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Acute myocardial infarction is viewed as a severe trauma causing a generalized metabolic reaction; an acute emotional stress with further metabolic implications; and a localized wound
in which there is an acute increase in carbohydrate metabolism, followed by protein synthetic reactions leading to scar formation. The metabolic response is vital to the patient's successful
adaptation to his myocardial infarction.
normal value for circulating growth hormone
(Jacobs and Nabarro, I969).
Many of these changes could be explained
by supposing that the patient undergoes an
acute stress reaction, resulting in a series of
hormonal changes. A probable sequence of
events may be as follows. Hypothalmic stimulation may lead to ACTH release, adrenal
stimulation, and increased cortisol secretion.
Myocardial infarction as an acute physi- Sympathetic nervous system stimulation leads
to increased secretion of catecholamines,
cal stress
which in turn results in lipid mobilization and
be
viewed
as
Acute myocardial infarction may
an example of an acute physical disease state an increased circulating free fatty acid conand as such would participate in the hormonal centration (Carlson, I968). Catecholamine
changes found in other medical or surgical secretion may also suppress insulin secretion
diseases. These hormonal changes include (Porte et al., I966). All of these factors probincreased plasma concentrations of ACTH ably contribute to the glucose intolerance
(Nabarro, I969) and of cortisol (Jacobs and which can occur.
Nabarro, I969). There is probably increased
secretion of these hormones (Nabarro, I969).
In patients with acute burns there are high Myocardial infarction as an acute emolevels of urinary adrenaline and noradrenaline tional stress
excretion, correlating with adrenocorticol It seems inevitable that at some stage the
hormone secretion (Birke et al., I958); other patient with acute myocardial infarction
findings include glucose intolerance, a high should suffer from acute emotional stress in
concentration of circulating free fatty acids, the form of anxiety. Such anxiety may occur
and failure of response of plasma immuno- initially when the sudden severe chest pain is
reactive insulin to intravenous glucose (Alli- typically experienced, or later when he is
son, Hinton, and Chamberlain, I968). Such brought into hospital and enters an acute
observations may explain the hyperglycaemia coronary care unit. Anxiety may even be
and pseudodiabetes found in acute burned experienced when he is transferred from the
patients (Bailey, I960). Parallel observations coronary care unit to the general medical
in patients with a variety of physical stresses ward (Klein et al., I968). And the complicashow that the plasma insulin level does not tions of myocardial infarction may be the
rise in spite of stress-caused hyperglycaemia setting for the development of an anxiety
(Schalch, I967). Other changes include in- neurosis, as found in resuscitated patients
creased circulating free thyroxin in the plas- after cardiac arrest (Journal of the American
ma (Anderson, I968a), but there is a relatively Medical Association, I968).

Acute myocardial infarction is a traumatic
event. It is a trauma to the body as a whole
and hence may be expected to call forth a
generalized metabolic response. It is a psychological trauma and typically elicits acute
anxiety. It is also a trauma to the myocardium,
where a complex biochemical response results.

Br Heart J: first published as 10.1136/hrt.33.Suppl.129 on 1 January 1971. Downloaded from http://heart.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

British HeartJournal, I97I, 33, Supplement, I29-137.

Acute emotional stress has its own complications, which are similar to those of acute
physical stress and include adrenal cortical
and medullary stimulation (see Levi, I969).
Increased circulating free fatty acid concentrations appear to reflect catechol-mediated
beta-receptor stimulation (Pinter et al., I967;
Baker et al., I969; Levi, I969). Increased circulating triglyceride concentrations may follow the increased free fatty acid levels (Levi,
I969). Of particular interest is the magnitude
of some of these responses to severe emotional
stress. Urinary adrenaline excretion values
may reach 30 ng./min. (Levi, I969), which is
similar to the peak values of about 30 jig. per
24 hours in patients severely ill with acute
myocardial infarction (Valori, Thomas, and
Shillingford, I967). When Swedish students
viewed sexually arousing films the urinary
noradrenaline excretion reached values in excess of 50 ng./min. in some instances (Levi,
I969), which is similar to values found in the
less severely ill patients with myocardial infarction (Valori et al., I967).
Metabolic complications of acute myocardial infarction
The metabolic consequences of acute myocardial infarction include an increased plasma
cortisol concentration (Klein and Palmer,
I963; Logan and Murdoch, I966) which presumably reflects an increased ACTH secretion. There are increased levels of circulating
noradrenaline (Gazes, Richardson, and
Woods, I959; McDonald et al., I969) and
probably of adrenaline (Gazes et al., 1959).
Circulating free fatty acid concentrations are
increased (Oliver, Kurien, and Greenwood,
I968) and glucose utilization is impaired
(Sowton, I962). The similarity of these changes to those found in acute medical and psychological stress situations is apparent. This
recognition of acute myocardial infarction as
a severe generalized stress seems to be recent
in origin; myocardial infarction is not included in the very many other acute stress situations discussed by Selye in I950.
The complications of acute myocardial infarction may lead to further metabolic changes. Acute left ventricular failure may cause
severe dyspnoea, which would contribute to
the physical and psychological stress. As expected, urinary catecholamine excretion rates
in such patients are increased (Valori et al.,
I967; Jewitt et al., I969). If shock develops
there is poor tissue perfusion, with the following consequences: (i) increased circulating blood lactate and an increased lactatepyruvate ratio (MacKenzie et al., I964; Weil
and Shubin, I968), (2) decreased blood pH

(MacKenzie et al., I964), and (3) poor insulin
secretion (Taylor et al., I969). Such patients
tend to have higher output of urinary catecholamines (Valori et al., I967; Jewitt et al.,
I969). It is also probable that shocked patients
have a more severe anxiety reaction.
Much discussion has recently centred
around the possible toxic role of circulating
free fatty acids in acute myocardial infarction
(Oliver et al., I968; Rutenberg, Pamintuan,
and Soloff, I969; Gupta et al., I969; Nelson,
I970), and dog experiments suggest that extremely high levels of free fatty acids may directly
predispose to arrhythmias (Kurien, Yates, and
Oliver, I969). This is an intriguing possibility,
because high circulating free fatty acid levels
are susceptible to therapeutic intervention
and in some non-shocked patients intravenous
glucose may reduce the free fatty acid values
towards normal (Gupta et al., I969). An adipose-tissue specific beta-blocking drug would
be a useful investigative tool.
However, the actual level of circulating
free fatty acid is the end result of a balance of
input into the blood from adipose tissue (Cahill and Renold, I965) and uptake by the
tissues. In normal subjects increased circulating free fatty acid concentrations are thought
to reflect increased mobilization from adipose
tissue rather than alterations in the rate of uptake by the tissues, and a similar situation is
thought to occur in acute myocardial infarction (Carlson, I968; Gupta et al., I969). Decreased uptake of free fatty acid by peripheral
tissues may, however, play a role in shocked
patients with poor peripheral perfusion.
Fatty acid turnover studies are needed to
settle this point. If increased mobilization of
free fatty acid occurs, then the factors concerned may include increased catecholamine
secretion (Carlson, I968; Gupta et al., I969),
alterations in insulin secretion (Allison,
Chamberlain, and Hinton, I969), and possibly
increased corticosteroid production. Growth
hormone is difficult to evaluate because of the
extreme lability of the circulating value, but
the growth hormone concentration in fasting
patients with acute myocardial infarction
could not be related to the free fatty acid
concentration in blood (Gupta et al., I969).
The effects of simple starvation, which may
be related to the degree of adiposity (Opie and
Walfish, I963), must also be considered.
Examples of the problem of interpreting
the meaning of the blood free fatty acid concentrations are shown in Fig. i and 2; there
are acute but variable increases of the urinary
catecholamine excretion rates in the initial
period in two patients with very severe
acute myocardial infarction. The levels of
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FIG. I Acute metabolic changes in myocardial infarction. Patient admitted two hours
after cessation of initial chest pain. Note (I)
abrupt decrease in plasma free fatty acid concentration during infusion of dextrose Io%
(5oo ml. every eight hours); (2) highest values
of free noradrenaline excretion in urine not on
admission but during clinical complications
(recurrent pain, left ventricular failure, and
ectopic activity) on next day. Normnal urinary
noradrenaline and adrenaline values are indicated by standard error bars on either side;
(3) plasma cortisol levels bear no relationship
to clinical events; (4) plasma insulin levels do
not rise during plasma free fatty acid fall at
time of dextrose infusion; and (5) variable
growth hormone values. Patient died from
ventricular fibrillation fifteen days after

I

I

I

I

I

I

nw229/5/69non3051U69
no/ n3VWS#9
n3/ n 1/6/6
n19n2/6/69

FIG. 2 Acute metabolic changes in myocardial infarction. Note (I) abrupt fall of plasma
free fatty acid concentration in relation to infusion of dextrose Io% (indicated by carbohydrate intake of I5 g.), despite very high
urinary catecholamine excretion values; (2)
subsequent rise of plasma free fatty acid concentration at time of recurrent pain, anxiety,
and a very high plasma cortisol value (greater
than 40 t±g./zoo ml.); however, urinary catecholamine excretion values were falling towards
normal (indicated by standard error bars at
either side); (3) variable growth hormone
values; and (4) failure of plasma free fatty
acid concentration to mirror urinary catecholamine excretion values during episode of
pericarditis at a time when carbohydrate
intake was adequate.

admission.
circulating growth hormone, cortisol, and immunoreactive insulin all vary. These factors,
together with a changing diet and the administration of drugs such as heparin (Fig. 3) and
propranolol, may influence the concentration
of circulating free fatty acid. Metabolic variability is not surprising in a condition in
which there is constant therapeutic intervention and conditions are inevitably non-basal.
I0

It is both difficult to assess the significance
of the free fatty acid concentration and to be
sure that clinical events such as the development of severe arrhythmias are caused by
high circulating fatty acid concentrations
rather than by the associated changes in
production rates of hormones such as catecholamines. Nevertheless, the high concentration of free fatty acid in the blood is abnormal,
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FIG. 3 Effects of heparin injection oin plasma
free fatty acid concentrations in acute myocardial infarction. The patients were mlot
studied under standardized conditions. Note
rise offree fatty acid values without dSevelopment of arrhythmias. The heart rhyth,m was
continuously monitored for the times ixndicated.
Also see Nelson (1970).

acid concentrations in the early stages were
apparently related to the intravenous administration of glucose; there were simultaneous rises in the circulating blood glucose
concentrations. Subsequently, while these
patients were on a light 15oo-calorie diet, the
circulating free fatty acid concentrations were
never very high in spite of clinical complications and high urinary catecholamine excretion rates.
The traditional policy of starving patients
with acute myocardial infarction in the initial
stages may not be correct. We now accept that
patients with acute surgical stress recover
sooner if the acute metabolic changes are corrected by intravenous therapy if needed, and
there are arguments for exploring a similar
policy in acute myocardial infarction.

The localized metabolic response
To study the local metabolic response requires
direct access to the myocardium or to blood
draining the ischaemic area. Hence, virtually
all studies on local changes in myocardial infarction have been on experimental, animals,
in which it is nearly impossible to duplicate
the complex generalized hormonal-metabolic
response found in patients with acute myocardial infarction. Studies on anaesthetized

animals, frequently using open-chest proas is the decreased glucose utilizaation. An
increased glucose utilization may b enefit the cedures, have usually assumed that the basic
ischaemic myocardium by increased anaerobic event in patient acute myocardial infarction
is total coronary occlusion; this supposition
energy production (Brachfeld and Scheuer,
I967), although this effect can only tbe of very is seriously questioned by those who feel that
the combined effects of severe stress and exmarginal benefit from the point of viiew of the
cess secretion of catecholamines and of corenergy required by normally contra cting cardiac tissue (Opie, I970a). Increase(d glucose ticosteroids may cause infarction in the abtransport into oxygen-deficient cells may help sence of arterial occlusion (Rona, Kahn, and
to maintain the membrane action potential Chappel, I963; Raab, I969).
It is sobering to recall that many of the im(MacLeod and Daniel, I965). Increa,sed circulating glucose concentrations may b enefit the portant metabolic changes in experimental
ischaemic myocardium by an osmcDtic effect myocardial infarction have been known for
which reduces the amount of potas;sium loss over thirty years. There is rapid glycogen
(Burke et al., I969), and also by lomvering the breakdown in the ischaemic area with associcirculating free fatty acid conecentration ated release of lactate (Tennant et al., I936;
(Gupta et al., I969). The latter e ifect may Bronson, I938) and hydrogen ion (Moore and
well vary according to the major caiuse of the Greenberg, I937). There is loss of the potashigh fatty acid values in a given patil ent (Porte sium ion (Dennis and Moore, I938) and gain
et al., I966). Very high concentraticons of cir- of oedema fluid (Herrmann and Decherd,
culating free fatty acids may be to)Kic to the I935). Decreased contractility in the ischaemic
ischaemic (Kurien et al., I969) or to thie hypoxic area was shown by an optical myographic
heart (Henderson et al., I970), and e ven to the method in I935 (Tennant and Wiggers, I935).
normal isolated perfused heart in ccertain cir- The cause of decreased contractility was
cumstances (Opie, 1970b). It still r emains to thought to be lactic acid accumulation with
be shown that the blood free fatty aLcid levels a fall of the intracellular pH (Katz and Long,
found in patients with acute myoc:ardial in- 1925; Tennant, 1935). This suggestion has
been recently revived in much more sophistifarction are toxic to the heart.
In the patients shown in Fig. amd 2, the cated terms (Katz, I968) according to which
abrupt decreases in the circulating free fatty the intracellular hydrogen ion accumulation
i
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displaces the calcium ion from the binding
sites on the contractile proteins.
Salient to the localized metabolic response
to total arterial occlusion is the concept that
the ischaemic tissue suffers from lack of oxygen. It is not known quite how severe the
hypoxia is. Studies with tissue oxygen electrodes have suggested that the P02 in the
centre of the ischaemic tissue may drop towards zero within seconds of occlusion
(Sayen et al., I958). Perhaps a severe initial
oxygen lack very rapidly breaks down some
of the tissue adenosine triphosphate (ATP);
its degradation product, adenosine, accumulates only fifteen seconds after coronary occlusion (Olsson, 1970) and is thought to act as
a local vasodilator on the coronary circulation
(Berne, I963). Thus ATP breakdown (Lamprecht, I963; Braasch et al., I968) may initiate
compensatory vasodilatation and help open the
collateral circulation. Since 6o tO 70 per cent
(or more) of the heart's energy is used for contraction (Opie, I969), the collateral blood
supply, which is about one-third of the control value for some hours (Rees and Redding,
I968; Grayson and Irvine, I968), should
bring sufficient oxygen to the ischaemic area
to maintain viability provided that contraction
has ceased. Nevertheless, as is well known,
parts of the ischaemic area undergo infarction
(Jennings, I969), and the factors operating
may include (i) unequal tissue perfusion from
the collateral circulation, with severe hypoxia
or anoxia in some areas; (2) a decreased rate of
collateral flow; (3) continued contraction of
parts of the ischaemic area; (4) the severity of
the initial loss of ATP and phosphocreatine,
which may result in a series of events including continuing potassium loss (Jennings, Kaltenbach, and Sommers, I965), which could
occur even in the presence of oxygen; and (5)
release of catecholamines from storage sites
in the myocardium, because catecholamines
may cause uncoupling ofoxidative phosphorylation (Sobel et al., I966) with continued
oxidative metabolism but without adequate
production of ATP and phosphocreatine.
The substrate metabolism is also affected
by coronary artery occlusion. There is an increased usage of glucose relative to that of
free fatty acid (Owen, Thomas, and Opie,
I969; Owen et al., I970). Although free fatty
acid is normally an important fuel for the
heart, utilization of this substrate is impaired
by oxygen lack (Scheuer, I967). Glycolysis in
the ischaemic myocardium is not subject to external control by a high concentration of circulating free fatty acids (Fig. 4), which shows
that acute arterial occlusion activates glycolysis sufficiently to overcome the normal in-
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FIG. 4 Experimental myocardial infarction.
Local venous blood drains the ischaemic area,
and coronary sinus blood the non-ischaemic
area (Owen et al., 1970). After coronary
artery ligation, arterial-local venous glucose
differences increased but arterial-coronary
sinus differences were unchanged. When plasma free fatty acid concentrations were increased by an infusion of Intralipid and
heparin for the period between arrows, there
was failure of the high plasma free fatty acid
concentrations (above 4000 pmole/l. at end of
infusion) to inhibit glucose uptake by the
ischaemic area in contrast to inhibition in
normal areas.
hibition by fatty acids (Randle et al., I963).
Factors operating to increase carbohydrate
metabolism in the ischaemic myocardium
may include the effects of hypoxia (Brachfeld, I969) in stimulating the transport of
glucose into the heart cell, breakdown of glycogen, and increased flow through glycolysis.
The cellular mechanisms responsible for
these changes appear to include (i) the effects
of a decreased concentration of adenosine
triphosphate (ATP), and an increased concentration of its breakdown products, such as
adenosine monophosphate (AMP) and inorganic phosphate (Regen et al., I964); and

140
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(2) the activating effects of endogenous catecholamines (Wollenberger, Krause, and Shahab, I967; Wollenberger and Krause, I968),
which may act by production of cyclic-AMP
from ATP (Sutherland, Robison, and Butcher,
I968).

Metabolic aspects of arrhythmias
In such a complex setting, with a constantly
changing metabolic situation within and without the ischaemic cells, it is difficult to separate
one metabolic event clearly as the sole cause
of the genesis of severe arrhythmias. A cautious view at present would be that very sick
patients, who are more liable to develop
arrhythmias (Jewitt et al., I969; Gupta et al.,
I969), are also those more likely to develop
severe metabolic complications such as high
values of catecholamine excretion, more
severe potassium loss, higher circulating
free fatty acid concentrations, and a detectable
systemic acidosis. In experimental situations
each of these factors may contribute to the
development of severe arrhythmias.
Using a continuous bioassay technique,
Ceremuzyiiski, Staszewska-Barczak, and Herbaczy:iska-Cedro (I969) showed that the
incidence of ventricular arrhythmias soon
after coronary artery ligation was related to
the concentration of circulating catecholaniine,
especially adrenaline. In dogs with complete
chronic cardiac denervation the incidence of
ventricular arrhythmias was much reduced
(Ebert et al., 1970). However, catecholamines
may not act directly but via the potassium
ion. In the normally oygenated perfused dog
heart there is potassium gain after catecholamine administration, but in the ischaemic
heart there is potassium loss rather than uptake (Gerlings, Miller, and Gilmore, I969).
Arrhythmias in the chronically denervated
heart can be provoked by the administration
of octylamine, a potassium-releasing depolarizing agent (Vanderbeek and Ebert, I970).
Another suggestion is that catecholamines
might act by increasing the intracellular free
fatty acid concentration, for example by stimulating the breakdown of triglycerides of the
heart (Kurien and Oliver, I970).
Potassium loss has been linked to arrhythmias in experimental myocardial ischaemia by
Harris and colleagues (I954), who found a
high coronary venous potassium concentration in association with ventricular fibrillation. Potassium injections also provoked ectopic activity (Harris, Toth, and Hoey, I958).
Regan and co-workers (I967) carried these
observations further by showing reversal of
both potassium loss and arrhythmias during
antiarrhythmic therapeutic intervention such

as procain amide. However, in other dog
experiments, the antiarrhythmic agents lignocaine, procain amide, and propranolol were
effective without reversing potassium loss
(Thomas et al., I970).
In considering the posulated toxic effects of
free fatty acids (Kurien and Oliver, 1970) the
basic biochemical differences between red
and white muscle must be considered. White
muscle has a lower capacity to metabolize
fatty acids than does red. In the heart, the conduction system metabolically resembles white
muscle, while the rest of the myocardium
closely resembles red muscle (Opie, I969).
The conduction system would therefore be
less able to use free fatty acids for oxidative
metabolism and might be more prone to
accumulate fatty acids. This difference may
explain the greater susceptibility of the conduction tissue to the effects of extremely high
free fatty acid concentrations.
While it is not thought that a decreased
blood pH by itself causes serious arrhythmias,
arterial acidosis predisposes to arrhythmias
(Gerst, Fleming, and Malm, I966), and the
correction of acidosis is important in the
management of cardiac arrest (Stewart, I964;
Cohen and Uhley, I966). However, after
coronary artery ligation in the dog heart the
fall in local venous pH in the blood draining
the ischaemic zone was no different in hearts
which developed ventricular fibrillation than
in hearts which did not (Samson et al., I970).
Clinical evidence favours the suggestion that
metabolic acidosis occurring with an arrhythmia is probably the result of circulatory failure
rather than the cause of the arrhythmias

(Anderson, I968b).
There is no firm evidence to implicate any
single metabolic factor in the genesis of every
arrhythmia, but it would be surprising if
catecholamines, potassium loss, acidosis, and
very high free fatty acid concentrations did
not, singly or together, play a part.
End results of local metabolic response
Quite at what stage the ischaemic cell irreversibly dies has not yet been settled. Probably
there is no definite biochemical event which
marks the transition from life to death, but
rather it is the sum total of a whole sequence
of changes which is responsible. Once there
is a focus of non-viable cells, then the pathologist can recognize this as infarcted tissue. Although it is infarcted it is not metabolically
dead.
The elegant studies of Bing and co-workers
(Gudbjarnason et al., I964) have shown that
the heart reacts like other tissues to a wound;

Br Heart J: first published as 10.1136/hrt.33.Suppl.129 on 1 January 1971. Downloaded from http://heart.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

134 L. H. Opie

wound healing is subject to the influence of Braasch, W., Gudbjarnason, S., Puri, P. S., Ravens,
K. G., and Bing, R. J. (I968). Early changes in
various hormones, such as insulin and anabolic
energy metabolism in the myocardium following
steroids (Gudbjarnason et al., I966). Protein
acute coronary artery occlusion in anesthetized
dogs. Circulation Research, 23, 429.
synthesis is responsible for the formation of
the scar tissue; when once the period of in- Brachfeld, N. (I969). Maintenance of cell viability.
Circulation, 40, Suppl. 4, 202.
tense protein synthesis is completed the relaand Scheuer, J. (I967). Metabolism of glucose
tively inert residual scar remains. It is this -,
by the ischemic dog heart. American JYournal of
scar which represents the end product of the
Physiology, 212, 603.
acute metabolic reaction, and allows the Bronson, L. H. (I938). Anatomical and chemical
changes in the myocardium following short-term
clinician to reassure the patient that the
coronary artery occlusion in dogs. Yale J'ournal of
wound on the heart is now healed.
Biology and Medicine, 10, 405.
In summary, the acute local metabolic re- Burke,
W. M., Asokan, S. K., Moschos, C. B.,
sponse consists in an abrupt loss of ATP and
Oldewurtel, H. A., and Regan, T. J. (1969).
Effects of glucose and nonglucose infusions on
phosphocreatine which is thought to be remyocardial potassium ion transfers and arrhythsponsible for the activation of glycolysis and
mias during ischemia. American Journal of Cardithe shift from lipid to carbohydrate metabolology, 24, 713.
ism. Formation of adenosine from ATP may Cahill, G. F., Jr., and Renold, A. E. (I965). Regulation
help openthe collateral circulation, which could
of adipose tissue metabolism within the intact
organism. In Handbook of Physiology, Adipose
theoretically supply enough oxygen forthe nonTissue, Section 5, p. 68I. Ed. by A. E. Renold and
contracting ischaemic heart. In spite of this
F. Cahill, Jr. American Physiological Society,
G.
compensatory mechanism, cell death may ensue
Washington, D.C.
in a proportion of cells. This does not mean Carlson, L. A. (I968). Fatty acid response to trauma.
cessation of metabolic activity, because there
In Acute Myocardial Infarction, p. 243. Ed. by
D. G. Julian and M. F. Oliver. Livingstone,
is intense synthesis of protein and wound
Edinburgh.
healing, which results in scar formation.
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