
increase of tissue and mitochondrial calcium content. 
}1itochondria isolated after 30 minutes of post-ischemic 
reperfusion were virtually incapable of phosphorylating ADP to 
ATP. 

Addition of 11 mil glucose to palmitate as substt-ate during 
the ischem:c period provided some protection froD the effects 
sho,m in Fi.gure 5. Resting pressure did not increase during 
isc her.1ia and reperfus ion, and on readmis s ion of coronary f Jow 
there was a ~reater recovery of active pressure :;eneration 
(Figure 6). The decline of tissue ATP and CP durin1 ischemia 
~!as significant ly reduced, and there was some recovery of both 
these nucleotides during reperfusion (Fi·~ure 5). Hitochondrial 
calcium did not increase durin~ ischemia and tissue and 
mitochondrial calcium overloading during post-ischemic 
reperfusion ,.,ere almost abolished. Isolated mitochondTial 
function tvas maintained either after ischemia or after 
reperfus ion. 

DISCUSSION 

Effect of Duration and De~ree of Coronary FloH Reduction 

These results indicate that the extent of ischenic damage, 
and t'lhether or not reperfusion is beneficial or detrimental to 
ischemic myocardium, depends upon the severity and the duration 
of ischemia. Increasin~ the severity and the duration of the 
ischemic period reduces the recovery of normal myocardial 
function on reperfusion. 
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FIGURE 5 

Effect of moderate ischemia and reperfusion on mechanical and 
metabolic function of isolated, perfused rabbit hearts. 
Substrate during ischemia was 1.2 IlIH palmitate. Under control 
and reperfusion conditions hearts were perfused with 
Krebs-Henseleit buffer containing 11 mH glucose as substrate. 
Data are mean ±. standard error of at least six experiments. 
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P is the significance of the difference between values obtained 
during aerobic perfusion and those obtained during ischer.lia and 
reperfusion. 
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Effect of moderate ischemia and reperfusion on mechanical and 
metabolic function of isolated, perfused rabbit hearts. 
Substrates during ischer.lia ,,,ere 11 mll glucose and 1.2 mN 
palmitate. Under control and reperfusion conditions hearts were 
perfused with Krebs-Henseleit buffer containi.ng 11 mH glucose as 
substrate. Data are mean ~ standard error of at least six 
experiments. P is the significance of the difference between 
values obtained during aerobic perfusion and those ohtained 
durin~ ischeLlia and reperfusion. 



ALTERATIONS INDUCED BY ISCHEMIA AND REPERFUSION 149 

The reduction or the abolition of coronary flow induced a 
very rapid cessation of contraction, follo\"ed by a progressive 
rise in resting tension. Increasing the de'~ree of coronary flo\., 
reduction had no effect on the decine of developed pressure, but 
increased the rise of resting tension. The decline of active 
pressure generation induced oy ischemia has important metabolic 
consequences because it removes an enormous energy drain on the 
cell, as the maintenance of contraction utilizes almost 75% of 
total cellular ATP production. It is possible that the residual 
ATP content during the first 30 rr:inutes of ischemia was 
sufficient to maintain basic cellular functions, such as control 
of cell volume, maintenance of ionic homeostasis and 
preservation of ultrastructure (22, 23), thereby allowin~ 
recovery of metabolic and nechanical function on reperfusion. 
It is clear from our results, that residual coronary flov plays 
an important role even in this early stage of ischenia as the 
recovery on reperfusion was 1reoter for the hearts exposed to 
moderate ischemia than for those made total ischemic (Fi1ures 1 
and 2). The findin1 of an incomplete restoration of ATP and CP 
content even after reperfus ion of the hearts made ischemic for 
30 minutes at 3 ml/min (Figure I), is probably due to a 
reduction of adenine nucleotide ?ool in the ischemic cell (2 td, 
rather than to a defect of mitochondrial ATP producing capacity, 
\lhich was, in fact, unchan'>,ed (Fi3ure 4). 

Extending the ischemic period to 60 and 90 minutes resulted 
in progression of the ischemic damage, as restin3 pressure 
increased further, and ATP and CP levels decreased further 
(Figures 1 and 2). The progress ion of ischemic dar;;a3e seems to 
be delayed by the presence of residual coronary flow. Hhen 
coronary flow was reduced by 78% from control levels for 90 
minutes, ATP and CP levels were better maintained than \.,hen 
coronary flo';1 was completely abolished for the same period of 
time (Figures 1 and 2). It is possible that during low flow 
ischemia (3 ml/min) the hearts reached a new state where the 
rate of cellular ATP hydrOlysis is reduced by the depressed 
mechanical activity to almost match the lower ATP pi"oduction. 
Under ischemic conditions, ho\"ever, several metabolic path\"ays 
continue to utilize the free ener~y provided by ATP. They 
include reactions involved in the maintenance of ion disribution 
and cell VOlUI:1e (25), enzyme reactions such as adenylate cyclase 
(26), myokinase (27), fatty acid synthetase (28), and protein 
kinase (29). In addition, ATP is essential for maintenance of 
nornal cell structure, biosynthesis of proteins, nucleic acids, 
complex carbohydrates and lipids. It is also necessary, 
indirectly, for mitochondrial oxidative phosphorylation as ATP 
provides for the entry of glucose into the glycolytic pathuay 
and the activation of fatty acids. In the 3 rol/min group, 
however, the residual ATP \<las not suffic ient to prevent the 
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increase in resting pressure, an abnormality which depends on 
both ATP and tissue calcium (30, 31). 

Residual ATP may just suffice to support basic cellular 
functions, such as maintenance of ionic homeostasis and 
preservation of ultrastructure. Readmission of flow at the 
stage of ischemic damage where cellular r.1embranes are presumably 
still intact, some cellular supplies of ATP are available, and 
pathways of electron transport and oxidative phosphorylation are 
simply blocked and not damaged, should result in a re-
energ;izat ion of the electron transport path,.,ay. This, in turn, 
should lead to at least a partial restoration of oxidative 
phosphorylation and ATP production, ,.,ith a resumption of 
contractile activity. There is, in fact, an association between 
these t\.,o parameters, as shown in Fi:~u:ce 3. 

Extending the period of total ischer.!ia to 60 and 90 minutes 
resulted in a further depletion of the high energy phosphate 
stores. This suggests that in tllis group of experinents ATP 
consumption durin·~ ischemia exceeded hTP production. Under 
severe ischemic cond it ions, there is a 1.U!ost no possib ility of 
ATP !noduction. OX)'3en uptake is abolished, and anaerobic 
glycolysis is severely inhibited by the intracellular 
accumulation of H+, NADH and lactate (32). Theoreticll11y SOCJe 
ATP synthesis could be coupled to the reverse flux of ions 
throu;~h an ATP-dependent ion pump such as the Ca-ATPase of the 
sarcoplasmic reticulum or the Na-K ATPase of the sarCOlenll11a. It 
is still uncertain if an ischemic episode brin~s about the 
conditions necessary for reversing the ATPase-dependent calcium 
flux across the sarcoplasmic reticulum, but, in any case, it is 
unlikely that the ar:lount of ATP produced by this process is of 
great importance. Reperfusion after 90 r.tinutes of severe 
ischemia did not lead to a re- establishment of the cell 
function; but instead produced further an increase of resting 
ppessure and no recovery of developed pressure or high energy 
phosphate groups. A numbe:c of mechanisms have been suggested to 
explain these findings. From our previous studies (13, 17,33, 
34) it appears that mitochondrial funct ion plays an important 
role in the mo lecular mechanism of reperfusion dal~)age after 
prolonged periods of ischemia. In particular, it has been 
proposed (35), and confirmed by us (13, 33), that with the 
readmission of coronary flow after a prolonsed period of severe 
ischer:lia there is an abundant supply of external calciuril that 
enters the myocardium. At this stale, the cell membrane no 
longer acts as a permeability barrier to ions such as calcium. 
The nechanisD of this alteration is unclear; it may be related, 
as it ~lill be discussed in more detail later, to the deter:5ent 
action of FFA metabolites, to lesions caused by the action of 
free radicals generated by the re-introduction of oxygen (37), 
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or the severe ATP reduction. Hhichever mechanism is involved, 
this leads to an increased calcium concentration at the time 
when mitochondria are re-energized by readmission of 02. Hhen 
given the choice of producing ATP via oxidative phosphorylation 
or accumulating calcium, cardiac mitochondria will 
preferentially pe1:form the latter, causing a further decrease in 
ATP synthesis (36). The data reported in Figure 7, sho\.,in~ an 
inverse correlation betHeen mitochondrial calcium content and 
ATP production by mitochondria isolated from hearts made 
ischemic \"ith different substrates and reperfused, are an 
indirect confirmation of this hypothesis. 

Effects of Substrate Durin;;; Ischemia 

From our results it "lould appear that substrate availability 
is important in the evo lut ion of the ischemic damale of the 
isolated and perfused hearts. Glucose alone, or in association 
with palmitate, minimized the deleterious consequences of 
inadequate oxygenation and restored mechanical. function on 
reperfusion (Figures 4 and 6). Hhen palmitate ,~as the only 
substrate, ischer;lia resulted in severe impairment of l7letabolic 
and mechanical funct ion and there was no recovery on 
reperfusion. In this group, there vas a remarkable and 
prolressive increase of diastolic pressure 10 minutes after the 
onset of ischemia, together with a progressive reduction in 
tissue ATP and CP content. Tissue calc:_um durins the first 20 
minutes of ischemia was unchanged, but mitochondi-ial calcium Has 
increased, indicating that the presence of palmitate durin3 
ischemia induced an intracellulai.- redistribution of calc:cum. 
Cytosolic calcium concentration increased, the extramito
chondrial calcium concentration being the major factor 
cetermining calcium accu!11Ulation 03, 39). An increase of 
cytosolic calcium, together with a decrease of ATP can explain 
the increase in resting pressure (Figure 5) (23). This 
alteration of intracellular cal.cium homeostasis could be 
dependent on: (a) sevel-e reduction of tissue ATP as ATP is 
necessary to prevent the redistribution of calciuu dOHn 
previously established concentration gradients; (b) an increased 
sarcolermnal mer.,orane cat:ion penneability, particularly for 
calcium, leading to an increased calcium uptake during ischemia; 
or, (c) an increased release of calcium froQ the saLcoplasQic 
reticulum to the cytosol. 

~~h:en ?almitate is the only substrate, the accelerated 
development of ischemic abnormalities indicates the existence of 
Sone alteration not occurring lJhen glucose, or glucose + 
palmitate, are substrates. The followinJ discussion examines 
the question: Hhy should palmitate, duri.ng ischemia, induce an 
earlier and more sever.e ATP and CP depJetion than ,glucose? 
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In our experiments this effect does not depend on mechanical 
factors, as the hearts developed exactly the same pressure 
before the onset of ischemia and the decline of contractility in 
the early stage of ischemia was the same, independently of the 
substrate utilized. It does not depend on changes in 
osmolarity, as the hearts perfused with palmitate received an 
equiuolar concentration of mannitol. The most likely 
explanation, therefore, is related to the ability of exogenous 
glucose to enhance glycolytic ATP production and to the 
deleterious effect of palmitate on mitochondrial function. 
Under conditions of moderate ischemia, as chosen in this study, 
the rate of anaerobic glycolysis has been shown to be 
accelerated (40). 

Our earlier results indicate that during 3 ml/min ischemia 
sone of the ATP is derived froB oxidative metabolism, as the 
substitution of N2 for 02 in the perfusate resulted in a 
reduction of the ATP and CP levels. Hhen palmitate ~'las used as 
the only ischemic substrate, anaerobic glycolysis could not 
occur and the isolated mitochondrial function, including ATP 
production after 20 and 30 minutes of ischemia, was 
significantly reduced "hile with ~lucose it ,,,as unchanged. 
Although function of isolated mitochondria is not necessarily 
rep::-esentative of their function in the ce1l, these data su~gest 
that the residual oxidative ATP production was reduced when 
palmitate was used as substrate. 

The reason why mitochondrial function should be altered ~"hen 
palmitate is substrate is not completely understood. An 
association between accumulation of FFA intermediates and 
histological mitochondrial destruction has been reported which 
could be the result of a detergent effect on mitochondrial 
membrane (10, 41). Alternatively, function could be altered as 
the consequence of increased mitochondrial calcium 
concentration. Figure 7 shows an inverse relationship bet,.,een 
mitochondrial calcium content and ATP-producing capacity, and it 
is known that Ca2+ ions play an important role in the 
re~ulation of mitochondrial metabolism (42-44). The capacity to 
oxidize oxoglutarate and other substrates diminishes when 
mitochondria are overloaded with calcium (45). An increased 
calcium concentration, together ,iith hish levels of long-chain 
acyl CoA has also been shown to inhibit the adenine nucleotide 
trans locator (46-l~3) l:hich reduces the capac ity for ATP 
transport from the mitochondria to the cytosol that further 
decreases the cytosolic ATP pool. 

The uaintenance of tte normal calcium homeostasis implies 
the movelaent of Ca2+ a'5ainst grad ients, and therefore is an 
energy-dependent process. It is quite likely that during the 
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ischemic episode with palmitate, the tissue level of ATP could 
fall below the level required for the maintenance of normal 
cytosolic Ca 2+ concentration. 

Another possible explanation of our data is that these 
alterations in calcium homeostasis are the result of membrane 
damage due to accumulation of fatty acids and of their 
intermed iates in the myocardium. The reduced supply of oxy~en 
in the myocardial cell decreases B-oxidation rate (48), with a 
consequent accumulation of long-chain acyl derivatives (8, 9). 
These intermediates accumulate into the matrix space mostly as 
long-chain acyl CoA and into the cytosol as long-chain acyl 
carn1tlne. These acyl esters have detergent properties which 
may alter several membrane functions and inhibit the Ua+-K+ 
ATPase. The finding of an increased CPK release in the hearts 
made ischemic ~"ith palmitate suggests an altered sarcoler.lmal 
permeability. Under ischemic conditions, FFA toxicity may also 
be related to the presence in the cell of FFA that are not 
activated because of the reduced rate of B-oxidation (49, 50). 
Ho~~ever the time course of the accumulation of nonesterified FA 
in ischemic myocardium is slo~" and these accumulate only as a 
late event after 60 minutes of ischemia (51). 

The possibility that the alteration of calcium homeostasl.s 
induced by palmitate is due to an increased release of Ca 2+ 
from the sarcoplasmic reticulum is the most unlikely explanation 
as it has been ShOl-m that palmitic acid enhances calciuT.1 
sequestration and not calcium release by sarcoplasmic reticulum 
ves ic les (50). 

Hhatever the mechanism invo Ived, reperfusion of the i.schemic 
hearts ~.,hen energy reserves are depleted and mitochondria 
already overloaded with calcium! results in a massive, 
respiration-linked uptake of Ca L + and its irreversible 
sequestration into mitochondria as Ca 2+-phosphate (52). Hhen 
palmitate ,.,as used as substrate, tissue and mitochondrial 
calcium were three to four fold increased after 30 minutes of 
reperfusion. This ~TOuld impair the mitochondrial respiratory 
function and the capacity to produce ATP so that a vicious 
circle is probably established preventin~ restoration of the 
already depleted energy reserves. 

These deleterious effects of palmitate are completely 
overcome by the addition of glucose in the ischemic perfusate 
(Figure 6). There is not a simple explanation for this effect 
of ~lucose. It could be related to an inhibition of fatty acid 
uptake in general, as the myocardial cell prefers glucose as 
carbon substrate durinl ischemia (53), or it could be due to an 
increased rate of anaerobic glycoJysis and oxidative 
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phosphorylation with a consequent reduction of ATP loss. Thus, 
sufficient ATP could remain available during the early stages of 
ischemia to maintain membrane ultrastructure and Ca2+ 
homeostasis. Under these circul:lstances, cytosolic calcium ~.,ould 
not increase and mitochondria would not become overloaded with 
calcium, while resting tension uould not rise. 

In conclusion, many factors that may influence the severity 
of ischemic damage should be taken into account in studies that 
assess the effect of therapy on experimental myocardial ischemia 
or infarction. Different substrate availability can be achieved 
in the open chest, anesthetized dog, and such variation could 
account for some of the variation among animals and conflicting 
reports from different laborator ies. Furthermore, as a t~V'o-fo ld 
increase in serum free fatty acids has been observed in patients 
suffering acute myocardial infarction (54), experiments designed 
to study the changes during acute ischemia and their possible 
clinical implications must consider the role of FFA as the 
ischemic substrate. 
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High levels of fatty acids frequently have been found to be 
detrimental to ischemic myocardium (for review see 1). The 
mechanism of these effects is not understood but several 
possibilities exist. First, it seems very clear that fatty 
acids increase myocardial oxygen consumption when compared to 
carbohydrates (2, 3). The theoretical increase in oxygen 
consumption if the heart were using 100% lipid compared to 100% 
carbohydrate is about 13%. However, increases in oxygen 
consumption at constant workload caused by high levels of fatty 
acids range from 20 to 50% (2, 3). Obviously, this increase in 
oxygen consumption under conditions of limited oxygen supply, 
such as ischemia, may place the heart in a negative energy 
balance and precipitate a compensatory reduction in function. 

A second possible mechanism of the fatty acid effects may 
relate to accumulation in the tissue of either free fatty acids 
or their long-chain acyl esters of CoA and carnitine (4). Under 
normal aerobic conditions, long-chain acyl CoA and carnitine do 
not accumulate to any significant extent even when abnormally 
high levels of exogenous fatty acids are present (3). This 
results from the fact that normal control of fatty acid 
oxidation residues within the citric acid cycle at one end of 
the path\lay and at production of acyl CoA and carnitine on the 
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other end (3, 5). The cell. contains a limited supply of CoA and 
carnitine, and, when excess fatty acids are available, their 
oxidation is limited by the actlvlty of the citric acid cycle. 
This, in turn, causes the conversion of CoA and carnitine to 
their acetyl esters, and the limited supply of free CoA and 
carnitine in the cytosol does not allow production of excessive 
long-chain acyl CoA and carnitine. However, under oxygen 
deficient conditions, B-oxidation becomes limited due to high 
mitochondrial levels of NADH and FADH2 (6). This prevents the 
conversion of CoA and carnitine to their acetyl esters and 
allows production and accumulation of high levels of their 
long-chain acyl esters (6, 7). 

Whether these acyl esters are responsible for increased 
oxygen consumption and the reported alterations in mechanical 
and electrical activity of the heart under oxygen deficient 
conditions is not :(;nown. It is clear that Doth acyl CoA and 
acyl carnitine affect the activity of several isolated enzyme 
systems (for review see 1). It is also clear that both of the 
acyl esters have detergent properties which could 
non-specifically alter several membrane functions. In this 
regard, the heart contains from 10 to 20 times more carnltlne 
than GoA and acyl esters of carnitine accumulate during ischemia 
to a much larger extent than acyl GoA (6). Thus, any detergent 
effect would oore likely result from acyl carnitine than acyl 
GoA. 

It is difficult to demonstrate in the intact tissue that 
these compounds have any detrimental effects. Associations 
between accumulated acyl CoA and carnitine and altered 
electrical (2, 3), and mechanical (9) activities as well as 
histological evidence of mitochondrial destruction (10) have 
been reported, but direct evidence for a cause and effect 
relationship has not been obtained. 

The purpose of the present paper is to review the conditions 
that result in increased levels of acyl GoA and acyl carnitine 
in rat hearts and to report some attempts to relate high tissue 
levels of these compounds to altered metabolic and mechanical 
activity. 

Hearts from male Sprague-Dawley rats (250-250 g) were used. 
Hearts were removed from rats anesthetized with sodium 
pentobarbitol and were perfused by either the Langendorff or 
,,,orking heart techniques with a Krebs-Henseleit bicarbonate 
buffer containing either 11 ml-t glucose or glucose plus palmitate 
bound to 3% bovine serum albumin and equilibrated with 95% 
02: 5% C02. Ischemia was induced either by lowering the 
aortic perfusion pressure in Langendorff hearts or by use of a 
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one-way valve in the aortic outflow tube (ll). At the end of 
perfusion, hearts used for determinilv~ tissue levels of 
metabolites were frozen with aluminum clamps cooled in liquid 
nitrogen and tissue levels of long-chain acyl CoA and carnitine 
were determined as described earlier (6). Diabetes was induced 
by injection of animals with 60 mg alloxan/kg body weight and 
the hearts were removed 48 hours later. 

RESULTS AND DISCUSSION 

Several conditions result in altered levels of acyl CoA and 
carnitine in the heart. Fasting (Table 1) caused a small 
increase in long-chain acyl CoA (FACoA) and about a three-fo Id 
increase in long-chain acyl carnitine (FACarn). It is also 
clear that the levels of these acyl esters are dependent on the 
exogenous supply of fatty acids. Hearts from fasted rats had 
elevated FACoA at a perfusate palmitate concentration of 1.2 m}1 
but not at 0.4 roM. However, FACarn ~Ias higher at both fatty 
acid concentrations. Diabetes (Table 1) resulted in a rise in 
both FACoA and FACarn. Presumably, the increase in FACoA and 
FACarn in hearts fror.l fasted and diabetic animals results fror.l 
exposure of the heart to higher circulating levels of serum 
fatty acid in vivo and, in the perfused heart, to increased 
endogenous triglycerides. However, it is important to point out 
that although the levels of acyl CoA and carnitine esters vary 
considerably under aerobic conditions in response to changes in 
hormone and substrate supply, their levels remain far below 
those found under ischemic cond it ions. 

Ischemia (Table 1) resulted in higher levels of both FACoA 
and FACarn even in hearts receiving no exogenous fatty acid. 
Apparently the fatty acid was supplied by lipolysis of 
endogenous lipids. Addition of exogenous palmitate resulted in 
a small increase in acyl CoA and a large rise in acyl 
carnltlne. The level of acyl carnitine, but not acyl CoA, could 
be increased further by addition of more palmitate or continued 
perfusion under ischemic conditions with palmitate present. 

Rat cardiac muscle contains about 550 nmoles/g dry tissue of 
CoA. The highest level of FACoA observed under ischemic 
conditions represents 52% of this total. The normal cellular 
distribution of CoA in heart is 90-95% mitochondrial and 5-10% 
cytosolic. The concentration of total CoA in the cytosol would 
be about 27-55 nmoles distributed in 1.8 ml or froc 15 to 30 
~M. This is the maximum FACoA concentration that could be 
attained if all the CoA ~"ere converted to the acyl ester. Most 
likely, the total FACoA will be less than total CoA under all 
conditions. Since FACoA binds to lipid membranes and proteins 
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and is only slightly soluble in water, its effective 
concentration in the cell is unkno\cm. The above values serve 
only to identify the total available. This total could, 
however, be concentrated in one area, for exacple on 
mitochondrial membranes, resulting in a very high local 
concentration. The mitochondria contain from 422 to 495 nmoles 
of CoA distributed in 280 rng of mitochondrial protein or about 
280 microliters of matrix space. Thus, the concentration of 
total CoA in the matrix space would be about 1.5 to 1.8 w1. The 
FACoA concentrat ion of mitochondri.a under ischemic cond it ions 
could be 50 to 60% of this. 

From a concentration standpoint, acyl carn1t1ne is far more 
dominant than acyl CoA. Rat heart contains about 6 ~moles of 
total carnitine per g dry tissue of uhich 95:;~ is cytosolic. 
Thus, the concentrat ion in the cytosol would be about 3 mt-l. The 
hi~hest level of FACarn observed in ischemic hearts (Table 1) 
l~as about 3.5 ~moles/'?; dry. This could result in a cytosolic 
FACarn concentration of about 1.8 mH, some 100 to 200 times the 
maximum FACoA concentration in this cellular space. 

Levels of acyl CoA and acyl carnitine do not increase under 
all conditions of oxygen deficiency (12). Hearts perfused under 
conditions of ischemia (coronary flow rates ranging from 1-5 
ml/min) or hypoxic and anoxic conditions had high levels of the 
acyl esters but zero coronary floH failed to increase acyl 
carnitine and produced only a small increase in acyl CoA. 
Likewise, incubation of cardiac muscle at 370 C resulted in 
decreased levels of acyl CoA and carnitine. The failure of zero 
coronary flow to raise the acyl esters is surprising since low 
flow \lith no exogenous fatty ac id present did result in elevated 
tissue levels (Table 1). This flow dependence of acyl esters 
may be related to tissue levels of lactate. High concentrations 
of lactate inhibit fatty acid oxidation and reduce tissue levels 
of acyl carnitine (13). Thus, at zero or very low coronary 
flows where tissue lactate cannot be \"ashed out, inhibition of 
acyl carniti~e production by lactate may prevent accumulation of 
the ester. 

Although high concentrations of exogenous fatty acids have 
been shown to depress mechanical function in ischemic swine 
hearts (9) and isolated hypoxic rat hearts (14), it has been 
difficult to demonstrate an effect of a high fatty acid/albumin 
ratio on the function of perfused rat hearts either during 
ischemia or l'lith reperfusion followin3 ischemia. Hearts 
perfused for 30 min with a coronary flow of 0.4 ml/min recovered 
35% of their preischemic developed pressure after 30 min of 
reperfusion l"hen glucose ",as the only exogenous substrate 
provided (Table 2). Hearts receiving 1.2 w,1 palmitate bound to 
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FACTORS THAT INFLUENCE MYOCARDIAL LEVELS 

3% albumin recovered 43% of their preis chemic function. This 
recovery of mechanical function occurred even thou~h the hearts 
had been exposed to hi~h levels of acyl CoA and acyl carnitine 
during the 30 min of low flo,,, ischemia (0 time values in Table 
2). The acyl CoA and carnitine levels decreased during 
reperfusion but exposure to the high levels during ischemia did 
not alter the ability of the heart to resynthesize ATP a~d CP or 
to regain mechanical function with reperfusion. 

Accumulation of acyl CoA and acyl carnitine may have 
metabolic effects that are not immediately translated into 
altered mechanical activity. For example, increased tissue 
levels of triglycerides occur in ischemic hearts and in hearts 
of diabetic animals (15). This increased esterification of 
fatty acids may result from a high cytosolic level of acyl CoA 
in each case. Acyl CoA not only serves as substrate for 
es terificat ion to trig lycerides but a Iso inhio its tr i~ 1 ycer ide 
lipase act ivity (16, 17). Tab Ie 3 shows the effects of 
palmityl-CoA on neutral lipase activity in rat heart 

165 

homogenate. Palmityl-CoA was an effective inhibitor of lipase 
activity. The concentration required to significantly reduce 
lipolysis t.as 100 H ,,,hen no protein ,,,as added other than that 
present in the tissue houogenate. In the absence of added BSA, 
lipase activity was reduced to 83 and 33% of control by 100 and 
200 pM palmityl-CoA, respectively. This effect of acyl CoA 
could be partially prevented by adding 39 llU BSA. Lipolytic 
activity was reduced to 93 and 57% of control at 100 and 200 pH 
acyl CoA, respect ively. Hith the higher concentration of BSA, 
lipase activity '-las only reduced to 93 and 79% of control, 
respectively. The increase in activity with 78 llH BSA uas 95% 
when no acyl CoA was added, lIn with 100 p~l acyl CoA, and 34% 
with 200 llX acyl CoA. Thus, albumin not only increased lipase 
activity in the absence of acyl CoA, it also reduced acyl CoA 
inhibition. This reduction of acyl CoA inhibition probably 
resulted from acyl CoA binding to albumin. On the other hand, 
palmityl-carnit ine at very high concentrations was only slight ly 
inhibitory compared to palmityl-CoA (Figure 1). Palmitate ,.as 
an even weaker inhibitor than palmityl-carnitine. The lowest 
concentration of palmityl-CoA to inhibit was 100 pH, but it took 
four times as much palmityl-carniti.ne and thirteen times as much 
palmitate to produce the same degree of inhibit ion. Thus, 
palmityl-CoA was a much more effective inhibitor of lipase than 
either the free acid or the acyl carnitine ester. 

It is interesting that addition of 100 llM palmityl-CoA 
caused a 20~~ inhibition, ,,,hereas 150 pH resulted in a 63% 
inhibition (Figure 1). This lar~e jump in percent inhibition 
with inhibitor concentration indicates that r.IOSt of the 
palmityl-CoA present at 100 llH was bound to the 14 mg of tissue 
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Table 3. Effects of palmityl-CoA and serum albumin on lipase 
activity 

Palmityl-CoA Lipase Activity (~moles/g/min) 

M 0 BSA 39 M BSA 78 M BSA 

0 0.42 .:!: .01 0.69 .:!: .03 0.82 .:!: .03 
50 0.40 .:!: .02 

100 0.35 .:!: .01 0.64 .:!: .02 0.76 .:!: .02 
150 0.18 .:!: .01 
200 0.14.:!: .01 0.39 .:!: .03 0.54 .:!: .02 
250 0.09 .:!: .01 
300 0.06 .:!: 0.1 

Samples of tissue homogenates (about 14 mg protein) were incubated 
for 20 min with the concentrations of palmityl-CoA and bovine serum 
albumin (BSA) indicated. The concentrations of albumin used, 39 and 
78 ~ represent about 12 and 24 mg protein, respectively. The rates 
of glycerol release were linear for the 20 min incubations. Lipase 
activity is expressed as moles glycerol release/g wet tissue/min. 
The data represent the mean.:!: S.E.M. for 6 tissue homogenates. 

proteins present in the homogenate. Inhibition of lipase was 
proportional to concentration of palmityl-CoA only at 
concentrations above 100 ~ M. Including 39 llM BSA completely 
removed the inhibition of 100 ~M acyl CoA and greatly reduced 
the effect of 200 llM acyl CoA (Table 3). Increasing the 
concentration of BSA to 78 ~M almost el~inated the inhibition 
at 200 llM palmityl-CoA. These data indicate that binding of 
acyl CoA to protein effectively prevents inhibition of lipase 
activity. Also, since 39 ~ BSA (about 12 mg protein) prevented 
most of the inhibition that occurred at acyl CoA concentrations 
between 100 and 200 llM, most of the acyl CoA present at 
concentrations below 100 llM was probably bound to the 14 mg of 
tissue protein present. 

If this effect of palmityl-CoA has any relevance to events 
in the intact tissue, the inhibitory concentration. must be near 
that found in the cytosolic space. Palmityl-CoA seemed to exert 
its most effective control at concentrations between 100 and 
150 ~, much too high for the concentration that might be 
present in the cytosol. The concentrations used in the assay 
are, however. over-estimates of the actual effective 
concentrations present since the activity of palmityl-CoA 
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Inhibition of triglyceride hydrolysis by palmityl-coenzyme A, 
palmityl-carnitine and palmitate bound to 3% albumin. This 
incubation buffer consisted of I ml of Ediol (dialyzed against 
50 mM Hepes and diluted 1:1 with 50 mM Hepes pH 7.0),1 mM KCN, 
rotenone (100 ~g/g heart tissue), Hepes pH 7.0. 0.06 grams of 
heart tissue and the indicated concentrations of metabolites in 
a total volume of 4.21 mI. The effect of palmityl-carnitine 
upon lipase activity was measured in the presence of 39 ~M BSA. 
Palmitic acid was bound to 3% albumin. The effect of 
palmityl-CoA is with no added protein. Since the rate of 
lipolysis was elevated by albumin, the data for each 
concentration of metabolite are presented as percent of control 
determined at the same protein concentration, but without added 
metabolite. 
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hydrolase (18) present in the rat heart homogenate reduced the 
palmityl-CoA by 20 min to only 45-50% of that added initially 
(data not shown) and binding of acyl CoA to tissue proteins 
could be expected to reduce the concentration even further. 

This inhibition of lipase activity by palmityl-coenzyme A 
may be an important part of increased triglycerides in ischemic 
and diabetic hearts. The effect of palmityl-CoA did not appear 
to be due to a nonspecific detergent-like action resulting from 
its amphipathic structure, but more likely was due to a specific 
interaction of palmityl-CoA with the enzyme. This conclusion is 
based on the observation that palmityl-carnitine which is also 
an amphipathic compound had little effect on lipase activity. 

REFERENCES 

1. Katz. A.M., & Messineo, F.C. (1981): Circ. Res. 48: 1. 
2. Vik-Mo, H., & Mjos, O.D. (1983): IN Myocardial Ischemia and 

Protection (eds) H. Refoum. P. Jynge. & O.D. Mjos, Churchill 
Livingstone, London, p. 35. 

3. Oram. J.F., Bennetch, S.L., & Neely, J.R. (1973): J. BioI. 
Chem. 248: 5299. 

4. Neely, J.R., & Feuvray, D. (1981): Am. J. Pathol. 102: 
282. 

5. Idell-Wenger. J.A., & Neely, J.R. (1977): IN 
Pathophysiology and Therapeutics of Myocardial Ischemia 
(eds) A.M. Lefer. G.J. Kellcher. & M.J. Ravetto, Spectrum 
Publications, Inc., New York, p. 227. 

6. Whitmer. J.T., Wenger. J.I., Ravetto, M.J., & Neely. J.R. 
(1978): J. BioI. Chem. 253: 4305. 

7. Whitmer. J.T., Ravetto, M.J., & Neely. J.R. (1974): Fed. 
Proc. 33: 364. 

8. Shug, A.L., Shrago, E., & Bittar. N. (1975): Am. J. 
Pbysiol. 228: 689. 

9. Liedtke. A.J., Nellis, S., & Neely. J.R. (1978): Circ. 
Res. 43: 652. 

10. Feuvray, D. (1983): IN Myocardial Ischemia and Protection 
(eds) H. Refoum. P. Jynge, & O.D. Mjos, Churchill 
Livingstone, London. p. 45. 

11. Neely. J.R., Ravetto, M.J., Whitmer. J.T •• & Morgan, H.E. 
(1973): Am. J. Pbysiol.· 225: 651. 

12. Neely. J.R., Garber, D., McDonough. K., & Idell-Wenger. J. 
(1979): Perspectives in Cardiovascular Research, Ischemic 
Myocardium and Antiangina Drugs, Vol. 1, (eds) M.M. Winbury, 
& Y. Abiko, Raven Press, New York, p. 225. 

13. Bielefeld, D.R., Vary. T.C., & Neely. J.R. (1983): Fed. 
Proc. 42: 1258 

14. Henderson, A.H., Craig, R.J., Gorlin. R., & Sonnenblick, 
E.H. (1970): Cardiovasc. Res. !: 466. 



FACTORS THAT INFLUENCE MYOCARDIAL LEVELS 

15. Denton, R.M., & Randle, P.J. (1967): Biochem. J. 104: 416. 
16. HcDonough, K.H., Costello, M.E., & Neely, J.R. (1979): Fed. 

Proc. 38: 894. 
17. Severson, D.L., & Hurley, B. (1982): J. Mol. Cell. 

Cardiol. !i: 467. 
18. Lui, M.S., & Kako, K.J. (1975): J. :-101. Cell. Cardi01. L: 

577 • 

169 



ARE TISSUE NON-ESTERIFIED FATTY ACIDS (NEFA) INVOLVED IN 

THE IMPAIRMENT OF BIOCHEMICAL AND MECHANICAL PROCESSES 

DURING ACUTE REGIONAL ISCHEMIA IN THE HEART 

G.J. van der Vusse, F.W. Prinzen, and R.S. Reneman 

Department of Pbysio1ogy 
University of Limburg 
P. O. Box 616 
6200 MD, Maastricht, The Netherlands 

After extraction from capillary blood by myocardial tissue, 
non-esterified fatty acids (NEFA) can either be oxidized to 
deliver energy for electromechanical processes, taken up in 
fatty acid stores as triacy1g1ycerides, or incorporated in 
membrane structures as glycerophospho1ipids. Beside these 
useful roles of NEFA for myocardial function, detrimental 
effects of these fatty acids have been described. Raised plasma 
levels of NEFA have been suggested to induce or facilitate 
arrhythmias in patients with myocardial infarction (1) or to 
extend the infarcted area (2). In vitro experiments with 
isolated enzymes and subcellular fractions have shown that NEFA 
can inhibit enzyme activities and mitochondrial energy 
production (for reviews see 3. 4). 

An extensive literature survey (4, 5) revealed that the 
content of NEFA in normoxic myocardial tissue of the dog, an 
animal commonly used in experimental models to study changes in 
myocardial fatty acid metabolism due to ischemia. varied greatly 
from study to study (see Table 1). In most of the reports. high 
NEFA values were found that were hardly compatible with life. 
considering the concentrations of NEFA known to inhibit 
enzymatic activity and mitochondrial function. 
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Table 1. Content of NEFA in normoxic dog myocardiUTJ. 

Amount 
(nmo 1·&.-1) References Method 

29 Van der Vusse et a1. (6) II 
56 Hunneman & Schweickhardt ( 5) II 

500 Masters & Glaviano (7) I 
912 Weishaar et a1. (8) II 

1210 Weishaar et a1. (9) II 
2780 Suzuki et a1. (10) III 
3570 Suzuki ~t a1. (11) III 
4390 Oscai (12) I 
5900 Ahmed et a1. (13) I 
8800 Regan et a1. (14) I 
8900 Regan et a1. (15) I 
9600 Regan et a1. (16) III 

10800 Haider et al. (17) I 
12000 Regan et al. (18) III 
14950 Andrieu et a1. (19) III 
17850 Sakurai (20) III 
21950 Liu & Spitzer (21) III 

I Titrat ion; II Gas-liquid chromatography; III Spectrophotometry 

The first aim of our experimental study ~"as to determine the 
content of NEFA in normoxic myocardial tissue of the dog, and to 
explore possible pitfalls in the determination of these 
substances. Routinely, a gas-liquid chromato~raphic assay 
system was used in order to discriminate between the various 
fatty acids present in this lipid class. 

Messineo and coworkers (22) and Feuvray and PIouet (23) 
suggested that accumulation of NEFA in ischemic myocardial 
tissue can be held responsible for the loss of mechanical 
function. Cowan and Vaughan Hilliams (24) hypothesized that 
increased NEFA levels were involved in the acceleration of 
g lycogen breakdo~m in ischemic card iac tissue. Bes ides. 
reduct ion of myocardial high-energy phosphate stores might be 
caused by NEFA stinulated uncoupling of myocardial 
mitochondria. This process may occur since Pressman and Lardy 
(25) and Borst and coworkers (26) found that fatty acids can 
effectively enhance mitochondrial ATPase activity in vitro. 

The second aim of our investigations was to assess the time 
course of the accumulation of NEFA in ischemic myocardial tissue 
in order to determine whether the increase of myocardial tissue 
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content of these fatty acids preceeds the changes in biochemical 
and mechanical processes during ischemia, which would be a 
prerequisite for a causal relationship. 

EXPERIMENTAL METHODS 

The experiments were performed on 57 open-chest dogs, 
premedicated intramuscularly ,.,ith 10 mg fluanisone and 200 llg 
fentanylcitrate per kg body weight. Anesthesia 'IolaS induced 
intravenously with sodium pentobarbital (10 mg/kg body weight) 
and, after endotracheal intubation, was maintained with nitrous 
oxide in oxnen (60/40, vol/vol) in combination with a 
continuous infusion of sodium pentobarbital (2 mg/kg per hr). 
The animals ,.,ere artificially ventilated with a positive 
pressure respirator (Pulmonat). Body temperature was kept 
constant at 37.50 C. After incision of the chest, the 
pericardium ,,,as opened over the antero-Iateral aspect of the 
heart. Re~ional myocardial ischemia was induced by stenosis of 
the left anterior interventricular artery using an inflatable 
silastic cuff. The mean coronary artery pressure distal to the 
stenosis was about 3.0 kPa and was kept constant with an 
autoregulating feedback system (27). 

Insertion of catheters for hemodynamical measurements and 
for collection of blood have been described in detail before 
(27). Regional myoc~rdial blood flow was measured with 
radioactively labeled microspheres (28). Regional myocardial 
shortening was assessed according to Arts and Reneman (29). 
Transmural biopsies for lipid analysis, and for determination of 
ATP, creatine phosphate and glycogen were taken from the 
ischemic and normoxic area at tiDe intervals indicated in the 
text. Fifteen dogs served as controls (cuff remained deflated 
throughout the experiment). The experiment was terminated after 
taking the biopsies at a given time interval after induction of 
ischemia. Lactate, potassium and inorganic phosphate in the 
arterial and local venous blood (the vein, draining the ischemia 
area) were measured with a Technicon auto-analyzer. Tissue ATP, 
creatine phosphate and glycogen ",ere measured in freeze-dried 
tissue specimen with a fluorometric method as previously 
described (30). 

Extraction and determination of myocardial lipids have been 
described in detail previously (27). Routinely, after storage 
of the biopsies at -800 C, aliquots of deeply frozen tissue 
(150-300 mg) were pulverized in an aluminum mortar with a 
stainless steel pestle, previously cooled in liquid nitrogen. 
The tissue powder was transferred to test tubes cooled with 
liquid nitrogen. The test tubes were placed at -21 0 C and the 
tissue powder was wetted with 2 ml of methanol at -210 C. The 
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content of the test tubes was allowed to warm to room 
temperature and was subsequently weighed. Chloroform was added 
until a mixture of chloroform and methanol of 2:1 vol/vol was 
obtained. The anti-oxidant butylated hydroxy toluene (0 .Oli~) was 
present in the methanol and chloroform. Subsequently, a mixture 
of heptadecanoic acid, cholesteryl heptadecanoate, and 
triheptadecanoine was added to the extraction mixture to correct 
for losses during the assay procedure. NEFA, triacylglycerol, 
cholesteryl esters, and total phospholipids were isolated from 
the extracts by thin- layer chromatography using TLC plates 
coated with Silica gel F 254 (Merck, FRG). The lipid spots were 
predeveloped ~Tith chloroform: methanol: H20: acetic acid 
00:10:1:1 vol/vol} until the liquid front had reached a level I 
cm above the site of application of these spots. Hexane: 
diethyl ether: acetic acid (24:5:0.3 vol/vol) was used as 
developing solvent. The lipid spots were made visible with 
Rhodamine G, scrapped h·om the plate and transferred into test 
tubes, containing 0,5 ml BF3-methanol solution (7~~ BF3)' 
The fatty acid moiety of the various lipid classes was 
methylated at ZOo C for 15 minutes (NEFA), at 1000 C for 30 
minutes (triacylglycerol), and at 1000 C for 45 minutes 
(cholesteryl esters and phospholipids). The methyl esters were 
extracted from the methylat ing mixture with pentane, After 
evaporation of the pentane under a stream of t;z at 37 0 C, 
the methyl esters originating from liEFA, triacylglycerol, and 
phospholipids were dissolved in trimethyl pentane, containing 
appropriate amounts of methyl pentadecanoate as internal 
standard. The methyl esters of the cholesteryl esters ~lere 
rechromatogr-aphed on silica gel plates to remove the 
anti-oxidant butylated hydroxy toluene. 

ItESULTS 

In normoxic left ventricular tissue the median values for 
HEFA content in the inner, middle and outer layers were 30, 26 
and 33 nmol per gram ~let \~ei5ht, respectively (Table 2). In 
this table the relative fatty acid composition is also given. 
Palmitic and stearic acids were the main constituents of the 
NEFA class. The median values of the triacyl:~lycerol content in 
the inner, middle and outer layers of the left ventricular wall 
were found to be 5.7,5.5 and 14.1 ~mol triacylglycerol fatty 
acids per gram of tissue, respectively. Since in most animals 
traces of fat could be observed macroscopically at the 
epicardial surface, the gradient in triacylglycerol does not 
necessarily reflect differences in the content in the myocytes 
in the various layers, Cholesteryl esters ,~ere present in the 
range from 180 to 430 nmol in either layer, whereas the amount 
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of fatty acids incorporated in theglycerophospholipid class was 
found to be approximately 35 ~mol per gram of tissue. These 
data indicate that less than 0.1% of myocardial fatty acids are 
present in the non-esterified form. Since the content of NEFA 
in myocard ia 1 t issue appeared to be very low, spec ia 1 at tent ion 
was paid to the follo~~ing factors, which could artefactually 
increase this content: 

1. Blank values. All solvents used in this study were 
high purity analytical grade. Contamination by finger 
prints, tobacco smoke, laboratory greases, etc. ,,,ere 
excluded as much as possible (31). Despite these 
precautions a blank value of 3.3 ±.1.3 nmol NEFA per 
assay '-las found. This implies that the blank value 
represents about 25% of the an~unt of NEFA measured 
'Ihen the extract of 300 mg of tissue was used for the 
assay. 

2. Reproducibility of the assay. The mean intra-assay 
coefficient of variation for myristic, palmitic, 
palmitoleic, stearic, oleic, linoleic and arachidonic 
acid was found to be 20.1, 6.1, 16.2, 6.0, 5.5, 4.8 and 
27.1%, respectively. For total NEFA this coefficient 
'las 2.3%. 

3. Storage of frozen tissue. The frozen biopsies were 
routinely stored at -300 C for 4 to 8 weeks for 
further analysis. Stora~e at -200 C resulted in a 
highly increased amount of NEFA: 1085 ±. 28 nmol per 
gram (n=4). In this situation the relative fatty acid 
composition for myristic, palmitic, palmitoleic, 
steric, oleic, linoleic and arachidonic acids was 0.9, 
7.2,3.7,6.6,33.7, 28.3 and 19.6%, respectively. 

4. Stora·se of fresh biopsies at room temperature. Storage 
of tissue, freshly taken from the heart, in 
physiolo~ical saline at room temperature did not change 
the REFA content tlhen the time duration \',as restricted 
to 3 min. This finding indicates that manipulations 
that require time, such as cutting the biopsies in 
transmural sections can be done without si:~nificantly 
changing the NEFA level. 

5. Homogenization and extraction procedure. Deeply frozen 
biopsies ,.el-e routinely powdered at the temperature of 
liquid N2 and extl-action of the tissue pm.roer ,,'as 
started at -21 0 C (see Hethods). v.llen the biopsies 
,,,ere homogenized in a methanol: chloroform mixture with 
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'fable 2. Content of llEFA in the various layers of the left 
ventricular wall of normoxic dog hearts (a) and the 
relative fatty acid composition in one of these layers 
(b). (Median values and 95% confidence limits.) 

a. Total NEFA content 

Inner 
Hiddle 
Outer 

30 (25-36) 
26 (22-32) 
33 (28-41) 

b. Relative fatty acid composition (middle layer) 

~1yr is t ic ac id 
Palmitic acid 
Palmitoleic acid 
Stearic acid 
Oleic acid 
Lino leic ac id 
Arachidonic ac id 

Percenta~e of total NEFA 

0.4 ( 0 - 3.6) 
29.8 (26.1-35.6) 
10.6 ( 6.7-12.3) 
28.2 (16.6-39.8) 
14.2 (11.8-22.5) 
8.8 ( 2.2-17.3) 
5.0 (0 - 8.9) 

an ultra turrex blender a significantly higher NEFA 
value was found: 86 :!:. 45 nmol per gram (n=8). This 
increase was mainly caused by an elevated level of 
oleic acid, which su~gest autolysis of triacylglycerol 
during thawing of the frozen tissue (6). The 
efficiency of the extraction procedure t~as tested by 
injection of a small volume of chloroform containing 
l4C-oleic acid into myocardial biopsies (n=6), just 
prior to freeze-clampin~ of the tissue (32). Tissue 
was powdered as described before and the recovery of 
both endogenous ly present NEFA and 14C-o leic ac id tlas 
measured. After the first extraction step 86.7 :!:. 8.4% 
of endogenous NcrA ",as recovered, 12.4 :!:. 8.7% after the 
second step, and 0.9 :!:. 0.4% after the third step. 
Subsequent extraction steps revealed that no NEFA "las 
left in the tissue residue. Since 86.8 + 10.8% of 
l4C-oleic acid ,.,as recovered after the first 
extraction step, ~.,e may conclude that the e}:traction of 
endo~enous NEFA is adequate in the present method. 

6. Specificity of the assay method. The assay systen 
described in the method section has ~enerally been 
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accepted as highly specific for the determination of 
fatty acids. Firstly, the thin-layer chromatographic 
conditions used result in a complete separation of NEFA 
from the other lipid class present in myocardial 
tissue. Secondly, the methylating conditions used for 
the NEFA fraction are very mild. NEFA will be readily 
methylated whereas esterified fatty acids will not be 
transmethylated. Thirdly, the gas-liquid 
chromato&raphic conditions used are especially adapted 
to the assay of methylated fatty acids. Besides, 
casual contaminations will become readily visible on 
the chromatographs. 

\ole have compared a colorimetric assay for NEFA in 
biological material according to Laurell and Tibblillg 
(33) with the GLC assay routinely used in our 
laboratory. Direct colorimetric determinat ion of HEFA 
in the chloroform-methanol-hexane extract of myocardial 
tissue resulted in extremely hi~h NEFA values varying 
from 5000 to 9000 nmol per gram tissue. HO'veve::-, when 
the extract 'vas chromatographed using thin-layer 
chromatography and the UEFA spots were analyzed 
colorimetrically we found a HErA content of 15-31 nmol 
per gram. These findings clearly indicate that 
substances present in the ori~ina! extract leads to 
erroneously high NEFA values. These substances are 
most liitely phospholipids since addition of these 
lipids to a standard mixture of NEFA readily lead to an 
increased "NEFA" concentrat ion when assayed 
colorimetricaHy without a TLC step. 

After stenosis of the left anterior interventricular 
coronary artery, reg ional shortenin~ ceased within 30 seconds. 
Shortening in the cir.cumferential and base-to-apex direction 
","ere close to zero after 10 min (Table 3). This situation di.d 
not change further in the affected region durin~ the following 
110 min. Blood flOll in the ischemia area rapidly decreased 
after induction of ischemia. In the outer layers a reduction of 
40% could be measured, whereas f10w in the inner layers fell to 
20% after Ie min and 13% after 120 min of ischemia (Table 3). 
Release of lactate, inorganic phosphate and potassium started 
"'ithin one minute after the onset of ischemia and reached 
ma:timal values (based on arterio-Iocal venous differences) after 
10 min. Thereafter the magnitude of the release 1radually 
diminished (Figure 1). 

The contents of ATP, creatine phosphate and g lyco3en are 
significantly reduced in the inner layer of the ischeldc rer;ion 
after 10, 60 and 120 min of ischemia. The fall in content of 
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Table 3. The values of myocardial mechanics, blood flow, and metabo
lism in the area perfused by the left anterior interventricular coro
nary artery during normoxia and ischemia. 

Parameter normoxia ischemia (time in min) 
10 60 120 

Shortenins (%) a 

Circumferential 5.2 0.2* 0.2* 0.0* 
3.9-7.3 (-0.3)-0.6 (-0.06)-0.3 (-1.1)-0.0 

Base-to-apex 4.8 0.4* -0.4* -0.8* 
2.4-6.0 (-0.06)-1.0 (-0.5)-0.0 (-1.7)-0.0 

Blood -1 -1 a flow (ml.min .s ) 
Inner layer 0.76 0.15* 0.13* 0.10* 

0.64-0.88 0.12-0.22 0.07-0.19 0.04-0.18 
Outer layer 0.83 0.30* 0.34* 0.35* 

0.73-0.95 0.25-0.41 0.22-0.41 0.18-0.59 

ATP (j,!mol.s -1 
dr~ weight) b 

Inner layer 17 13* 6* 5* 
12-19 10-15 4-12 3-13 

Outer layer 21 13 10* 11* 
13-26 11-16 6-16 5-15 

-1 Creatine EhosEhate (~mol.g dr~ weight)b 
Inner layer 37 16* 11* 18* 

29-53 10-35 9-23 12-22 
Outer layer 41 20* 15* 29* 

26-54 10-30 10-22 12-36 

Gl~cogen (~mol.glucose g -1 dry weiSht) b 

Inner layer 150 100* 80* 60* 
130-180 45-165 40-170 35-120 

Outer layer 170 130 90* 100* 
105-205 45-160 70-145 60-165 

NEFA (nmol.g -1 wet weiSht)b 
Inner layer 28 33 64* 112* 

21-43 20-63 44-92 77-189 
Outer layer 28 25 93* 54* 

22-45 18-81 57-137 47-61 

Data refer to median values and 95% confidence limits; * significantly 
different from normoxic values (p<0.05); a: using the dog as its own 
control; b: normoxic values as derived from control dogs. 
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-3.0 1 
mM 
-2.0 

-1.0 

o --

+ 1.0 
-5 10 

ISCHEMIA 

60 

FIGURE 1 

Potassium 

Inorganic 
PhosPhatr 

T' (') 120 Ime min 

Arterio-Iocal venous differences of lactate, potassium and 
inorganic phosphate before and during myocardial ischemia. 
Ischemia is induced at time 0 min. Hedian values and 95% 
confidence limits are shown. 
*Significantly different from pre-ischemic values (time - 5 
min) • 
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these substances in the outer layers reached the level of 
si3nificance at 60 and 120 min. The content of creatine 
phosphate was already significantly reduced in the outer layer 
after 10 min of ischemia (Table 3). 

In contJ:ast, the content of total NEFA did not change after 
10 min neither in the inner nor in the outer layer of the 
ischetlic re~ion (Table 3). Thereafter, the t~EFA content 
gradually increased in the inner (Table 3) and middle layers 
during the follo,.,ring 110 min of ischemia (data not shoml). The 
changes i.n the outer layer, however, displayed a biphasic 
pattern. The increase ,,,as hi.ghest after 60 min of ischemia. 

In general, the increased content of HEFA during ischemia 
was caused by higher contents of each individual fatty acid. 
The fatty acids with the highest relative increase in the inner 
layers after 120 min were arachidonic and linoleic acids (5.S 
and 5.2-fold increase, respectively). In contrast, after 60 min 
of ischemi.a a deviating pattern of relative nEFA increase was 
observed in the outer layer. Linoleic acid ShOT,led the most 
pronounced increase (6 .O-fo 1d). The content of tiEFA in the 
normoxic area of these regional ischemic hearts ,·;as not 
si::;nificantly different from the control hearts (data not 
s ho\v'I1) • 

DISCUSSIOtI 

Our experimental findin:-:~s indicate that NEFA content in 
normoxic do'~ myocardium is 10,;, (in the order of 30 nmol pee gram 
tissue) and represents less than o.n of the total fatty acids 
present. These va:'ues are considera~ly lower than those 
published by the najoL'ity of the authors listed in Table 1. 
Beside differences in animal preparation, such as feeding 
conditions and type of anesthesia used, differences in 
methodology and specificity of the assay method of NEFA are 
li}~ely to be responsible for the ovecestimation of the NEFA 
content i.n myocardial tissue, as has been pointed out in the 
cesults section. 

It has been emphasized that the present clata refer to values 
fJeasured in tissue specimens containing myocardial cells, 
interstitial. fl.uid and trapped intravascular blood. On the 
basis of the ex?eri.raents of Rose and Goresky (34) we previously 
calculated that tite intracellular NEFA content is in the order 
of 10 nmol pel' gram ~let \Jeight (2]). Fractionation studies 
performed by Hasters and Glaviano (]) suggest that the bulk of 
I:EFA is localized in the cytoplasmic fraction. From a rough 
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estimat ion \ve may conc lude tbat the total sal"coplasmic NEFA 
concentration will be on the order of 15 ]lmol·l-l • This 
value, hO\1ever, relates to both protein bound and free HEFA. 
A lthou~h specific tlF.FA bind ing prote ins have been descr ibed for 
myocard1al tissue (35-37) no detailed information about binding 
properties of these proteins has been reported. Fo. this 
reason, no attempt can be made to calculate tte exact free !~EFA 
concentration in myocardial cells, except that it is likely to 
be far below 15 ]lmol·l-l • 

Ramadoss and cOFor~,ers (38) have found tl:at 35 ]lmol'l- l 
palmitate can produce 50% inhibition of phosphofructokinase, a 
key enzyme in the glycolytic path,vay. Glucokinase and 
hexokinase were inactivated by NEFA at considerably higher 
concentrations (39). Uncoupling of mitochondrial ATP 
production, i.e. activation of ATPase, can be caused by 100 
flmo1'1-! oleate (26), Hence, on the basis of the present 
find inss, ther·e is no i.·eason to aSSU!1IC that NEFA are a threat 
for the heart under normoxic conditions. The intracel1ular NLFA 
content is vet'y limited and fae belo\·, the concentrations knmm 
to inhibit cytoplasmic and mitochondrial processes i.n vitro. 
The question as to \vhether intracellular NEFA are involved in 
the impa irr.lent of biochemical and mechanical processes durins 
the acute phase of ischemia of the heart remains to be 
ans,~ered. Although a limit ed nuuber of investigators have 
reported that the content of NEFA increases in ischemic 
myocardial tissue (8-11, 27), no attempt ~las made to investigate 
the time course of the changes in myocardial NEFA content in 
conparison ,-lith the metabo lic and mechanical changes due to 
shorta~e of oxygen. One may expect that in the case of a 
detrimental effect of NEFA on myocardial function durin.~ the 
initial phase of ischer.:ia, the increase in tissue content of 
these fatty acids would preceed cessation of myocardial 
mechanical activity and derangements in cardiac metabolism. 

The transition of aerobic to anaerobic metabolism is clearly 
indicated by the reduction of myocardi.al glycogen and the 
release of lactate into the veins draining the isch.lic area. 
This transition occurs within 10 minutes after the onset of 
ischemia. Besides, the loss of tissue inor~anic phosphate, most 
likely due to utilization of creatine phosphate for 
energy-requiring processes, is maximal in the same period. 
Release of potassium ions due to disturbances at the level of 
membrane bound l~a+/K+ ATPase (40) or to a higher potassium 
conductance (41) is a Iso substant ia lly present dur ing the 
initial phase of ischemia. The induction of ischemia resulted 
in a rapid deterioration of myocardial shortening both in the 
circumferential and in the base-to-apex direction. 

'81 
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Since tissue NEFA were not significantly increased during 
the first 10 min of ischemia, it is not feasible that these 
lipids are responsible for the impairment of myocardial 
contraction as has been suggested by Hessineo and cO\-lOrkers 
(22). Moreover, the accelerated de~radation of glycogen (as' 
suggested by 24), the decrease of myocardial ATP content (as 
would be expected from the NEFA induced mitochondrial 
uncoupling, shoml in vitro by Borst and colleagues, 26) and the 
possible impairment of Ka+/K+ ATPase (to occur in vitro, 
shown by Lamers and Hulsmann, 42) cannot be ascribed to 
accumulation of NEFA during the initial phase of oxygen 
deprivation. Hhether the increased amounts of NEFA during 
prolon3ed ischemia are noxious for the myocardium remains 
subject to further investigation. 
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The synthesis of ATP occurs predominantly within 
mitochondria through the process of oxidative phosphorylation, 
and the consumption of ATP occurs in the cytosol through a 
variety of energy-consuming reactions (1). These processes are 
separated by the inner mitochondrial membrane, but are linked 
through a specific transport protein, adenine nucleotide 
trans10cator. which transfers ATP out of the mitochondria in 
exchange for cytoso1ic ADP (2). This transport protein is 
specific for ATP and ADP only; AMP, GTP and GDP are not 
transported (3). The magnesium complexes of ATP and ADP are 
also inactive (4). The rate of adenine nucleotide transport is 
very rapid and requires short time intervals and low 
temperatures or specialized sophisticated equipment to measure 
transport kinetics (5.6). In beef heart mitochondria, the 
extrapolated rate of adenine nucleotide trans10cater at 37 0 is 
1800 ~mo1es/g protein (6). The transport of ATP and ADP is not 
an energy-consuming process (4). It will occur in uncoupled 
mitochondria but then ADP and ATP are translocated in both 
directions. In energized states, there is a preferential uptake 
of ADP and efflux of ATP. It has been proposed that this 
preference is derived from the mitochondrial membrane potential 
and the charge difference between ADp-3 and ATP-4. Because 
the matrix is negatively charged as compared to the cytosol, 
ADp-3 is preferentially taken up and ATP-4 is released (4). 

185 



186 D. J. PAULSON AND A. L. SHUG 

Another explanation for the asymmetrical transport of external 
ATP and ADP is that the adenine nucleotide trans locator protein 
has different affinities for ADP and ATP depending upon the 
energy state of the mitochondria (7). 

Much debate has dealt with the role of adenine nucleotide 
trans locator in controlling mitochondrial respiration (4, 
7-11). Several investigators showed that the extramitochondrial 
ATP/ADP ratio exceeds the intramitochondria1 ratio by a 
substantial amount (4, 7). This result was interpreted as 
evidence that the adenine nucleotide trans locator was 
rate-limiting for the overall process of oxidative 
phosphorylation (4, 7). Others have proposed that the rate of 
respiration is controlled by the extramitochondrial phosphate 
potential. the intramitochondrial redox state. the activity of 
oxygen and the cytochrome c oxidase (9-11). A recent study by 
Groen et al. (8) determined inhibitor titration curves on 
mitochondrial respiration at several different steps in 
oxidative phosphorylation. They found that in the resting state 
of respiration, nearly all control was exerted by the passive 
permeability of the mitochondrial inner membrane to protons. In 
the active states, control was distributed among different steps 
including adenine nucleotide trans locator and cytochrome c 
oxidase. Thus, they concluded that it was impossible to speak 
of a rate-limiting step of oxidative phosphorylation. 

It has been suggested that the adenine nucleotide 
trans locator is functionally coupled to the mitochondrial 
creatine kinase (12-21). In the scheme shown in Figure I, the 
ATP produced by oxidative phosphorylation is transported out of 
the mitochondrial matrix by the adenine nucleotide trans locator 
in exchange for ADP. This ATP is preferentially used to 
phosphorylate creatine by the mitochondrial creatine kinase. 
The ADP formed through this reaction is then available for 
exchange transport and further synthesis of ATP. This process 
maintains a constant supply of ADP for mitochondrial (state 3) 
respiration. The creatine-phosphate produced through these 
reactions is transported to the myofibrils, sarcoplasmic 
reticulum and sarcolemmal membranes where it is used by the 
cytosolic isoenzyme of creatine kinase to form ATP. Thus 
creatine-phosphate is used to transport energy from the 
mitochondria to the various energy-consuming processes of the 
cytosol (12). 

Several studies (13-21) from different laboratories have 
supported the above concept but others have challenged it (22, 
23); therefore, it remains controversial. Evidence in support 
of the functional coupling of the adenine nucleotide 
trans locator to mitochondrial creatine kinase is described 
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FIGURE 1 

General scheme of mitochondrial adenine nucleotide trans10cator 
(ANT) and its coupling to creatine kinase (CK). 

briefly below. For detailed information the reader is referred 
to the individual studies. Histochemical stains have located 
mitochondrial creatine kinase on the exterior surface of the 
inner mitochondrial membrane (13). Studies by Jacobus and 
Lehninger (14) and Yang et a1. (15) have shown that ATP 
generated in the mitochondrial matrix is more effectively used 
for creatine phosphate synthesis than ATP in the surrounding 
medium. The membrane-bound creatine kinase is able to produce a 
2.3-fo1d higher rate of creatine-phosphate formation than the 
soluble enzyme (16), has a lower Km for ATP, and is less 
sensitive to feedback inhibition by creatine-phosphate (17). 
Other studies have shown that the molar content of creatine 
kinase sites is approximately equal to that of adenine 
nucleotide trans locator (16). Atracty10side. a competitive 
inhibitor of adenine nucleotide trans locator has also been shown 
to inhibit mitochondrial synthesis of creatine-phosphate, but 
the inhibition was reduced when the ADP responsible for 
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respiration was generated by mitochondrial creatine kinase (18, 
19). A kinetic mathematical model has suggested that there was 
an intimate interaction between mitochondrial creatine kinase 
and adenine nucleotide translocator (20). Oligomycin titration 
data also confirmed the functional coupling (21). Others have 
not been able to reproduce some of these results and have 
challenged the above hypothesis (22, 23). A recent study has 
presented evidence which denies a close coupling between 
creatine kinase and adenine nucleotide translocator (24). This 
study found the coupling could be observed when the outer 
mitochondrial membrane was intact, but when it was removed by 
trypsin digestion the coupling was lost. Thus the connection 
between the adenine nucleotide translocator and mitochondrial 
creatine kinase is indirect and results from the 
compartmentalization of these processes within the inner 
membrane space. 

Because ADP-ATP exchange is largely electrogenic, i.e., 
ADp-3 is exchanged for ATP-4, the electrical potential 
across the inner mitochondrial membrane is an important factor 
controlling the rate of exchange (3. 25). The rate of adenine 
nucleotide trans locator has also been shown to be affected by 
the levels of transportable nucleotide (26) and ATP/ADP ratio of 
the matrix (27). Depletion of mitochondria adenine nucleotide 
will lower transport rates and an increase in the ATP/ADP ratio 
will activate exchange (26-28). The rate of adenine nucleotide 
trans locator has also been shown to be affected by endogenous 
inhibitors, long-chain acyl CoA esters (29,30). 

The inhibition of the adenine nucleotide translocator by 
long- chain acyl CoA derivatives has been shown in isolated 
mitochondria (29-32) and in sonicated vesicles (33-35), but the 
physiologic importance of this reaction has been questioned (4, 
36, 37). The purpose of the present study is to assess how 
myocardial ischemia affects long-chain acyl CoA levels and to 
determine what effect, if any, these esters would have on the 
adenine nucleotide translocator. To accomplish this goal the 
effects of global ischemia on the levels of long-chain acyl CoA, 
both in whole tissue and mitochondria. were investigated in the 
isolated perfused rat heart. Adenine nucleotide translocator 
activity was determined by quantitatively measuring the uptake 
of l4C-labelled ATP by isolated mitochondria. 

METHODS 

Heart Perfusion. Male rats (Sprague-Dawley. 225-250 g) were 
anesthetized with 40 mg/kg of sodium pentobarbital and the heart 
excised and mounted on the isolated working heart perfusion 
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apparatus (38). Hearts were perfused initially for 10 min in a 
nonrecirculating retrograde fashion and then switched to a 
recirculating working mode with a left atrial filling pressure 
of 10 em H20 and afterload of 85 em H20. The perfusion 
medium was a modified Krebs-Henseleit bicarbonate buffer gassed 
with 95% 02 and 5% C02 and containing 1.2 mM palmitate, 5.5 
mM glucose, and 2 mU/ml insulin. After a 10~in equilibration 
period, low-flow ischemia was induced by clamping the aortic 
line and restricting left atrial flow, utilizing a bypass line 
from a reservoir located 100 em H20 above the heart. The rate 
of flow was set by a micrometer caliper so that a 90% reduction 
in coronary flow (1.2 ml/min) was achieved. The 100 em of H20 
hydrostatic pressure column to the left atrial line was used to 
maintain a constant level of coronary flow during the ischemic 
period. Ischemia was induced after the initial 10 min of 
perfusion and maintained for 30. 60. or 90 min. 
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Isolation of Mitochondria. Control and ischemic hearts were 
placed in ice-cold extraction medium (250 mM sucrose; 4 mM Tris, 
pH 7.4; 1 mM EGTA; and 0.2% fatty acid free bovine serum 
albumin). It was then rinsed several times, blotted dry, 
weighed, and minced in ice-cold isolation medium. The tissue 
was homogenized with a Potter-Elvejhem homogenizer and 
centrifuged for 25 sec in a Damon IEC centrifuge at 15.000 x g. 
The supernatant was poured through cheesecloth and centrifuged 
at 15.000 x g for 3 min. The resulting mitochondrial pellet was 
resuspended in extraction medium (containing no bovine serum 
albumin) so that the final protein concentration equaled 10 
mg/ml. 

Assays. Mitochondrial adenine nucleotide levels were 
determined by the methods of Adams (39) and Stanley and Williams 
(40) from neutralized perchloric acid extracts. Long-chain acyl 
CoA esters were measured from the acid-insoluble fraction using 
the method of Veloso and Veech (41). Protein was assayed using 
the Biuret method (42). 

Adenine Nucleotide Translocator Assay. Rates of adenine 
nucleotide transport into isolated rat heart mitochondria were 
determined by measuring the slower forward transport of 
ATP-([l4c]u) at 20 C using the carboxyatractyloside 
inhibitor stop technique (28). The assay began by adding 0.5 mg 
of mitochondria to a 0.5 ml reaction mix containing 35 mM Tris, 
pH 7.4; 0.88 mM EDTA, pH 7.4; 88 mM KCl; 5 mM ruthenium red; 1 
~Ci ATP-([l4c]u); and 250 ~M unlabeled ATP. The reaction was 
run for 10 seconds and terminated by addition of 1 micromole of 
carboxyatractyloside. Carboxyatractyloside-sensitive counts 
were obtained by subtracting the counts in blanks containing 
carboxyatractyloside prior to mitochondrial addition. 
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Immediately following the assay, the reaction mixture plus 
mitochondria were pipet ted into a microfuge tube containing 
0.25 ml of silicone oil (density. 1.01-1.02 g/ml) and 
centrifuged. The reaction mixture was aspirated off the top, 
the tube was rinsed, and the bottom containing the mitochondria 
was cut off and incubated with soluene until the tissue was 
digested. The radioactivity found in the soluene extract was 
counted. Results were expressed in nmoles/mg mitochondrial 
protein/min. 

RESULTS AMD DISCUSSION 

Effects of Ischemia on Long-Chain Acyl Coenzyme A 

The inhibition of ~oxidation and the buildup of long-chain 
acyl CoA esters begins within minutes after the onset of 
myocardial ischemia (43. 44) (Figure 2). Long-chain acyl 
coenzyme A esters remain elevated throughout the entire ischemic 
period. Since 90% of the tissue coenzyme A was reported to be 
located within the mitochondrial matrix (45), it is generally 
believed that the accumulation of long-chain acyl coenzyme A 
occurs predominantly in this compartment. However. in Figure 2 
we found that if mitochondria were isolated from ischemic 
hearts, very 1i tt"te accumulation of long-chain acyl CoA esters 
was found. Idell-Wenger et al. (45) found similar results and 
suggested that the accumulated long-chain acyl coenzyme A esters 
within the mitochondrial matrix were oxidized during the 
isolation procedure. To prevent this oxidation they added 1 mM 
KCN to the isolation medium which then should preserve the in 
vivo levels of mitochondrial long-chain acyl CoA. This 
procedure resulted in a substantial increase in long-chain acyl 
CoA in mitochondria isolated from ischemic hearts (45) and it 
was concluded that the accumulation of these esters therefore 
occurs predominantly in this compartment. In agreement with 
these results we found that adding 10-4 M KCN to the isolation 
medium caused an increase in long-chain acyl coenzyme A in 
ischemic mitochondria but it also produced an accumulation of 
long-chain acyl coenzyme A in non-ischemic mitochondria (Table 
1). In addition, it caused a decrease in the levels of ATP and 
ADP and increased AMP in mitochondria isolated from both 
ischemic and non-ischemic tissue. These results indicate that 
addition of KCN to the isolation medium does not maintain the in 
vivo levels of mitochondrial long-chain acyl coenzyme A, or 
adenine nucleotide. Since both the levels of long-chain acyl 
CoA (29-35) and adenine nucleotide (25-28) will affect the rate 
of adenine nucleotide translocator. it is impossible to 
determine accurately with these techniques the in vivo effects 
of ischemia on this transport protein. Figure 3 shows that the 
activity of adenine nucleotide translocator is decreased in both 
ischemic and non-ischemic mitochondria isolated with 10-4 M 
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KCN in isolation media. No significant differences were 
observed between mitochondria isolated from ischemic and 
nonischemia hearts. 
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Effects of myocardial ischemia of varying durations on tissue 
(.___.) and mitochondria (e---e) levels of long-chain acyl CoA. 

Because of the difficulties of isolating from ischemic heart 
mitochondria that maintain their in vivo state, we are forced to 
extrapolate from in vitro experiments. Presumably. because 90% 
of the total tissue CoA is found in the mitochondrial matrix 
(45), the majority of the buildup of long-chain acyl CoA should 
be in this compartment, but it is unknown how much occurs in the 
intermembrane space or cytosol. 
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Table 1. 

Long Chain 
Mitochondria KCN AcylCoA ATP ADP AMP 

1M) Inmoles/mg mitochondrial protein) 

Non-ischemic 0 0.22 ±0.03 3.2 ±0.3 5.5±0.3 3.1 ±0.4 

Non- ischemic 10" 0.73±0.05 0.9 ±0.1 4.2±0.3 8.7 ±O.4 

Ischemic 0 0.37±O.04 3.2±0.2 3.4±0.2 1.6±O.2 

Ischemic 10" 1.02±0.04 1.4±0.1 4.7 ±0.4 4.9±0.6 

Mitochondria from non-ischemic and 20 min. ishcemic hearts were isolated with media 
containing 0 or 10"M KCN. 
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FIGURE 3 

Adenine nucleotide trans locator activity in mitochondria 
isolated from nonischemic and 30-min ischemic hearts with and 
without 10-4 H KeN in the extraction medium. 
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Effects of Long-Chain CoA on the Adenine Nucleotide Translocator 

Several studies have shown that addition of long-chain acyl 
CoA to isolated mitochondria produces an inhibition of adenine 
nucleotide translocator activity (29-32). This inhibition 
occurs at concentrations well below the critical micelle level, 
30 ~M (46). This is illustrated in Figure 4. The effect of' 5 
~ palmityl CoA incubation at 220 C on the rate of 14C-ATP 
transport in isolated rat heart mitochondria is shown. The Ki 
for long-chain acyl CoA inhibition has been reported to be as 
low as 0.5 ~M (29-32) but it will vary with the concentration of 
mitochondria (36). The inhibition shown in Figure 4 can be 
reversed by adding 500 ~ L- carnitine to the incubation medium 
(29,30). Presumably addition of L-carnitine results in the 
conversion of the palmityl CoA to palmitylcarnitine through the 
enzyme palmitylcarnitine transferase I, as shown in Figure 5 
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Inhibition of mitochondrial adenine nucleotide translocator by 5 
~M cytosolic palmityl CoA and its reversal by 400 ~M 
L-carnitine. 
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(47). Palmity1carnitine has no direct effect on the adenine 
nucleotide trans10cator activity (29, 30). This transport 
protein is also inhibited from the outside site by 
atracty10side, a competitive inhibitor (48), and 
carboxyatractyloside, noncompetitive inhibitor (49). 
Bongkregric acid will inhibit from the matrix site (4, 7). 
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FIGURE 5 

Localization and interaction of the carnitine-1inked enzymes 
with mitochondrial adenine nucleotide trans10cator. 
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The competitive inhibitory effect of cytosolic long-chain 
acyl coenzyme A on the mitochondrial adenine nucleotide 
trans locator has been well established, but the metabolic 
significance of these findings in ~ has remained 
controversial (4,7, 28-37). It has been suggested that the 
high concentration of cytoplasmic transportable nucleotides, and 
the coupling of the adenine nucleotide trans locator to 
mitochondrial creatine kinase prevents the competitive 
inhibition of the adenine nucleotide trans locator by cytosolic 
long-chain acyl CoA (4, 36). Under normal rapid respiring 
mitochondria. this coupling of mitochondrial creatine kinase to 
the adenine nucleotide translocator and the rapid oxidation of 
activated fatty acids probably prevents the inhibition by 
cytosolic long-chain acyl CoA. But under ischemic conditions 
the lack of oxygen will slow mitochondrial respiration and the 
link between the adenine nucleotide translocator and creatine 
kinase is probably disrupted. Under these conditions, 
long-chain acyl CoA may inhibit the adenine nucleotide 
trans locator from the cytosolic site. 

It has also been suggested that inhibition of adenine 
nucleotide trans locator by cytosolic long-chain acyl CoA esters 
is prevented by binding of these esters to cellular proteins. 
La Noue et ale (36) showed that the Ki for cytoplasmic 
long-chain acyl CoA inhibition of adenine nucleotide transport 
increases dramatically with the mitochondrial protein 
concentration. Because the cellular mitochondria content is 
high, the effective Ki concentration for long-chain acyl CoA 
inhibition is much greater than the extrapolated levels found in 
the cytoplasmic compartment. However. this information does not 
take into account two considerations. First, long-chain acyl 
CoA esters are synthesized on the outer mitochondria membrane 
(50) and must be released into the inner membrane space to be 
taken up for ~oxidation by mitochondria; therefore when 
calculating the effective inhibitory concentration of long-chain 
acyl CoA, it is more important to consider the concentration 
within the inner membrane space than the entire cytoplasm. The 
second consideration is that the external long-chain acyl CoA 
has a Ki of 0.5 ~H for inhibition of adenine nucleotide 
trans locator in isolated mitochondria (29, 30) and a Km of 10 
~H for palmitylcarnitine transferase I (50). If the binding of 
cellular proteins to long-chain acyl CoA prevents inhibition of 
adenine nucleotide translocator. then such binding should also 
prevent oxidation of long-chain fatty acids. This is unlikely 
because the preferred fuel of the heart (51) is fatty acids. 
Therefore, we believe it is possible for long-chain acyl 
coenzyme A esters to inhibit the adenine nucleotide translocator 
from the cytosolic side. The fact that several studies have 
shown that the administration of L-carnitine to ischemic hearts 
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will decrease long-chain acyl coenzyme A (52-54) supports this 
conclusion. 

Another objection raised against the inhibitory effects of 
long-chain acyl coenzyme A esters is that the inhibition is 
relatively nonspecific in that they inhibit a number of 
transport processes, e.g., malate, citrate, and phosphate (37, 
55). However. the Ki values for these transport processes are 
20 to 80 times greater than the Ki for adenine nucleotide 
trans10cator. Other studies have shown a site-specific 
interaction of pa1mity1-CoA with the purified adenine nucleotide 
trans10cator protein (56). 

The inhibition of adenine nucleotide trans10cator by 
mitochondrial matrix 10ng-chain acyl CoA has also been 
challenged. The main objection was that the mitochondrial 
matrix contain relatively low levels of CoA (1 mM) as compared 
to adenine nuc1eotides (10 mM) (36). Therefore, long-chain acyl 
coenzyme A esters would have to compete with a much larger 
adenine nucleotide pool to inhibit the adenine nucleotide 
trans10cator. Because of this competition and the binding of 
long-chain acyl CoA to matrix proteins it was considered 
unlikely that long-chain acyl coenzyme A could inhibit the 
adenine nucleotide trans10cator from the matrix side. There are 
a number of flaws in this argument. First of all, not all 
adenine nuc1eotides compete for the binding with the long-chain 
acyl CoA ester (4, 7). Only the free forms of ATP and ADP (not 
the Mg- complexes) are transportable. as discussed previously 
(4). In addition, much of the adenine nuc1eotides are also 
bound to matrix proteins. Thus, competition of ATP and 
long-chain acyl coenzyme A is probably much lower than 10 to 1. 

Studies in inverted sonicated mitochondrial vesicles have 
shown that pa1mity1 coenzyme A is an effective inhibitor of 
adenine nucleotide transport from the matrix site and that the 
inhibition was of the mixed type (33-35). However. a recent 
study by La Noue et a1. (36) was unable to demonstrate 
inhibition of adenine nucleotide trans10cator by matrix 
long-chain acyl coenzyme A in intact mitochondria. This study 
used a nonquantitative assay for adenine nucleotide trans10cator 
that coupled the transport of A7P out of mitochondria to the 
synthesis of glucose-6-phosphate. Pa1mity1 coenzyme A was 
increased in the mitochondrial matrix by incubating the 
mitochondria with pa1mity1carnitine and it was found that this 
treatment had no effect on glucose-6-phosphate formation. This 
finding was interpreted as evidence that the matrix long-chain 
acyl CoA has no effect on adenine nucleotide trans10cator. We 
believe this conclusion is not valid because the production of 
glucose-6- phosphate is not an assay for adenine nucleotide 
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trans locator. It does not measure initial reaction kinetics nor 
is it quantitative. A number of factors such as the interaction 
of adenine nucleotide trans locator with creatine kinase, 
feedback inhibition, leakage of nucleotides, could affect 
glucose-6-phosphate production. 

Because of these criticisms, we have reexamined the effect 
of matrix long-chain acyl coenzyme A on adenine nucleotide 
trans locator in intact mitochondria. We used a quanitative 
assay that takes advantage of the slower forward transport of 
ATP-([14C1U) at 20 using the carboxyatractyloside inhibition 
stop technique. The reaction followed first-order rate kinetics 
for 10 to 15 seconds and was linear with protein concentration. 
The 10-second time point and an external ATP concentration of 
250 ~M was used in Figure 6 to measure activity of the adenine 
nucleotide translocator. When mitochondria were incubated with 
60 ~M palmitylcarnitine at 220 C for 15 min the levels of 
matrix long-chain acyl CoA were increased from 0.08 to 0.73 
nmoles/mg mitochondrial protein, while total transportable 
nuc leotides (ATP and ADP) tiere not affected. The veloc ity of 
[14C1 ATP transport was severely inhibited. Figure 7 shows 
that the increase in mitochondrial long-chain acyl CoA produced 
by palmitylcarnitine incubation was actually less than the 
extrapolated amount of matrix long-chain acyl CoA caused by 
myocardial ischemia (1.14 nmoles/mg mitochondrial protein; 
assuming that 90% of the accumulation of long-chain acyl CoA 
occurs in the mitochondrial matrix and there are 53 mg 
mitochondrial protein per gram wet weight). In other 
experiments (not shown), the normal endogenous levels of 
long-chain acyl CoA were decreased from 0.18 to 0.06 nmo1es/mg 
by adding 10 ~M K3Fe[CN16 and this reduction stimulated 
adenine nucleotide trans locator activity. Figure 8 shows that 
adenine nucleotide activity was also inhibited by decreasing the 
mitochondrial levels of transportable nuc1eotides. The 
transportable nuc1eotides were decreased from 7.6 to 2.4 
nmo1es/mg by incubating mitochondria with 10-4 M KCN. When 
these mitochondria were also incubated with 60 ~M 
pa1mitylcarnitine, the matrix levels of long-chain acyl CoA were 
increased from 0.20 to 0.64 nmoles/mg and adenine nucleotide 
translocator activity was further inhibited (Figure 8). These 
data clearly demonstrate that accumulation of long-chain acyl 
CoA within the mitochondrial matrix does indeed inhib it adenine 
nucleotide trans locator. Although it was not possible to 
directly measure rates of adenine nucleotide trans locator from 
ischemic mitochondria because of the difficulty of isolating 
mitochondria that maintain their in vivo condition, we believe 
that the data presented here strongly suggest that the 
accumulation of long-chain acyl CoA during myocardial ischemia 
inhibits adenine nucleotide trans locator. 
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A comparison of the levels of mitochondrial long-chain acyl CoA 
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Effects of 60 ~ palmitylcarnitine incubation at 220 C for 15 
min on the levels of mitochondrial transportable nucleotides 
(ATP and ADP), long-chain acyl CoA and the activity of adenine 
nucleotide trans locator. 
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Mitochondria were depleted of their transportable nucleotides by 
incubation with 10-4 M KCN. Matrix levels of long-chain acyl 
CoA were increased by incubating these mitochondria with 60 ~M 
palmityl- carnitine and the activity of adenine nucleotide 
trans locator was measured over a wide range of external ATP 
concentrations (10-250 ~M). 

Although we have extrapolated from in vitro experiments that 
it is possible for the accumulation of long-chain acyl CoA 
during myocardial ischemia to inhibit the adenine nucleotide 
translocator, there still remain many questions that need to be 
addressed. For instance, what is the metabolic consequence of 
adenine nucleotide trans locator inhibition during myocardial 
ischemia. Is this inhib it ion necessarily harmful or is it a 
normal mechanism for controlling mitochondrial function? The 
levels of long-chain acyl CoA are affected by a number of 
different metabolic conditions: fasting (57), diabetes (58Y, 
and hibernation (59). We would expect that an accumulation of 
long-chain acyl CoA during these different states would also 
inhibit adenine nucleotide translocator. One could speculate 
that long-chain acyl CoA may be an endogenous regulator of 
mitochondrial function through its effect on adenine nucleotide 
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trans locator. Thus, long-chain acyl CoA esters may help to 
regulate mitochondrial respiration, calcium transport, and 
ATP/ADP ratio. 
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FATTY ACID AND CARNITINE-LINKED ABt'!ORHALITIES 

DURING ISCHEHIA A1'D CARDIOHYOPATHY 

A. L. Shug and D. J. Paulson 

Department of Neurology 
Unive':sity of Hisconsin and Veterans Hospital 
Hadison, Hisconsin USA 

Eyocardial ischemia, a condition Hhereby reduced perfusion 
provides an insufficient supply of oxygen to the heart, begins 
"lith potentially reversible metabolic and physiological changes 
vhich last about 20 minutes (1, 2). Hany of these chan~es seem 
geared to protect the heart during periods of oxygen deficiency 
(3). Nevertheless, if perfusion is not restored within this 
period. irreversible changes in metabolism, structure and 
function occur, and ultimately the condition will lead to 
myocardial infarction and cellular death Cl, 4, 5). 

Table 1 lists some of the more important reversible 
alterations in metabolism that occur durin~ the first fey 
minutes of ische':lia. Temporal studies have sho.m that the first 
measurable metabolic change to occur, after the initial 02 
insult, is a shal-p decrease in the mitochondrial NAD/NADH ratio 
caused by decreased electron transport flux. This, in turn, 
affects coordination between the tricarboxylic acid cycle and 
related cytosolic enzymes (1, 4, 5). As a result, there is 
significant hydro~en accumulation and a decline in tissue pH (1, 
If). These changes occur within a fe'l seconds after th~ 02 
insult and are inmlediately folio~.,ed by a decline in creatine 
phosphate (CP) and an increase in tissue levels of lactate and 
a-glyceralphosphate (a-GP). Sinultaneously, the3:e is a 
transient acceleration of glycolysis, accompanied by a 
utilization of cellular glycogen stores and a cessation of fatty 
acid oxidation (1, 4). Uithin the first 30 seconds, the 
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Table 1. Temporal Sequence of Reversible ;-letabolic Change 
During Early t1yocardial Ischemia* 

1. Decreased mitochondrial. I1AD/NADH rati.o 
2. Decreased tricarboxylic acid cycle flux 
3. Decrease in pH 
4. Decrease in creatine phosphate 
5. Transient, increased glucose utilization and decrease in 

cellular glycogen 
6. Increase in lactate levels 
7. Increase in a-glycerophosphate 
8. Decreased fatty acid oxidation 
9. Increase in short-chain and l.ong-chain acyl carnitine and 

hydroxylated fatty acids 
10. Increased lon~-chai.n acyl CoA esters (LCACAE)/free carnitine 

ratio 
11. Decreased mitochondrial adenine nucleotide translocator 

(ANT) activity 
12. Affected area of the myocardium becomes cyanotic and cooler 

and depressed membrane potential chan'ses (ECG) are notet! 
after about 30 seconds. Heartbeat in j schemi.c zone ceases 
at about 1 minute. 

13. Decrease in ATP and ADP, and increase in AMP 

;;The above alterations in metabolism occur during the fi.rst 
30-60 seconds, t·!ith the e:-:ception of 13, uhich is more evident 
after about 2-5 minutes of ischemia. 

affected area of the myocardium becomes cyanotic and coo:er, and 
significant electrocardiographic chanses are observed because of 
the depressed membrane potential. (1). 

Hitochoncrr~al-creatine phosphokinase (!.i-CPK), an isoenzyme 
of cytosolic-creatine phosphokinase (C-CPK), is localized on the 
outer part of the inner mitochondrial membrane next to the 
adenine nucleotide trans locator (M!T) (Fi3ul-e 1) (6). ANT 
catalyzes an exclusive molecule-fo;:-molecule exchan~e of ADP and 
ATP across the inner mitochondri.al raembrane, and in this iIlanner 
links the enzymatic reactions of the mitochondrial cell 
compa::otment witt1 that of the cytosol (7). As indicated i.n 
Figure 1, ~1-CPK catalyzes the reaction: 

ATP + creatine (C) ~ ADP + CP in the [o::Ov,ard 
direction. The ADP produced is then translocated into the 
mitochondr i.a vi.a AITT, thus stimulat in.; respirat ion. The CP 1.S 

stored in the cytosol and is l.ater conve;:-ted to ATP by C-CP;{. 
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lIi.tochondrial re~ulation of carnitine-linked metabo!.ism during 
ischemi.a. 

In this manner, the joint action of H-CP:<, ANT, C-CPK, and the 
sarcomere ATPase provides a continual supply of each substrate 
needed for the maintenance of State 3 respirat ion and muse Ie 
contraction (8). However, acidosis caused by the onset of 
ischemia inhibits cAIIP-catalyzed phosphorylation of cardiac 
troponin-tropomyosin, thus e:(plaining the rapid decrease in 
contractility regardless of tissue ATP levels (9). The drop in 
pH probably slOlis N-CPK formation of CP (6), and a variety of 
evidence indicates that the accut:nllation of long-chain acyl CoA 
esters (LCACAE) durin~ this period of ischemia also .inhibits At,T 
activity (0). Thus, the lowered pH and LCACAE inhibited ANT, 
break the metabolic link between AlIT and l'I-CPK, and prevent cP 
formation. 
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It has been well estal>1ished that long-chain fatty acids 
(FFA) are the preferred energy-yieldin~ substrate of the 
myocardium (4), and because of this, carnitine plays a critical 
role in normal heart function. The manner in ,.,hich carnitine 
(C1I3>3N+CH2ClIOHCH2COO- faci.litates FFA oxidation is 
illustrated in Figure i. It should be noted that only the 
L-form of carnitine can be esterified in manna Is, althouJh ooth 
the D- and L-isomers may be transported across cellular and 
mitochondrial mer.loranes (11). Esterification of FFA to the 
B-carbon of carnitine within the heart cell is required for 
theil· entry into the mitochondrion, where they are oxidized to 
carbon dioxide and water. After activation of FFA to the acyl 
CoA ester at the outer mitochondri.al mer:tbrane, the necessary 
reactions are sequentially catalyzed by carnitine transferase I, 
carnitine translocase, and carnitine transferase II. The 
I:18trh-acyl CoA forr:ted by the joint action of these enzymes is 
then ready to undergo B-oxidation, t"hiJe the free carnitine 
produced is exchan3ed ,·,ith long-chain acyl carnitine to continue 
the cyclic function of this carnitine-dependent fatty acyl CoA 
transport system (12). The formation of acetyl camitine (see 
Figure 1) from acetyl CoA via r:tatri,~-localized camitine acetyl 
transferase (CAT) uay also playa vital role in mitochondrial 
ener3Y production. It has been sU3gested that the function of 
CAT, t"hicil is found i.n relatively hicih amounts in heart tissue, 
is to equilibrate the mitochondrial acetyl CoA/CoA and acetyl 
carnitine/carnitine couples (13). Because acetyl carnitine or 
carnit ine rapid ly exchanges across the inner mitochondrial. 
mentor-ane, the entire cellular reservoir of carnitine is 
available for the maintenance of tile acetylation state of the 
much smaller r.titochandrial CoA pool. Thi:; function of CAT is of 
par.ticular irr.poctance to the heart, because a single hea>:t beat 
will consur:te more acetyl CoA than the total CoA content of 
mitochondr ia (14). In this manne ... , acetyl carnit ine, a prime 
energy storage compound of the heart, and CAT playa critical 
role in the steady supply of energy required for myocardial 
contraction. The acyl-carrier function of carnitine illustrated 
in Figure 1 is required for FFA oxidation because the inner 
membrane of heat·t mitochondria is impermeable to LCACAE (12). 

Congestive cacdiomyopathy is a disease state of cardiac 
muscle cha·cacterized by poor myocardial contractility, 
compensatory ventr.icular hypertrophy and dilatation, often with 
complicatin~ congestive heart failu::e and arrhythmias. In most 
cardiomyopathies, etiology is unknown and treatl:tent nonspecific 
05). Post-morten tissue samples have demonstrated m.yocardial 
fibrosi5 and occasional lipid deposition together • ..rith 
ultrastructural disa ...... ay of myofibrils, sve I ling , distort ion, 
and disruption of subcellular oqanelles, including the 
mitochondria and sarcoplasmic reticulum (16). Lipid deposition 
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is cornmonly reported in hamster cardiomyopathy and fatty ac id 
oxidation is kno~;n be depressed (7). Carnitine deficiency has 
been noted in animal models of cardiomyopathy since Wittels and 
Bressler's report of depressed myocardial carnitine 
concentrations in diphtheritic guinea pigs (18). The 
concurrence and effects of various types of carnitine deficiency 
in man have also been described (19), and recent studies 
i.ndicate that systemati.c carnitine deficiency may be a cause of 
some forms of cardiomyopathy (20-22). 

Chan~es in tbe tissue levels of free and esterified 
carnitine have been reported durin~ myocardial ischemia and 
cardiomyopat:1Y as ,lell as a nu,aber of other. diseases, although 
some of these alterations could be accounted for by 
interconvers ion bet~~een free and acyl carni.t ine rather than an 
actual loss of the compound (23). Previous studies have sho\ln 
that the cellular loss of carnitine is accompanied by increased 
synthesis of tri'jlycerides and decreased fatty oxidation, anrl 
addition of carnitine to such preparations reversed these 
chan~es in I:letabolis:n (24). Mo·~e :-ecent investi~ations have 
sho,m that the induction of myocardial ischemia OL' hypoxia 
caused rapid and lar~e changes in the relative tissue levels of 
f,'ee and esterified carnitine (25). It ,V'as also noted durin'~ 
these studies that repeated episodes of ischemia or anoxia, or 
Prolon~ed exposure to these conditions, resulted in the leakage 
of free and acyl carnitine from the heart (23, 25). The 
decrease in tissue levels of free carnitine accompanied 
inc:-eases in acyl cai:nitine, LCACAE, and hydroxylated fatty 
acids (23, 25, 26). These chan3es cesulted in a very rapid 
increase in the LCACAE/free cal:niti.ne ratio during the onset of 
ische;nia 0:: hypoxia, ,,,hich, in turn, was associated ~lith the 
inhibition of mitochondrial ANT activity (25, 27). 

The aim of the present paper is to review the effects of 
myocardi.al ischemia and cardiomyo!'athy upon fatty acid 
carni.tine-liil~(ed netabolism, and to conside:.: the c'ole these 
early metabolic cl1anges may play in dama,;e to the myoc8l'dium. 

!!t:TIiODS AND lfATERIALS 

Canine Experiments. Adult mongrel do:;s (10-20 ;q) ~lere 
anestteti~ed with pentobarbital (30 ~~/kg), intubated, and 
placed on mechanical ventilation. The physiol03ica1 
measu·.:-ements and preparat ions used in the stud ies on the 
open-chest dog model of myoca·:dial ischenia ',le,e as previously 
descrihed (27). 'scliemi.a uas produced in these animals by a 70X, 
reducti.on of bloodflo\l in teft anterio-: descencling (L'\.D) iHanch 
of the coconnry artery. This ?rnduced an ST se~nent elevation 
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of greater than 2 mV which is indicati.ve of ischemia (1). At 
designated times, cardiac inflo,·, and outflo,", ~"el"e prevented by 
clampin~. Tissue representing the ischemic area (LAD bed) and 
nonischemic area (circumflex bed) of the left ventricle was 
!:"npid ly excised, frozen in liquid nitrogen, and stored at -700 

C. The frozen tissues Here extcacted and analyzed ~!ithin two 
\lee!.~s • 

Rat Studies. In the isolated perfused heart studies, ~ats 
were anesthetized '"lith 25 mg of sodium pentobarbital for 20-30 
minutes after 150 units of sodium heparin were administered. 
Hearts ,"le;'e quick!.y renoved and mounted on the perfusion 
apparatus essentially as described by Neely and Rovetto (28). 
The perfusion mediuJ:l ,-las a l:1odified Krebs-Henseleit hicarbonate 
buffer (28), pH 7.4, which '-las equilibrated with 02:C02 
(95:5) at 37 0 C before use. The substrates glucose (11 run) 
and insulin (2 mJml) , anel pal:1l~.tate 0.2 trJi) bound to 3% 
albumin were perfused as indicated in the results. The 
Langendorf of working heart preparations Here as previously 
described (28). :iypoxia was induced by perfusion with medi.a 
equilibrated uith 95~~ :12:Y~ C02. Globa} i.schenia ~\'as 
produced in the ~.'orking isolated perfused rat heart preparations 
by rr.odificatioa of the 10111 cardiac output, hish aoetic 
resistance method (28). The method involves the positioning of 
a bypass on the left atrial (LA) line from the reseJ:voir to the 
LA cannula. A scre,,,-clamp attached to the by?ass a 1 10,,,ed the 
ischemic flow rate to be chosen prior to cannulation and when 
turned in, ~"as ab Ie to produce a ~ 95~~ reduct ion in f 10\" ,~ithin 
several seconds tvithout f'lanipulation of a pur.lp (29). All hea::ts 
,Jere equi.librated by a preliminary 10 minute perfus5_on vith 
oxygenated buffer and glucose. At the end of the experiment the 
llCwrts Here h-eeze-clamped and stored at -700 C until 
extLaction for determination of tbe various metabolites. Hale 
rats (Spcaque Dawley strain) weiJhin~ 130-220 ; were used foe 
this study. Beef and rat heert mitochondria were prepared and 
their respiratory activity determined as previously described 
( 10). 

Cardiomyopathic and no:'--mal control ilamsters .Iere naintained 
.;:nd bred in Dr. Lenans;(i's laboratol-Y at the University of 
Hisconsin. He have a br.eedi.n1 co:ony of card;_omyopathic 
hamsters derived from stock (strain m~X7.1) obtained from Dr. 
Jasrnia of the University of Toronto. By regulating the 
lj~ht-dark cycle, all of the female hamsters (normal and 
cardiomyopath:.c) have their estrus cycles synchl"Onized, a!lo\·!in~ 

planned breedin~ for hamster.s of knovm age. 

Free carnit ine I.'as assayed by the method of Eohme:- et a 1.. 
(Jr.), Hhile acetyl carnitine ~·;.:Is determined ~y a slight 
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modification of the technique of Ve]osos and Veech (31). 
Long-chain acetyl carnitine lIlas extracted and converted to free 
L-carnitine according to the method described by Oram et aJ. 
(32) and carnitine t.,as measul-ed by the method of Bohmer et a1. 
(30). LCACAE were extracted from tissues accordin~ to the 
procedure of Oram et al. (32) and determined ~y the enzymatic 
eye 1 ing method of Veloso and Veech (31). Hitochondria 1 
preparations, AlIT activity, ATP and CP levels were determined 
essentially as previously described (10, 29, 33). 
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RESULTS MID DISCUSSIOn 

It has been llell estal>lisiled that fatty acid oxidatio:1 js 
depressed du:::-ing the onset of myocardi.al ischemi.a (4), and a 
variety of studies have sho~m that it is ~o:<idation tlhi.ch is 
actualJ.y impaired, rather than the activation oc transport 
mecl:anisms (4). The suppression of fatty acid oxidation most 
likely occurs at both the flavin and NAD p,)ints of entry into 
the mitochondrial electron transport system. Because of this, 
the accumulation of intermediates in the oxidation of fatty 
aci.ds, such as LCLCAE, lon~- and short-chain acyl carni.tine, and 
e-hydroxy fatty aci.ds (Table 1) have been shown to occur durin3 
the early phase of ischerni.a (23, 25, 26). Related 
investi.1ations have shotm that as LCACAE levels ::"n the ischemic 
myocardium increased, ANT activity declined (31~). Table 2 
sUDmarizes the results of such experiments. Values for AT? and 
CP, ~·lelJ. known uarkers of early }.schemia, have been included for 
comparative·purpose5. As has been previously found, CP levels 
dropped rapid 1y (~ 50%) t"ithin the first minute of iBchemia, 
ubi Ie ATP values showed no s ignificant chan~e durin~ this ti.me. 
Recent e;;pe;:iments (Fi3Ul:e 2) indicate that the rapid dec! ine in 
ATI' and ADP that occurs later on duri.n3 eal-ly i!,chemia i.s 
10c~lized in the myocardial. cytosol. i.e cell cOlapartraent. The 
} Ot-le: ing of mitochondl' ia I-t.i,T-excha"seab Ie nuc leot ides 
(ATP-Anp); houever, Seei:lS to occur dur in~ the onset of the 
i,~l-eversiole phase of ischemia. This even may be tempora-.:-i 1y 
related to the i.ncreased ffiitochondri2,l LCAClI.E/free carnitine 
ratio, and the resultar:.t accunulation of matrix levels of 
lon]-chain acyl ca~'n:i.t ine (15, 29). 

It should be noted that control, ae~-obic LCACAE values uere 
considerably higher in the isolated rat heart than in the open 
cl1est do~, aJ.thou'-~h the total amount o~ CoA in these ti3sues vas 
found to be quite simi.lar (70 to 90 nraoles/;m , .... et wt.) (23). 
The presence of elevated levels of LCACAE in control rat hearts 
may be explainec! :ly the combined effects of hhh concentration 
of F~A (1.2 ~: palmitate) and the relatively low oxy;en delivery 
of the perfusate in the isolated ~'Tor:,in~ heart iH.-eparation. 
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n,e effect of isclle::Iia upon ~vho]e tissue :lnd mitochondrial ATP 
and ADP l.evels. 

The rate of LCACAE increase after the induction of ischemia 
in the rat hear.t \laS very rapid (Table 2), and similar findings 
have been noted in tIle open chest dog (0). Related studies 
indicate that MlT activity is reversibly i.nhibited after only a 
feu minutes of ischemia (10). The more p;:-onounced inhibit ion of 
ANT, observed after 10 minutes of ischer.d.a or hypoxia, l.as 
accompanied by increased LCACAE levels. HOHever, we have 
recently found that reoxY3enation not only restores left 
ventricular contcaction (dp/dt) to hearts treated ~y this 
protocol, but also returns LCACAE levels and ANT activity to 
control values. The demonstration of increased mitochondrial 
LCACAE levels, and inhibited AlIT activity durin~ the reversible 
phase of ischemia requires special techniques because of the 
oxidation of LCACAE which can occur during the isolation 
procedure (29, 33). 
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Thirty and six.ty minutes of ischemia in the open C;\cst do;; 
caused the accuIaul.:.tion of LCt.CAE, and a cOi'cespondio1 
inhihitioil of AI:T activ~ty ('''ob!.e 2). The effects of reflo,·, 
upon these parameters have not yet been tested in this T.lodel of 
myocll(dial i;:;chemia. IIouever, previous studies on m~tochond=~a 
isolated fro;u t~e ischemi.c LAD oed shm"ed in:li!>ited State 3 
;~espiration, and At:T activity which tl7as ~artially restored by 
the addition of carnitine (3 Lf). Hitochond .. .-i.a isolated from tile 
LAil bed after 60 ,'li,llutes of ischemia sho~;'eu inhibition of both 
State 3 and State 4 respiration, end had very low respiratory 
activity in either State 3 or 4, W::i.Ci1 t·,as unaffected by the 
add£tion of carnitine (35, 35). Recent observations indicate 
that il't'eve~'s ib Ie dan;a3e occul'~'ed in the suoend;)card ium after 
120 ;:linutes of isclJem:a in ti;e open cl~e:;t d03. This period of 
ischemia a1so advel"se~y affectec mitochondl"ial structure and tl:e 
respiratory control ratio (State 3/ftate 4). 7hese 
mitoclloadl"ial cilan-;es e:i.minated ANT activity and prevented 
possible jeneficial effects fron addition of carnitine (37). 

Previous studies ,<,th isolated live;:- and heart ::Iitochondria 
pce?a~'a::ions ~:'lo' .. .'ed that 10·,/ concentrations of lon~-chain fatty 
acid:; i.nhi1)i.ted the A'i'P_32p exchan-:;e ceaction on' y ":len KClT 
~;'as present (33). Later studies ind :.cated that tbL.s may have 
been cause:l :)y tOle accu:uulation of LSACAE \·:hi.ci1, in tUl:n, 
inhibited A:1T" and thus prevented the lTP_32p excl:<:l11Se (39). 
ctecent e:~pe:::'me!ltation (sunL13!·i.::ed in F;:~u;:'e 3) has shoi-ln that 
incubation of beef heart nitoctondria with pa~nitate and ~CC, 
I1Lich prevents 02 upt<l:~e, does }.ndeeci cause the accuilul.:ltion 
0f pal:nitoyl Co.\, \,':Iich, in tur.l, results in a correspondin:; 
inrliiJition of ,",:JT acci.vity. In .:lddition, i.t ~las found that the 
adc\l.tion of L-carnitine to ;'li.tochond:~ia incubated .,ith palm:'.tate 
and :~C!: prevented the aCCllr;\U lat ion of LCACAE, and revei:':Jed AFT 
inhibition. Recau'le most of tbe Co,~ pr-esent in the beef'heart 
l:litochondri,a vas cOflve.:-ted to acyl CoA by i.ncubation .... ith 
pailal,tate anti :(Cr:, and since it is :mmm that over' 90% of tlse 
cellulul" Col. is located i:.1 the mitochondrial t:latri;{ (40), ~le 
have concluded that A;'iT .;as primarily inhibited at the matri:,: 
loci.. Ho;.-e cOl1vincin-; evidence for this was the findin; ~lhich 

has been recently ?resented (33). 

Tab Ie 3 shoHs the effect of va;:yin~ periods of ischemi,a or 
hypoxia upon carnitine tiss~e levels in rat an~ d03 heart 
pl:eparations. In the isolated i"at heart rapidly induced sevel:'e 
iscl)enia (~ 95~~ :ceduction in flO~l in 2 seconds) resulted in 
imnediate alterations in free and acetyl ca~nitine, but did not 
si;oificantly affect long-c~ain acyl carnitine levels. Twenty 
r:l~nute5 'J£ ischem:,a, ',.;hieh marked the onset of irrevers;,ble 
chan;e, caused a sli'~ht ~oss of c1ll'nitine from the ;lear-t, main::'y 
as the free or acetyl forn~, ~ut did not affect tissue levels of 
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FIGURE 3 

Reversal of LCACAE inhibited ANT activity by L-carnitine in isolated 
bovine heart mitochondria. "Heavy" mitochondria in amounts of 10 to 
50 mg/assay were incubated in the presence of 0.03 mH palmitate, 10 
mM ATP, and 1 m..'1 KCN (present ll1hen indicated) in a media as 
previously described. Time of incubation \o/as 5 minutes. At the end 
of this period, the r.litochondria ,.,ere centrifuged and resuspended in 
cold media \·,ith 1 mH KCN, and a small aliquot removed for ANT assay. 
L-carnitine "(Olas present at 5 rol-l (when indicated). 
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Table 3. Tissue Levels of Carnitine During Ischemia 

Free Acetyl L-C Acyl Total 
Time Carnitine Carnitine Carnitine Carnitine 

Pre~aration Min nmo 11 '1.1 Wl.~ nmol/g/ww nmol/g/ww nmol/g/ww 

rat aerobic 20 359:!:.34 1 53:!:.17 224:!:.18 736 

rat ischem* 5 230:!:.29+ 259:!:.26+ 229:!:.15 718 

rat ischem 20 204:!:.52+ 178:!:.19+ 250:!:.45 632+ 

rat hypox* 40 70:!:.24+ 7l:!:.11+ 416:!:.39+ 557+ 

aerobic 
circum 

dog bed 60 1 o 23:!:.13 0 178:!:.57 113:!:.46 1315 
contro 1 

dog ischem* 30 676:!:.169+ 489:!:.99+ 22l:!:.31+ 1386 

dog ischem 60 378:!:.48+ 296:!:.70+ 237:!:.59 911+ 

*Uethods of producing ischemia or hypoxia in above animals are 
described under methods. 

+Indicates significant different between groups at the p > 0.05 
level. N = 5-10 determinations for each value cited. Values given 
are :!:. SEN. 

long-chain acyl carnitine. In contrast. the hypoxic heart. 
which was not irreversibly damaged by 20 minut"es of oxygen 
deficiency. showed a much greater decline in free and acetyl 
carnitine. while accumulating higher levels of long-chain acyl 
carnitine. The loss of carnitine was greater from the hypoxic 
heart. Long-chain acyl carnitine also accumulated in the 
ischemic dog heart and similar changes in free and acetyl 
carnitine were also noted. A considerable loss of carnitine was 
found after 60 minutes of ischemia. which marked the onset of 
irreversible damage. Recent experiments in the isolated 
perfused rat heart have shown much lower losses of carnitine 
during hypoxia or ischemia when values were expressed on a dry 
weight basis (36). The presence of insulin in the perfusion 
media seemed to retard the loss of carnitine (36). 
Nevertheless. the loss of carnitine from the isolated perfused 
rat heart during ischemia is much less than from the ischemic 
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Table 4. Cardiac Skeletal Huscle and Plasr:Ja Carnitine 
Concentrat ions in UH-:{7.l and Uild Strain Syrian 
lramsters at 300 Days of Age. 

215 

A. Ca .. 'nit ine Content - mno lest ~m wet vei:;ht 

Age ~hort Chain Lon:>' .. , Chain 
(days) Group Free Acyl Acyl Total 

300 ~h]d 228.9 331.6 120.4 680.9 

Tnt-X7.1 158.0 l30./f 71.3 369.0 

B. 

Age Skeletal Husc'!.e 
(days) Gr.oup nmoleshm uet ~Jeight P l,asma I,! ,I 

10 HUd 300.2 10.4 
Ui:l-X7.1 2l;8.3 9.9 

50 l'li ld 4M.6 27.8 
ill1-X7.1 353.4 25.3 

150 ~hld 3l~O. 5 24.5 
UH-X7.1 456.0 27.0 

300 Hild 268.9 40.3 
Ull-X7.1 381.3 l.3.0 

d03 (Table 3), pig (45) or human heart (58). It is not ceetain 
whether this is because of species difference, or changes 
induced during the isolation of perfusion techniques. Recent 
studies in the open chest dog have clearly shotm that car-nitine 
is lost from both the reve::sibly (subepica~'dium) and 
irreversib:,y (subendocardi.uTJ1) damaged heart after 3-hour 
occlusion followed by I-hour re?erfusion (35, 37). 

Carnit ine levels have heen sho~m to be reduced in the 
cardiomyopathic hamster heart (41). In Table 4 and Figure 4 we 
show that carnitine values in the newborn normal (wild strain) 
and cardiomyopathic (tn,i-X7.l) hamsters are similar, and rapidly 
increase until about 50 days of age. After this time, there is 
a considerable decrease in carnitine levels in strain U:-1-X7.1 
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Total oyocardial ca~nitine content in tLe wild strain and 
'r~;-:~7.1 :,3J:lsters as a funct ion of ~qe. 

until at 300 days the wild strain hearts have about tyice &s 
much carnitine as found in st~ai.n ut1-;{7.1. Skeletal muscle and 
plasr.la levels remain the sane for both strains during this 
growth period. These results sU~3est that in the Syrian 
cardiomyopathic hamster carnitine defic Lency is caused by the 
disease. These observations B:.'e in direct contrast to the hu:nan 
forms of cardiomyopathy ~"hich appear to be caused by systemic 
carnitine deficiency (20-22). Tn this disease the plasma 
carnitine levels fall well below 10 nmoles/L, and skeletal 
muscle (30 nmol/g/w'l;l), and heart nuscle (56.8 nmole/g""'~) uere 
found to be far helm., normal levels (21). It seems qu::'te 
cel~tain that this type of usually fatal cardiomyopathy is caused 
by carnitine deficiency, because treatment with only ca~nitine 
completely restores the patient to normal (20-22). Recent 
studies indicate that some forms of human cardiomyopathy 
resemb Ie the hamster disease in that earn it ine levels appeat' to 
decline in the heart secondarily to the onset of the disease 
(42). In these patients, relatively high levels of carn~tine 
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and acetyl carnitine are noted in the plasma and urine (42). It 
is thou~ht that carnitine may ;:,e lea~ed from the heart because 
of damage to the myocard ial cell membrane transport system. 
Treatment of these patients uith ora} carnitine has also 
produced beneficial results (4~). 

Changes in SOl~le biochemical and physiological parameters 
during ischemia are shovm in Table 5. Induction of ischemia 
caused an imuediate sharp rise in the LCACAE/free carnitine 
ratlo, \'lhich w'as accompanied by a decline in left ventricular 
cont~action (dp/dt), and AlIT activity. It is important to note 
that the exchan~eab le mitochondri al matrix nuc ~ eot ides (DINt:) 
ATP and ADP did not chanc~e significantly du:-ing the 7.0 minute 
period of reversible ischemia. Subtraction of total 
mitochondrial nucleotides f~om total frozen heart tissue Levels 
1ave nucleoti.de levels in the cyto:wlic compactment (Fi<;ure 2). 
These studies indi.cate that the level of nuc]eotides ATP and ADP 
drop ~apidly in the cytosol durin~ the reversible phase of 
ischemia, uhile mitochondrial levels cemain unaffected. lleflou 
pactially restored cytosolic levels, but there was a loss in 
total cytosolic ATP, AT)P and AIH' of about 10 to 20~; even thou-;h 
hear.t function ,·;as completely restored (29). ,\fter a reriod of 
30 r,linutes of ischem:,a, in:evel'sible dama~e occurred and refIo,~ 
did not restore dp/dt and did not lower or reverse the 
LCACAE!free cai:nitine levels or affect AnT activity (29). These 
results indicate that a reversible LC\GAE inhibition of A:~ 
occurs en;:]y in ischemia, and may have;) protect:ve function by 
;~e~ulatin~ 02 consuJlption and T.\aintain;.n~ its ::Ji .. tochondrial 
mat .... ;,:~ t~Tp/Anp x Pi ratio. 

The point at which elevated LCACAE/free carnitine ratios 
cease to be beneficial and become detr~uental appears to 
con-elate ''lith the onset of the il-reversi.ble phase of ischeraia 
(29). Pa1.-,-.ful effects of the LCflCAE/free ca:n;.tine rati.o durin1 
P~'olon3ed ischenia may be 1.'elated to h5.3her leve:.'.l jn t~ie 

mitochondri.al m~tri;c::, 1.0,,! ca 1:nitine tissue levels, and 
accu!"!ulated lon3-chs).n acyl cacnitine (43). Thus, a tissue 
deficiency of free ca:'nltine, ci.ther by its lea:{a;1e ii-orr. the 
heart or by its esterification, eill further increase the 
LCACAEI free carni.t ine rat i.o. He have ,'ecent ly found t;lat 
pro lon3ed exposure of the isolated pel'fused L"at heart to 
ischerli.<,. ot: hypo:{i.a caused very hj·,;b LCACAE/f;:ee cal'lliti'1e 
ratios whi.c~ were not readily reversed by reflow or 
reoxyc;enat50n (29). Such hi~h,i.t":eversi'Jle LC6.CAE/f:::ee 
cc:rniti.:1.e ratios ,,'ould be particularl:, harmfu-L because they 
could prevent mitochondrial 02 uJLake, ~e1aTdless of flow or 
0') tissue levels. :!itochond:!:.i.al ~atTi,c:: CAT activity may al.so 
b~ inhibited ·rllich would jeopardize the maintenance of the 
acetyl CoAl acetyl c3l"ni t inc in t\;e mitochondr j 31 conL"act ion. 
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Table 5. Chan1es in ])iochen~.cal and Physiolo'~ic<ll C::n-relates 
Durins Isc:lemla 

LCACAE/Free A. NT EHWl~: 

dp/dt Carnit i_ne nmo 1/g nmo 1 /,~ 
Treatment mr:l,{g / s ec nrr.o 1/ r; ADP t rans/ m in/)'.!',; ,let ut. 

20 mln °2 1673±-135 0.09 5.30±-0.37 280±-5 

5 m).n 200±-21}+ O. 25"~ 2.49±-O.1E,+ 350±-3 
ischeraia 

20 FIl n 29±-2+ 0.34+ 1.30±-0.44+ 2702:1 
ischemia 

*L;~changeab J e ;nitochondrial mat~-ix nucIeotides, ATP and ADP. 

+Indic~tes si1nificant differences bet\yeen :;roups at the p > O.Ol 
level. :J~lC' detel-minati,ons for each va]ue cited. 

The absence of f:ee CoA and earn it inc in the gitochondrial 
:natrix could a1.so prevent substrate oxidation l'e.1arclless of 
o;:y;;en availability. A number of othe1: mitochondrial enzyme 
systeTls \"hich are inhibited by LCACAE r.lay a1.so be affected 
(15). ?:n ac,r:lition, h1::;h r;tatrix levels of LC!.C!.E and lOTI.;-cltain 
acyl car-niL'.ne may cause lesion5 of the inner :nitochondrial 
mer.lb:-ane by deter-;ent action. Such lesion5 could allo~l Cil1,ciu:a 
accumulL!tior. upon refToH, loss of adenine and py;:-idine 
nuclectides, and activat;.on of mcnbrane phospholipases, and thu[; 
s~,jnal tile onset of irreversible tissue daaa3e (37). These ,He 
Some of tbe considerat ions w'hi.cli ha\'e led us to r,u~'~est that 
carnitine Bay protect the iscl:emic myoca~-dium by ;ov,rerj_n~ the 
LCACAE/f~ec carnitine ratio (35). 

As indicated in tllis presentation, and e]se~"here (lflf-48), 
there if> a cons:.de;-able body of infol-mation tj,at c3.ea':ly 
det;10nstrates an important role of ca;~nitine in the 1:1eta;)olism of 
the normal ox~en deficient and cardior.iyopathic myocardium. 
~eve~theless. there remains a load deal of uncertainty re~ard;n3 
the mcchaniBITts by which ca'.-nitine may pl.-otect the isc1:e:r.ic or 
c<lrni,tine-c!efici.ent heart (49). One 0.[ the 1:e8.S0ns for thi,s is 
the inability to demonst~:.:1te an effect of carni.tine i.n the 
isolated pel-fusee ::at heart (l~9). The net upt3~~C of carnitine 
in isolated rat heart preparations has not ~een o~served; and 
indeed, a net increase i:1 skeletal n:uscle has r-ar-ely been noted 
upon carnitine ad~Lnist~ation, despite ap98rent beneficial 
effectc; (19). Obviously, ca.-nitin2 ",ust, at so·,wtir.e, be ta;'2r. 
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up hy the heart and skeletal mU3cle. since it has been well 
established that these organs. which normally contain high 
levels of carnitine. lack th~ ability to synthesize this 
compound (50). 

These seemingly contradictory observations may be partially 
explained by recent findings ,.,hich show that carnitine enters 
the heart by an exchange-diffusion mechanism (51). ,,,hich is 
quite similar to that of the mitochondrial carnitine 
trans locator (52). This carnitine transport system appears to 
favor the exchange of extracellular L-carnitine for 
.samma-butyrobetaine (GEB). l"hich is synthesized in hea:-t and 
skeletal muscle (50). These studies support the vieH that net 
uptake of carnit ine by the heart is dependent upon the rate of 
synthesis of GTIB and its eventual e}:chan3e with L-carnitine. It 
should be ment30ned. however. that unilateral transport of 
carntt1ne has been reported in isolated myocyte pt'eparations 
(53). These results could have been caused by relatively la(:;;e 
!osses of carnit ine encountered in the preparat ion of the 
myocyte:;. which in tUJ:n could induce the exchan~e diffusion 
system to function unilaterally (54). Althou1h little is knol'm 
about the control of GTIB synthesis in heart tissue. the rate of 
net carllitine uptake in clinical (55) or ani.r.lal systems (55) 
appears to be very lo\~. It is sU~3ested that carnit ine levels 
in the normai. heart a::e maintained lergely by exchange between 
extracellular and intracellular carnitine. This is because 
recent studies have shown thc.t treatment of rats ,,,ith hi3h 
levels of D-carnitine causes a tissue-specific depletion of 
L-carnitine from on1.y hea;:-t and skeletal muscle (57). These 
findin3s. therefore. support the hypothesis that tissue 
carnitine levels are mai.ntained in v~vo primadly by the 
e}:chan~e ca:.-n).tine ti:ansport sy"te"JI of the plasma ... eTJbrane in 
heal"t and skeletal muscle. ITouever. prolon"~ed or. repeated 
severe ischemic episodes can alter cell nembrane permeability 
and cause carnitine to leak from the heaJ·t (Table 3). Thl.s 
defect may disturb the carnitine maintenance syste:t. and 
eventually .:ender the ischemic area of the heart carnitine 
deficient (58). As a result. tr.e affected area "Jill become 
abnormally dependent upon glucose oxidation. and ShO~·, a ~reater 
susceptibility to ischemia because of the inc·.:eased LC/,CAE/ fi:ee 
carnitine ratio and low cellular stores of acetyl ca:nitine 
(25). 

The mechanisms of carnit ine protect ion: 

1. Elevate plasma levels of free carnitine. ThJ.s could be 
of particula:::- i.mportance because ca.:nitine plasma levels are 
normally fa;· belo~l that contained in heart tissue (23. 30). 
Raising plasma leveJs of carnitine to equal that of hea-rt tissue 
could increase tIle exchan~e across the hea:-t cell me:nb::ane of 
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free carnitine for intracellular long-chain acyl carnitine. 
This action could decrease not only long-chain acyl carnitine 
esters, but also acyl CoA and fatty acids as ,,,ell by stimulation 
of tl':e reverse act ion of t~le acyl carnit ine transferase system 
(Figure 1). Lo"lering of tissue levels of fatty acids and acy: 
esters of cal'nitine and CoA "QuId benefit the heart because of 
the well-:molro harmful effects of these substances (35, 39). In 
addition, such hi3h plasma levels of carnitine may allow 
carnitine to enter the cell by simple dif~usion if changes in 
cell permeability per.mit. 

The benefic£al effects of L-carnitine treatment of 
systemically carnitine deficient patients may also be related to 
increased plasma leve1s coupled wi.th very 10'" tissue levels of 
carniti.ne. This is hecause the initially prolon1ed pl-esence of 
low carnit£ne plasma levels results in the depletion of 
carnitine from heart and skeletal. muscles. The adminiHtration 
of carnit ine reve:"ses tLe concl it ion and causes an enormous 
i.nc.:ease in plasl:la levels (22). This in tu,:n may induce hoth 
the cellular and n:_tochondrial carnitine e;{chan~e diffusion 
systems to function unilaterally. The latte;~ transport system 
~lould continue to function until h:.3h intl-acellula)~ levels 
switch ca~nitine transport back to the nor~al exchange diffusion 
system. These su~~estions may also apply to patients with 
ischemic hea~t disease if sufficient quantities of carnitine 
have been JO'lt from the hcart. 

2. Reverse LCAC!,E inhibition of nitochondrial AI:T 
act ~vlty. Carn it ine ha~3 been sho~m to reverse LCACA~ inhib it lon 
of Mil' in isolated 'TIi.tochondria (Figure 2), and similar effects 
ilave been r,oted in animal_ r.lOdels of ischerni a (2/). This act ion 
of cam ~t ine ,",ould he of great benefit to the ischemic 
t:1yocanlium oecause it ~vould pe;:-mit the resumption of normal 
res[Ji,~atory activity, as ucll a3 ca]ci·.lT<l transport and other 
important mitochondrial. funct:_ons (35) after- reflo~l or 
reO;{Y1enation ha3 been established. Car!litine ad;T\i!list·:ation 
can Jo~.er the LCACAE levels even in the total absence of 02 
ul>take (Fi~ure 2), anc in thi.s mannel- prevent the accu;nulation 
of inevecsibly high raitochondria1. matr:i.x LCACAE/free carnitine 
.~atios, "hLCh, in turn, inhibit MIT and pi-event mitochondria::' 
oXY1en consumption ret:;ar-31ess of reo::Y1cnatio;:1 or refloH. 

3. Improve fatty ac~d or glucose oxidation and acetyl 
ca::nitine stora1e. Tncreased tisBue levels of f"-ee c.unitine 
Can stimulate fatty acid oxidation or ;'.ucose as indicated in 
Fi·~u;.·e 1, ~"hen o::::Y1en is p,:esent. In addition, hi'~:-JeJ: leve!.s 
~"ill sL_malate the forr:lat)on of acetyl ca::niti.ne -, .. hi.cr. !:lay be 
~"equired fOe heart contraction a:-:d, in fact, for the recovery of 
the he::lrt from i.SCl:er:l1.il. 
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Effect: of L- or- D-carnit!ne upon corona,:y blood Elou 1n the d01. 

4. Increase in the synthesis of triglycerides (TG). TG 
formation takes place exclusively in the cytosolic cell 
compartment, while most of the LCACAE, necessary for its 
synthesis, is accumulated in the mitochondrial matrix (l~O, 60). 
During ischemia, ,"1hen 10\1 tissue levels of 02 prevent fatty 
acjd ol:i.dation, hi~h levels of carnitine may facilitate the 
transfer of acyl 3roups from the mitochondria to the cytosol by 
reversing the acyl carnitine transport system (see Figure 1), 
and thus stimulating TG synthesis in the total absence of 02' 
a-Glyceral phosphate, the other substrate required for TG 
formation, accumulates in the cytosol during ischemia (50). and 
So would not limit this action of carnitine. Increased 
synthesis of TG is considetOed beneficial to the ischemic heart 
because it \'lOuld reduce harmful tissue levels of fatty acids, as 
veIl as long-chain acyl esters of carnitine and CoA. 
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5. Increase biood flo,,,,. Recent experiments in the open 
chest dog (Fi~ure 5) have shown that both the L- and D-isomers 
of carnitine produce a dose-dependent increase in coronary 
flow. Such an effect could aid in supplying oxy::~en to ische!llic 
tissues upon ref loy. 
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Suspicion that long-chain fatty acids may impair cardiac 
performance Has first reported oy lIoak and uor:<ers Cl) who 
infused stearic acid bound to albumin into previously 
anticoagulated out otherwise normal doss and ducks and noticed 
an increased prevalence of sudden death and heart failure. This 
same group in later studies reported that elevating serum free 
fatty acids in geese caused supraventricular tachycardia, 
ventricular ectopy, and sudden death and ",as assoc iated 
histologically with several lesions includin~ myocytic 
de~eneration, destructive changes in myofibrils, and 
intramitochondrial inclusion particles (2). That this 
association was something core than just an isolated laboratory 
finding unique to ci:perimentaJ animals was next reported by 
Oliver and colleagues (3). In 200 patients suffering acute 
myocardial infarction, a t\"lofold increase in serum free fatty 
acids \.,as observed within the first 48 hours following the onset 
of pain. Patients ",ith the highest increases in serUB fatty 
acids had the highest prevalence of atrial and ventricular 
arrhythmias; ventricular tachycardia and fibrillation; second 
and third degree heart blocks; and total numbers of death. Hhen 
an anti-lypolytic agent (5-fluoro-3-~ydroxy-methylpyridine 
hydrochloride) ",as administered ,~ithin 5 hours from the onset of 
Symptoms, the numbers of pat ients uith ventr icular tachycard ia 
Here significant ly reduced. provided that the elevated plasma 
levels of free fatty acids were successfully lowered and 
maintained in the normal range throughout the treatment period 
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(4). Hhile the majority of this early work focussed primarily 
on the correlation between fatty acid excess and disorders of 
rhythm in aerobic and ischemic heart muscle, relatively little 
emphasis was placed on determining the influence of fatty acids 
on disorders in mechanical function. Such \.as the purpose of 
these studies. This paper will revie,. the effects of excess 
fatty ac ids in the intact working s,.,ine heart preparation, a 
model analogous to the human myocardium in many respects, and 
survey the benefits of t\;TQ therapies specifically designed to 
modify and alter fatty acid metabolism. These data were in part 
previously published (5-7). 

I1ATERIALS ArID HETHODS 

Swine of either sex, weighing 33.6 - 86.4 kg (average lf8.6 
k.s ) "ere studied following anesthesia with pentobarbital (35 
mg/kg) and the establishment of controlled positive pressure 
ventilation using 100% 02. Frequent determinations of the 
animals' arterial pH, P02, and PC02 were obtained thcoughout 
each study to assure adequacy of ventilation and acid-base 
balance. 

Preparations and Instrumentation 

A method was developed in open-chest s,.ine to conteol and 
regulat e coronary perfus ion in intact, vTork ing hearts. 
Following bilateral thoracotomy and transternotomy and treatment 
with heparin (3 mg/kg IV), one of t~TO models for cardiac 
perfusion were prepared. In the first, perfusion circuits were 
constructed connecting a femoral artery with the main left and 
ri.ght coronary arteries. The main left coronary artery was 
perfused via a Gregg cannula inserted retrogradely through the 
left subc lavian artery, and the right coronary 'vas perfused by a 
cannula positioned near its origin. Flow was determined in each 
System by adjusting the respective mean perfusion pressures to 
slightly above average aortic pressure so as to compensate for 
internal line resistances. In those studies requiring 
independent adjustments in regional flo,., a separate third 
cannula ,.as inserted high in the anterior descending artery. 
Flows to each artery Here controlled by separate low-flmy Sarnes 
perfusion pumps. For the purpose of sampling for metabolites 
and oxygen across the myocardium, venous cannulas were passed 
into the coronary sinus or anterior branch of the great cardiac 
vein. The hemiazygos vein, which in swine drains directly into 
the coronary sinus, was li.gated. 

In a second perfusion model similarly prepared in 
open-chest, heparinized, anesthetized swine, a right heart 
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bypass arrangement was constructed connecting both vena cavae 
and the pulmonary artery. The pulmonary artery ~las ligated just 
proximal to the insertion of the bypass cannula. Cardiac output 
t.ras maintained by a Sarns modular pump. A reservoir inserted 
proximal to the pump served as a priming chamber and l'laS filled 
with 1500 ml low molecular weight dextran. FIOt! rates l.ere 
adjusted to produce left ventricular systolic pressures of 
between 90-100 mm Hg. Fol1.0\vin5 these procedures, a right 
ventriculotomy lias perfort:led and a drainage pump inserted to 
collect coronary effluent blood. This \-I.:IS passed throu~h a 
blood oxygenator (02:C02 mixture of 9r~:3% at 37.50 C) and 
returned to the main left and ri~ht coronary arteries cannulated 
as above. Coronary perfusion to each artery t·,as ac;ain supported 
by separate 10H-flolv perfusion pumps. Sampling ports in the 
arterial and venous tubing were used for obtaini.ng a::teriovenous 
differences of oxy.sen and metabolites across the myocardiut:l. 

Additional cannulas were placed in the left ventricle and 
distal aorta for measuring pressures. A high-fidelity, 
manometer-tipped pressu=e device was advanced retro~radely from 
an internal carotid artery to determine left ventricular 
pressure. A Teflon tubing catheter connected to a P 23 db 
pressure transducer ~las inserted into the descending aorta via 
an internal mammary artery. Epicardial displacenent transducers 
(8) or mid-myocardial ultrasonic crystals were placed in the 
perfusion distribution of the anterior descending artery for 
measuring regional shortening. Signals fro:11 these instruments, 
together \vith the electrocardiogram, \.ere displayed on an 
eight-channel Brush recorder and stored on a Digital Equipment 
Corporation PDP 11/10 computer for late= off-line analysis. 

Data Analyses 

Estimates of global left ventricular performance l.ere 
determined from measurements of heart rate, left ventricular 
(LVP) and f.1ean aortic pressures, and the maximum rate of left 
ventricular isovolumetric pressure development (LV max dp/dt) at 
normal and ischemic coronary flows. These were correlated with 
re~ional measurements of epicardial or mid-myocardial 
displacement in lengths (L) and an integrated index of work 
obtained throughout a reconstructed cardiac cycle (work = !LVP 
dl/dt dt). Data '\~ere collected on-line at 10 minute intervals 
duri.ng the experi.t:lents and reduced off-line. From each sampling 
time 240 data points per cardiac cycle were obtained for 10 
consecutive heart beats at held e;<piration to define an average 
representative beat. Any cycle period \lhich deviated by more 
than t~vo standard deviations from previous beats was excluded 
from the avei'a~in1 routine. 
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General metabolic function vIas evaluated from the rates of 
myocardial o;~ygen consur.lption. t·:yocardial oxygen consumption 
(~!V02) was calculated from corona~:y f 10\1 rates, coronary 
perfusate hemoslobin (l:b) concent:.-ations, and hemo~lobin o;{ygen 
saturations according to the expressions: 

HV02 (mmo}/hr/g dry) = 1.39 * coronary flovl rate 

(ml/hr) * lIb conc (glll/IOO ml) * arterial-venous 02 

sat (t,~n/22.4 (ml/mraol) - dry ';-It of heal"t (g) 

Serun w'as also obtained at 10 minute intervals to deternine 
the total fatty acid content (].lnol/mJ.) using the colorimetric 
pcocedure of Duncombe (9). Fatty aci.d specific activity (SA) 
was determined in dpm/ mo 1 FFA fa 110~~in1 infus ions of 70 ].lei 
palmitate [14C(U)] into the co~onary circulation. By also 
obtainin; the total blood volume (V) in the coronaey circuit at 
the time of sampling (t) in the i."igbt heart bypass model, it \laS 

possible to solve for the total labeled palmitate in the 
perfusate (DP!:io)t = dpr.1t * Vt • By knowing the ar.;ount of 
labeled ~alm~t~te added to the circuit (A in dpm) in the 
precedin~. sampling interval (t-lO), it was possible to calculate 
FFA uptake by the heart as: FFA uptaket (].lmol FFA/hr/'!, dry) 
[(-:JP1.lp ) t-1 O-(DPt.ip ) t + At -10] * 60 min/hr ;. SAt f dry 
wt of heart (g dry). The palmitate added (A) was corrected for 
the small quantity of product (3-15%) lost extracorporeally in 
the syrinse, tubing, and/or oxy:,~enatol.". 

In either perfusion r.lodel, fatty acid oxidation ,.as 
estimated ~y measuring 14C02 production from [14C(U)] 
palmitate according to the expression (10): 

l4C02 production (].lmol FFA/hr/g dry) = venous-arterial 

14C02 (dpm/ml) * coronary floH (ml/hr)/SAart 

(dpm/J.lmo I FFA) * dry ,.t of heart C~) 

Hhen sampling for venous l4C02 in the regional perfusion 
model, the ratio of specific activities of palmitate in the vein 
¥nd artery was used to correct for the dilution of venous counts 
that occurred from admixture of venous effluents froTa other 
adjacent circulations. 

At the conpletion of the perfusion trials, transmural 
sections of left ventricular myocardium near the apex were 
immediately removed and frozen bet\veen blocks of aluminum cooled 
in liquid nitrogen. These tissue samples \-lel-e analyzed for acid 
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soluble and long-chain acyl CoA and acid soluble and long-chain 
acyl carnitine (5). 

Experimental Protocol 

229 

The ~eneral plan of these studies Has to evaluate the 
effects of fatty acids on myocardial mechanical and metabolic 
functions during aerobic and ischemic conditions and to test the 
effects of tHO potential therapies: carnitine and oxfenicine. 
Perfusion trials lasted either 70 or 90 min, the final 30 min of 
which '-las always during a reduction of global or regional 
coronary flou causing moderate ischemia. Augmented serum levels 
of fatty acids were effected by infusions of heparin and 10% 
emulsion of triacylglycerols (Intralipid) adr.d.nistered 
systemically or by labeled and unlabeled palmitate administered 
directly into the coronary perfusate. Infusions were begun 
immed iately at the start of the perfus ion trials and cont inued 
throughout the course of the trials to maintain serum fatty 
acids at elevated values. Carnitine and oxfenicine were 
administered at different periods throughout the trials 
depending on the protocol. Lidocaine in 50-100 IiI'S boluses ,.ere 
given in all animals to avoid 'lentricular ectopic dysrhytillTlias. 
!ietabolic and mechanical information were collected at least 
every 10 min throu-shout the perfusion trials, and tissue samples 
were collected at the conclusion of the trials or sooner ~n the 
case of unexpected animal death. The data \",ere analyzed by 
pa ired ,md unpa ired Studen t t-tes ts or by t,,,,o component, a 
posteriori analysi.s of variance and Studentized Nevnnan-:(euls 
tests (11). Significance was defined for probability values of 
less than 5%. Distribution of data, where listed, always 
appears as the standard error of the mean. 

P..ESULTS 

In a first series of studies, the effects of excess fatty 
acids on mechanical and metabolic functions "ere compared at 
conditions of normai and mildly ischer'lic (-3%:;0 restrictions in 
coronary flow. One group of hearts received no fatty acid 
supplements; the other ''las treated \,ith infusions of Intralipid 
and heparin sufficient to raise serum fatty acids four-fold. 
Total perfusion time \,7as 90 min. Coronary f10\, \,as held at 
aerob:.c levels for 60 min, then reduced to ischemic levels fot: 
30 min. It can be seen from Table IA and IE that by 60 min 
treatment vith Intralipid, excess fatty acids had significant:.y 
delJressed left ventl.-icular pressures, max dp/dt, and regional 
uork index. ?-lyocardial oxygen consumption \Vas increased in 
treated hearts, conl:1ensurate uith the influence of fatty ac id 
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FATTY ACID EXCESS IN ISCHEMIC MYOCARDIUM 

substrate on altering the P/O ratio or on stimulatinr; 
oxygen-\Olastin~ pathways (2). Following 30 min ischemia, 
mechanical function was even further depressed in fatty 
acid-treated hearts and oxygen consllmpt ion was reduced. These 
findings were associated "ith appreciable increases in the 
tissue contents of acyl CoA and acyl carnitine in ischemic 
myocardium \-1hich ,,,,ere much greater in fatty acid-treated 
hearts. Total tissue carnitine was also decreased significantly 
in treated hearts, presunably from 103s of acid-soluble 
carnitine through sarcolemma no longer intact due to the 
detergent-like actions of fatty aei.ds on biological membranes 
(13) • 

Since carnltlne is a critical co-factor in fatty acid 
metabolism and since its depletion may compromise the acetyl. 
carniti.ne transferase mechanism for redistributing accumulations 
of acyl CoA intraceEularly (4), a ne;·,t study \11aS perfon;;ed to 
test the effects of repletin1 lost caznitine on myocardial 
function. THO groups of anima13 ~yere compared (n=22); group 2 
received infusions of DL ca,:niti.ne 000 mg/kg iv); both ~Jere 
supplemented uith e;~cess fatty acids (Intralipid \011t11 heparin). 
Perfusions were a~ain 90 min with 60 min normai coronary flow 
and 30 mi.n mild ischemia (-40K< flo\-! restriction). Table 2 
lists the comparisons between groups. Serum carn~tine values 
,.,ere 3.5 and l4·7l~ nuol/m} in groups 1. and 2, respectively. 
Carnitine tissue stores were si1nificantly increased in group 2 
hearts over untreated hearts and were associated with 
signifi.cant improvements in mechanical function both at nortaal 
and ischemic coronary f10",s. Hyoca:-diaJ. o:<Y3en consumption \.a5 
less increased at aerobic flo\ls in cern.;.tine-treated hea.-ts, 
suggesting less availability of excess fatty acids to substrate 
path\-,ays in myocytes or blunti.ng of the oxYsen-"insting 
pnth\1ays. Total tissue contcnts of lon'~-chain acyl CoA ~ .... ere 
significantly reduced in carni.tine-treated hearts ,,,hereas 
long-chain esters of carnitine were increased. 

The mechan~sm of carnitine therapy was put-sued in a separate 
study. The ri::;ht heart bypass heart preparation uas employed 
here so labeled palmitate could be in~used globally into the 
heart muscle to define fatty acid uptake and rates of 
oxidntion. T~yer.ty heal-ts (11 untreated, 9 treated "itll 
L-carnitine) were perfused for 7C min. and rendered globally 
ische:nic (-41A~~ restriction i.n flo,,) for the final 30 min. 
Seru:n carnitine va:ues t.:ere 8.7 and &637 nmol/ml, respecti.vely, 
in untreated and treated sroups; serum fatty acids were 
au~mented to 0.76 J,J!:l01/II11 in both groups (uppee left panel, 
Figure 1). Other metabolic events are sho~m in Fi .. sure 1. At 
cOT:1pa::able levels of l'ilyocardi.al oxy?;cn consumption, L-carnitine 
treatment significantly decreased fAtty acid uptake by 33% (? < 
.05) during the T:1iddle portion of the perfusion trials <30-50 
min perfusion) whi.ch :i.nc luded both norma 1 and ischemic coronary 
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FATTY ACID EXCESS IN ISCHEMIC MYOCARDIUM 233 

E .8 z Untreated - 0 
...... 0 
"0 I- .8 

L Carnitine - .. 

5.. .6 
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~ ~.., 
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l- N-
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< 
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TIMES OF PERFUSION min 

FIGURE 1 

~1etabolic responses in two heart groups supplemented ~ ... ith e~~cess 
fatty acids. Treatment with L-carnitine dec .. ·eased fatty acid 
uptake during the middle portion of the perfusion trials and 
secondarily decreased the rate of fatty acid oxidation. 
Coronary perfusion was held at normal levels from 0-30 min and 
reduced globally to ischemic levels from 40-70 min. 
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flo,.,5. This ~J8S accompanied by a s i~nificant dec line i.n 
14C02 production at 50 min perfusion in treated hearts. 
These data confirm that carnitine prevents, in part, entry of 
excess fatty acids into myocytes and substrate utilizing 
patlmays. 

The ilapact of fatty acid excess on iilyocardial function ~,as 

also pursued frof:! another standpoint. Oxfenicine, an 81ent 
sho,·m to stimulate the activity of pyruvate dehyd~."ogellase and 
secondari.ly glucose metabolism in hea:'t muscle (1S), ,.,as also 
shot·m to inhibit palmitate oxidation in rat diaphra3m (16). It 
was reasoned that if this action also occurred in myocardium, 
the into:~icatin~ properti.es of excess fatty acids mi;ht be 
attenuated. To test this, tt'10 ~roups of l:earts (n=lS) ~'le~'e 
cor,lpared. Both groups received Intralipid uitt. heparin 
sufficient to raise serum free fatty acids three-fold (0.30 to 
0.91 llHlol/nJ.). Both received labeled palmitate selectively into 
the perfusate of the left anterior descendi.ng coronary 
circulation. Total perfusion time ",as 90 ::1in; oxfenicine I;as 
added 07-33 fig/kg) at J) min perfusion; re;ional ischemia in 
the anterior descend in; ci.rculation ~;as induced over the f i.nal 
30 m.i.n per-fus ion by reduc ing flow sm:. As can be seen from the 
results of the study listed in Table 3, 14C02 product ion 
from laDe led pa Imitate uas decreased by SU (p < .02S) at normal 
f lo~.;s in oxfenic ine-treat ed hea~·ts and ,-las even further reduced 
durin~ ischemia. O~:fenicine mcrkedly decreased the levels 0.£ 
long-chain acyl carniti.ne in both aerobic (478 ~ 113 vs. 79 ~ 22 
nmol/g dry, P < .OOS) and ischemic (657 ~ 92 vs. 250 ~ 52 nmol/3 
dry, P < .001) myocardium sampled at the conclusion of the 
studies. These changes suggested an inhibition of enzyme 
function with the drug at either the acyl CoA synthetase or acyl 
ca;:-nitine transferase I steps. Oxfenici.ne improved mechanical 
function duri.n1 ischenia with lesser declines in left 
ventricular pressure (p < .01) and max left ventricular dp/dt (p 
< .02S). Oxy'~en consumption ,.,as }reatel." in treated hearts and 
may have reflected enhanced pyruvate dehydrogenase activity and 
greater glucose utilization in~roup 2 hearts. Thus, oxfenicine 
inhibits fatty acid oxidation and improves nechanical function 
in regionally ischemic hearts, possibly by lessening the 
accumulation of intoxicating fatty acid intermediates and 
prof.lOting competitive substrate uti.lization ~.,ith glucose. 

DISCUSSION 

The first portion of thi.s report evaluated the early effects 
of excess fatty acids on cardiac performance. Serum fatty acid 
levels were iacl'eased only moderately to evaluate tl".e early 
threshold chan;es in function a·.1d netabolism. Both at control 
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and mild 1y ischemic coronary f IOl-ls, excess fatty ac ids 
si~nificantly depressed 310bal and reg ional r.lechanical 
function. These changes were associated l.ith a pro<;ressive 
~uild-up of long-chain fatty acyl CoA and carnitine derivatives 
in ischemic hearts and a loss of total tissue carnitine. In the 
second part of the report, studies ,,,ere described l"hich showed 
that suppression of fatty acid oxidation assisted ischemic heart 
muscle and improved cardiac function. 

E:-:pel:iments were conducted in swine hearts which ,,,ere 
selected for their many similarities to man in cardiovascular 
function, anatomy and perfusion distribution of the co.onary 
circulation. Hild, rather than severe, l."estrictions in coronary 
£10\,1 were chosen so that therapeutic modalities might have a 
better opportunity of demonstratin~ sor.le improvements in 
cel.lular function. Exogenous fatty acids ~lere augmented to 
levels previously observed clinicajly (I7) and not to unduly 
excessive levels beyond the pathophysiolo~ical ran:~e as has been 
criticized by Rogers et a1. (18). 

Observations have long been held that fatty acids in eAcess 
are detrimental to cardiac function. Since the ori~inal animal 
and clinical reports by Iloak et a1. (1, 2) and Oliver et a1. 
(3), several J.nvesti~ations have been published supportin~ these 
findin~s 09-21), and the relationship has been the subject of 
recent reviews (13, 22). 

Several raechanisms to account for these derangements have 
been proposed. Electrical arrhythmias are suggested to l:esult 
from an interference by fatty acids on glycolytically derived 
ATP in the cytoplasm (23) or from biotoxic· detergent effects on 
me~ranes enhanced by hi,~h molar ratios of FFA-a1bumin (20). 
Additionally, fatty acids have been shown to uncouple electron 
transport in mitochondria, impair oxidation (24, 25), and in 
excess concentrations promote s~{elling of biomembranes and 
leakage of intracellular contents. DeLeris et a1. (21) in 
working rat hearts showed that adding excess fatty acids to the 
coronary perfusate led to a 5- to IO-fold increase in the 
release of LDR enzyme. 

More recently, attention has shifted to an evaluation of the 
effects of selective fatty acid intermediates on interfering 
with intracellular enzyme function and membrane transport. Of 
major ::'nterest has been the role and influence of long-chain 
acyl Coli. Several \lor~ers using subcellular preparations of 
heart, brain, and liver (26-23) have demonstrated that palmityl 
acyl CoA is capable of inhibiting a variety of enzyme systems 
including palmityl acyl CoA:carnitine palmityl acyl transferase 
(K' 3 Jl,r), long-chain acyl CoA synthetase (Ki 5 J.l M), and 
Na*, K+-ATPase (Ki 80 J.lH) (29). As reported by Vignais 
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(30) and Shug et a1. (31), the enzyme most sensitive to the 
inhibitory effects of long-chain acyl CoA is adenine nucleotide 
translocase (Ki 0.1-0.3 llH). As can be seen, decreases in 
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this translocase activity can occur at concentrations of the 
ester well within the critical micelle level. Horeover, because 
long-chain acyl. CoA increases about 2-fold over aerobic values 
during restrictions in coronary flow (32,33), inhibition of 
this enzyme by the ester has been further speculated to be an 
early and important event in myocardial ischemia (31, 33). Such 
interactions are reasoned to be even more pronounced in ischemic 
hearts supplemented with excess fatty acids. In the present 
data using swine heart9, similar increases in fatty acyl CoA 
~roups were noted at less severe levels of ischemia and were 
accompanied by greater percentage increases in acyl carnitine. 
Hith the addition of excess fatty acids in ischemic hearts, 
there were even greater and near-linear increases in acyl 
esters, particularly long-chain acyl carnitine. These data 
support and confirm the association between fatty acid 
intermediates and cardiac impairment and may reflect a causal 
relationship. 

Because an appreciable fraction of total carnitine w'as lost 
to the ischel:dc cell, a therapeut ic hypothes is was proposed to 
replace this loss by pharmacological doses of DL- and 
L-carnitine. Carnitine, a naturally occurring and actively 
synthes ized quaternary amr,lonium compound, is an essenl ial 
cofactor in the transfer of activated fatty acids from the 
cytosol to mitochondrial matrix. It also functions to transfer 
acetyl units betHeen cytosol and mitochondria. This latter 
transfer system has been postulated to modify and modulate the 
acyl transferase reaction and serve as a buffer of matrix acetyl 
CoA by storing excess acetyl units in the cytoplasm (14). 
Carnitine, \"Thile not synthesized by the myocyte, is actively 
taken up by the heart, particularly as the L-isomer, and is 
concentrated against a plasma-cytosol gradient (34). The uptake 
of ca:n it ine by sarco let:ll!\a appears to resu 1t fror.l ac t i ve 
selective transport which is saturable and slightly energy 
dependent (35). 

In experimentall y induced heart fai lure resu 1t ing from 
hypertrophy (36) and coronary ischemia (33, 37), carnitine is 
lost from the myocytes as the acid soluble fraction. This loss 

. tvas also seen ill the \.ol"king, ischemic swine heart animal model 
system. Early atterapts at replacing carni.tine in ischemic 
hearts have been encouraging. Thomsen et a1. (38) de:nonstrated 
positive benefits with carnitine in patients with coronary 
artery disease ,.hose hearts were paced until ansina occurred. 
In this group, carnitine significantly increased the heart rate 
blood pressure produc t, the pac ing durat ion to an~ ina, and 



238 A. J. LIEDTKE AND W. P. MILLER 

lactate extraction while decreasing left ventricular 
end-diastolic pressure and ST-T wave abnormalities. Folts et 
ale (39) in ischemic dog hearts docuoented that carnitine 
increased electrophysiological changes, increased tissue stores 
of high energy phosphates, and in harvested mitochondria 
restored adenine nucleotide translocase activity. They also 
concluded that carnitine possessed antidysrhythmic actions which 
prevented the development of ventricular fibrillation. 

The present data support and extend these findings and sho\! 
that both the DL- and L-isomers of carnitine preserve mechanical 
function at no further cost to oxygen consumption during 
ischemia. The influence of carnitine treatments was best seen 
in those tudies using labeled palmitate traceY to study fatty 
acid utilization and oxidation. The decrease in fatty acid 
uptake and l4C02 production su~gested a reduced availability 
of excess fatty acids into the heart cell. Such effects on 
fatty acid uptake were reported previ.ously in isolated aerobic 
hearts (40). 

In swine hearts, carnitine therapy also decreased tissue 
stores of long-chain acyl Coli. after 30 min of ischemia. This 
reduction in acyl CoA sug.';ests a favorable redistribution of 
product bett-leen cytosol and mitochondria and a~.,ay from raembrane 
surfaces such that enzymatic activities ~.,ere not as inhibited. 
Tile increase in carnitine esters with carnitine treatment did 
not appear to be of consequence. In vitro studies have show~ 
that palmityl carnitine is capable of inhibiting certain 
enzymes, including r~a+, K+- ATPase in the sarcolemma. The 
reported Ki for this interr.1ediate i:.; 44-413 llH and the absence 
of functional impairment ~,7ith therapy noted in the in vivo s\>ri.ne 
hearts sug;ests that intracellular concentrations did not reach 
these levels. 

In final studies, the impact of excess fatty acids on fatty 
acid metabolism in ischewic hearts was modified by the 
adnlinistration of oxfenicine. Contrasting the tissue levels of 
carnitine intermediates between o}~fenicine-treated and untreated 
hearts suggested that the main locus of the drug's action was 
either at the fatty acid activation step or at the acyl 
carnitine transferase I reaction. This interference with 
preferred substrate metabol ism in treated hea:·t musc~.e was not 
associated with any decline in energy production or mechanica] 
function but rather an overall improvement in cardiac 
performance. Oxfenici.ne caused reductions in long-chain esters 
of both CoA and carnitine and lowered whole tissue contents of 
the latter moiety to values belou those associated with either
excess fatty acid treatments, myocardial ischemia, or both (5). 
Such decreases cou leI reasonab ly be argued to improve 
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derangements in cellular functions previously reported to occur 
with accumulation of this inhibitory intermediate. Other 
possibilities to explain benefits of oxfenicine include a 
favorable removal of oxygen-\·Tasting pathways (12) associated 
\ ... ith the p·resence of excess fatty acids or a stimulation of 
glucose metabolism through enhanced activity of pyruvate 
dehydrogenase (15, 16). 1-Ii.ld-to-moderate ischemia with 
retention of some coronary ';oTashout does not provoke an 
all-or-none type suppression of myocardial metabolism. 
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Important elements of o;~idative metabolism persist for SOr!le 
period of time despite reduced o~:y~en delivery. He have 
previously shoun in s,.,ine hearts that 40-50 mH pyruvate ' .... as able 
to increase oxidative decarboxylation 5-fo:d during moderate 
~lobal ischemia (41). Thus the notion that oxfenicine enhances 
carbohydrate oxidation in ischemic hearts fits nicely 'vith these 
previous data. The added contribution of energy pt·oduction from 
this alternate substrate would ass'..st in maintaining critical 
subcellular processes and preserve contractile performance. 
Thus, these data indicate that a reduction in fatty acid 
jnte;.mediates accompanied by a presumed enhancement of glucose 
utilization collectively preserved function in working ischemic 
heart muscle. 
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Department of Internal l1edicine (Cardiovascular 
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5323 Harry Hines Boulevard 
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Recent studies have su;gested that alterations in membrane 
structure and function are causally related to the development 
of irreversible injury during myocardial ischer.lia 0-4). In an 
ischemic canine myocardial model, studies by Jenninjs et ale 
have deoonstrated the presence of sarcolemmal membrane defects 
by electron mic;:'oscopy which correlate with the time course of 
the onset of irreversible injury and the accumulation of tissue 
calcium (1). Studies in a perfused rabbit septal model (4) have 
correlated the decrease in myocardial contractile performance 
during ischemia Hith the development of increased sarcolemmal 
membrane cation permeab{lity (4). Calciu}:1 blockin~ agents have 
been demonstrated to have protecti.ve effects on the development 
of irreversible injury in calcium accumulation durin~ myocardial 
ischemia (5,6). Acute myocardial infarction in man is 
characterized by leakage of cytosolic enzyr.tes across the 
sarcolemmal membrane and into the intravascular space (7). In 
add~_tion, the accumulati_on of technetium-g9u1 pyrophosphate, a 
marker of a sarcolenmal membrane calcium permeability defect 
(3), is a sensitive mar~(er of myocardial cell inju?y in clinics] 
and animal studies (9). 'fuile it is becoming increasin~ly clear 
that alterat ions in the structure and calcium permeabil ity 
properties of membranes are invol.ved in the developri,ent of 
irreversible cell injury, the biochemical basis responsible for 
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these memlH'ane changes is unkno,"m (0). However, recent studies 
in ischemic liver clodel have su~gested that the degradat ion of 
membrane phospholipids is causally related to the loss of cell 
viability during ischemia 01-14). In this model, the 
de5radation of membrane phospholipids is related tecporally to 
the development of the membrane calcium permeability defect, a 
several-fold increase in tissue calcium content, and the 
development of irreversible damage in ischemically injured cells 
(11). Pharmacologic inhibition of the phospholipid degradation 
results in a protection against the alterations in calcium 
homeostasis and the development of irreversible cell injury (11, 
12). 

Recently, these initial studies have been confirmed by other 
investigators 05, 16). There are nOt·1 several reports of 
phospholipid degradation du:~in3 ischemia in the kidney 07, 13), 
brain (9), and myocardium (20-25). In ischemic canine 
myocardium, there is a temporal and topo:~raphical correlation 
between the accumulation of tissue calcium, the uptake of 
technetium-99m pyrophosphate, and the development of an in vitro 
sarcolemmal calcium permeability defect (8). Treatment of 
sarcolemmal vesicles ,,,ith an exo3enous phospholipase results in 
a marked increase in passive calcium permeability (3). 
Sarcolemma] vesicles isolated from ischemic canine myocardium 
display greater than 50% increase in passive calcium 
permeability, as '-Tell as a 20~~ decrease in phosphatidylcholine 
content (8). In addition, pretreatment ,vith chlorpromazine has 
been demonstrated to have protective effects in perfused heart 
models of myocardial ischel:lia (4). 

The exact biochemical mechanisms responsible for the loss of 
mel,l!n"ane phospholipid durin1 ischemia are not clear. HOt;ever, 
studies on the synthesis of prostaglandins in several cell types 
have provided insight into the i:>iochemical mechanisms 
responsible for the release of arachidonate, a fatty acid found 
almost entirely in membrane phospholipid. The initi.al 
deacylation of a;:achidonate from phospholip"id is due to tte 
activation of at least two distinct phospholipases. The 
phospholipase 1.2 activity releases fatty acyl grou?s from the 
SN-2 pos it ion resu It ing in the subsequent format ion of lyso
phospholipids and free fatty acids (26). The phospholipase C 
activity cleaves the Kater solul>le head group from 
phospholipids, resulting in the accumulation of diacylglycerol 
(2]). Stuc\ies in platelets (2]), amnion cells (28), and 
iladin-Dar')y l<i.dney cells (29, 30) have demonstrated that the 
release of arachidonate by phospbolipases during prosta~landin 
synthesis is imnediately followed by reacylat ion with other 
fatty acid moieties. The net effect of this deacylation
reacylation cycle is a release of free arachidonate with little 
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Or no decrease in total phospholipid content. Thus, the net 
loss of total phospholipid from the membrane is dependent not 
only on the rate of deacylat5_on by phospholipases, but also on 
the rate of reacylation. These results in non-myocardial cells 
may be relevant to the mechanisms of phospholipid degradation 
during myocardial ischemia. Hyocardial cells contain 
phospholipase A and C activities (31, 32) as well as a 
lysophosphatidylcholine reacylase activity in cardiac membranes 
(33). In an ischemic ca:line model, Van der Vusse et al. (20) 
demonstrated that unesterified arachidonate can accumulate after 
2 hours of myocal-dial ischemia. llo\vever, until recently, the 
time course of the accumulation of arachidonate and its temporal 
relationship to the depletion of membrane phospbolipi.ds ~."as not 
kno,,'l1 (34). 

RESULTS AND DISCUSSION 

Previous studies in canine n;yocardiur.l have demonstrated that 
one hour of fixed LAD occlusion is sufficient to produce 
irreversible injury, accumulation of tissue calciur.l, and the 
development of sarcoler.lmal calcium permeability defect (8). 
However, there was no statistically significant decrease in 
total phospholipid content in the ischemic versus the 
corresponding nonischemic tissue at this tjme un. Since it is 
now clear that there is over a 70% increase in free arachidonate 
content after 1 hour of isch~~ia in this model (34), the seeming 
discrepancy is most likely due to the inherent difficulty in 
detecting nr.l01/g ~.,et wei;~ht quantities of membrane phospholipid 
degradat ion by simply measuring the total phospho lipid content 
Hhich is present in pmol/g wet weight amounts. Thus, increases 
in tissue free arachidonate may be a more sensitive indicator of 
Phospholipid degradation during myocardial ischemia. 
Interestin~ly, the time course of the accumulation of 
arachidonate paralleled the time course of the irreversible 
injury which has been previously described in this model (3). 
Since ischenic live~ displays over a 20% decrease of total 
phosph<Jlipid content after 1 hour of ischemia (11), the 
myocard ium appears to have a lO~ler rate and ext ent of 
phospholipid degradation durin~ ischemia. If phospholipid 
deJradation is contributing to the development of irreversible 
injury during myocardial ischemia, then myocardial cell 
membranes must be more vulnerable to the effects of phospholipid 
degradation than the liver cell. There a,:e several potential 
mechanisms of arachidonic acid accumulation dueing myocardial 
ischemia. The raost obvious possibility ~vould be that the free 
acid accumulates secondary to increased uptake of arachi.donate 
from the serum. However, tltis possibility is unlikely, since 
the r:lyocardium extracts very little arachidonate from 
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extracellu13r sources under norn,oxic conditions (20). 
Furthel'7110re, ileely et a1. (35) have demonstrated that fatty acid 
uptake in genenll is inhibited durin~ ischemia, as the 
oyocardjal ceU prefers 31ucose as a carbon suostrate during 
hypoxia. 

The second possible mechanism of arachidonate accurJulation 
is simply due to the impaired beta oxidation of fatty acids 
~"hich occurs in ischemic oyocardium. Ho~.,ever, arachidonic acid 
is not only poorly oxidized by nyocardial cells, but also is an 
extremely poor su:)strate for the carnitine acyl transferase 
(36). Thus, under normal conditions, any free arachidonate 
would be shunted aHay L'om o}:idation and tm ... ards 
esterification. In addition, it has recently been demonstrated 
that myocardial cells contain a 1yso;>hosphatidylcholine 
.:eacylase \ihich has a 7..S-fo·ld ~reater activity with 
arachidonoyl CoA than with oleyl CoA (34). 

The third possibility is that arachidonate accur.lulates 
secondary to either an increased rate of deacylat ion or 
decreased rate of reacylation from membrane phospholipids 
(Figure 1) (36). Unlike other fatty acids in the myocardial 
cell, over 9G'~ of arachidonate is esterified in the SN-2 
positi.on of ?hospholi;'lids. l-lyocardial cells contain an 
endogenous membrane-bound phos'pholipase A2 ~'Thich will 
deacy~ate arachidonate from phosphatidylcholine. The resultin3 
f~ee arachidonate can then be activated to arachidonoyl CoA by 
the acyl CoA synthetase and then reesterifiecl by the 
lysophosphat idylcho line reacylase (33) to resyntltes ize the 
intact phosphatidylcholine molecule. This 
deacylation-reacylation cycle closely controls the levels of 
free arachidonate as well as the fatty ac:.d composition of 
ruyocardial membrane phospholipids. Since the myocardi.al cell 
contains a lO-fold higher activity of lysophosphatidylcholine 
reacylase and cytosolic lysophospholipase activity than 
phospholipase activity, it would be expected that the generation 
of lysophosphaticlylcholineduring ischemia would be transient 
and that its accumulation would not be 'proportional to the 
e"~tent of phospholipid degradation during ischemia. If the 
reacy1.ation of arachidonate 1I1ere inhibited, it would be expected 
that the cytosolic lysophospholipase uouid deacylate the SN-l 
fatty acid resulting in the production of free fatty acid and 
glycerophosphoryl choline, and the depletion of phospholipid 
from the myocard ia 1 membrane (F igure l). 

Recent studies in our laboratory e.,:amined the temporal 
relationship of free arachidonate lIith the onset of phospholipid 
depletion dUt'lng fi...'Ced ligation of the left anterior descending 
coronary artery in canine oyocardiu;n (34). Evidence of a 
phosphoEpid deacylation-reacylation cycle was demonstrated by 
analyzin~ the fatty acid composition of phosphati.dylcholine, the 
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majot- phospholipid class vlhich is depleted during prolon~ed 
myoca~·dial ischemia. To facilitate a rapid quantitative 
allCtlysis of fatty acid cOl1l\>osition. a hi3h pressure liquid 
chromatography nethod uas adapted for these studies. The 
foUol"inZ results were demonstrated in ischemi.c canine 
TIIyocaL-dium: (1) the accumulation of unesterified arachidonate 
uas minireal durin~ 10-30 :n;.nutes of ischemia but to1<lS 

si~nificantly increased after prolon~in3 the ducation of 
ischemia to 1-3 hours; (2) these increases in free arachidonate 
preceded the deve~.opment of si~nificant decreases in total 
phospholipid content; (3) the deci:ease in arachidonate content 
of phosphat idyl choline is acco:npanied by similar decreases in 
all of the fatty acyl moieties of phosphatidyl choline; (4) the 
arachidonate content and fatty acid composition of 
lysophosphatidyl choline and d:acyl31ycerol are unchanged durin3 
myocardial ischemia; (5) there is evidence of a 
deacylation-reacylation cycle in phosphatidylcholine prior to 
the accumulation of free arachidonate. These data sug;~est that 
the accumulation of arachidonate may be a more sensitive measure 
of phospholipid degradation than decreases in total phospholipid 
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content in ischemic myocardium. In addition, He postulated that 
defective reacylation of arachidonate into phosphatidylcholine 
raay contribute to the net loss of membrane phospholipid durin3 
myocardial ischenia. 

The inhibition of reacylation of arachidonate may be 
secondary to ATP dep let ion during myocardia 1 ischemia. The 
reacylation of arachidonate first requires the activation of 
arachidonate to arachidonoyl CoA by the arachidonoyl CoA 
synthetase (Figure 1). The demonstration by Jennin::;s et a1. 
(7) that the depletion of high energy phosphates beyond a 
certain critical level correlates with the onset of irreversible 
injury, suggests that the inhibit ion of arachidonoyl CoA 
synthetase act ivity mi~ht occur part ially as a result of ATP 
depletion. Although Neely et a1. OS) have demonstrated that 
total lon~-chain acyl CoA content is elevated during ischemia, 
the cytosolic levels of CoA and arachidonoyl CoA content i.n 
particular, are unknOHn. Since the biochemical basis of fatty 
acyl Coli. accumulation during ischemia is based on the inhibition 
of beta oxidation, most of the increase is located in the 
mitochondri.a. Preliminary studies in our laboratory have 
demonstrated that arachidonoyl CoA is a poor substrate for the 
carnitine acyl transferase. Thus, Iaost of the arachic!onoyl CoA 
is probably localized in the cytosol. Measuring the level of 
arachidonoyl CoA content in ischer:;ic myocard :.um as a funct ion of 
the duration of ischemi.a, the time course of accumulation of 
free arachidonate, and the ATP content of the cell will ~ecome 
important in the evaluation of this hy?othesis. If tl:e 
aracllidonoyl CoA level is 10\., at a time when the free 
arachidonate level is high, this would provide direct evidence 
of decreased arachidonate activation. If ATP depletion is 
1>layin; a role in this inhibition, the ATP level in the cell 
should be near the ~(m of the a·,·achidonoyl CoA s.ynthetase. 
Interestin3ly, the "critical" level of hTP in ischem;.c 
myocardium, vlhich has been demonstrated to be around 1-2 ~mol/g 
wet ~.,eight, corresponds to the :~m of ATP of acachidonoyl Coli. 
synthetase for human platelets \"hich is approxiPlately 0.S-1.0 mN 
(38). Alternatively, since the arachidonoyl CoA synthetase is a 
membrane-bound enzyme, decreased act i.vity could be secondary to 
structural inhibition of the synthetase secondary to membrane 
injury. Clearly, further characterization of the ATP 
requirements and activity of the myocardial membrane 
arachidonoyl CoA synthetase needs to be obtained during the 
evolution of myoca!'dial ischemia, up to and includin~ the 
development of irreversible cell injury. 
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PHOSPIWLIPASE AND ISCHEHIC DAHAGE: POSSIBILITIES OF 

INTERVENTIons 

H. Chiariello, G. Ambrosio, H. Cappelli-Bigazzi, 
G. Harone and H. Condorelli 

Department of Internal Hedicine 
Second School of Medicine, University of Naples 
Naples, Italy 

It has been recently suggested that derangement of 
phospholipid metabolism nay represent one of the prominent 
biochemical changes leading to the production of irreversible 
injury ~uring cellular ischemia (1-3). In the ischemic liver, a 
close correlation was found between the development of 
irreversible cell dama~e and the rate of degradation of 
microsomal membrane phospholipids. !fore recently, an 
accelerated phospholipid degradation was der.lonstrated also in 
the ischemic tlyocardiutl (4). 

Although several mechanisms have been suggested to 
contribute to the development of irreversible cell injury during 
ischemia, such as the accumulation of potentially damagins 
concentration of long-chain acyl-CoA esters and acyl-carnitine 
(5, 6), or the release of lysosomal enzymes (7). there is 
increasing evidence that the activation of endogenous. membrane
bound phospholipases may represent the most relevant nechanism 
to explain the accelerated lipid degradation eventually leading 
to the loss of the norma 1 membrane function. It has been also 
sho~m that pretreatment lvith chlorpromazine reduced in the 
ischer.lic liver the phospholipid depletion and the extent of 
cellular damage. 

Although these considerations clarify to some extent the 
pathogenesis of the irreversible injury in ischemia, several 

251 



252 M. CHIARIELLO ET AL. 

questions bearing on the role of ischemia-induced phospholipase 
activation still remain unanswered. Hhat is the time-course of 
phospholipid degradation during prolonged myocardial ischemia? 
Can this course be permanently modified by a phospholipase 
inhibitor given after the beginning of ischeoia? Is 
phospholipase inhibition able to prevent necr.osis of jeopardized 
ischemic cells and, therefore, reduce rayocardial infarct size? 
Is an intervention that :-educes myocardial ischemia by improving 
oxygen imbalance also capable of reducing the rate of 
phospholipase activation? 

TUIE-COURSE OF PHOSPHOLIPID DEGP~4DATION 

A large nUr,lber of rats undergoing ligation of the left main 
coronary artery were sacrificed at times ranging from 0 to 43 
hours following the intervention. To monitor myocardial injury, 
the total CPK act ivity of the left ventric le ,.,as assessed in the 
supernatant of the homogenates. Furthermore, in the same 
samples phospholipids Here extracted from supernatants and their 
concentrations measured as ~g of inorganic phosphorus/mg of 
protein. Left ventricular CPX activity fell dramatically 
following 2 hours of ischemia, and decreased progressively 
approaching a "plateau" 12 hours after coronary occlusion 
(F:i.~ure 1). Simultaneously, a similar fall in myocardial 
phospholipid concentration was found; it dropped to less than 
50% of the control value 2 hours after the occlusion, and 
remained at this 10'" level throughout the study (Figure 2). 

An additional group of rats also underwent coronary artery 
occlusion and ,-,ere treated after the intervention ",ith 
quinacrine, a powerful phospholipase inhibitor (8). They were 
sacrificed at the same time intervals as the controls and left 
ventricular CPK activity and phospholipid concentration ,.,ere 
measured. 

During the first few hours CPK act1v1ty and phospholipid 
concentration exhibited the sarae trend as in control-occluded 
rats. HO~lever, 24 and 48 hours post-occlusion, 
quinacrine-treated rats sho\1ed significantly higher myocardial 
phospholipid content, as compared to controls (Figure 2). 
Hyocardial injury, as assessed by CPK depletion, also ",as 
reduced during the late phase of the study in quinacrine-treated 
rats (Figure 1). These data seer~ to demonstrate that the 
degradation of rayocardial phospholipid indeed occurs during the 
first 2 hours of ischemia, and that this effect is still evident 
48 hours following coronary occlusion. The simultaneous decline 
in left ventricular CPK activity suggests the possibility of a 
correlation bet,."een phospholipid degradation and degree of 
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FIGURE 1 

Time-course of myocardial phospholipid concentration (PL) 
follo~ving coronary artery occlusion in control rats and in 
animals treated uith quinacrine (75 m?,/:tg t.i.d., 
subcutaneous ly). Note the different trend of the t~lO lines from 
12 to 48 hours. Each point re?resents the mean!. SEN of at 
least 8 experiments. 

myocardial injury. The treatment of the occluded rats with the 
phospholipase inhibitor quinacrine significantly modified the 
time-course of myocardial phospholipid concentration and CPr< 
depletion. The rise in left ventricular phospholipid content 
and CPK activity observed from 12 hours post-occlusion seems to 
indicate that phospholipase inhibition allows the ischemic 
myocardium to resynthesize phospholipids, thus leading to a 
preservation of ischemic cell viability. 

EFFECTS OF PHOSPHOLIPASE INHIBITION ON INFARCT SIZE 

The effect of phospholipase inhibition on infarct size was 
assessed in the experimental animal at the time of peak 
necrosis, i.e., 48 hours after coronary artery occlusion, and at 
the completion of the scar formation, 21 days post-occlusion. 
In the acute study rats were randomized into a control group 
receiving coronary occ Ius ion, a treated group that, fo llow·ing 
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FIGURE 2 

Time-course of left ventricular CPT{ activity fol1o~'lin~ coronary 
artery occlusion in control rats and in animals treated with 
quinacrine Os mg/kg t.i.d., subcutaneously). Each point 
represents the mean.!. SEH of at least G experiments. 

occlusion ',las treated ~"ith quinacrine, and a sham-operated group 
receiving the sat:le sur'~ ical procedure as the others with the 
exception that the suture passed around the coronary artery ~ilas 

not tied. Forty-eight hours pos t-intervent ion all rats were 
sacrificed and phospholipid content ~ ... as measured in the 
supernatant of left ventricular homogenate. In 
quinacrine-treated rats, myocardial phospholipid content was 
similar to that observed in sham-operated rats; in contrast, in 
control occluded rats, left ventricular phospholipid 
concentration was significantly lower (Figure 3). These results 
confirm that phospholipase inhibition is able to restore the 
normal myocardial phospholipid concentration 48 hours after the 
induction of ischenia. In the same animals, quinacrine 
administration was also able to induce a remarkable reduction in 
the size of myocardial necrosis, as assessed by left ventricular 
CPK depletion. Actually, left ventricular CPK activity in rats 
treated with quinacrine was significantly higher than in control 
occluded rats (Figure 4), and infarct size calculated as 
previously described (9, 10) was 45.8 .!. 5.7% of left ventricle 
in control rats and only 15.1 .!. 6.8% of left ventricle in 
quinacrine treated rats, this representing a 67.0% reduction in 
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Hyocardia1 phospholipid concentration (PL) measured 48 hours 
after the surgical procedure in sham-operated rats, in animals 
,,,ith control coronary artery occlusion, and in coronary occluded 
rats treated \.ith quinacrine (75 mg/kg t.Ld. subcutaneously). 
Phospholipid concentration in quinacrine-treated rats was 
signficant1y higher than in controls. Numbers are expressed as 
mean ±. SEH. 
***: different from controls, p < 0.001. 

infarct size (Figure 5). The beneficial effects of 
phospholipase inhibition were not confined to the acute phase of 
the infarction, but \.ere long-lasting. In fact, additional rats 
divided into control-occ luded, quinacrine-treated, and 
sham-operated groups, were sacrificed 21 days post-occlusion, 
\OThen the repairing process was completed, and the size of 
myocardial scar ,-:as assessed from the left ventricular hydroxy
proline content. Since hydroxyproline is present in the 
collagen in a fixed ratio, left ventricular collagen content was 



256 

10 

IU/mg prot 

8 

8 

4 

2 

o 

M. CHIARIELLO ET AL. 

T 

control. 

FIGURE 4 

Left ventricular CPi.{ activity measured 48 hours after the 
sur,~ical procedure in shan-operated rats, in animals with 
control coronary artery occlusion, and in coronary occluded rats 
treated with quinacrine (7s mg/kg Li.d., subcutaneously). 
numbers are expressed as mean + SEH. 
**: different from controls, p-< 0.01. 

also calculated by mUltiplying hydroxyproline concentration by a 
factor of 7.46 (11). Furthermore, hydroxyproline concentration 
measured in the center of myocardial scar in 10 additional rats 
that had undergone coronary occlusion three ~.eeks earlier, ~~as 
found to average 12.01 ±.. 3.24 ].lg/mg of dry wei~ht. By taking 
this value and using the hydroxyproline concentration of 
sham-operated rats for reference; the size of the scar was 
calculated by a simple formula. In quinacrine- treated rats, 
myocardial hydroxyproline and colla~en concentration ,,,as 
significantly less than in control rats, though higher than in 
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Infarct size (IS) calculated by CP'C:: depletion 48 hours folloHing 
coronary artery occlusion in control and in quinacrine-treated 
rats, expressed as % of the left ventricle (~~ LV). i'-lumbe:-s are 
expressed as mean + SElL 
**': Different from-controls, p < 0.01. 

sham-operated animals, this shoying that the amount of scar ';Tas 
smaller in treated rats (Figure S). Infarct size calculated by 
this method was also smaller in quinacrine-treated as compared 
to control occluded rats, the reduction of 49.8% being 
comparable to that observed in the acute study (Filure 7). 



258 M. CHIARIELLO ET AL. 

5 

HYDROXYPROLINE 

I'g/mg 4 
dry weight 

3 

2 

o connols 

FIGURE 6 

40 

30 

20 

10 

o 

COLLAGEN 

pg/mg 
dry weight 

Left ventricular hydroxyproline and collagen content in 
sham-operated, control occluded and quinacrine-treated rats 21 
days after the surgical procedure. Treated rats received 
quinacrine 75 mg/kg t.i.d., subcutaneously, for 48 hours 
follo\ling coronary artery occlusion. Numbers are expressed as 
mean ±.. SEf>f. 
*: Different from controls, p < 0.02. 

These results suggest that phospholipase inhibition by 
interrupting one of the critical biochemical events induced by 
ischemia may preserve the integrity and viability of ischemic 
myocardial cells following coronary artery occlusion. 

EFFECTS OF OXYGEN-SPARING HlTERVEllTIOnS ON PHOSPHOLIPASE 
ACTIVATION 

It is well known that drugs that reduce myocardial oxygen 
requirements may favorably influence survival of jeopardized 
myocardial cells during acute ischemia. Beta-adrenergic 
b loc;.~ing drugs, which decrease myocardial oxygen consumpt ion by 
reducing heart rate and cardiac inotropism, were shown to 
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FIGURE 7 

Infarct size (IS) calculated by left ventricular collagen 
content and expressed as % of left ventricle (% LV) in control 
occluded and quinacrine-treated rats, 21 days following coronary 
artery occlusion. Numbers are expressed as mean ± SEM. 
*: different from controls, p < 0.02. 

protect ischemic myocardium after experimental coronary artery 
occlusion (12). Since ischemia triggers myocardial 
phospholipase activation, it is conceivable that a drug which 
reduces the degree of tissue ischemia following coronary artery 
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FIGURE 8 

Left ventricular CPK activity measured 48 hours after the 
surgical procedure in sham-operated, control occluded and 
mepindolol treated rats. Treated animals, following coronary 
occlusion received mepindolol 1 mg/kg t.i.d., subcutaneously. 
Values are expressed as mean ± SEN. 
*: different from controls, p < 0.05. 

occlusion should also be capable of decreasing myocardial 
phospholipid degradation. This possibility has been 
investigated in rats with coronary artery occlusion. Following 
ligation, a group of these animals was treated with mepindolol, 
a newly developed beta-blocker reported to act mainly on heart 
rate and to affect only slightly cardiac inotropism (13). 
Forty-eight hours after the intervention rats were sacrificed 
and phospholipid content. and CPK activity were measured in the 
supernatant of left ventricular homogenates. Left ventricular 
CPK activity was significantly higher in mepindolol-treated rats 
as compared to control- occluded animals, though lower than in 
sham-operated rats (Figure 8). This result was paralleled by 
the data of phospholipid assays. Ischemia-induced phospholipase 
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FIGURE 9 

Myocardial phospholipid concentration measured 48 hours after 
the surgical procedure in sham-operated, control occluded and 
mepindolol-treated rats. Treated rats, following coronary 
artery occlusion, received meprindolol 1 mg/kg t.i.d., 
subcutaneously. Values are expressed as mean ± SEM. 
*: different from controls, p < 0.05. 

activation produced a significant fall in myocardial 
phospholipid concentration in control occluded as compared to 
sham-operated animals; mepindolol treatment in coronary occluded 
rats resulted in a reduced left ventricular phospholipid 
degradation, in comparison to controls (Figure 9). 

It cannot be ruled out. however, that mepindolol exerts this 
beneficial action on phospholipid degradation through a direct 
inhibition of myocardial phospholipase. since beta-blockers have 
been shown to prevent the in vitro activation of phospholipase 
AZ from human platelets (14). Therefore, it can also be 
hypothesized that the protective effect of beta-blockers is 
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Infarct size (IS) expressed as percent of the left ventricle (% 
LV) calculated by left ventricular CPK depletion 48 hours after 
coronary artery ligation in control occluded and 
mepindolol-treated rats. Treated rats received mepindolol 1 
mg/kg t.i.d. subcutaneously, for 48 hours following coronary 
artery occlusion. Values are expressed as mean ± SEN. 
*: different from controls, p < 0.05. 

partially mediated by the inhibition of myocardial 
phospholipases. The beneficial effect of mepindolol was 
demonstrated in our experience by the reduction in the treated 
group of infarct size calculated by the CPK method 48 hours 
after coronary artery occlusion (Figure 10). Moreover, the 
protective action of the drug was not confined to the acute 
phase of the infarction, but appeared to be long-lasting. In 
fact, left ventricular hydroxyproline and collagen content in 
rats treated with mepindolol 21 days post-occlusion, i.e., at 
the completion of the healing process, was significantly smaller 
8S compared to animals with control coronary artery occlusions 
(Figure 11). Therefore. the calculated size of the scar in 
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Left ventricular hydroxyproline and collagen content measured 21 
days after the surgical procedure in rats with control coronary 
occlusion, in coronary occluded rats treated with mepindolol and 
in sham-operated rats. Treated animals received mepindolol 1 
mg/kg t.i.d., subcutaneously, for 48 hours following coronary 
artery occlusion. Values are expressed as mean ± SEM. 
*: Different from controls, p > 0.05. 

treated animals was also significantly smaller as compared to 
controls (Figure 12). 

In conclusion, these data seem to demonstrate that: a) the 
degradation of myocardial phospholipids is a major event in the 
development of cellular injury following coronary artery 
occlusion in the rat; b) there is a temporal correlation between 
left ventricular phospholipid degradation and CPK depletion, 
considered as a marker of irreversible cell injury and necrosis; 
c) phospholipase inhibition induced by quinacrine reduces 
permanently the size of myocardial infarction, probably by 
protecting the integrity and function of cell membranes; d) an 
intervention, such as mepindolol, reducing myocardial ischemia 
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FIGURE 12 

Infarct size (IS). expressed as percent of left ventricle (% 
LV). calculated by collagen content 21 days after coronary 
artery occlusion in control occluded and mepindolol-treated 
rats. Treated animals received mepindolol 1 mg/kg t.i.d., 
subcutaneously. for 48 hours following coronary artery 
occlusion. Values are expressed as mean ± SEM. 
*: Different from controls, p < 0.05. 

in coronary-occluded rats, also partially prevents myocardial 
phospholipid degradation. 

Although further experimental studies are r~quired before 
this information can be applied clinically, it indicates a 
possible new approach in the treatment of acute myocardial 
infarction directed to modify the biochemical events triggered 
by ischemia. leading to irreversible cell injury. 
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CARDIAC PERFUSION. PAST AND PRESENT 
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HISTORICAL BACKGROUND 

In its early phase cardiac metaboli~ was exclusively 
concerned with the nutrition of the heart. The isolated 
perfused organ appeared to be ideally suited for that purpose. 
Most of this work has been admirably summarized in 1926 in "A 
Text Book of Pbysiology" by Robert A. Tigerstedt. the discoverer 
of the enzyme renin (1). One section of this book deals with 
the "chemical conditions for the beating heart." Prominent 
amongst the frequently quoted pioneers are Ludwig. Langendorff. 
Kronecker. Howell. Martin. Greene. Gaskell. Bowditch. Clark. 
Loewi. Locke. and particularly Ringer (1). Starling and Evans 
play a predominant role in the investigation of the use of 
organic material by the heart (2). In 1983 as we celebrate 
Ringer's centennial. the work of Ringer is particularly 
pertinent. It is amusing to read that Ringer. investigating the 
role of calcium in cardiac contraction was first misled by using 
tap water for perfusion. Tap water. as he discovered later. 
contained not only CaCl but also KCl which antagonized the 
calcium effect (1). One year later Ringer discovered that the 
arrested heart could be made to beat again by the addition of 
calcium chloride. In 1883 he concluded that calcium is 
essential for maintenance of cardiac contraction (1). 

For obvious reasons the early experiments on the nutrition 
of the heart muscle were carried out on hearts of cold-blooded 
animals. particularly the frog. Perfusion of the heart of 
warm-blooded animals was introduced in 1846 by Wild. a pupil of 
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the Genoan physiologist, Ludwig (1). Wild used a live animal as 
the donor connecting the aorta of a dead animal to the carotid 
artery of a live donor. This led Hartin and Applegarth from the 
Johns Hopkins Hospital in 1980 to develop the first 
"Langendorff" preparation by perfusing the aorta of an isolated 
heart from a reservoir (1). Without knowledge of their 
publication, Langendorff, five years later. described the same 
preparation which now bears his name (1). 

Since this symposium is in part devoted to the role of 
lipids in relation to cardiac metabolism and function it is of 
interest to look at the early discoveries in this field. 
Tigerstedt quotes three authors, Camis in 1908, Gayda in 1911, 
and Loewi in 1914. who, by detenoining the respiratory quotient, 
discovered that "fat" was used by the heart (1). Starling and 
Evans found that the dog heart utilizes 0.68 gram fat (2). 
Clark in 1913 working on the perfused frog heart, discovered 
cardiac utilization of oleate and other free fatty acids (1). 

I have dwelt on these early results because they detenoined 
the future course of cardiac metabolism. Detenoination of the 
nutrition of the human heart in situ was a direct and logical 
extension of their work (3). More recently the course of 
cardiac metabolism has been influenced by biochemistry and 
biophysics by separation of sub- cellular particles and 
organelles; this has made possible separate observations of the 
intenoediary metabolism in mitochondria, sarcoplasmic reticulum 
and sarcolemma of the heart (4). But there is still much to be 
learned from observations on the isolated perfused mammalian 
heart. Renewed stimulation for the study of the isolated 
mammalian heart has come from the laboratory of Neely et al. 
(5). Their perfusion technique has been particularly useful in 
the under- standing of the regulation of glycolysis in the 
ischemic and anoxic myocardium (6). Using a supported working 
cardiac perfusion system. Neely and coworkers were able to 
define the mechanisms of glycolytic inhibition in the ischemic 
myocardium. Their findings have been confinoed and extended on 
the heart in situ by Kubler and Spiekenoann (7) and by Opie (8). 

Neely's perfusion studies were primarily carried out on the 
rat heart. This has 1u.ited the options for the study of 
glycolytic intenoediates and glycolytic flux, excluding 
detenoinations of high energy phosphates, which necessitate 
specimens of greater weight. The use of perf1uorochemica1s has 
now made it possible to perfuse larger mammalian hearts using 
Neely's working heart preparation (9). The remainder of this 
discussion is concerned with hemodynamic and metabolic data on 
the different types of the failing rabbit heart perfused in 
vitro with Fluosol-43 (10). The effect of TA-064. a new 
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positive inotropic agent, will be briefly mentioned (11). In 
addition, the paper deals with a new approach to the problem of 
coronary spasm. using the isolated heart perfused with 
Fluosol-43 oxygenated with a bubble oxygenator. 

MATERIAL AND METHODS 

Experimental Heart Failure 

In principle the system of Neely was used (5). However, in 
order to assure adequate oxygenation, the hearts were perfused 
with Fluosol-43. fortified with Ca++, Mg++, H2P04+, 
NaHC03 and glucose in the same concentrations as contained in 
Krebs-Henseleit solution (12). Adequate oxygenation was 
achieved with a disposable blood bubble oxygenator (Bentley 
Laboratories, Inc.). Using this system. high values for 02 
tension entering the left atrium were obtained (average 550 mm 
Hg). Myocardial 02 consumption was calculated from coronary 
blood flow and coronary arterio-venous 02 difference. using an 
oxygen solubility constant value (K) of 0.94 x 10-4 ml 02/ml 
solution/mm Hg P02 for Fluosol-43 (12). After preliminary 
retrograde perfusion in a Langendorff perfusion apparatus for 10 
minutes the hearts were transferred quickly to a perfusion 
system which incorporated the features of Neely's supported 
heart preparation (5). The perfusion apparatus was modified to 
circulate a volume of only 250 ml of perfusion fluid, and the 
heart chamber was enlarged. Hemodynamic measurements consisted 
in determinations of cardiac output (CO), coronary flow (CF), 
myocardial 02 consumption (MV02), left ventricular systolic 
pressure (LVSP), and end-diastolic pressure (LVEDP) and maximal 
rate of left ventricular pressure rise (dp/dtmax). 
Biochemical determinations include cyclic-AMP and the following 
glycolytic intermediates: lactate (Lact), pyruvate (Pyr), 
alpha-glycerophosphate ( -Gp), dihydroxyacetone phosphate" (DHAP) 
and fructose-1,6-diphosphate (F-l.6-DP), glucose-6-phosphate 
(G-6-P) and fructose-6-phosphate (F-6-P) (13). The myocardial 
redox state was monitored by comparing the ratio of lactate to 
pyruvate. Inhibition at the level of phosphofructokinase (PFK) 
was calculated as 

PFK Inhibition = ([G-6-P) + [F-6-P)/[F-l.6-DP) 

The levels of the high energy phosphates were measured in the 
remaining tissue powder: creatine phosphate (CP) and adenosine-
5'-triphosphate (ATP), adenosine-5'-diphosphate (ADP) and 
adenosine-5'-monophosphate (AMP) (13). 
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Three types of heart failure of the isolated heart 
preparation were studied both by hemodynamics and biochemical 
means: (1) spontaneous failure, (2) sodium pentothal induced 
failure, (3) failure due to increased pre- and afterload. 

In the first model the heart was permitted to fail spontan
eously. This occurred primarily as a result of inadequate 
coronary perfusion and represents therefore global ischemia. In 
sodium pentothal induced failure, from 60 to 100 mg of this 
compound were administered via the aortic cannula, until left 
ventricular systolic pressure had decreased by 70%. 
Measurements were then carried out and frozen biopsies were 
obtained. In the third model. an increase in pre- and afterload 
resulted from elevation of the bubble trap chamber and from 
partially restricting aortic outflow. Once a steady state had 
been reached, hemodynamic observations were made and finally 
frozen biopsies were taken. When the effect of TA-064 was 
studied, it was injected directly into the tubing leading to the 
left atrium. The drug was first dissolved in an equimolar 
concentration of 0.05 Mol HCI on the day of the experiment; 0.1 
mg/0.5 ml was used. 

Coronary Artery Spasm 

To visualize the coronary arteries color arteriograms were 
introduced. To accomplish this, Patent Blue dye (0.5 ml of 0.1% 
solution) was injected into the tubing leading to the left 
atrium. ~ediately afterwards a Nikon F3 camera was 
activated. The camera was gated in such a manner that exposures 
were taken during the height of systole and the nadir of 
diastole. Slides were then developed and projected on a screen 
with a magnification of x50. To calculate the diameter of a 
vessel, a 2 em scale was placed in the same plane as the heart. 
The inside diameter of the vessel was then determined with a 
caliper using the scale in the picture as a reference. 
Localized spasm of the arteries was produced directing a spary 
of 2 ml of histamine, at concentrations ranging from 10-6 to 
2 x 10-2 M, directly at a visible coronary artery (usually the 
left anterior descending), using a 24-gauge needle attached to a 
2 cc syringe. Dose response curves were then constructed 
relating the concentration of histamine to the total coronary 
vascular resistance. In the second set of experiments, 
generalized vasoconstriction was produced by injection of 
histamine (1 cc at concentrations of 10-6 to 2 x 10-2 M) 
directly into the left atrial cannula. The sequence of events 
followed the same pattern. Hemodynamic measurements were taken 
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after each injection." Large vessel resistance was calculated as 
follows: 

Large vessel resistance ~ 8~/wRi (4) 

where ~, the viscosity, is a constant and Ri is the internal 
radius (4), determined from the color arteriogram. 

Arteriolar resistance was calculated as: 

Arteriolar resistance - Mean aortic pressure mm Hg 
(mm Hg/ml/min) coronary flow ml/min 

When atherosclerosis was produced, animals were maintained for 
from two to three months on 2% cholesterol. plus 2% coconut oil. 
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FIGURE 1 
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Hemodynamic effects of spontaneous myocardial failure. Global 
ischemia is present (fall in coronary flow and myocardial oxygen 
consumption). Significant hemodynamic manifestations of failure 
are observed. 
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RESULTS AND DISCUSSION 

Experimental Heart Failure 

Figure 1 illustrates the hemodynamic results obtained in the 
spontaneously failing~. The marked decline in dp/dtmax , 
LVSP and CO are noticeable. LVEDP increased markedly. Of 
special significance was the decline in coronary flow, not 
adequately compensated for by an increase in A-V 02 
difference. This, therefore. represented global ischemia. 
Ischemia was responsible for the decline in high energy 
phosphates, the increase in lactate/pyruvate ratios, and 
increased inhibition at the level of PFK (Figure 2) • 
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FIGURE 2 
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Cardiac metabolic effects of spontaneous myocardial failure. 
There is a decline in ATP and CPo L/P ratio is elevated; there 
is inhibition at the level of PFK. 
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FIGURE 3 

Sodium pentobarbital failure. There are significant 
manifestations of myocardial failure, but coronary flow and 
myocardial oxygen consumptions are not altered. 

In contrast. in sodium pentothal induced failure, coronary 
flow was not reduced, and was even slightly elevated (Figure 
3). Myo- cardial 02 consumption remained at its control· 
value. Myocardial insufficiency was present since dp/dtmax' 
and CO declined and left ventricular end-diastolic pressure rose 
(Figure 3). There was no apparent decline in high energy 
phosphate (Figure 4). Inhibition at the level of PFK 
increased. The lactate/pyruvate ratio remained unchanged 
(Figure 4). This type of failure, therefore, differs markedly 
from spontaneous failure. primarily because of the absence of 
myocardial ischemia. Wollenberger also found no change in high 
energy phosphate in sodium pentothal-induced failure (14). Lane 
and associates discovered that sodium pentothal depresses 
cardiac contractility through inhibition of calcium uptake (15). 
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Lac PFK Inhlb. 

Cardiac metabolic effects of failure induced by sodium pento
barbital. The changes are not statistically significant • 
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Hemodynamic effects of failure due to increased pre- and 
afterload. Changes in left ventricular systolic pressure and 
left ventricular end-diastolic pressure are noticed. 
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FIGURE 6 

Cardiac metabolic effects of elevation of pre- and afterload. 
There is a significant decline in creatine phosphate. 
Phosphofructokinase activity is inhibited. 

As shown in Figure 5, ia failure resulting !!gm increased 
~- and afterload, the decline in dp/dtmax, ventricular 
systolic pressure and cardiac output was significant. Coronary 
flow and myocardial oxygen consumption remained unchanged. As 
shown in Figure 6. however, significant defects in creatine 
phosphate, in LIp ratios and the degree of inhibition of PFK 
were encountered. In many instances the addition of TA-064 
corrected the hemodynamic and metabolic defects described above 
(Figures 1 to 6). This compound also had marked positive 
inotropic effects on patients with congestive heart failure 
(11). In unpublished observations from this laboratory. the 
action of TA-064 varied with the type of myocardial failure 
(16) • 
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The experiments described above demonstrate the value of the 
supported, well-oxygenated perfused heart in the study of 
myocardial failure. In clinical situations, there is also lack 
of uniformity of the biochemical manifestations (17,18). Here 
too the common denominator is the decline in contractility. 
while the biochemical sequelae show marked individual 
differences. Therefore. a decline in coronary flow is only one 
of many factors determining the fall in contractility. 
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Dose response curve after intaatria1 injection of histamine 
(histamine concentrations plotted against total coronary 
vascular resistance). At concentrations of histamine of 10-2 
M and 2 x 10-2 M total coronary resistance increases 
significantly. No statistical change between hearts with normal 
and atherosclerotic coronary arteries is noted. 

Coronary Vascular Spasm 

This subject is included because of the causal relationship 
between coronary spasm and myocardial ischemia and necrosis. 
Figure 7 shows the dose response curve relating total coronary 
resistance to dosage of histamine injected intraatria11y. It is 
seen that concentrations of 10-2 and 2 x 10-2 M result in a 
significant increase in total coronary vascular resistance; no 
significant differences are noted between control animals and 
rabbits with coronary atherosclerosis. Apparently in our 
experimental conditions, coronary atherosclerosis does not 
predispose to coronary spasm. This is in contrast to the 
results of Yokoyama and Henry who found that in isolated 
arteries the addition of cholesterol increases the 
responsiveness of coronary arteries to spasm (19). 
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Dose response curves as in Figure 7, but histamine (2 x 10-2 
M) was rapidly applied (sprayed) to the region of the l.a.d. 
coronary artery. Total vascular resistance is not significantly 
altered. 

Figure 8 demonstrates that in contrast to intraatrial 
injection, local application of histamine (spray) in doses 
ranging from 10-6 to 2 x 10-2 M causes only a nonsignificant 
rise in total vascular resistance. The different effect of 
local versus intraatrial injection of histamine is also 
illustrated in Figure 9. Local applications of histamine (2 cc 
of a 10-2 M solution) do not elevate total coronary 
resistance. while after intraatrial injection total coronary 
resistance increases significantly. 

On the other hand, topical spraying of histamine (2 cc of 
2 x 10-2 M) significantly reduces the vascular diameter of the 
exposed coronary artery and increases its large vessel 
resistance (Figure 10). Figure 11 demonstrates similar effects 
of intraatrial injection of histamine (2 x 10-2 M). It is to 
be recalled, however. that with this. type of administration 
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Demonstrates that total coronary vascular resistance is 
increased only after intraarterial injections of histamine (2 x 
10-2 M). Local spraying (2 cc of 10-2 M solution) has no 
effect on total coronary vascular resistance. 
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The effect of topical administration of histamine (2 x 10-2 M) 
on vascular diameter and large vessel resistance of l.a.d. The 
changes are significant. 
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Significant increase in diameter and large vessel resistance. 
Not shown is the increase in total vascular resistance. 

vasoconstriction extends also to the resistance vessels, as 
illustrated by the significant elevation of total coronary 
resistance, illustrated in Figures 7 and 9. 

Several conclusions can be drawn from these experiments. 
First. there still appears to be a place in the filed of cardiac 
metabolism for the study of isolated well-oxygenated perfused 
hearts. The advent of perfluorochemicals as blood substitutes 
together with recent developments in oxygenating devices has 
made possible metabolic studies on different types of myocardial 
failure produced in vitro. The finding of a wide spectrum of 
hemodynamic and metabolic manifestation parallels those 
described for the clinical variety of myocardial failure. This 
newly developed perfusion system has also made possible the 
observation and quantitation of coronary spasm in vitro. through 
color arteriograms and gated high speed photography. Here the 
prime lesson learned is that localized spasm of a coronary 
artery with increase in large vessel resistance may not result 
in changes in arteriolar coronary vascular resistance. In 
clinical situations. therefore. if these conclusions are 
applicable. spasm of large coronary arteries are not by 
necessity accompanied by myocardial ischemia. 
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Our perfusion model. utilizing perf1uorochemica1s and bubble 
oxygenation has future implications. These include controlled 
pharmacological studies on new inotropic agents and their mode 
of action, such as those illustrated in this report for TA-064. 
and on Ca++ transfer in relation to deficient 
excitation-contraction coupling. Of particular future 
significance will be the availability of our model for the study 
of the mechanism of coronary vasoconstriction. Thus, the work 
of the pioneers of the 19th century is being extended to our own 
era. 
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CLINICAL RELEVAHCE OF FREE FATTY ACID EXCESS 

L.B. Opie, M.J. Tansey, and J. de Leiris 
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GEt,ERAL HETABOLIC RESPOnSE Hi HYOCARDIAL INFARCTION 

A lar~e part of this book is devoted to abnormalities of 
myocardial lipid metabolism and to the possible distur1:>ances 
thereof in ischemia. This article emphasizes the importance not 
only of changes in lipid but also of carbohydrate metabolism and 
the interaction of tbese t"lO, with special reference to clinical 
situations. In acute myocardial infarction, there is a general 
metabolic disturbance (1), quite apart from the changes 
occurring in the myocardial muscle. There is a release of 
catecholamines \vith increased circulating and urinary values 
with an elevation of blood free fatty acids (= FFA = ImFA = 
non-esterified fatty acids), and the development of glucose 
intolerance. The=e is reasonable and increasing evidence that 
each of these abnormalities may play an important role in the 
evolution of myocardial ischemic injury. The fundamental chan~e 
may be the increased circulating catecholamines \vhich probably 
elevate the blood free fatty acids. The glucose tolerance 
probably results both from the elevation of circulating free 
fatty acids and also from the effect of catecholamines on the 
release of insulin from tile pancreas. The adverse effects of 
catecho lamines on the myocard:i.um are complex and are probab 1y 
mediated in part by increased cylic AMP (2) and in pact by 
increased entry of calc:.um ions (3, 4). The adverse effects of 
free fatty acids might be a direct deter~ent effect (5) or the 
result of an accumulation of acyl CoA and acyl carnitine (6). 
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PATHWAYS IN ISCHElHA 

In broad outline, some of the relevant pathways in ischemia 
are as follows. In the ischemic zone there is a decreased 
delivery of oxygen and a decreased oxygen uptake. Because there 
is still some collateral flow, in most animal models there is a 
residual uptake of oxygen and fatty acids by the ischemic 
cells. The predominant pattern of metabolism remains aerobic 
even to very low coronary f low va lues; as long as there is 
oxygen, even a small amount of aerobic ATP will be of greater 
importance fot eh product ion of energy than the very low rates 
of production of anaerobic ATP. As coronary flow is reduced, 
glucose becomes a more important source of oxidative energy than 
does fatty acid oxidation; only when the flow falls to below 10% 
of control do glycogen and anaerobic metabolism become important 
energy sources (Figure 2, ref. 7). Important reservations to 
the model of Opie (7) are that (1) the coronary flow data lV·ere 
sometimes extrapolated and not measured; and (2) the model 
implies the existence of a hypoxic "intermediate" cell. Chance 
(8) has questioned the existence of such intermediate cells, 
suggesting instead the nitochondria respond in an "on-off way" 
to 02-lack. However, patterns of mixed aerobic and anaerobic 
metabolism occur in dog heart infarct models (9) suggesting that 
hypoxia is a valid concept for the ischemic zone as a whole. 

There appears to be some controversy as to \'lhether tissue 
free fatty acids themselves are elevated. This question has 
been addressed in this book by two other investigators. Tissue 
triglyceride appears to be elevated in zones of modest flow 
impairment but not in zones of severe floH impairment. In 
ischemia, acyl CoA rises as does acyl carnitine (10). According 
to one current ly favored theory, acyl CoA may inhib it the 
adenine nucleotide transferase to further impair ATP production 
by the mitochondria (11. 12). Ho.,ever, this theory is still 
controversial (13). As far as glucose metabolism is concerned, 
there is enhanced glucose extraction relative to that of free 
fatty acid. In other 'lords. ischemia changes the oxidative 
metabolism from being fatty acid-dependent to carbohydrate
dependent (14). This change probably occurs in zones of 
moderately sevel-e ischemia and not in zones of severest ischemia 
(9). In severest ischemia, products of glycolysis such as 
lactate, H+ and NADU may inhibit the rate of glycolysis at the 
level of glyceraldehyde-3-phosphate dehydrogenase (15, 16). In 
zones of modest flo,., impairment, and also in non-ischemic tissue 
(17) the theory is that enhanced glucose metabolism may protect 
the myocardium, possibly by an enhanced rate of aerobic 
glycolysis or by reduction of blood free fatty acids. Such 
glycolysis, although accelerated, does not play any significant 
contribution to the myocardial energy needs (18). 
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PATIENT OBSERVATIONS 

Arrhythmias 

In patients the first and classic observations were made by 
Oliver and his group from Edinburgh (5, 19). Kurien and Oliver 
(5) reported that in a patient vTho had been monitored before and 
after the onset of myocardial infarction, the onset of 
infarction was associated with an increase of blood free fatty 
acids. They reported the data on blood samples usually taken at 
relatively infrequent intervals. Huch later Tansey and I (20) 
undertook hourly measurements in patients with acute myocardial 
infarction. He found that if fatty acids were measured at such 
regular intervals, that there v,as a considerable hour-to-hour 
variation. If we allo,,,ed for this variation and looked at the 
effect of the mean free fatty acid value in the first hours of 
infarction on the incidence of arrhythmias, then like Oliver, ''Ie 
found a positive relation between high free fatty acid values 
and arrhythmias (Table 1). This does not prove that free fatty 
acids themselves are arrhythIaogenic, ,,,hich st ill remains a 
controversial issue. Rather, we propose that fatty acids are 
"co-arrhythmogenic" factors, providing a "last straw" situation 
in the presence of more powerful factors such as adrenergic 
stimulation and hypokalemia. Othenolise it is difficult to 
understand those animal studies where high free fatty acids even 
in the presence of hypokalemia (K+ = 3 rnt-O have no apparent 
arrhythmogenic effect (21). The complexities of this problem 
are reviewed elsewhere (22). 

Estimated infarct size 

Ue also examined the relationship between free fatty acids 
and infarct size, estimating the infarct size in patients by 
creatine kinase release patterns (23). The peak free fatty acid 
levels were higher in patients with large estimated infarct 
sizes (Figure 1). Thus, as the plasma fatty acid values 
increase, so does the estimated infarct size. The increased 
infarct sizes could either be the consequence of the raised free 
fatty acid and catecholamine values or else the large infarct 
size could be indirectly associated with high free fatty acids, 
as a consequence of high blood catecholamine levels. 

Hypothesis tested 

The hypothes is presented in the Lancet is as fo llows (Figure 
2). In the acute stage of myocardial infarction, increased 
ischemic damage increases infarct size. There is a relationship 
between estimated infarct size and its complications (24) and 
also between infarct size and circulating catecholamine values 
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(25). In conscious dogs with coronary artery occlusion, a 
deterioration in hemodynamics was closely related to increases 
in plasma catecholamine concentrations (26).. Our studies on 
patients have shown a relationship between estimated infarct 
size and circulating free fatty acid values. Although we have 
not simultaneously measured blood concentrations of 
catecholamines and of free fatty acid values, that has been done 
by the Edinburgh group (27). There is a close relationship 
between circulating catecholamines and free fatty acids; however 
within the first hour of onset of symptoms elevated blood plasma 
catecholamines and not free fatty acids are detected. So too in 
our study it took 4 hours for free fatty acids to rise more in 
large than in small infarcts (23). Hence high free fatty acids 
are more likely to be associated l'lith large infarcts than with 
ventricular arrhythmias in the first hour of myocardial 
inf arc t ion. 

2' 

2·0 

.......... Mean Infarct Size 136g-eq. 
* 0----0 Mean Infarct Size 33g-eq. 

* *p<0·05 
**p < 0'001 

O~~~~--~~--~--r--T--
o 4 8 12 I; 20 30 40 50 60 70 

HOURS AFTER ONSET OF SYMPTOMS 

FIGURE 1 

287 

Plasma FFA concentration in eight patients with large infarcts 
were significantly higher 4, 5, 6, 7 and 8 hours after onset of 
symptoms than in those with small infarcts. From Opie et ale 
(23) by permission, The Lancet. 
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~ 
DECREASED INCREASED 

GLUCOSE BLOOD FREE 
UTILIZATION FATTY ACIDS 

j 
INCREASED 
ISCHAEMIC 
DAMAGE 

INCREASED 
SYMPATHETIC 

DRIVE 

) 
INCREASED 
INFARCT 

INCREASED 
INCIDENCE 

~ OF COMPLICATIONS SIZE 

FIGURE 2 

Proposed metabolic V1C10US circle in acute myocardial 
infraction. From Opie et a1. (23), by permission, The Lancet. 

ANINAL EXPERIHEllTAL DATA 

Ischemic dama~e 

Many workers have sho,m that gross elevations of circulating 
free fatty acids can increase ischemic damage (1, 28). The 
experimental system we used ~las the isolated rat heart model 
perfused either in the Langendorff non-working mode or else in 
the working mode as described by Neely et ale (29). Enzyme 
release ~7as monitored for a period of 60 minutes; the rate of 
release of lactate dehydrogenase in hearts perfused with glucose 
showed a very small but definite increase after coronary artery 
ligation (30). When coronary ligated hearts were perfused with 
physiological concentrations of free fatty acids, there was an 
increased enzyme release rather similar to the increase obtained 
when non-ligated hearts ,,,ere perfused ,,,ith unphysiologically 
high fatty acid-albumin molar ratios (Figure 3). When such a 
high molar ratio was combined with coronary artery ligation, 
then enzyme release was greatly augmented. Similar trends were 
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40 6'-----1l. PIllm. 0·5mmol·htre 
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o 5 D ~ ~ ~ ro ~ ~ 
Perfusion time (min) 

FIGURE 3 
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Rates of release of lactate dehydrogenase (LDH) in isolated 
working rat heart with coronary ligation 15 to 105 min after the 
onset of recirculation perfusion. Control hearts, without 
coronary ligation, are sho~m in black symbols and coronary 
ligated hearts in white. Note that (1) coronary ligation 
doubles or trebles the rates of LDH release; (2) palmitate
perfused hearts have higher rates than glucose-perfused hearts; 
(3) an increased albumin concentration decreases LDH release in 
palmitate-perfused hearts; and (4) LDH release is approximately 
linear. From deLeiris and Opie (30), by permission, 
Cardiovascular Research. 

obtained for the release of creatine kinase. Altho.ugh most 
studies were with the "traditional" fatty acid palmitate, 
similar data were obtained for oleate and linoleate (Figure 4). 
Because the fatty acid solutions were prepared by repeated 
dialysis, against a standard calcium ion concentration, it is 
unlikely that alterations in perfusate calcium played any role 
in the results obtained (on a few occasions calcium ion 
concentration was checked by a calcium-sensitive micro
electrode). 

Mechanical performance 

When fatty acid perfused hearts were compared with glucose 
perfused hearts (Table 2), several indices of mechanical 
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• PALMITATE O·SmM + 
ALBUMIN O·lmM 

[J OLEATE O·SmM + 
ALBUMIN 0·1 mM 

o LlNOLEATE O·SmM + 
ALBUMIN 0·1 mM 

766 
NUMBER OF HEARTS 

FIGURE 4 

Effect of various fatty acids on release of WIt in isolated 
perfused working rat heart after coronary ligation. 
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performance such as peak systolic pressure and an index of 
contractility were unchanged. However, there was nevertheless a 
large increase in enzyme release. There was an impairment of 
mechanical efficiency as sho\'m by the increased amount of oxygen 
required for each unit of the dP/dt measurement; the "oxygen
wasting" effect was about 25%. 

Effect of glucose QL glucose-insulin 

The addition of either glucose or insulin reduced fatty 
acid-induced enzyr.te release (30). In further unpublished 
studies, the combination of the two when provided in excess had 
no further effect on enzyme release. Liedtke et al. (31) showed 
that excess glucose and insulin did not prevent ischemic damage 
in an isolated pig heart model. Their perfusate probably 
contained some glucose and insulin to start with; our recent 
experiments show that when excess glucose and insulin are 
provided, these agents do not alter the beneficial effects of a 
lo~." concentration of only glucose (5 ml-t). 

These data may suggest that excess glucose and insulin would 
be unlikely to modify infarct size. Ho,,,,ever, glucose-insulin
potassium is probably a very effective antilipolytic agent (18) 
and limits indices of infarction in dOf;S (32). Furthermore, 
controlled studies by Rackley"'s group in Birmingham have shown a 
beneficial effect of glucose-insulin-potassium in patients with 
acute myocardial infarction; one postulated mechanism of action 
is by decreasing the circulating free fatty acids (33). 

ISCHEHIC CONTRACTURE 

The model used was an isolated rat heart perfused by the 
method of Langendorff in which the perfusion pressure was 
abruptly decreased (34). In glucose-perfused hearts, only the 
peak systolic pressure decreased whereas the diastolic tension 
remained unchanged over 20 min. In hearts perfused with 
acetate, pyruvate or free fatty acids, the diastolic tension 
increased; this change was not due to a decreased coronary flow 
but to a true increase in diastolic tension. 

To compare further the metabolic situations in ischemic 
hearts perfused with glucose in contrast to acetate, we aimed 
for conditions in which the myocardial level of ATP was the same 
in the two perfusion conditions (35). Mitochondrial production 
of ATP was inhibited by atractyloside which is the inhibitor of 
adenine nucleotide transferase, or glycolysis was inhibited by 
iodoacetate or deoxyglucose. In acetate-perfused hearts, when 
mitochondrial metabolism provided the source of ATP, there was a 
large degree of ischemic contracture. In glucose-perfused 
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hearts, when only glycolysis provided energy because of the 
presence of atractyloside, there was little or no ischemic 
contracture. Thus it seemed as if glycolysis was in some way 
preventing the formation of ischemic contracture. 

Our unpublished experiments support this proposal more 
directly. The rate of glycolysis was monitored constantly by 
the rate of formation of tritiated water from tritiated 
glucose. All mechanical activity to13S stopped by a combination 
of ischemia and potassium arrest; the diastolic tension fell to 
zero. When glycolysis tolaS inhibited by the addition of 
iodoacetate, then the rate of glycolysis fell as the diastolic 
tension rose. Thus there appeared to be a close inverse 
relationship between the rate of glycolysis and the development 
of diastolic tension; the difference could not simply be 
explained by the ATP level in the ischemic heart. 

\ole have developed two hypotheses to try to explain the 
effect of glycolysis. First, glycolysis may provide glycolytic 
ATP which in turn could be used for the calcium pump of the 
sarcoplasmic reticulum. Secondly, glycolysis may act to prevent 
accumulation of myocardial cyclic AMP (34). 

CONCLUDING Rl!l1ARKS 

293 

The model of ischemia chosen by most workers l<1ould appear to 
be that of a reduction of flow frequently regional, sometimes 
global, but usually not the total cessation of flow. In most 
models there is still some collateral flow with some uptake of 
oxygen. The oxygen uptake of the ischemic tissue is reduced. 
He do not know whether in the ischemic area there are some 
mitochondria working normally and some cor.tpletely arrested, or 
ll1hether there are hypoxic mitochondria working at "half-speed". 
The overall pattern of metabolism is hypoxic (7). Depending on 
the severity of ischemia and the anatomical distribution, many 
different patterns of metabolism can be found. One pattern that 
can be described at least in cells of moderately ischemic 
severity, is an increase of glucose metabolism relative to that 
of free fatty acid (15). The question arises whether further 
therapeutic modification of external glucose and fatty acid can 
influence the internal cellular events. There seems to be 
little doubt that an extreme modification from fatty acid to 
glucose can greatly alter the severity of the ischemic process. 
Hhen trying to apply this to patients. we have to bear in mind 
that in patients there are already elevated glucose levels in 
acute myocardial infarction and that glucose intolerance which 
in turn may impair the rate of glucose utilization by the 
heart. One promising avenue of approach would be to regulate 
circulating free fatty acid levels either directly by various 
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anti lipolytic agents or indirectly by altering the balance 
between carbohydrate and fatty acid metabolism in the 
myocard ium. 
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IODum-123 PHENYLPEHTADECANOIC ACID: DETECTION OF ACUTE 

HYOCARDIAL INFARCTIOn IN AHESTlIETIZED DOGS 

J. S. Rellas, J. R. Corbett, P. Kulkarni, C. Horgan, 
li. Devous, L. M. Buja, R. W. Parkey, J. T. Hillerson 
and S. E. Le~lis 

Departments of Internal Medicine (Cardiovascular 
Division), Radiolo'W (I\uclear lledicine), and Patholo::n 
The University of Texas Health Science Center and 
Parkland Memorial Hospital 
5323 Harry Hines Bou levard 
Dallas, TX 75235 

Lon~-chain fatty acids are the preferred substrate of 
cardiac muscle. Therefore, radiolabeled free fatty acids are a 
natural choice for the non- invasive evaluation of myocardial 
metabolism and extensive research has focused on the development 
of radiolabeled free fatty acids for myocardial ima~ing (1-5). 
Evans et ale in 1965 successfully radioiodinated (1-131) oleic 
acid across a double bond and produced crude images of the 
myocardium in dogs, thus demonstrating the potential of 
radio1.abeled free fatty acids for external, noninvasive 
myocardial imaging (1). Subsequently, heptadecanoic acid and 
hexadecanoic acid :1ave been studied extensively in experimental 
animals and have shown promise in preliminary clinical 
assessments (2-5). nO~-lever, for myocardial ima'sing, the 
terminally iodinated straight-chain free-fatty acids have two 
major problems, including (a) they are metabolized rapidly by 
the myocardiufil and (b) si:;nificant blood pool radioactivity 
results from free iodide released along with beta oxidation of 
the fatty acid in the myocardium and liver. 

Recently, Hachulla et a1. (3) have proposed a means to 

297 
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stabilize che:u.ically the carbon-iodine hond ;,y replacing the 
al~~yl carbon-iodine !>oncl by an aryl carbon-iodine bond. The 
by-pr·:>duct of bcta-o}~idation of the iodopheny: free-fatty acid 
is henzoic acid t-lhich is rapidly excreted l1ith the iodine moiery 
still attached. ~{ulkaJ:ni et al. have recently developed siiaple, 
convenient, reproducible, and efficient (> 901) labeiin1 of 
phenylpentadecanoic acid (PPA) usi.ng an organothallium 
intermediate (6-3). Preliminary studies by Kulkarni et al. 
(6-8) and Chien et a1. (9) usin'~ serial myocardial biopsies have 
de-,,10ngtrated rapid extraction by normal myocardi:..tr.l and a 
bi-exponential clearance with a fast cor.1ponent half-time of 3.5 
minutes and a SIO~l component half-time of approximately 130 
minutes. ~lood clearance ~'las also rapid bein~ approximately 2.5 
minutes. Thus, IPPA appears similar in its ;uyocarrEal uptake 
and blood c!earance to carbon-ll palmitate (9, 10). Indeed, 
~.Jo:~k by Chien at a1. 0) suggests that there is no discernible 
difference in the myocardial Joca! izat:.on of the tHO agents. 

The 11ypothesis tested in the present study t.,ras that the 
r.e1ional upta;"e and/o,: clearance of IPPA neasu,ed w::,th sin~1.e 
photon en::.sslon computed tomo.~raphy (SPECT) allous the 
relative';.y noninvasive detection of myocardial infarction in 
anesthetized, o?en-chest canine models. 

}L>\TERUI.LS M:D HETB-ODS 

HOil;rel dogs uere fasted ovenli.5ht, anesthetized uith sodj,um 
pento- hadJital, intubated, and ventilated ",ith a Harvacd 
:.-espirator. The jU3ular vei.n and cerot:;d artery \.,eL'e 
cannulated, tbe hea~t was exposed via a left thoracotomy and 
suspended in a pericardj,al cradle. A catheter ,las inserted into 
the left atrium throu3h the appenda~e. Techlletiur.1-99m or 
thallium-201 point sou;~ces (5-15 mCl) t.,ece set-m to the left 
ventricular ape;{ and base. These madte;~3 t~ere used to ensur'e 
con'espoudence between tomo3r.apilic and patholo5 ic sections. 

Five anesthetized, open-chest dogs were studied as contL'ol 
<Inir.laIs • ~ol.lm"in3 placer.lent of the radioactive point sources, 
tracer microspheres were injected into the left atrium for a 
determination of re3ional myocal'diaJ. blood f10tl hy the reference 
method 01, 12). The animal's chest t'las closed and myocardial 
tO~lographic imaging performed imr.:ediately following the 
injection of 1-123 PPA. 

Eieven anesthetized, open-chest dogs t.,ere studied follot.,in3 
pro)(imal li,,;ation of the left anterior descending (lAD) coronary 
a):tery. In nine dogs, tracer microsphel'es t;7ere injected for 
determination of re~~ional myocardial blood flow prior to 
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Cor.onary artery occlusion. Ten minutes J.ater, the LAD ,o{as 
li3ated proximalJ.y and a second tracer microsphere species '"las 
injected 60 minutes fol1o\Olin'~ LAD occlusion. The animals were 
then transported to the i\:la~ing fac i1 ity and ima~in.5 lias be~un 
immediately after the intravenous injection of 2-6 mCi of 1-123 
PPA and app:;:-oximately 90-120 minutes after LAD occlusion. 

Radiopharmaceutical Prepa:;:-ation 

PPA uas radi.oiodinated vi.a an or3anothalliunl intermediate 
(6-8). PPA (0.5 mg) vas dissolved i.n 0.2 ml trifluoroacetic 
acid tiith 2 m; of thallium trifluol"oacetate and incubated at 
room temperature for at least one hou!:". The in situ formed 
PPA-Tl complex "as treated ~ii.th 5-10 mCi Na 1-123 in 0.1 1; NaOH 
(5-100 j..ll) alon1 ,,·ith the car:;:-ier (K1) Cl2 j..l~). The reaction 
mi.xtut"e ~vas heated at 1COo C for 15 ninutes and the labeled 
product pUl-ifi.ed by solvent exti:action silica ~el coiuun 
chromato3raphy. After evaporation of the solvent, the product 
was dissolved in 100 W. ethanol and reconsti.tuted with 6/; human 
albumin solution. The final product '·,..lS filtet'ed throu3h a 0.1 

j..l memDrane filter to remove any ag1;regates. 

Sin~le Photon Tomographic Ima~in~ (SPECT) 

299 

SPECT was pedormed with a rotatin~ ~"ide field of vie' ... gal!U:la 
cameea (Gene:;:-al Electric 400T, General Electric lledical ProductS 
Division, I-1ih,aukee, l-JI) equipped llith a general purpose 200 keV 
parallel hole collimator. Animals were positioned on the 
imaging table right side down with the spine approximately 
parallel to the axis of rotation. The position uas adjusted so 
that the radioactive point sources were superimposed in the 
anterior project ion and were t-iithin the same row in the lateral 
projection. Acquisition of the fil'st tomo~ram was begun within 
5 minutes after the intravenous injection of 2-6 raCi 1-123 PPA. 
Energy discrimination was provided by a 20% window centered on 
the 159 keV photopeak. Thit"ty-t\olo, &4 x 64 x 15 projection 
images each containing a rainimum of 40,000 counts \,Jere acquired 
at equally-spaced intervals from 600 eight anterior oblique to 
300 left posterior oblique pr-ojections. Sequential tomograms 
were acquired ~-iith identical technique, approximately 20 and 40 
minutes after the 1PPA injection. 

Postmortem Tissue Preparation 

Animals ~"ere killed by an overdose of pentobarbital. Hearts 
He~e removed and sliced carefully into 1 cm sections 
pe~pendicular to a line connecting the radioactive point sources 
se\vo to the left ventricular apex and base. Slices w'ere 
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incubated in a warlll solution of l~~ 2,3,4-triphenyl-tetrazo]ium 
chloride ('fTC) for 20 minutes or until the normal myocardiun was 
stained. Color slides were taken of each slide for permanent 
documentat ion and for direct compar ison to the 1-123 PPA 
tomographic sections. 

Infarcted tissue, defined by an absence of TTC staining ,-las 
dissected f:-om normal tissue. Transmural tissue blocks were cut 
from the infarct and posterior left ventricular free ~vall, 
'ueighed, and placed in scintillation vials containing 10% 
formalin and counted in a Packard multichannel scintillation 
counter for 5 minutes per vi.al with appropriate window settings 
for each isotope. Tissue blocks v,ere processed into paraffin, 
sectioned for li1ht microscopy, and stained ~.ith hematoxylin and 
eosin. The extent of myocyte injury ~.,as estimated from these 
histologic sections. 

Projection i.ma~es were corrected for field non-uniformity 
(using an iodine-123 flood source) and for center of rotation. 
Sixteen transverse sections, each I pixel thick, were 
reconstructed by filtered backprojection (Medical Data Systems 
A2 computer system, Ann Arbor, tIl). Coronal sections , ... ere 
extracted from the reconstructed volume. Coronal slices were 
used for quantitative analysis to r.linimize attenuation effects 
within the same plane and for comparison to patholo~ic 
sections. Planar resolutior:. of the ima.ging system ~Ias measu.ced 
to be 15.7 mm full width at half maximum at a depth of 20 em in 
Hater. Voxel dimensions ~"ere determined using a volume 
phantom. Att enuat ion correct ion ",as not at tempted. After 
masking for all non-cardiac activity, absolute 1-123 PPA 
radioactivity vias measured in each of 15, 240 radial sectors 
for all 16 slices and for all 3 tOI!lograms (-:?igure 1). 
Processing \-,as performed on a Technicare 560 computer system 
llsing the integrated array processor (Technicare Corp., 
Cleveland, OR). Sector radioactivity was also expressed as a 
percentage of maximal activity wi.thin the same slice. 1-123 PPA 
clearance was calculated from the formula: 

Clearance 

initial radioactivity (tomo set 1) - radioactivity (tomo set 2 or 3) 

initial radioactivity (tomo set 1) 

Data from 5 contro 1 dogs ~'1ere grouped to determine means and 
standard deviations of I-123 PPA uptake in similar LV regions, 
expressed as percentage of maximal activity within the same 

xlO 
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slice, and clearance for each of the 15 sectors in each 
corresponding slice. 

Pathologic and tomographic sections from the do~s ,-lith 
permanent LAD occlusions were compared directly. The initial 
uptake of 1-123 PPA, as a percentage of maximal activity within 
the same slice in sectors correspondin~ to infarcts as defined 
by TTC were analyzed to develop criteria to identify infarcted 
tissue from the tomograms. When infarcts were defined by: (1) 
initial relative uptake less than mean control uptake minus 2 
standard deviations, (2) initial relative uptake less than mean 
control values minus 1 standard deviation and less than 60% of 
ma}~imal activity ",ithin the same slice, and (3) continuity with 
similar areas l11ithin the same or adjacent slices, there w'as 
e}:cellent correlati~n between tooography and pathology. This 
algorithm l"laS applied to all of the dogs with permanent LAD 
occlusion to measure cut.lulative 1-123 PPA uptake and clearance 
values for infarct sectors, sectors immediately adjacent to the 
infarct, and normal sectors. 

RESULTS 

Control Studies 

Five do~s were studied under control conditions. 
Corresponding segments of norI!lal myocardium der.1onstrated unifo'em 
uptake of 1-123 PPA with all values TNithin 10% of the maximal 
radioactivity. There was also uniform clearance of 1-123 PPA 
from the first to second tomograms which were separated by 
approxir.1ately 20 minutes. The mean tolerance for all segments 
was approximately 4m~ of initial uptake bet'o/'een the first and 
second tomograms. There ,,,as little change in segmental activity 
from the second to third tomograms. 

D03s with Permanent LAD Occlusion 

Eleven do~s ,,'ere studied after 90-120 minutes of fixed LAD 
coronary arterial occlusion. Hyocardial blood flol., in re~ions 
supplied by the occluded LAD was si~nificantly reduced in 10 of 
the 11 dogs immediately after LAD occlusion. One remaining dog 
l'lithout significant flow reduction after LAD occlusion did not 
ShOH gross evidence of infarct ion by TTC staining and 
der:lonstrated only mild scattered necros is in a very small 
percentale of the histolo~ic sections. 
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FIGURE 1 

Sixteen individual slices from the apex throu3h the base of the 
left ventricle in a do~ \~ith proximal left anterior descendins 
Coronary artery occlusion imaged witt 1-123 PPA are 
demonstrated. ~;ote the reduct ion in septal, apical and 
anterolateral 1-123 PPA uptake demonstrated in the last 2 slices 
in the second row and aJl si.ices in the third rO-/l of images. 
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FIGURE 2 

The clearance of 1-123 PPA in a dog .,ith penaanent left anterior 
descendin3 coronary artery occlusion and an acute anterior 
myocardial infarcti.on is shown. Note the delayed clearance of 
1-123 PPA from the anteroapical regions in the tomograms 
obtained 20 ~inutes after the injection of 1-123 PPA. 
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Infarct and peri-infarct re1ions were correlated on the TTC 
gross patho]o,gy specimens ''lith the corresponding tomographic 
sectione. Initial uptake of 1-123 PPA ,,,ithin the infarct ''las 48 
.±. 0.2:" (S.D.) of maximal radio.:lctivity t"lithin the same slice (p 
< 0.001) (Fi~ure 1). Clearance of 1-123 PPA from the first to 
the second tomo~~rams was reduced in the infarct and peri-infarct 
regions. In infac:.·ct tissues, 1-123 PPA activity sho'o.Jed an 
increase of 9 .±. ll.g~~ compared to a clearance of 3.7 .±. lS.8~~ in 
peri-infarct zones and 15.4 + 1.33 in normal LV tissue; each of 
these values was significantly different from the other (p < 
0.05) (Fi;~ure 2). 

DISCUSSIOt! 

In the present study, ''Ie used single photon emission 
tonography to measure the relative uptake and clearance of 1-123 
PP!\. in canine Myocardium under control conditions and following 
permanent left anterior descendin$ coronary artery occlusion. 
P?A was radiolabeled with iodine-123 via an organothallium 
intermed iate (6, n. This labeli.n~ technique has a significant 
advanta'5e ove,· other methods, because it is relatively simple, 
re?roducible and efficient. 

Tomograns t<lere performed ,>lith a rotating :?;amma camera system 
w'ith relatively limited resolut ion compared to state-of-the-art 
positron tomographs and no attempt ,>,as made to correct for 
attenuation. The time available for sequential tom03raphic 
imag ing was limited, because of the need to acquire sufficient 
data to permit reasonable estimates of segmental uptake and 
Clearance. Despite these limit.tions, there uere consistent, 
significant differences in 1-123 PPA uptake and clearance 
bet,,-een infarc t, peri.-infarct, and norma]. myocard ium fo 1l0HLng 
permanent LAD occlusion and these differences were identified 
v!ithin 1-2 hours of the LAD occlusion. 

In dogs with fL~ed LAD coronary artery occlusions, 
myocardial infarcts identified by an absence of staining with 
TTC, demonstrated reduced uptake and clearance of 1-123 PPA. 
Indeed, the infarct reg ion cou ld be ident ified from the tor,logram 
as an area with initial uptake of 1-123 PPA at least 2 standard 
deviations below nean control values for the same segment and no 
appreciable clearance of 1-123 PPA approximately 20 minutes 
after its intravenous injection. 

Thus, these data demonstrate an ability to identify acute 
r.1yoca~-dial infarction produced by LAD occlusion in canine 
myocardium using SPECT and 1-123 PPA. The data also suggest the 
need to further evaluate 1-123 PPA and SPECT in the study of 
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myocardial metabolism and the detection of myocardial injury 
\vith acute and chronic heart disease in the pat ient. 
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Edinbuqh EE8 9XF Scotland 

The role of free fatty acids (FFA) in the pathogenesis of 
malignant arrhythmias associated uith myocardial ischemia or 
infarction remains controversial. Such an associati.on first ~~as 
sUs3ested i>y Kur ien and Oliver in 1970 (I) in their "FFA 
hypothesis" on the basis of clinical observations in patients 
following acute myocardial infarction. It Has proposed in their 
hypothesis that increased substrate availability of FFA to the 
ischemic myocardium either alone or acting syneqistically ,.,ith 
catecholamines mi.ght e;.:ert adverse electrophysiol05 ical 
effects. Subsequent clinical and experimental evidence, 
however, has been confusing and contradictory and the concept 
remains neither fu lly confinaed nor refuted. 

In the last fe,,, years, hOliever, understanding of basic 
electrophysiological mechanisms of arrhythmogenesis and of their 
interactions ",ith both catechoiamines and alterations in cardiac 
metabolism has advanced considerably and necessitates a 
re-examination of these concepts and also re-interil;:etation of 
much earlier data. Several discrete phases of arrhythmosenes is 
may occllr for e)~amp Ie ",ith respect to the time of onset of 
coronary occlusion, each with differin~ mechanisms of patho
~enesis, some catecholamine related and so;ae not. Similarly 
multiple electrophysioJo~ica] phenomena may be involved. 
Furthermore, although a clear relationship certainly exists 
betl-reen sympathetic activation, elevated plasma catecholamines 
and the genes is of cert:lin arrhythmias, it is unc le<J.r Hhether 
this is r,lediated by direct electrophysiolo5 ical effects or more 
indirectly by chronotropic, inotropic or metabolic sequelae of 
adrenergic activation. In a clinical settin~ the situation is 
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further complicated as sympatho-adrenal activation occurs not in 
isolation but as part of a broader stress response with complex 
modulation of autonomic outflow to the heart and other organs, 
multiple endocrine responses and peripheral metabolic changes in 
carbohydrate metabolism and lipolysis. 

Disentangling of possible FFA-mediated from 
~atecho lamine-med iated arrhythmogenic effects is d ifficu lt as 
enhanced adrenergic activity results in stimulation of both 
peripheral and intramyocardial lipolysis with plasma elevation 
pari passu of both FFA and catechols. Furthermore alterations 
in intramyocardial lipolysis either in ventricular muscle or 
Purkinje tissue may be of more importance than previously 
recognized in i.nit iating arrhythmias and under certain 
circumstances could outweigh metabolic effects mediated by 
changes in plasma FFA alone. Plasma FFA elevations may occur, 
however, independent of catecholamines under certain 
circumstances for example by reduction in insulin induced 
inhibition of lipolysis or slower plasma clearance of FFA 
relative to catecholarnines following an adrenergic stimulus. 

It would seem relevant, therefore, to re-appraise current 
concepts of the possible interrelations between FFA, altered 
lipolytic activity and arrhythmogenesis in the li~ht of recent 
advances in understanding of adrenergic activity and 
electrophysiological mechanisms of arrhythmogenesis. 

The FFA Hypothesis 

The background of this hypothesis suggested by Kurien and 
Oliver in 1970 \07as the clinical observation that plasma FFA are 
usually elevated in the first 24 hours of acute myocardial 
infarction and that those patients with very high plasma FFA 
levels suffered more arrhythmic deaths (2). A significant 
correlation lfas found between high levels of plasr:la FFA and 
arrhythmias and deaths in a series of 200 patients ,-lith acute 
myocardial infarction. Thirty-three percent of patients with 
plasma FFA greater than 1200 jJEq.l-l died compared with 5% of 
patients with plasma FFA levels below 330 jJEq.l-l. 

It was not established, hO~lever, whether the changes Here 
causally related to plasma FFA levels O"C whether both FFA 
elevation and arrhythmogenesis follo~Y'ed an increase in 
catecholamine or sympathetic activity. Furthermore, it was not 
suggested that these possible effects necessarily arose as a 
result of changes in plasma FFA alone but rather from 
accur.lulation of intracellular "unbound" ;;oFA or their derivatives 
or synergist ic effects w":i.th those of catecholamines. 
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It is perhaps worth quoting from the original publication as 
this has been often cited, yet suffered misinterpretation by 
many authors, viz: -

309 

"Some arrhythmias which occur during acute 
myocardial hypoxia could be explained on a metabolic 
basis. Acute lipid mobilisation from adipose tissue 
can lead to plasma concentrations of FFA in excess of 
the primary binding sites of albumin. In the presence 
of myocardial ischaemia elevated FFA levels lead to 
accumulation of triglycerides. Intracellular fatty 
acids may increase when glucose uptake is inadequate 
due to insulin suppress ion. Accumulation of FFA in an 
'unbound' form could lead to detergent effects on the 
cell membrane lvith cation loss and resultant 
development of ectopic pacemaker activity." 

In addition. it was not suggested that all arrhythmias have 
a metabolic cause but rather that the FFA hypothesis may explain 
how catecholamines could produce arrhythmias in the presence of 
myocardial ischemia by inducing lipid mobilization and glucose 
intolerance viz: -

"In ischaemic myocardium in which triglyceride has 
accumulated. catecholamines released ••• may promote 
high intracellular concentrations of 'unbound' FFA •• 
• by activation of myocardial tissue lipase ••• and 
predispose to sudden and serious arrhythmias." 

These concepts as originally described are illustrated in 
Figure 1. 

One factor was considered to be acute lipid mobilization 
from adipose tissue by noradrenaline with elevation in plasma 
FFA and hence increased myocardial uptake of FFA in proportion 
to the concentration of "unbound" FFA in plasma. This might be 
expected to be increased above an FFA albumin binding ratio of 2 
(plasma FFA above 1200 PEq.l-l). An additional factor to be 
considered was the possible effect of accumulation of 
triglyceride as FFA oxidation became limited. This was thought 
possibly to predispose to arrhythmias during further or 
continued ischemia. 

Circumstantial evidence quoted in favor of the FFA 
hypothesis relates to effects of increasing plasma FFA on 
enhancing oxygen consumption (3, 4); to the association between 
high metabolic rate and elevated FFA in conditions such as 
thyrotoxicosis or diabetic ketosis (5); and to known detergent 
effects of unbound FFA on cell membranes which might have 
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electrophysiological sequelae (6). Initial experimental studies 
performed in the dog appeared to support this concept in that 
infusions of tri6lyceride-heparin follo'iing acute circumflex 
coronary occlusion were followed after 20 ainutes by bursts of 
ectopic activity including ventricular tachycardia and this 
effect ,las reversed by adlilinistration of protamine (7, 8). 
These studies, hO~lever, ,.ere inadequately controlled and in 
r.etrospect difficult to interpret in the light of current 
knowledge of the phasic nature of early ventricular 
arrhythmias. Findings were not confirmed in a parallel series 
of experiments by Opie et ale (9), although these \lere not 
comparable, with occlusion of different vessels at _different 
durations of ischemia and different FFA-albu;llin binding ratios. 

Subsequent clinical studies similarly have proved 
confusing. In retrospect these seem largely empiri.cal, do not 
assess electrophysiological'phenomena, are performed at variable 
durations following onset of myocardial ischemia and are clouded 
by gross methodological en-ors. An association between elevated 
plasma FFA and arrhythmias vas confirmed in some clinical 
studies (10-12) yet other studies failed to do so (13, 14). 
Rutenberg et ale (15) showed no correlation in 73 patients 
betl-Teen initial fasting FFA and development of arrhythmias, 
cardiogenic shock or late death, although the .. -e was a tendency 
for FFA to be elevated at tIle time of any complication such as 
heart block, junctional rhytha or VPB's. Nelson (13) found no 
increase in arrhythmias in 24 patients treated with heparin 
(which stimulates lipolysis by r.elease of lipoprotein lipase and 
hence results in elevation of plasma FFA) ,vithin the firs t 24 
hours of myocardial infarction. A definite correlation was 
sho~m between arrhythmias and plasma noradrenaline. He have 
demonstrated recently, hO~Tever, that gross overestimations of 
plasma FFA may result after clinical administration of heparin 
due to continuing in vitro lipolysis prior to plasma 
extraction. Thus in Uelson's study although a mean elevation in 
plasma FFA from around 1100 to 1800 ].lEq/l was reported following 
administratiQn of heparin within the first 6 hours of acute 
myocardial infarction, the true increment may ,lell have been 
one-third of tbis value. Our own studies suggest the "true" 
elevation in plasma FFA after heparin in man during acute 
myocardial infarction is no more than 300 ].lEq/l and may not 
increase levels above the binding capacity of albumin for FFA 
said to be obtained \'ihen plasma FFA levels exceed around 1200 
].lEq/l (In. The proport ion of "unbound" FFA therefore may not 
be disproportionately in excess of the physiological range. 

Apart from these methodological considerations some 
re-e;,amination of the concepts sU,sgested in the ori1inal 

311 



312 D. C. RUSSELL AND M. F. OLIVER 

hypothesis is required. That ~reater importance should be 
attached to the role of catecholamine-mediated intramyocardial 
lipolysis has been suggested in clinical studies by Simonsen and 
Kjekshus (18) examining the effects of antilipolytic therapy on 
myocardial oxygen consumption during isoprenaline infusions and 
also in experimental studies (19). Fozty-five percent of 
increased myocardial oxygen consumption in the 
catecholamine-stimulated human heart is accounted for by the 
associa.ted elevati.on in peripheral plasma free fatty acids 
compared uith 29% from an increase in contractility and 23% from 
an increase in heart rate, although the relationship with 
elevated plasma FFA could be coincidental and the main effect 
mediated through intramyocardial lipolysis. In addition 
absolute levels of "unbound" FFA may not rise to such an extent 
during ischemia as considered previously although their 
derivatives do accumulate (20). 

Perhaps more importantly regarding possible links between 
FFA metabolism and arrhythmogenesis is a consideration of the 
discrete phases of arrhythmias associated ~'litb myocardial 
ischemia and their varied electrophysiological mechanisms, not 
all of which may be modulated by metaholic factors. These 
phases will be considered therefore and their possible 
interactions with FFA and catecholamine metabolism discussed. 

Natural History of Halignant Ventricular Arrhythmias During 
Acute Hyocardial Ischemia 

Natural history studies have revealed distinct periods of 
genesis of malignant ventricular arrhythmias and ventricular 
fibrillation (VF) with respect to the duration after onset of 
symptoms of acute myocardial ischemia or infarction (21). These 
may roughly be divided into very early or "pre-hospital" 
arrhythmias within the first 2 or 3 hours, later "in-hospital" 
arrhythmias bet~ieen 4 and 72 hours, and "chronic" arrhythmias 
from 3 to 30 days of infarction. Experimental studies suggest 
each period of arrhythmogenesis involves differing pathogenetic 
and electrophysiological mechanisms and may include two or more 
discrete "sub-phases" of arrhythmogenesis. 

Superimposed on this complex picture are the possibilities 
of "early arrhythmias" generated by extension of the area of 
coronary occlusion and of "reperfusion arrhythmias" which might 
result following sudden release of a coronary occlusion. 
Furthermore, immediate and delayed types of reperfusion 
arrhythmias have been described each with differing mechanisms 
of pathogenesis (22). 
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A hypothetical scheme of the interrelationships of these 
phases of arrhythmogenesis following onset of symptoms of acute 
myocardial ischemia or infarction is illustrated in Figure 2. 
By necessity this is based upon experimental studies although 
supported by a large body of clinical evidence. It can be seen 
that at any point in time several types of arrhythmia may be 
initiated, the origin of ~'lhich may not be evident to the 
clinician. 

A very early or "pre-hospital" phase of arrhythmias appears 
to occur l.;ithin the first 2-3 hours after onset of symptoms of 
myocardial ischem5.a. This is associated with very high 
inci.dence of VF. particularly in the first 30 minutes and often 
~Yithin seconds 0;:- minutes after onset of the initiatin~ event. 
An experimental parallel i.s found in the Harris phase I 
arrhythmi.as \-Thich may be induced ~Tithin the first 30 mi.nutes of 
coronary occlusion in a variety of animal models. These early 
arrhythmias may be sub-divided into i.mmediate (or phase Ia) and 
delayed (or phase Ib) types (23). each with differing 
electrophysiological mechanisr.ls of pathogenesis and differing 
susceptibility to pharmacolo<;ical intervention. Thus, the 
immediate early arrhythmi.a;; appear associated with re-entrant 
circus r.lOVements within an i.schemic area of myoca::-dium 
demonstrating marked re,~ional inhora06eneities in metabolic 
activity including glycolytic activity and FFA mtidation. The 
later early arrhythmias hO~lever. may involve adrenergic mediated 
or autonomic mechanisms although this is uncertain. 
Differentiation of these various subgroups in man has not been 
possible and is made difficult by the superimposition of 
reperfusion phenomena, which themselves could induce VF. 

Followin1 a period of 4 to 6 hours a further "in-hospital" 
arrhythmic phase arises (21). l'lith much hi3her incidence of 
idioventricular rhytbms and ventricular tachycardias but 10\ler 
incidence of VF. Enhanced automatic activity predominates and 
may reflect delayed ischemi.c injury to more hypoxia-resistant 
specialized conducting tissue. Re-entrant arrhythmias can also 
occur. ho~"ever. These arrhythltiias in genera 1. subs ide by !}8 or 
72 hours of ischemia. 

From 3 0;:- l~ days om.,ards with organization of the infarct 
and preservation of areas of "chronic" ischemic injury, further 
arrhythmias may result, probably in association ~.,ith formation 
of stable anatomical re- entrant circuits into and within the 
ischemic zone. Expe;:imenta l1y. such arrhythmias a.re eas i ly 
induced by prograi:\med stimulation techniques. Exact mechanisms 
of their ori:~:cn are uIlcertain. Certain late a~'rhythmia5 appear 
catechol-med iated and otbers assoc iated with fixed delayed 
depolarizations 01: "late potentials" conducive to re-entry. 

313 



314 D. C. RUSSELL AND M. F. OLIVER 

Table 1: CATEGORIES OF ARRHYTHMIAS DURING MYOCARDIAL 
INFARCTION AND THEIR POSSIBLE MODULATION BY FFA 
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Multiple electrophysiological mechanisms either singly or in 
combination, affecting ventricular muscle, specialized 
conducting tissue or both may therefore be operative in the same 
heart at varying durations of ischemia. A variety of phenomena 
may be implicated including re-entrant excitation, focal 
excitation, enhanced automaticity and triggered early and late 
after-depolarizations (24). The extent to which metabolic 
factors may modulate these effects is largely unknown. The 
variety of these arrhythmias, their postulated mechanisms and 
possible modulation by changes in intracellular FFA are outlined 
in Tab Ie 1. 

The failure of clinical studies to contribute to our 
understanding of poss ib Ie interrelat ionships bet',reen FFA 
metabolism, catecholamine and arrhythmias, may have been due 
partly to a failure to relate data to known pathophysiolo,~ical 
mechanisms of arrhythrnogenesis, and to particular discrete 
phases of arrhythmogenesis. The various types of ischemia 
related arrhythmias will be briefly described therefore with 
reference to man and fragmentary clinical evidence interrelating 
and imp lica t in~ FFA and ca tec ho lamines in tl:eir pa thogenes is • 

FFA and Early Ischemic Arrhythmias 

VF may result w,ithin a few minutes of onset of a presufled 
coronary occlusive event. Clinical evidence implicating 
elevations in either plasma FFA or catecholamines in the 
pathogenesis of this early VF or of "pre-hospital" ventricular 
arrhythmias is therefore fragmentary and indirect. Studies in 
Edinburgh have demonstrated that plasma catecholamines may be 
elevated certainly ,·lithin 15 millutes of onset of symptoms of a 
coronary occlusive event and probably sooner (25). This is 
likely to be associated with rapid activation of a peripheral 
metabolic response either from activation of cardio-sympathetic 
reflexes or a more general stress response. The nature of these 
responses have been more carefully studied under the more 
controlled circumstances of stress such as follot"ing exerci.se, 
psychological stress, trauma, burns or acute painful cOlldit ions. 

That such stress responses may be assoc iated with early 
ischemic arrhythmias is supported by epidemiological evidence. 
On the basis of retrospective studies of sudden cardiac death 
victims, Lown et ale (16) have suggested that the vulnerability 
of ischemic myocard ium to VF may be profound ly inf luenced by 
psychological "trig~er factors" which med iate stress responses 
and hence autonomic effects. Furthermore, the influence of 
these "trigger factors" seems more important the less marked is 
the coronary arterial. disease in sudden cardiac death victims. 
Itnr.1ediate antecedent events to sudden cardiac death have been 
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examined in several other clinical studies which conclude that 
acute emotional arousal may precede the event in between 20 and 
40% of the cases (27, 28). 

Such stimuli are likely to induce release of catecholamines 
from both adrenal glands and sympathetic nerve terminals and 
hence stimulate both peripheral and intramyocardial lipolysis 
, .. hich is cyclic A~!P mediated. A net efflux of plasma FFA and 
glycerol froc adipose tissue thus ensues and plasma levels may 
be elevated to three or four times normal levels. Plasma FFA 
are elevated to around twice basal levels within the first 30 
minutes of onset of symptoms of a coronary occlusive event (25) 
indicating significant activation of lipolysis. Haximum levels, 
in excess of 1200 llEq.l-l , .. el-e only observed afte;: 1 to 2 
hours of ischemia after the period of early arrhythmias. Only 
at this level when the FFA:albumin binding ratio exceeds 3:1 are 
the tllO main binding sites of albumin for FFA saturated and 
myocardial FFA uptake expected to be greatly increased (17). 
Irrespective of plasma FFA levels, however, early activation of 
intramyocardial lipolysis may occur within minutes of onset of a 
coronary occlusive event. Indeed plasma FFA levels may .eflect 
poorly overall tissue lipolysis since the lipolytic response to 
sympathetic stir:lUlation may be modulated by additional 
conco:nitant endocrine effects. Cortisol release enhances 
lipolysis as does release of thyroxine and gro,.,th horcone. 

Of further importance may be the early complex interactions 
between FFA, catecholamine and glucose metaboli.sm. An early 
change in man, within 15 minutes of onset of symptoms of 
infarction is hypoinsulinaemia leading to mild or overt 
hyperglycaer.lia as a result of either reduced glucose uptake 01-

reduction of insulin sensitivity. This may be initiated by an 
inhibitory effect of adrenaline on the pancreatic S-cell insulin 
response (29). At this time plasma FFA levels are elevated when 
plasma glucose levels are norraal and insulin levels are low. 
The later elevation in glucose levels is influenced by the 
glyco;enolytic effect of ad~enaline on the liver and by release 
of glucagon, throxine and '~ro\-lth hormone. Adrenaline in 
contrast to noradrenaline has a weaker effect on betal-
cediated adipose tissue lipolysis than on glycogenolysis which 
is largely beta2-cediated (30). 

The net intramyocardial and peripheral metabol ic response to 
acute ischemia ~.,ith filobilization of FFA, glucose and 
catecholamines, although appropriate for increased energy 
requirer.lents in the normal hear.t may be inappropriate in many 
respects to the ischemic cell. E:-:perimental studies strongly 
su()'()'est that the vulnerability to VF within the first 30 minutes 
o["'j schemia relates in part to both the severity of myocard ial 
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ischemia injury and to its rate of development. An increase in 
heart rate for example may greatly increase both ischemic LnJury 
and the incidence of malignant ventricular arrhythmias or VF 
(31) • 

The importance in terms of electrophysiological effects of 
direct adrener~ic responses with respect to indirect responses 
resulting from hemodynamic r.tetabolic effects is unclear. Harked 
effects on conduction, refractoriness, diastolic depolarization, 
autonomic activity and a variety of electrophysiological 
phenomena may follow sympathetic stimulation or elevations in 
plasma catecholamines dUL-ing acute myocardial ischemia and 
ventricular vulnerability to VF may be greatly reduced (32). 

A critical factor at least in the very early malignant 
ventricular arrhythmias appears to be regional inhomogeneity of 
electrophysiological activity \-lithin the ischemic zone, leading 
to multiple re-entrant circus movements and hence VF. Evidence 
from our 0\'Ill laboratory suggests that regional inhomogeneities 
in adrener1ic responsiveness also may exist within the ischemic 
zone relating to regional severity of ischer:tic injury 
(unpublished). This may be influenced by chronotropic and 
inotropic effects of catecholamines, with increased heart rate 
and myocardial oxygen consumption, and also by their direct or 
indirect myocardial metabolic effects. 

Further studies in our laboratory have demonstrated that 
manipulation of metabolic responses to ischemia may have 
significant anti-arrhythmic effects. Thus, infusion of glucose 
sufficient to double arterial levels in the dog is effective in 
reducing the arrhythmia threshold and ameliorating conduction 
and repolarization abnormalities, although not under conditions 
of very severe ischemia (34). Similar beneficial effects of 
antilipolytic therapy on conduction and refractoriness are found 
using nicotinic acid to suppress lipolysis induced by infusion 
of isoprenaline, during 15 minute periods of acute myocardial 
ischemia (35). Effects, hO\-/ever, are small and confined to 
small reductions in divergence of refractoriness, action 
potential duration shortening and epicardial activation delays 
but nevertheless, potentially antiarrhythmi.c. The role of 
elevation in plasma FFA per se in the absence of catecholamine 
stimulated intramyocardial lipolysis is less clear. Using a 
differential cell sepal-ation centrifuge to administer oleic acid 
at plasma concentrations of 1200-1800 ~Eq.l-l the incidence of 
VF during 15 minute periods of myocal.-dial ischemia was not 
affected (36). 

An electrophysiological effect of antilipolytic therapy has 
been demonstrated during acute ischemia in man using a nicotinic 
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acid analogue (S-fluot"onicotinic acid) in patients with stable 
angina of effort. Pretreatment with the antilipo1ytic agent ",'as 
found to be effective in significantly reducing the degree of 
ST-segment depression during exercise although not the degree of 
effort intolerance (37). This effect was independent of 
hemodynamic factors. The corollary of this is that stimulation 
of lipolysis during the first hour after onset of symptoms of 
myocardial infarction may have adverse electrophysiological 
effects against a background of adrenergic stimulation. 

A further possibility is that the composition rather than 
the absolute level of free fatty acids may be of importance. 
Ravens and Ravens (14) for example found an elevation of plasma 
free fatty acids in patients following myocardial infarction but 
relatively lower levels of oleic ac'id and higher levels of 
linoleic acid in the arrhythmic compared ~.,ith the non-arrhythmic 
groups. Elevated levels of docosahexanoic acid are found in 
myocardial biopsies in hearts of sudden cardiac death victims 
(38). Differential electrophysiological effects of different 
chain length fatty acids are therefore a possibility. Effects 
in addition could relate to diet in different subjects. 
Retardation of myocardial metabolism with brassica based fatty 
acids such as erucic or cetoleic acid is descrioed for example. 
Beyond the scope of this review is the potential importance of 
differences in dietary fatty acid intake on platelet aggregation 
and coronary thrombosis which may determine the presence or 
absence of a coronary occlusive event. 

FFA and Reperfusion Arrhythmias 

Sudden reperfusion of an occluded coronary vessel either by 
spontaneous thrombolysis of an occlusive thrombus or by release 
of coronary vasospasm may induce VF often within a few seconds 
of reperfus ion. The c Hnical importance of this phenomenon is 
unclear although it could be of major importance in sudden 
cardiac death perhaps follo,,,ing a transient coronary occlusion. 
Limited experimental data would suggest that the incidence of 
reperfusion arrhythmias relates to both duration and severity of 
the ischemia. It is possible, therefore, that FFA mediated 
enhancement of ischemic injury prior to reperfusion might 
increase the likelihood of serious reperfusion arrhythmias. 
Furthermore, delayed metabolic recovery of the myocardium 
following short periods of myocardial ischemia relates to 
delayed recovery in fatty acid oxidation, and could be a factor 
in the genes is of later delayed reperfusion arrhythmias. 
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.Delayed "In-HosJ?ital" Arrhythmias 

The early studies of Oliver et a1. (2) demonstrated a crude 
but positive relationship between incidence of serious 
ventricular arrhythmias and elevated plasma free fatty acids 
within the first few hours after onset of symptoms of myocardial 
infarction. Hore recently Tansey and Opie (39) made similar 
observations and have shown a better correlation between mean 
levels of FFA than peak levels within the first 12 hours of 
myocardial infarction although plasma catecholamine levels were 
not determined nor distinction made between differing etiologies 
of ventricular arrhythmias. These arrhythmias may be 
categorized as being lareely of the delayed "in-hospital" phase 
with differing mechanisms of pathogenesis to arrhythmias 
occurring during early ischemia. These "in- hospital" 
arrhythmias often arise against a background of estab Hshed 
infarction of "chronic" ischemia and may involve generation of 
abnormal automatic activity in ischemic Purkinje tissue rather 
than electro- physiological abnormalities confined to ischemic 
ventricular myocardium. 

As in the case of early arrhythmias both plasma 
catecholamines and FFA may be elevated. Catecholamines, in 
particular noradrenaline, are elevated in plasma and urine for 
36 hours or more after onset of symptoms of myocardial 
ische::lia. FFA ~nd glycerol may remain elevated for up to 48 
hours. The relative role of catecholamines, FFA and other 
factors such as electrolyte shifts, ischemic inju~y, autononic 
tone etc. in the genesis of these arrhythmias is controversial. 

In favor of an arrhythmogenic effect of stimulation of 
lipolysis independent of plasma catecholamine levels are 
clinicaJ studies by Ro~,re et a1. ~.ithin the first 5 hours of 
acute myocardial infarction using the nicotinic acid analogue 
5-fluoronicotinic acid (40). A significant reduction in the 
incidence of ventricular tachycardia was obtained with effects 
confined to a sub-group of patients in ~.hom rapid normalization 
of plasma FFA levels was achieved (see Table 2). 

Effects were not assoc iated Hith si~nificant henodynanic 
changes nor alterations in plasma catecholamine levels. 
Confirmatory evidence of a significant metabolic effect of 
antilipolytic therapy during the early hours of acute myocardi.al 
infarction Has obtained in a similar study examining the 
evolution of ST-segment changes within the first 8 hours 
follo,-1ing onset of symptoms of myocardial infarction (41). A 
small but significant amelioration of ST-segment elevation ~las 
observed in association ",ith a reduction in plasma free fatty 
acid levels. This effect was attributed to a reduction in 
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Table 2. Incidence of V.T. DUl:ing Acute Hyocardial Infarction 

Placebo Nicotinic Acid Analogue 
Delay from onset (71) (32) (36) 
FFA Levels 3-12 hrs. Hithin 5 hrs. 5-12 hrs. 

>50% fall in 4 hrs. 
<800 J.lEq/1 (20 hrs) 42% o;~** 70% 

<50% fall in 4 hrs. 
>800 J.lEq/l 70% 29% 77% 

*P<O.Ol **p<O .003 

From Ro~ve, Neilson, and Oliver, 1975 (LfO). 

ischemic injul"Y in survlvmg ischemic tissue. Any potentially 
arrhythmogenic effec ts of FFA might be expected, however, to 
differ from patient to patient. At least four different 
myocardial metabolic patterns have been described during acute 
infarction by Hueller et a1. (42). Of their 173 patients 41;~ 
exhibited a pattern of predominant myocardial free fatty acid 
uptake and metabolism y,hereas 18% showed predominantly 
carbohydrate f.letabolism and 20/~ demonstrated high plasma 
substrate levels but 10'" myocardial substrate uptake sug~estive 
of generalized metabolic breakdown. Plasma levels of adrenaline 
and noradrenaline also vary greatly from patient to patient. In 
addition, the relative role of enhancement of fatty acid 
metabolism versus inhibition of glucose metabolism is uncJear. 

Antiarrhythmic effects of glucose orglucose-insulin
potassium regimes have been suggested since the early studies of 
Sodi-Pollares with "polarising" solutions (43). Attempts to 
reproduce these findings have not been uniformly successful 
largely due to gross differences in dosage and time of 
administration. Hore recently, Rogers et a!. have demonstrated 
a 50~' reduction in "in-hospital" ventricular tachycardias using 
a high concentration glucose-insuEn-potassium regime (44). 
Interestin3ly, antiarrhythmic effects only occur in those 
patients in whom adequate suppression of lipolysis and marked 
reduction in plasma FFA is achieved. Undoubtedly, a variety of 
different mechanisms may generate ventricular arrhythmias during 
this period only some of which may relate to FFA or 
catecho lamines. Anti.arrhythmic effects of ant il ipolytic therapy 
can be demonstrated at this time, hOHever, and could be mediated 
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by metabolic actions on "chronically" ischemic myocardial cells 
or perhaps more likely on ischemic Purkinje fibres which may 
exhibit ischemic automatic activity. 

Late Ventricular Arrhythmias 

Ventri.cular arrhythmias or VF may occur following patient 
transfer from CCU to the vlard or subsequently "out-of-hospital" 
within the first fe~" \.,eeks of infarction. Similar arrhythmias 
may be easily elicited by ventricular extrastimulation between 3 
and 30 days follouing experimental infarction, and may derive 
either from continued automatic activity within the specialized 
conductins tissue 0::- from generation of fixed re-entry pathways 
within ventricular aneurysms or areas of patchy myocardial 
fibrosis. The role of metabolic factors in genesis of these 
arrhythmias is obscure, althou~h some appear r.lediated by 
adrenergic ::techanisms. Clini.cal trials have demonstrated 
significant reductions in mortality w;thin the first fev/ months 
of infarction using a variety of beta-blocking agents. The role 
of the antilipolytic action of beta-blockade in these 
circumstances is unknown. 

Are FFA Arrhytlmlogenic? 

321 

Despite over a decade of research since the formulation of 
the "FFA hypothesis" by Kurien and Oliver no simple anst-;rer to 
this question has emerged. '-lhat has become clearer, however, is 
that cellular electro- physiological events may be profoundly 
influenced by the state of energy metabolism particularly in 
ischemic tissue and that this i.n turn may be modulated by 
alterations in substrate availability of FFA or an alteration in 
the rate of intramyocardial lipolysis. In the clinical setting 
it is evident that changes in FFA metabolism may be merely a part 
of a more generalized stress react ion involving altered autonomic 
outflo~/, elevated plasma catecholamines and other endocrine 
effects from which it may be difficult to dissociate the isolated 
effect of alterations in intracellular FFA. Finally, potential 
arrhythmogenic effects of FFA must be viewed against the 
background of a variety of discrete phases or types of 
arrhythmias occurring during acute myocardial infarction each 
with quite different and as yet incompletely understood 
mechanisms of path03enesis, and susceptible to differing degrees 
of severity of ischemic damage, adrenergic stimulation or 
metabolic factors. 

Nevertheless, with these provisos, sufficient evidence has 
been presented to implicate a likely role of FFA in the 
pathogenesis of serious ventricular arrhythmias in man. A 
hypothetical scheme of possible relevant interactions between 
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FFA. catecholamines and arrhythmogenesis is shown in Figure 3. 
This is by necessity highly speculative. applicable to varying 
degrees to early compared with later ischemic arrhythmias and 
based largely on experimental studies. 

It can be seen that FFA associated electrophysiological 
effects might be mediated by effects on energy dependent 
processes in turn regulating conduction or ionic channel activity 
or by direct toxic effects on the cell membrane perhaps with 
structural changes to the ionic channels themselves induced by 
accumulation of amphiphilic derivatives such as fatty acyl 
carnitines or lysophosphatides or by peroxide formation. These 
effects must be to an extent interdependent. and occur in 
association with direct adrenergic cyclic AMP-mediated 
electrophysiological phenomena. 

Cellular effects of adrenergic stimulation are many and 
include enhanced diastolic depolarization of specialized 
conduction tissue. initiation of abnormal automatic activity or 
triggered after-depolarization amelioration of slowed conduction 
or conduction block and accelerated repolarization with shortened 
periods of refractoriness (45). Several effects are mediated by 
an increase in slow imiard current. largely carried by Ca ions. 
This slow inward current is also. however. energy dependent and 
can be shotm to be altered by changes in product ion of cytosolic 
ATP largely derived from the anaerobic phase of glycolysis. 

In addition to modulating slow channel activity cytosolic ATP 
is necessary for ionic pumping. Na+-K+ ATPase activity. 
maintenance of the electrogenic Ua pump and a variety of 
functions. including nexus junction conduction (46) which may 
influence several cellular electrophysiological properties. 

Such ATP availability for electrophysiological processes 
could be limited during ischemia (47) by (a) reduced glucose and 
increased FFA utilization. (b) "futile" energy cycling of 
re-esterification - lipolysis. accelerated by cafecholamine
induced intramyocardial lipolysis or fatty acyl CoA synthesis and 
hydrolysis. (c) ATP entrapment within mitochondria resulting from 
accumulation of fatty acyl CoA derivatives and inhibition of 
mitochondrial adenine nucleotide translocase activity. (d) 
depletion of glycogen reserves. (e) uncoupling of oxidative 
phosphorylation. Requiring particular attention. we believe. are 
the metabolic effects of catecholamines or sympathetic 
stimulation. Elevations of plasma FFA may compound the effects 
of catechol induced activation of intramyocardial lipolysis by 
leading to a further increase in intracellular levels of FFA or 
their acyl CoA or carnitine derivatives which in turn may have 
direct or indirect electrophysiological effects. Indeed, it has 



CATECHOLAMINES AND ARRHYTHMIAS IN MAN 

/ --------. Sympathetic 
stimulation 

..... 

Central and 
Neurogenic Stimuli 

Adrenal gland 
stimulation -...... 

" 

Catecholamine 
stimulation 

/ 
/ 

/ " r-----~, 
TO .\ ..... ;' 

accumulation ~ 

{: 
- FFA 

,,,,< : : ~ accumulation 

, / .... _- J 
Long 

, , 
, 
, , , , 

r--c~AMP~--m-ed~i-a~te-d~----~~ depeoden' 

Electropysiologica Electrophysiological 
Effects ffects 

~l 
I ARRHYTHMIAS I 

FIGURE 3 

• , 
'\ .. 

Fatty acyl carnitine 
accumulation 

I 
I 

~ 

I 

Lysophosphatide 
formation 

Hypothetical scheme of possible interactions 
between FFA, catecholamines and arrhythmogenesis 
during myocardial ischaemia. 

323 



324 D. C. RUSSELL AND M. F. OLIVER 

been sUh~ested that a vic :'ous circ Ie of events may exist \1hereby 
enhanced sympathetic drive may lead to stimulation of peripheral 
and intramyocardial lipolysis \iith resulting inhibition of 
glucose metabolism and further increase in severity of ischemia. 
Thus, both catechol.amine release and elevated plasma FFA Ilould 
increase myocardial ischemic injury and hence vulnerability to 
auhythmias. 

Lipid accur:lUlation within the r.;yocardium may be an additional 
factor. That this may be an~hythr.logenic is oy no means a new 
concept. In the nineteenth century it was held that the fatty 
hea~t \-;as linked to sudden cardiac death (lfa). Although 
reflecting previous myocardial ischemia and the phenomenon of 
tri31yceride accumulat ion within ischemic t issue, the possib ility 
exists that lipid accumulation could be the substrate for 
profound activati.on of intramyoca~'dial lipolysis foUm·rin:; 
adrenergic stimu1_ation and hence further accumulation of 
intracellular FFA or derivatives. These effects are accompanied 
by the cor:lplex biochemical chan~es of ischemi.c injury, including 
H+ ion accumulation, K+ leaka~e and accumulation of a variety 
of potent:ally toxic metabolites uhich may have direct effects on 
the cell membrane. Both "unbound" FFA and their derivatives in 
high enou~h concentrations could have "deter3ent" effects on the 
membrane although intracellular concentrat ions in ?ract ice may 
not reach these levels (20). Experi.menta1.ly strikin~ 
electrophysiological effects have been der.lonstrated in superfused 
Pur!tinje fibres not by FFA but by ar.lphiphilic FFA derivatives 
such as long chain fatty acid cal.·nitine and l.ysophosphatides 
de-Lived froo r.leobrane phospholipid (Lf9, 50). These effects are 
similar in many respects to those observed in vivo during acute 
ischemia and are observed at much lot-rel" concent,ations possibly 
tvithin the physio106 ical range. Thus, mal"l{ed loss of 
transmembrane potential, S1.0\-1 conducting action potentials, 
alternatin3 electrical activity and post-repolarization 
refractoriness Inay be simulated in vitro by low concentrations of 
palmitoyl car-nitine, concentrations of which are knotm to 
increase progressively during ischemia and more rapidly when 
substrate levels of FFA a:;:-e increased. Si.milar phenomena occur 
with the lysophosphatide lysophosphatidyl choline particularly 
under conditions of acidosis. Initial studies suggest tissue 
concentrations of these substances approach levels shotm to have 
adverse electrophysiological effects vlithin minutes of onset of 
ischemia. Alternatively, tm:ic membr-ane effects may result from 
accumulation of fatty acid peroxides or free oxy~en radicals. 

Translation of these phenomena into genesis of ventricular 
arrhythmias in a clinical setting is unproven, however. 
Potential mechanisms clearly exi.st but require further 
evaluation. 
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Clinical Prospects for the Future 

A stron3 case may be made for the existence of clinically 
important interactions between FFA metabolism, catecholamines and 
genesis of serious ventricular arrhythmias during acute 
myocardial ischemia or infarction. Undoubtedly, understanding of 
the relative importance of these phenomena ~-1ill parallel advances 
in understanding of electrophysiological mechanisms of 
arrhythmogenesis. The original somewhat simplistic "FFA 
hypothesis" would appear therefore still tenable and worthy of 
active research. Areas demanding particular clarification in man 
include the role of accumulation of toxic FFA metabolites and 
amphiphiles, metabolic effects of adrenergic stimulation, effects 
of triglyceride accumulation in myocardium and the possible 
influence of diet on FFA composition and metabolism and 
arrhythmogenicity. 

In addition, several therapeutic avenues are open vlhich could 
hold promise for the future. Antilipolytic therapy may be used 
to limit intramyocardial FFA accumulation, drugs devised to limit 
accumulation of toxic metabolites and dietary modification 
eva luated • Furthermore, convent iona 1 ant i-arrhythmic therapy 
includin3 beta-blockade under a variety of circumstances requires 
re-evaluation in terms of effects on cardiac metabolism. 
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CONCLUSIONS 

Lipids are essential for normal myocardial function; free 
fatty acids, for example, represent the major substrate for 
cardiac energy production, and a variety of complex lipids play 
essential structural and functional roles in the heart. Under 
certain circumstances, however, abnormalities in lipid metabolism 
can be harmful to the heart. A large body of recent experimental 
findings has shown that the abnormal accumulation of certain 
classes of lipid can impair myocardial function and, at high con
centrations, may lead to cell death. Over the past decade, these 
detrimental effects of lipids have attracted the attention of basic 
scientists who study the response of the heart to disease, and 
physicians charged with the care of the cardiac patient. Major 
advances in both the medical and surgical therapy of cardiac 
diseases, notably the wide use of open-heart surgery and a grow
ing number of interventions for the therapy of coronary occlusion 
and myocardial infarction, have brought this subject to the fore
front of research in Cardiology. 

In July 1983, a group of investigators assembled in Rome for 
what we believe to have been the first International Meeting on 
the role of lipid abnormalities in the pathogenesis of arrythmias, 
the loss of contractile function, and cell death in the ischemic 
myocardium. For three days, brief lectures on these subjects were 
followed by heated, though congenial, discussions of these subjects. 
The broad scope of this meeting is presented in Supplement 3 
(August, 1983) to Volume 15 of the Journal of Molecular and Cellular 
Cardiology, which contains the abstracts of both the formal lec
tures and more than 50 posters that were presented and discussed 
at this meeting. The present text, which contains a series of 
chapters written by the speakers at this meeting, provides an over
view of this field as it is understood at the present time. 

This book is divided into 5 sections that consider normal lipid 
metabolism, lipid-induced membrane abnormalities, lipid-induced 
changes in myocardial function in the ischemic heart, interventions 
that can modify these abnormalities in the ischemic heart, and clini
cal aspects of these lipid abnormalities. These divisions, however, 
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are more or less arbitrary as it proved impossible to separate these 
aspects of this important subject. 

Although our current understanding of the normal role of lipids 
in myocardial function is clear in its broad outline, a number of 
important details are still lacking. These are discussed in the 
Chapters by Siliprandi ~ al., Bremer et al., and Hulsmann et al. 
Powerful techniques now exist to localize lipids in membranes, as 
discussed by Severs, but it remains impossible to localize the 
lipids that accumulate in the ischemic heart. Thus, values for 
such substances as free fatty acids, fatty acyl CoA, and fatty acyl 
carnitine continue to be expressed as content (moles per unit of 
weight) rather than as concentration (moles per unit of a particular 
volume in the heart). As these lipid are highly soluble in the 
membrane bilayer, it is probable that they find their way into such 
membranes as the sarcolemma and sarcoplasmic reticulum, but it is 
not now possible to determine where these lipids are located in the 
membranes of the ischemic heart. 

One of the major mechanisms by which abnormal concentrations of 
lipids can alter myocardial function is through their ability to 
modify membrane function. In addition, lipases can damage cells by 
hydrolysing membrane phospholipids, which both alters membrane fun
ction and leads to the release of fatty acids and lysophospholipids. 
Shaikh et al., who point out that it is essential to distinguish 
between the effects of membrane damage per ~ and those produced by 
the hydrolytic products, present evidence that membrane hydrolysis 
rather than the accumulation of hydrolytic products is of gr"eatest 
importance in producing functional alterations in ischemia. On 
the other hand, studies in vitro indicate that free fatty acids 
and lyosphosphatides, at:1east in high concentrations, can have 
important effects on membrane function. These include modifi
cation of ion channel function, postulated by Pappano and Inoue 
to be due in part to a modification of surface charge, and effects 
on membrane permeability and the various ion transport systems 
localized in membranes that are discussed by Lamers et al. An 
effect of palmitic acid to trap calcium inside the sarcoplasmic 
reticulum is discussed by Messineo ~ al., while Ferrari ~ aI, and 
Paulson and Shug describe the relationship between mitochondrial 
and contractile abnormalities in terms of the lipid abnormalities 
seen in the ischemic heart, and after reperfusion. Chien et al., 
who use the appearance of arachidonic acid as a marker for:membrane 
degradation, suggest that impaired reincorporation of fatty acids 
into membrane lipids may represent a novel consequence of ATP de
pletion in the ischemic heart. Neely and McDonough, and van der 
Vusse et al., examine the amounts of lipid that accumulate in the 
ischemic heart, as well as their potential role in the pathogenesis 
of ischemic damage. The latter group reviews the measurements of 
fatty acids in the ischemic heart and notes that improved method

ology has led to IOOO-fold decrease in the amounts estimated to 
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appear in these injured hearts. This parallels a similar downward 
revision in the amount of lysophospholipid that appears in the 
ischemic heart, first pointed out by Shaikh. 

Effects of carnitine on these lipid-induced abnormalities are 
discussed by Shug and Paulson, and the ability of carnitine and 
oxfenicine, which can reduce the amounts of fatty acid that accum
ulate in the ischemic heart, to improve function in the ischemic 
heart are discussed by Liedtke and Miller. Chiariello et al., 
describe the ability of quinacrine, a phospholipase inhibitor, to 
reduce the extent of ischemic myocardial damage while Bing presents 
important data regarding coronary spasm. Opie et al., and Russell 
and Oliver highlight the clinical significance of the many experi
mental studies described in this text while Rellas et al., point out 
an important application of this approach in the non-invasive imag
ing of acute myocardial infarction. 

Several conclusions emerged as a consensus at the end of this 
meeting. The first is that this is a dynamic subject in which the 
number of important questions far exceeds the answers that are cur
rently available. Secondly, several discussants highlighted the 
problems in methodology that have plagued this field. Accurate 
measurements of various lipids are often difficult, and a number of 
errors have appeared because of problems in the quantification of 
such lipids as free fatty acids and lysophosphatides in the ischemic 
heart. Finally, it was agreed that the role of lipid abnormalities 
in the pathogenesis of ischemic damage remains an unsolved question 
that is of intense interest and considerable p.ractical importance 
to Cardiology. Further interactions between basic scientists and 
clinical investigators in this field clearly hold promise for the 
development of clinically important information regarding means to 
reduce the detrimental effects of cardiac ischemia in man. 

Arnold M. Katz 
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