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Sudden cardiac death: the lost fatty acid hypothesis

M.F. OLIVER

Summary

Evidence that an excess of plasma free fatty acids
(FFA) might lead to primary ventricular fibrillation
and sudden cardiac death has hardened over the
36 vyears since the hypothesis was proposed.
When the sympathetic nervous system is stimulated
during the onset of an acute coronary syndrome,
catecholamine-induced tissue lipolysis occurs,
with a surge of plasma FFA. This may overload
the acutely ischaemic myocardium and impair
glucose utilization. Myocardial oxygen consump-
tion can increase in regional areas of ischaemia,
and could lead to abnormal electrophysiological

conduction and refractoriness, with irreversible
ventricular arrhythmias. Efforts to combat the
adverse effects of excess FFA include beta-
blockade, increasing glucose availability and
extraction, or inhibition of lipolysis. This last
approach appears promising, but no method has
yet been clearly shown to prevent primary
ventricular fibrillation or sudden cardiac death.
The hypothesis remains viable. More research is
needed to derive treatment that can be applied as
soon as the onset of acute myocardial ischaemia is
suspected.

Introduction

Some ideas are lost because they never really see
the light of day. But 36 years ago, the free fatty acid
(FFA/NEFA) hypothesis' did, although subsequently
it has been largely lost. Yet it remains viable. Renewal
of the idea is appropriate today, since knowledge
about the causes and prevention of ventricular
fibrillation has advanced greatly. Ventricular fibrilla-
tion is the commonest cause of sudden unexpected
death in most apparently healthy people, as well as in
those with declared coronary heart disease.

Two potentially irreversible events occur in the
myocardium during an ‘acute heart attack’. One
is that there is massive and sudden impedance
of blood flow, whether from coronary thrombosis
or spasm, reducing available oxygen for normal
oxidative metabolism. The other is that profound
changes in systemic metabolism occur, and these
may result in the myocardium no longer receiving
the optimum balance of energy substrates allowing

it to contract and function normally. The combina-
tion may lead to lethal ventricular fibrillation.

Catecholamine activity

The catecholamine surge which occurs with the
acute stress, fear (the angor animi) and pain of a
developing coronary syndrome might, in certain
circumstances, have deleterious effects on myocar-
dial metabolism, making the ischaemic myocardium
vulnerable to the local development of electro-
physiological changes leading to primary ventricular
fibrillation."

Norepinephrine, released from postganglionic
sympathetic nerves, binds to adrenergic receptors
in myocardial cells and in the media of coronary
arterioles. A moderate increase in catecholamine
activity will augment inotropy and help to maintain
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contractility in the face of impaired myocardial
oxygenation. But excess catcholamine activity
may also lead to profound systemic metabolic
responses  that increase myocardial energy
demands, with deleterious effects on myocardial
function.

Normally, at rest, efficient aerobic myocardial
metabolism depends on the relative proportions of
free fatty acids that account at rest for 60-70% of
ATP (glucose accounting for 20-25% of ATP),
and lactate and ketones. Fatty acid oxidation uses
more oxygen per mole than glucose. This is easily
met in aerobic conditions, but less so or not at
all when oxygen supply is reduced. The cell’s
requirements for ATP are set by the external
workload performed by the heart. The rate of ATP
breakdown is balanced by ATP synthesis. This
cycle depends on the efficiency of myocardial
oxygen consumption, and may be imperilled
during haemodynamic or catcholamine-induced
stress. Reduced coronary flow results in an
abnormal metabolic response, aerobic ATP forma-
tion is impaired and regional myocardial ischaemia
occurs. During ischaemia, catcholamine stimulation
of tissue lipolysis leads to more FFA and less glucose
being presented to the myocardium. Lactate and
pyruvate are not utilized.

Plasma norepinephrine concentrations increase
within minutes of the onset of an acute coronary
syndrome®™ and remain elevated for up to 20h,
depending on the severity of the response to stress.
This increases circulating FFA concentrations.”®
In the liver, it increases glycogenolysis but decreases
pancreatic insulin secretion.” During the first hours
of acute myocardial infarction, plasma FFA rise very
rapidly and can be double or treble resting values.®
The turnover rates for glucose and free fatty acids
are independently increased.® Plasma cortisol and
cyclic AMP concentrations also rise rapidly.” While
these changes lead to some increase in plasma
glucose concentrations, transport of glucose into
myocardial cells is critically dependant on insulin
availability, and the surge in catecholamines
decreases pancreatic beta-cell production of insu-
lin.? A relative glucose debt can occur locally,
although this may be compensated for temporarily
by local release of adenosine, stimulating myocar-
dial glucose utilization.

Free fatty acids and primary
ventricular fibrillation
In 1963, when studying electrophoretic analyses

of lipoproteins, we observed that a fast
moving fat-staining band, which we identified as

albumin-bound free fatty acids, was intense in
patients  with acute myocardial infarction.
Subsequently, we reported that an increase in
plasma FFA also occurred in shock, renal colic,
non-myocardial causes of pain and in cerebral
infarction.® We regarded the rise in plasma FFA
as a universal non-specific response to stress, or
a catecholamine-induced response.

Patients with acute myocardial ischaemia who
had particularly high plasma concentrations of
FFA also had an increased incidence of ventricular
arrhythmias and ventricular fibrillation.'® Our pro-
posal that these were related’ was later confirmed
by others."" More recent, indirect confirmation
has come from the Paris Prospective Study of
5250 men.'? After 22 years of follow-up, an increase
in circulating FFA at baseline examination was
significantly related to subsequent sudden death,
defined as natural death that occurred within 1h
after onset of acute symptoms. The authors regard
this correlation as a manifestation of increased
adrenergic tone. Furthermore (as we showed for
ventricular fibrillation) the risk of sudden death
increased with increasing values of FFA. There was
no correlation in the Paris Study between plasma
FFA concentrations and other causes of fatal
myocardial infarction.

The precise mechanism through which profound
local metabolic gradients in ischaemic myocardial
cells lead to arrhythmias is still unclear.
Study of anaesthetized dogs following coronary
occlusion, using three-dimensional maps of regional
metabolism, blood flow and epicardial activation at
the time of early ventricular arrhythmias, suggested
that inhomogenieties of glycolytic  activity
within a central ischaemic area might be of
critical importance in determining pathways of
re-entrant excitation, conduction and hence
arrhythmogenesis.'?

The possibility that, in the presence of myocardial
ischaemia, an increase in plasma catecholamines
alone might induce ventricular fibrillation needs
consideration. There is compelling evidence,
however, to suggest that the concurrent rise in FFA
is a primary intermediate cause. The intravenous
injection of long-chain saturated fatty acids into
anaesthetized healthy dogs induces ventricular
arrhythmias.'* Inhibition of adipose tissue lipolysis
by a nicotinic acid analogue, which reduces
the incidence of ventricular arrhythmias,” is not
associated with reduction of cyclic AMP or cate-
cholamine  concentrations.'®  Heparin-induced
plasma lipolysis can also lead to ventricular fibrilla-
tion in dogs'” and heparin-induced ventricular
arrhythmias are both prevented and reversed
by protamine sulphate. Heparin activates plasma
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chylomicron and triglyceride lipolysis and, in the
presence of postprandial hyperlipaemia, leads to
high plasma FFA concentrations. Parenthetically,
the use of heparin in the management of an acute
coronary syndrome might, if there is concurrent
postprandial lipaemia, favour the development of
ventricular fibrillation. Also, perfusion of isolated rat
hearts with high-molar ratios of albumin-bound
fatty acids has a direct arrhythmogenic effect.''?
Lastly, there is the positive relationship between
baseline FFA levels and subsequent sudden cardiac
death in the Paris Prospective Study'? referred
to above.

Free fatty acids and ischaemic
myocardial metabolism

Myocardial ischaemia occurs regionally according
to the extent of coronary arteriole underperfusion
and local reperfusion. The areas affected may be
quite small, and probably change rapidly, since
myocardial energy kinetics are in continuous flux.*°
The availability and utilization of substrates locally
is unpredictable. The fatty acid uptake of the
myocardium can determine myocardial oxygen
requirements.?’ An excess of FFA in some under-
perfused areas could be temporarily deleterious and
increase local myocardial oxygen consumption
patchily, leading to the development of gradients
in substrate utilization and electrolyte transfer, with
temporary interruption of the distribution of action
potential as well as impairment of contractility.?**?
Increased FFA suppress glucose oxidation through
inhibition of pyruvate dehydrogenase.** In severely
hypoxic localized areas of the myocardium,
impaired glucose utilization and uptake, due to
insulin  suppression, may worsen the oxygen-
wasting effects of increases in myocardial FFA
concentrations.?'?>?®  Energy wastage due to
futile cycling of unproductive reactions, such as
repeated lipogenesis and lipolysis,”” may also
contribute and will vary regionally. When beta-
oxidation is already impaired, all these metabolic
changes may increase myocardial oxygen consump-
tion critically.

Circulating FFA are bound with various degrees of
affinity to albumin. Saturation of the two main
binding sites occurs at about 1.2 umol/l, corre-
sponding to a free fatty acid/albumin molar ratio
of >2.0. There is an exponential tissue uptake of
FFA above this level,”® and it is probable that
when higher molar ratios are reached, the uptake by
ischaemic areas of the myocardium is increased,
with a greater risk of ventricular fibrillation. In
isolated rat hearts, FFA are directly arrhythmogenic

even in the absence of ischaemia, if the molar
ratio to albumin is high.'"® The importance of
the molar relationship between FFA and albumin
is well illustrated by the demonstration that
lipid-free albumin infusions that reduce the free
fatty acid/albumin ratio simultaneously decrease
the extent of ST elevation in dogs with coronary
occlusion.”

Fatty acid toxicity

The mechanisms of fatty acid toxicity are
complex.”?*3%31 A membrane detergent effect has
been postulated.! A regional excess of fatty acids
may lead locally to peroxidation of membranes with
dispersion of membrane potentials, and activation
of cytokines. Plasma FFA enter cardiomyocytes
and thence into the mitochondria where they may
uncouple mitochondrial respiration.*' Uncoupling
proteins lower the proton gradients by allowing
protons to re-enter the mitochondrial matrix with
the production of heat rather than ATP.*? During
ischaemia, beta-oxidation of lipids in mitochondria
may also be inhibited, with accumulation of
acylcarnitine and acyl-CoA. This could lead to
cytosolic Ca** overload, with the occurrence of
electrical re-entry and arrhythmias.®>® The accumu-
lation of detergent CoA derivatives and lysophos-
pholipids resulting from instability of membrane
lipids also favours the development of arrhythmias.
FFA may inhibit the Na*, K*, ATPase pump, leading
to high intracellular sodium and calcium.** Excess
FFA may lead to accumulation of extracellular K*,*°
and shortening of action-potential. Additionally, the
activity of the insulin-responsive glucose transporter
(GLUT4) falls in the presence of excess FFA.??3°
Thus, elevated FFA and intracellular lipid reduce
insulin-stimulated glucose transport, mediated by
a decrease in GLUT-4 translocation. High FFA
levels also impair capillary recruitment and
acetylcholine-mediated vasodilatation.?”

Not all fatty acids behave similarly, and not all are
pro-arrhythmic. Some polyunsaturated fatty acids
have an anti-arrhythmic action. There have been
consistent observations that n-3 polyunsaturated
fatty acids from fish oils (particularly eicosapentae-
noic, EPA, and docosahexaenoic, DHA, acids)
decrease the tendency of experimentally-induced
myocardial ischaemia to develop ventricular fibril-
lation®3? and that they reduce the incidence
of sudden cardiac death.*®™** Three large clinical
trials have supported the evidence that n-3 fatty
acids prevent sudden cardiac death,**~*® although,
recently, a contradictory report from the authors
of one of these was negative. In DART-2, the risk
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Figure 1. The main changes that occur in peripheral and myocardial metabolism during the development of acute
myocardial ischaemia. CoA, coenzyme A; FFA, free fatty acids; TG, triglycerides. Reprinted from Oliver MF, Metabolic
Causes and Prevention of Ventricular Fibrillation during Acute Coronary Syndromes, Am | Med 2002; 112:305-11,

Copyright 2002, with permission from Excerpta Medica, Inc.

of cardiac death was higher among subjects advised
to take oily fish than among those not so advised;
and was even greater for sudden cardiac death.*’
This contradictory report may relate to the use of
EPA capsules, leading to excess fatty acid storage
in adipocytes, with very high plasma FFA when
catecholamine stimulation occurs.

The blood levels of n-3 fatty acids taken at
baseline were found in a 17-year follow-up of the
Physicians Health Study to be inversely related to
subsequent sudden cardiac death.*? It might there-
fore be argued that populations with an adipose
polyunsaturated/saturated (P/S) ratio of <1.0, such as
the Scots,*® would be more liable to sudden cardiac
death than Mediterranean races, where the P/S ratio
is much higher. Additionally, in patients who had
been taking EPA- and DHA-rich oils, there were
fewer carotid artery plaques with thin fibrous
plaques and signs of inflammation, compared with
patients who had been taking n-6 fatty acids,
suggesting that n-3 fatty acids also stabilize athero-
sclerotic plaques.*?

The anti-arrhythmic effects of n-3 fatty acids may
be explained by their effect on several basic
electrophysiological mechanisms. They can lead to

Na™t channel inhibition and prolongation of refrac-
tory periods in cardiomyocytes. This might interfere
with re-entry circuits. Polyunsaturated fatty acids,
not exclusively n-3, appear to act through stabilizing
cardiac myocytes by modulating conductance of
ion channels in the sarcolemma, particularly the
fast, voltage-dependent sodium current and the
L-type calcium currents, though other ion currents
are also affected. The primary site of action may
be on the phospholipid bilayer of the heart cells
in the microdomains through which the ion
channels penetrate the membrane bilayer, rather
than directly on the channel protein itself.
These polyunsaturated fatty acids then alter
allosterically the conformation and conductance
of the channels.

All prostaglandins and thromboxanes produced
from arachidonic acid (n-6) were found to be
potent arrhythmic agents, whereas none of the
comparable 3-series cyclooxygenase products of
eicosapentaenoic acid were arrhythmogenic.>®
Also, in contrast to mono-unsaturated and n-6 fatty
acids, saturated fatty acids such as palmitate
and stearate may induce apoptosis in myocardial
mitochondria.””
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Therapeutic options for the
prevention of sudden cardiac death

There would appear to be four possible ways of
minimizing the adverse effects of high plasma FFA
on myocardial ischaemic tissue during an acute
coronary syndrome. One is to reduce adrenergic
tone. Another is to reduce or inhibit adipose
lipolysis. The other two are to act through the
‘glucose hypothesis’,® either by augmenting myo-
cardial glycolysis, or by increasing myocardial
uptake of glucose by infusing high concentrations
of glucose with insulin and potassium (GIK).

B-adrenergic blockers

The obvious way to reduce hyperadrenergic tone is
to use B-adrenergic-blocking drugs and these have
been shown to reduce the incidence of ventricular
fibrillation.>*>®> A recent comprehensive review
confirms the cardioprotective and anti-arrhythmic
effects of long-term treatment with B-blockers, and
B-blocking drugs with a high degree of lipophilicity
may be the most effective.”* However, in the earliest
stages of an acute coronary syndrome, hypotension
and reduction of the inotropic activity of catecho-
l[amines might be harmful. The latter is essential for
maintaining myocardial contractility, and it is no
surprise that a recent very large meta-analysis
(COMMIT) has demonstrated that, even in low risk
patients, B-adrenergic blockade was associated with
an increased incidence in early cardiogenic
shock.”> Also, when adrenergic activity is severely
antagonized, insulin secretion is reduced: a poten-
tial metabolic disadvantage to the ischaemic
myocardium.

Anti-lipolytic agents

If we wish to redress the imbalance of substrates
reaching the ischaemic myocardium during the
acute phase, inhibition of the release of FFA from
adipose tissue is an approach needing more serious
study. Nicotinic acid has been known for many
years to have such an effect,”® and has now been
shown to bind to a specific protein receptor in
adipocyte membranes.’” Interest in the nicotinic
acid receptor might allow the development of
powerful rapidly-acting anti-lipolytic drugs, and
needs more research.”® Such a drug might be
given immediately by intravenous or intramuscular
injection when the patient with a developing
acute coronary syndrome is first seen, and repeated
hourly for 6-10h. It would have to have no other
effects, and no rebound elevation of FFA when
stopped.

Nicotinic acid should not be used at the onset of
an acute coronary syndrome, since it could lead to
profound hypotension, but its analogues deserve
study. B-pyridyl-carbinol both inhibits lipolysis and
reduces the severity and extent of myocardial
ischaemic injury during experimental coronary
occlusion.>® Most derivatives are however either
too weak or too slow in action to lower raised FFA
rapidly and sufficiently. A small clinical trial of an
analogue of nicotinic acid reduced elevated plasma
FFA rapidly and was associated with fewer episodes
of ventricular arrhythmias,' but also led to gastric
histamine release and tachyphylaxis. More encoura-
gingly, nicorandil, a nicotinamide ester, has been
studied because of its putative preconditioning
effect against myocardial ischaemia. It reduces FFA
concentrations and opens ATP K*' channels. A
recent large randomized trial (IONA), demonstrated
a significant reduction (—=21%) in acute coronary
syndromes and fewer cardiac deaths over 1.6 years
of follow-up in 5126 patients with known coronary
heart disease.®® Data concerning sudden cardiac
deaths are not reported. There were more gastro-
intestinal symptoms in the treated group.

Another possibility is the development of A,
adenosine receptor agonists that antagonize
catecholamine-induced lipolysis without producing
adverse haemodynamic effects.®"

Augmentation of myocardial utilization
of glucose

Another therapeutic option is to adopt the ‘glucose
hypothesis’®> by stimulating the myocardium to
increase glucose utilization preferentially. This can
be done by direct stimulation of pyruvate dehydro-
genase, the rate-limiting enzyme for glucose
oxidation.

One way to approach this is to try to inhibit FFA
oxidation.®*®> Recently, several drugs have been
developed and they have the advantage of being
devoid of haemodynamic effects. Piperazine deri-
vatives, such as trimetazidine®® and ranolazine,®”
partially inhibit fatty acid B-oxidation. Trimetazidine
has cardioprotective effects in in vitro models of
ischaemia, and improves exercise tolerance in
patients with chronic angina.°® Ranolazine was
effective in chronic stable angina in preliminary
clinical trials,®>”° and also has anti-arrhythmic
properties.”

L-carnitine and proprionyl L-carnitine also stimu-
late glucose oxidation secondary to an increase
in pyruvate dehydrogenase activity. Drugs which
stimulate their action might theoretically to be
of use.”? Dichloroactate has such an effect.
Compounds which decrease the transport of
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acylcarnitines across the inner mitochondrial mem-
brane need more study. None of these drugs has
yet been clearly shown to benefit myocardial
ischaemia.

Glucose and insulin

An alternative approach to the ‘glucose hypothesis’
is the administration of glucose/insulin/potassium
(GIK). Insulin increases myocardial glucose uptake,
and promotes glycogen storage. This can serve as a
source of glycolysis, thereby increasing adenosine
triphosphate availability. Since insulin also reduces
the mobilization of FFA from adipocytes, a further
benefit of GIK is to reduce the concentration of
circulating FFA. This will occur soon after initiation
of the infusion and, if is started early (say, within
6h of the onset of myocardial ischaemia) the
incidence of ventricular fibrillation should be
reduced.

Overall, the results of GIK trials have not been
impressive. The focus has been on long-term
survival from 1 month to 3 years, and not on the
incidence of primary ventricular fibrillation or
early sudden death. In most, the time of starting
the infusion has been too late to benefit acutely
ischaemic myocardial metabolism. The results
been inconsistent, possibly because the concentra-
tions of GIK used did not reduce FFA levels
sufficiently.

There have been many GIK trials, and five require
mention. The ECLA (Estudios Cardiologicos
Latinoamerica)”? reported a better 1-year prognosis
for patients receiving a high-dose regimen. Unlike
most earlier trials, the dose used was at a level
that would be expected to suppress plasma FFA
concentrations, although these data were not
reported. But there was no difference in the ECLA
trial regarding in-hospital mortality between high-
dose and low-dose infusions. The much larger
CREATE-ECLA controlled trial of GIK in 20201
patients with ST-segment elevation acute myocar-
dial infarction (STEMI) had no impact on mortality,
cardiac arrest or cardiogenic shock.”

In the DIGAMI (Diabetes Mellitus, Insulin
Glucose Infusion in Acute Myocardial Infarction)
trial,”” after 3.5 years the absolute mortality in those
receiving intensive insulin at the time of the
myocardial infarct was reduced by 11%. The main
benefit in those who received intensive subcuta-
neous insulin was evident within the first month.
In those who had not required insulin before
hospital admission, in-hospital mortality was
reduced with insulin by 58% (p<0.05). Whether
or not this benefit was also present within the first
few hours or days is not reported. The effect was

most apparent in patients who had not previously
received insulin treatment and who were at a low
cardiovascular risk. A second larger trial (DIGAMI-2)
in type-2 diabetic patients failed to produce
adequate control of HbA1c, and concluded that
acutely-introduced long-term insulin infusions
did not improve survival in patients with acute
myocardial infarction.”®

The results of the GIK trials are contradictory
and not encouraging. Interpretation of these various
trial results is often difficult. How adequate was
the regimen used? For example, none report FFA
concentrations. The key for the success of GIK is
likely, from the metabolic point-of-view, to start a
high-dose regimen in high-risk patients early, e.g.
while in the ambulance transporting patients to
hospital. It is encouraging, therefore, that a recent
Dutch study with early administration (2.5 h after
the onset of symptoms) of GIK infusions, mostly in
conjunction with angioplasty, reduced mortality in
those without heart failure.””

An editorial”® reviewing this particular metabolic
approach to myocardial conservation concluded:
‘the present data are not firm nor extensive enough
to support the routine use of GIK in patients with
acute myocardial infarction’. This is still true.

Reasons for the fatty acid
hypothesis being lost

There are several reasons why the proposal that
excess elevation of plasma FFA accompanying
acute myocardial ischaemia may lead to primary
ventricular fibrillation has largely been forgotten.
The main one has been the lack of interest in
and understanding of the vital role of sustaining
myocardial energy sources during acute ischae-
mia.?%?>3179  |schaemic myocardial metabolism
has recently been described as ‘the lost child of
cardiology’.”® Cardiologists and interventionists
have rightly focussed their skills on the imperative
of using thrombolysis and angioplasty to restore
myocardial blood supply. This is their immediate
therapeutic manoeuvre, and it has been very
successful.

Little enthusiasm has been shown for the potential
use of metabolic control during an acute coronary
syndrome to prevent ventricular fibrillation and
cardiac death. While theoretically beneficial, mod-
ulation of the hyperadrenergic state by B-adrenergic
blockers can have serious haemodynamic compli-
cations during the acute phases, and is not an
approach to be recommended. The contradictory
and mostly negative results of the GIK trials has
reduced the interest of many in the effectiveness
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and need to support aerobic metabolism during
acute ischaemia.

Drugs that will have a rapid inhibitory effect
on tissue lipolysis are my preferred choice,®® but
both intellectual and actual investment in their
development has been disappointing. The case for
their development is strong; as shown, hopefully,
by this commentary.

Whatever the future developments, there is
always the difficulty of providing appropriate treat-
ment at the earliest stages of a developing coronary
syndrome. Primary ventricular fibrillation is most
common in the first hour after the onset of an acute
coronary syndrome, and at a time when it is all
but impossible to treat the patient. Many who die
unexpectedly and suddenly are not previously
identifiable as being specifically at risk for primary
ventricular fibrillation: only 10% of such victims
have a high-risk profile.?’ Most do not declare
themselves early enough. These deaths often occur
where there are no available emergency facilities.
But the risk of primary ventricular fibrillation is
increased for at least 6 h after the onset of an acute
coronary syndrome and there is thus a window of
opportunity if the right treatment were available.

So far, little of practical value has been derived
from the original concept that a metabolic cause
may lead to fatal ventricular fibrillation during acute
myocardial ischaemia. The paradox is that the fatty
acid hypothesis is still sound. Lacking appropriate
drugs, it has not been formally tested. Like patients
with ventricular fibrillation, it needs resuscitation.
And let us not forget that sudden unexpected death
accounts for one-fifth of all deaths.

References

1. Kurien VA, Oliver MF. A metabolic cause for arrhythmias
during acute myocardial hypoxia. Lancet 1970; ii:813-15.

2. Vetter NJ, Strange RC, Adams W, Oliver MF. Initial metabolic
and hormonal response to acute myocardial infarction.
Lancet 1974; i:284-8.

3. Valori C, Thomas M, Shillingford J. Free noradrenaline and
adrenaline excretion in relation to clinical syndromes
following myocardial infarction. Am | Cardiol 1967;
20:605-12.

4. Mueller HS, Ayres SM. Metabolic responses of the heart in
acute myocardial infarction in man. Am J Cardiol 1978;
42:363-71.

5. Vaughan M. The mechanism of the lipolytic action of
catecholamines. Ann New York Acad Sci 1967; 139:841-8.

6. Kurien VA, Oliver MF. Serum-free-fatty-acids after acute
myocardial infarction and cerebral vascular occlusion.
Lancet 1966; ii:122-7.

7. Opie LH. Metabolism of free fatty acids, glucose and
catecholamines in acute myocardial infarction. Am J
Cardiol 1975; 36:938-53.

8. Nimmo IA, Smith RH, Dolder MA, Oliver MF. Turnover of
plasma glucose and free fatty acids in patients on the first day
after acute myocardial infarction. Clin Sci Mol Med 1976;
50:401-7.

9. Porte D, Robertson RP. Control of insulin secretion by
catecholamines, stress, and the sympathetic nervous system.
Fed Proc 1973; 32:1792-6.

10. Oliver MF, Kurien VA, Greenwood TW. Relation between
serum free fatty acids and arrhythmias and death after acute
myocardial infarction. Lancet 1968; i:710-15.

11. Tansey MJB, Opie LH. Relation between plasma
free fatty acids and arrhythmias within the first twelve
hours of acute myocardial infarction. Lancet 1983;
ii:419-22.

12. Jouven X, Charles M-A, Desnos M, Ducimetiere P.
Circulating non- esterified fatty acid level as a predictive
risk factor for sudden death in the population. Circulation
2001; 104:756-61.

13. Russell DC, Lawrie ]S, Riemersma RA, Oliver MF. Metabolic
aspects of rhythm disturbances. Acta Med Scand 1981;
210(suppl. 651):71.

14. Soloff LA. Arrhythmia following fatty acid infusions. Am
Heart ] 1970; 80:671-4.

15. Rowe MJ, Neilson JMM, Oliver MF. Control of ventricular
arrhythmias during myocardial infarction by anti-lipolytic
treatment using a nicotinic acid analogue. Lancet 1975;
i:295-302.

16. Strange RC, Rowe MJ, Mjos OD, Oliver MF. The effect of
antilipolytic agents on cyclic AMP, free fatty acid and total
catecholamine concentrations in plasma. Acta Med Scand
1976; 199:421-4.

17. Kurien VA, Yates PA, Oliver MF. Free fatty acids, heparin and
arrhythmias during experimental myocardial infarction.
Lancet 1969; ii:185-7.

18. Willebrands AF, Ter Welle HF, Tasseron SJA. The effect of
high molar FFA/albumin ratios in the perfused medium on
rhythm and contractility of the isolated rat heart. /] Mol Cell
Cardiol 1973; 5:259-73.

19. Makiguchi M, Kawaguchi H, Tamura M, et al. Effect of
palmitic acid and fatty acid binding protein on ventricular
fibrillation threshold in the perfused rat heart. Cardiovasc
Drugs Ther 1991; 5:753-762.

20. Taegtmeyer H, Russell RR. Essential fuels for the heart and
mechanical restitution. In: Dilsizian V, ed. Myocardial
Viability: a clinical and scientific treatise. Armonk, NY,
Futura Publishing, 2000:91-104.

21. Mjos OD. Effect of free fatty acids on myocardial function
and oxygen consumption in intact dogs. J Clin Invest 1971;
50:1386-9.

22. Singh BN, Wellens HJJ, Hiraoka M. Electropharmacological
control of cardiac arrhythmias: to delay conduction or to
prolong refractoriness. | Cardiovasc Electrophysiol 1994;
5:722-30.

23. Misier ARR, Opthof T, van Hemel NM, et al. Dispersion
of ‘refractoriness’ in noninfarcted myocardium of patients
with ventricular tachycardia or ventricular fibrillation after
myocardial infarction. Circulation 1995; 92:1589-97.

24. Neely JR, Morgan HE. Relationship between carbohydrate
and lipid metabolism and the energy balance of the heart.
Ann Rev Physiol 1974; 36:413-59.

20z YoIe € uo 1senb Aq Z£01922/10.2/01/66/9101e/palb/wod dno-olwepese)/:sdpy Woj papeojumoq



708

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Oliver MF, Opie LH. Effects of glucose and fatty acids on
myocardial ischaemia and arrhythmias. Lancet 1994;
343:155-8.

Lopaschuk GD. Optimizing cardiac energy metabolism: a
new approach to treating ischaemic heart disease. Eur Heart |
1999; 1(suppl.):032-9.

Vik-Mo H, Riemersma RA, Mjos OD, Oliver MF. Effect of
myocardial ischaemia and antilipolytic agents on lipolysis
and fatty acid metabolism in the in situ dog heart. Scand J
Clin Lab Invest 1979; 39:559-68.

Spector AA. The transport and utilization of free fatty acid.
Ann NY Acad Sci 1968; 149:768-78.

Miller NE, Mjos OD, Oliver MF. Relationship of epicardial ST
segment elevation to the plasma free fatty acid/albumin ratio
during coronary occlusion in dogs. Clin Sci Mol Med 1976;
51:209-13.

Hendrickson SC, St Louis JD, Lowe JE, Abdel-Aleem S. Free
fatty acid metabolism during myocardial ischemia and
reperfusion. Mol Cell Biochem 1997; 166:85-94.

Ferrari R, Pepi P, Ferrari F, et al. Metabolic derangement in
ischemic heart disease and its therapeutic control. Am J
Cardiol 1998; 82:2-13K.

Murray AJ, Anderson RE, Watson GC, Radda GK, Clarke K.
Uncoupling proteins in the human heart. Lancet 2004;
364:1786-88.

Fischbach PS, Corr PB, Yamada KA. Long-chain acylcarni-
tine increases intracellular Ca®* and induces after depolar-
ization in adult ventricular myocytes. Circulation 1992;
86:741-8.

Kelly RA, O’Hara DS, Mitch WE, et al. Identification of
NaK-ATPase inhibitors in human plasma as nonesterified
fatty acids and lysophospholipids. J Biol Chem 1985;
260:11396-405.

Kim D, Duff RA. Regulation of K* channels in cardiac
myocytes by free fatty acids. Circ Res 1990; 67:1040-6.

Boden G, Shulman Gl. Free fatty acids in obesity and type 2
diabetes: defining their role in the development of insulin
resistance and beta-cell dysfunction. Eur J Clin Invest 2002;
32(suppl. 3):14-23.

de Jongh RT, Serne EH, ljzerman RG, de Vries G,
Stehouwer CD. Free fatty acid levels modulate microvascular
function. Diabetes 2004; 53:2873-82.

McLennan PL, Abeywardena MY, Charnock JS. Influence of
dietary lipids on arrhythmias and infarction after coronary
ligation in rats. Canad J Physiol Pharmacol 1985;
63:1411-17.

McLennan PL, Bridle TM, Abeywardena MY, Charnock JS.
Dietary lipid modulation of ventricular fibrillation
threshold in the marmoset monkey. Am Heart | 1992;
123:1555-61.

Billman GE, Kang JX, Leaf A. Prevention of ischemia-induced
cardiac sudden death by n-3 polyunsaturated fatty acids.
Lipids 1997; 32:1161-8.

Billman GE, Kang JX, Leaf AS. Prevention of sudden cardiac

death by pure ®-3 polyunsaturated fatty acids in dogs.
Circulation 1999; 99:2452—7.

De Caterina R, Madonna R, Zucchi R, La Rovere, MT.
Antiarrhythmic effects of omega-3 fatty acids: From epide-
miology to bedside. Am Heart / 2003; 146:420-30.

M.F. Oliver

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Albert C, Campos H, Stampfer M, et al. Blood levels of long-
chain n-3 fatty acids and the risk of sudden death. N Engl J
Med 2002; 346:1113-18.

Burr M, Gilbert JF, Holliday RM, et al. Effects of changes in
fat, fish and fibre intakes on death and myocardial infarction:
diet and reinfarction trial (DART). Lancet 1989; 334:757-61.

de Lorgeril M, Renaud S, Martin J-L, et al. Mediterranean
diet, traditional risk factors and the rate of cardiovascular
complications after myocardial infarction: final report of the
Lyon Diet Heart Study. Circulation 1999; 99:779-85.

Marchioli R, Barzi F, Bomba E, et al. Early protection against
sudden death by n-3 polyunsaturated fatty acids after
myocardial infarction: time-course analysis of the results of
the Gruppo ltaliano per lo Studio della Sopravvivenza
nell’Infarto  Miocardico (GISSI)-Prevenzione. Circulation
2002; 105:1897-903.

Burr ML, Ashfield-Watt PA, Dunstan FD, et al. Lack of benefit
of dietary advice to men with angina: results of a controlled
trial. Eur J Clin Nutr 2003; 57:193-200.

Wood DA, Butler S, Riemersma RA, et al. Adipose tissue and
platelet fatty acids and coronary heart disease in Scottish
men. Lancet 1984; ii:117-21.

Thies F, Garry JMC, Yaqoob K, et al. Association of n-3
polyunsaturated fatty acids with stability of atherosclerotic
plaques: a randomised controlled trial. Lancet 2003;
361:477-85.

Li Y, Kang JX, Leaf A. Differential effects of various
eicosanoids on the production or prevention of arrhythmias
in cultured neonatal rat cardiac myocytes. Prostaglandins
1997; 54:511-30.

Sparagna GC, Hickson-Bick DL. Cardiac fatty acid metabo-
lism and the induction of apoptosis. Am J Med Sci 1999;
318:15-21.

Kendall MJ, Lynch KP, Hjalmarson A, Kjekshus J. B-blockers
and sudden cardiac death. Ann Intern Med 1995;
123:358-67.

Priori SG, Aliot E, Blomstrom-Lundqvist C, et al. Task force
on sudden cardiac death of the European Society of
Cardiology. Eur Heart | 2001; 22:1374-450.

Hjalmarson A. Cardioprotection with beta-adrenoceptor
blockers. Does lipophilicity matter?. Basic Res Cardiol
2000; 95(suppl. 1):41-5.

COMMIT.Early intravenous then oral metropolol in 45852
patients with acute myocardial infarction: randomised
placebo-controlled trial. Lancet 2005; 366:1622-32.

Carlson LA, Or6 L. The effect of nicotinic acid on the plasma
free fatty acid: demonstration of a metabolic type of
sympathicolysis. Acta Med Scand 1962; 172:641-5.

Lorenzen A, Stannek C, Lang H, et al. Characterisation of a
G protein-coupled receptor for nicotinic acid. Mol
Pharmacol 2001; 59:349-57.

Karpe F, Frayn K. The nicotinic acid receptor—a new
mechanism for an old drug. Lancet 2004; 363:1892-94.

Kjekshus JK, Mjos OD. Effect of inhibition of lipolysis on
infarct size after experimental coronary artery occlusion. J
Clin Invest 1973; 52:1770-8.

The IONA Study Group. Effect of nicorandil on coronary
events in patients with stable angina. Lancet 2002;
359:1269-75.

20z YoIe € uo 1senb Aq Z£01922/10.2/01/66/9101e/palb/wod dno-olwepese)/:sdpy Woj papeojumoq



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

The fatty acid hypothesis 709

Fraser H, Gao Z, Ozeck M), Belardinelli L.
N-[3-tetrahydrofuranyl]-6-aminopurine  riboside, an A,
adenosine receptor agonist antagonizes catecholamine-
induced lipolysis without carduiovascular effects in awake
rats. JPET 2003; 305:225-31.

Opie LH. Metabolic response during impending myocardial
infarction: relevance of studies of glucose and fatty acid
metabolism in animals. Circulation 1972; 45:483-90.

Stanley WC, Lopaschuk GD, Hall HL, McGormack JG.
Regulation of myocardial carbohydrate metabolism under
normal and ischaemic conditions—potential for pharmaco-
logical interventions. Cardiovasc Res 1997; 33:243-7.

Apstein  CS. Metabolic approaches in ischaemic heart
disease. Eur Heart ] 1999; 18(suppl.):1-10.

Lopaschuk GD, Rebeyka IM, Allard MF. Metabolic modula-
tion. A means to mend a broken heart. Circulation 2002;
105:140-2.

Detry JM, Sellier P, Pennaforte S, et al. Trimetazidine: a new
concept in the treatment of angina. Comparison with
propanalol in patients with stable angina. Br J Clin
Pharmacol 1994; 37:279-88.

Bagger JP, Botker HE, Thomassen A, Nielsen TT. Effects of
ranolazine on ischemic threshold, coronary sinus blood flow
and myocardial metabolism in coronary artery disease.
Cardiovasc Drugs Ther 1997; 11:479-84.

Lopashuk GD, Kozak R. Trimetazidine inhibits fatty acid
oxidation in the heart. ] Mol Cell Cardiol 1998; 30:112.

Wolff AA, Rotmensch HH, Stanley WC, Ferrari R. Metabolic
approaches to the treatment of ischemic heart diseased: the
clinician’s perspective. Heart Failure Rev 2002; 7:187-203.

Chaitman BR. Efficacy and safety of a metabolic modulator
drug in chronic stable angina: review of evidence from
clinical trials. J Cardiovasc Pharmacol Therapeut 2004;
9(Suppl. 1):47-64.

Antzelevitch C, Belardinelli L, Wu L, et al. Electrophysiologic
properties and antiarrhythmic actions of a novel antianginal

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

agent. | Cardiovasc  Pharmacol

9(Suppl. 1):65-83.

Therapeut  2004;

Lopaschuk GD. Treating ischemic heart disease by pharma-
cologically improving cardiac energy metabolism. Am J
Cardiol 1998; 82:14-17K.

Diaz R, Paolasso EC, Piegas LS. Metabolic modulation of
acute myocardial infarction. The ECLA Glucose-Insulin-
Potassium pilot trial. Circulation 1998; 98:2227-34.

Mehta SR, Yusuf S, Diaz R, et al. Effect of glucose-insulin-
potassium infusion on mortality in patients with
acute ST-segment elevation myocardial infarction: the
CREATE-ECLA randomized controlled trial. JAMA 2005;
293:437-46.

Malmberg K. for the DIGAMI group. Prospective randomised
study of intensive insulin treatment on long term survival
after acute myocardial infarction in patients with diabetes
mellitus. Br Med J 1997; 314:1512-15.

Malmberg K, Ryden L, Wedel H, et al. Intense metabolic
control by means of insulin in patients with diabetes
mellitus and acute myocardial infarction (DIGAMI-2):
Effects on mortality and morbidity. Eur Heart | 2005;
26:650-61.

Van der Horst ICC, Zijlstra F, van't Hof AW/, et al. Glucose-
insulin- potassium in patients treated with primary angio-
plasty for acute myocardial infarction. | Am Coll Cardiol
2003; 42:784-91.

Apstein CS, Opie LH. Glucose-insulin-potassium (GIK) for
acute myocardial infarction: a negative study with a positive
value. Cardiovasc Drugs Ther 1999; 13:185-9.

Taegtmeyer H. Metabolism—the lost child of cardiology.
J Am Coll Cardiol 2000; 36:1386-8.

Oliver MF. Metabolic causes and prevention of ventricular
fibrillation during acute coronary syndromes. Am | Med
2002; 112:305-11.

Wellens HJ). Cardiac arrhythmias: the quest for a cure. | Am
Coll Cardiol 2004; 44:1155-63.

20z YoIe € uo 1senb Aq Z£01922/10.2/01/66/9101e/palb/wod dno-olwepese)/:sdpy Woj papeojumoq





