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SUMMARY
The investigation was undertaken to study the effect
of tolbutamide on the release of FFA from diabetic and non
diabetic ischaemic perfused rat hearts, in addition lactate
production was also investigated.
An initial study was undertaken to establish a model for
the perfusion of isolated rat hearts under ischaemic
conditions.

The results demonstrated that the model used

throughout the investigation was satisfactory, and gave an
adequate representation of ischaemia.
Using this model the effects of tolbutamide on both
mechanical and metabolic responses of the heart were
determined.

This was done in conjunction with adrenaline,

a known stimulator of myocardial lipolysis.

These results

demonstrated that both drugs had the ability to cause
intracellular lipolysis as measured by FFA release to the
same extent, yet only the adrenaline challenged hearts
demonstrated any detrimental effect with regard to arrhyth
mia development.

In addition both drugs increased lactate

production to the same extent.
Insulin was given to examine the effects of this hormone on
the release of FFA from the heart.

The results showed that

insulin had the ability to reduce the levels of FFA in the
perfusate, however no increase in overall performance of
the heart or reversal of the arrhythmic condition (in the
case of the adrenaline stimulated hearts) occurred.
Both drugs increased FFA and lactate levels, yet only the

adrenaline challenged hearts developed arrhythmias,
consequently it was thought that the work load imposed on
the heart by adrenaline could be relevant to arrhythmia
production.

It was therefore decided to administer

tolbutamide and increase the work load, using calcium, in
order to obtain a situation similar to that seen after
adrenaline challenge.

The results showed that hearts

given tolbutamide in combination with calcium developed
arrhythmias to a greater extent than hearts given calcium
alone.

Further, in an investigation into the role played

by cyclic AMP, it was shown that this nucleotide may also
be arrhythmogenic.

C H A P T E R

I

I N T R O D U C T I O N

THE SULPHONYLUREAS
1.

History and chemistry
Since 1955 well over 12000 hypoglycaemic agents have

been synthesized.

From the general formula (1) (Fig. 1) it

can be seen that the structure contains a sulphonamide group
-SO 2-NH-, hence these compounds can generally be classified
as sulphonamides.
Savagnone (1941) first observed the hypoglycaemic effect of
sulphonamides in man.

Later Janbon et al (1942) discovered

that during the course of treating patients for typhoid
fever, the sulphonamide p-amino-benzene-sulphonamide-isopropyl thiodazol (2) (Fig. 1) was also effective in redu
cing blood sugar levels.
Loubatieres (19 44), a colleague of Janbon, examined the
structure activity relationship of these compounds and
found that by replacing the isopropyl radical of the
sulphonamide with various derivatives, a lowering of blood
sugar levels occurred with all compounds except those
containing a methyl derivative.
It was not until 1955 that the first therapeutically
satisfactory substance was found.
(Fig. 1).

This was Carbutamide (3)

From this a large number of analogues were

synthesized, one Of the most effective being tolbutamide (4)
(Fig. 1) in which the amino group on the benzene ring was
replaced with a methyl group making it less toxic than the
parent compound.
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(Fig 1)
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TOLBUTAMIDE

2.

Mode of action of sulphonylureas
Between 1942 and 1945 Loubatieres worked on the

hypothesis that the hypoglycaemic sulphonylureas exerted
their action by stimulating insulin secretion.

This was

supported by the fact that the drugs were inactive in
totally pancreatectomized animals while removal of other
endocrine glands did not prevent the hypoglycaemic action
In other experiments the isolated pancreas of a normal
dog was connected to the carotid-jugular system of an
alloxan-diabetic dog.

Perfusion of the sulphonamide (2)

(Fig 1) into the isolated pancreas produced a rapid
hypoglycaemic effect in the diabetic animal while the

same dose had no effect on blood sugar levels in the
absence of the normal pancreas (Loubatières 1946) .

Experi

ments on pancreatectomized rats, (Cox et al 1956) cats
(Gordon, Buse and Lukeno 1957) and dogs (Fritz ct al 1956)
also failed to show any hypoglycaemic action and therefore
supported Loubatieres earlier hypothesis.
Histological and cytological studies have also substan
tiated the action of sulphonylureas on the pancreatic 3
cells.

Williamson, Lacy and Grisham (1961) have shown

that under the influence of sulphonylureas the membran
ous sacs,in which the insulin containing 3 cell granules
are contained, move towards the cell membrane expelling
their contents into the pericellular fluid by the process
of emiocytosis.
Insulin in the peripheral blood exists in two different
forms - a biologically inactive "bound" insulin and an
active "free" insulin (Antoniades et al 1960).

Sulphony

lureas also have the ability to increase the amount of
"free" insulin in the peripheral blood of both diabetic
and non-diabetic patients (Antoniades et al 1963).
In 1967 Malaisse, Malaisse-Lagae and Mayhew (1967)
demonstrated that intracellular cyclic adenosine 3', 5'monophosphate (cyclic AMP) accumulation was necessary
for insulin secretion. Later Roth et al (1971) showed
that tolbutamide directly inhibits the enzyme phospho
diesterase in the 3 cell thus increasing cyclic AMP levels.
Thus, this could theoretically provide a mechanism of
action of these drugs at the molecular levels.

7
Although it is still not known for certain how sulphonylurea
drugs work in promoting their hypoglycaemic action, it is
generally believed that they have the ability to stimulate
3 cells of the islets of Langerhans thereby increasing
insulin release.

3.

Sulphonylureas and the heart
In 1961 the University Group Diabetes Program (U.G.D.P.

1970) initiated a long term study into the effects of oral
hypoglycaemic agents on the cardiovascular system and the
major results were published in 1970.
The U.G.D.P. carried out a double blind trial using 823
patients with a diagnosis of mild maturity onset diabetes.
The study was carried out at twelve different medical
centres throughout the United States, patients being
divided into four groups of approximately two hundred with
the following therapy being used in each group.
i.

diet and placebo;

ii.

diet and tolbutamide;

iii.

diet and standard insulin and

iv.

diet with variable insulin.

After eight years of study the results were analysed and
revealed an increased incidence of cardiovascular
deaths in the tolbutamide group (12.7%) when compared to
placebo (4.9%) and insulin (6.2%) treated groups.
The main conclusions of the study were that a combination
of diet and tolbutamide therapy was no more effective than
diet alone in prolonging life; and that diet and tolbutamide
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may be less effective than diet alone or diet and insulin
with respect to cardiovascular mortality.
However other controlled trials were carried out in
I
England (Keen and Jarrett 1970) and in Sweden (Schersten
I
1973) with both trials supplying evidence against any
detrimental effect of tolbutamide on the heart.

Findings

which seem to confirm the U.G.D.P. reports have been
recorded by Hadden, Montgomery and Weaver (1972) and Boyle
et al (1972).

In these studies patients on oral hypo

glycaemic therapy had a higher incidence of myocardial
infarction than patients on diet alone.

In addition,

Soler and colleagues (1974) in a six year trial demonstra
ted that patients receiving oral hypoglycaemic therapy
were more prone to serious arrhythmias and had a higher
mortality rate than patients on diet alone.

Thus there

is much conflicting evidence from these clinical studies.

Since the U.G.D.P. findings, in,vitro and in vivo studies
have been carried out to examine the pharmacology of the
sulphonylurea type drugs on the heart.
(1972)

Lasseter et al

studied the effects of tolbutamide and other

sulphonylureas on the contractility of isolated rabbit
atria, automaticity of isolated canine Purkinje fibres and
adenyl cyclase activity in rabbit and human heart
preparations.

Their results confirmed earlier studies

of Levey et al (1971) and Palmer, Lasseter and McCarthy
(1971) who demonstrated positive inotropism using rabbit
heart muscle.

Crass et al (1973) using perfused working

rat hearts also demonstrated a positive inotropic response

to tolbutamide.

However, earlier studies by Wittels and

Hackel (1961) using dogs,and more recent work on isolated
human papillary muscle by Roth et al (1971) failed to
demonstrate any inotropic activity, although the latter
workers did show a positive response when using cat
papillary muscle.

Curtis, Setchfield and Lucchesi (1975)

demonstrated positive inotropic responses with tolbutamide
on isolated rabbit atrial strips and cat papillary muscle,
but failed to show similar responses using canine papillary
muscle and intact canine hearts.

They suggested that

canine and human papillary muscle preparations were less
sensitive due to their greater cross-sectional area and
diffusion barrier, and that these tissues are not ideal
preparations for in-vitro experiments.

This could also

explain the results of Roth et al (1971).
If these drugs are positive inotropic agents and they
increase myocardial work and oxygen consumption, as do
catecholamines (Graham et al 1968), calcium (Braunwald
1971) and digitalis (Covell et al 1966),then the oxygen
supply could become rate limiting; particularly in
patients such as diabetics who show an increased incidence
of coronary artery disease and atherosclerosis.
In man, Crockett and co-workers (1974) examined the
acute cardiac inotropic effects of tolbutamide using oral
and intravenous administration.

They measured systolic

time intervals (as a measure of left ventricular perfor
mance) and found no sustained cardiac inotropic responses
at the doses used.

Hildner et al (1971) using patients

with rheumatic heart disease, but without coronary artery
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disease, demonstrated a positive inotropic response on
intravenous injection of tolbutamide but no chronotropic
response.
The second effect of sulphonylurea drugs on the heart is
their ability to increase automaticity as shown by
Lasseter and coworkers (1972).

Using isolated canine

Purkinje fibres they showed tolbutamide (1 x 10 ^M) induced
spontaneous activity within 15 minutes, this effect being
reversible.

In other experiments the rate of Purkinje

fibre automaticity was increased from 4.2/minute to
36.4/minute.

However these effects were not seen when

rabbit atria were used.
An increased automaticity has been cited as a possible
mechanism whereby oral hypoglycaemic agents may be
potentially dangerous (Hoffman and Cranefield 1964 and
Lasseter et al 1972).

However, Curtis,

Setchfield and

Lucchesi (1975) using spontaneously beating rabbit right
atrial strips and spontaneously beating cat papillary
muscle - Purkinje fibre preparations failed to show any
enhancement of pacemaker activity and in fact showed a
depression of activity in the latter preparation.

Crass

et al (1973) using perfused working rat hearts and Crockett
et al (197 4) in man showed no chronotropic response to
tolbutamide through a range of concentrations which gave
positive inotropic effects.
A third effect of sulphonylureas on the myocardium is
their ability to activate adenyl cyclase with a subsequent
increase in intracellular cyclic AMP levels (Lasseter et

11
1972),

It has been postulated that the chronotropic and

inotropic effects of several hormones are mediated by an
activation of adenyl cyclase (Levey and Epstein 1969a&b).
/

This system was examined by Lasseter et al (1972) as a
possible mechanism of action of sulphonylurea drugs on the
myocardium.

Their experiments showed that cyclic AMP was

indeed raised by tolbutamide in both rabbit and human
ventricular muscle preparations, this increase could not be
prevented by propranolol.

This is in contrast to propra-

nalol's effect on the noradrenaline induced increase in
cyclic AMP indicating that the catecholamines and tolbuta
mide exert their effects by separate receptor mechanisms.
It has been shown that tolbutamide also inhibits
phosphodiesterase in a variety of tissues including the
heart (Roth et al 1971;

Brooker and Fichman 1971).

This could contribute to the increasë in cyclic AMP levels
seen after sulphonylurea treatment.
Since it has been shown that sulphonylureas possess a
positive inotropic effect in certain species, it was thought
that phosphodiesterase inhibitors may potentiate the
inotropic actions of tolbutamide.

Evidence for potentia

tion via phosphodiesterase inhibition with theophylline
of the inotropic effects of glucagon, noradrenaline
and dibutyryl

cyclic AMP has been shown by Marcus et

al (1971), and Skelton et al (1971).

With regards

to tolbutamide, Lasseter et al (1972) have reported
the inotropic response to be augmented after pre
treatment of rabbit isolated atrial strips with theophy-
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-nine.

However, this effect could not be demonstrated

using cat papillary muscle (Roth et al 1971 or rabbit
atrial strips (Curtiss et al 1975).

More recently Brown

and Brown (1977) failed to show any increase in the
concentration of cyclic AMP in perfused rat hearts
following tolbutamide administration in the presence of
theophylline.

They suggest that the positive inotropic

response is mediated by some mechanism other than cyclic
AMP.
It has been reported that the sulphonylureas may increase
the levels of free calcium within the heart (Cornish and
Miller 1975).
Shinebourne and White (1971) using a catecholamine
induced stimulation of adenyl cyclase have postulated
that cyclic AMP increases membrane permeability to calcium,
On this basis, the sulphonylureas, by increasing cyclic
AMP would also be expected to alter membrane permeability
to calcium and thus induce a positive inotropic response
in this manner.
Cornish and Miller (1975) examined the effects of isoprenaline and tolbutamide on rabbit atrial preparations
using varying concentrations of calcium and different
frequencies of stimulation.

At low frequencies of

stimulation and low calcium concentrations the inotropic
effects of both isoprenaline and tolbutamide ware maximal
indicating that they both produce their positive inotropic
actions by increasing intracellular calcium levels.
Thyrum (1974) and Watanabe and Besch (1974) have shown
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that catecholamines, histamine and methylxanthines (all
agents which increased cyclic AMP levels in guinea pig
hearts) increased the rate of calcium entry via a slow
inward current while agents which did not increase cyclic
AMP i.e. ouabain or glucagon had no effect on calcium entry.
All of these results suggest that agents which raise
cyclic AMP levels may produce their inotropic effect by
increasing intra-cellular calcium levels.
The effects of tolbutamide on the isolated heart are also
influenced by the levels of protein in the perfusate.
Wishinsky, Classer and Perkal (1962) examined the binding
of sulphonylureas to proteins using dialysis and ultra
filtration studies.

They found the binding of these

drugs to proteins to be high, in the case of tolbutamide
97% was bound at the 10 mg % drug level using 3% bovine
serum albumin.

The possibility of competition for these

binding sites, and the displacement of sulphonylureas by
other drugs and circulating free fatty acids in diabetics
could lead to an increase in the amount of free sulphony
lurea in the plasma and possibly to "toxic" effects.
Using perfused hearts. Crass et al (1973) demonstrated
that the addition of albumin (3g/100 ml) to the perfusion
medium reduced the positive inotropic response of
tolbutamide by 82% at the 3.4 x 10 **M concentration
(lOmg/lOOml) and suggested that albumin could serve as
a "protective" agent against the positive inotropism of
tolbutamide.

These results have been confirmed by

Brown and Brown (1977) using perfused rat hearts.
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In summary it can be seen that there still exists enormous
controversy with respect to the effects of these drugs on
the myocardium.

For this reason it was considered

important to examine the effects of sulphonylureas e.g.
/

tolbutamide on the heart of diabetic and non-diabetic
I

animals under ischaemic and non-ischaemic conditions.

iS
THE ISCHAEMIC HEART
1.

General
Ischaemia is the reduction in flow of blood or

perfusion fluid to the tissues, and is contrasted to
hypoxia or anoxia where a partial or total reduction in
oxygen tension occurs without a reduction in flow.

Although

all three terms describe reduced oxygen supply, ischaemia
is coupled with a reduced delivery of substrates and removal
of waste products to and from the myocardium.
Prolonged or severe ischaemia can eventually lead to
infarction of the tissues.

Ischaemia of the heart usually

occurs with the onset of occlusion of one of the major
coronary arteries.

Ischaemia can also develop during

excessive activity of the heart as in exercise;

in this

situation the oxygen deficit is only temporary and is
restored upon resting.
Chronic and/or acute ischaemia is the result of degenera
tion of the intimai lining of the major vessels described
as atherosclerosis.

This degeneration leads to arterial

lesions characterized by intimai thickening due to
localised accumulations of lipids, known as atheromas.
Atherosclerotic stenosis of coronary arteries is the most
frequent cause of angina pectoris.

Occlusion of the

arteries leading to ischaemia followed by myocardial
infarction may also result.from.ithe development of a
thrombus.
Impairment of the coronary circulation can i’n turn damage the

16
/

conducting system leading to the development of serious
arrhythmias and heart failure.
In the chronic ischaemic condition the heart can respond by
revascularization and the development of vascular anasto
moses (Charlier 1971).

However, no such response is

possible following acute ischaemia.

2.

Mechanical and Metabolic Responses to Ischaemia
With the onset of ischaemia contractile activity in

the affected area diminishes rapidly.

This has been

observed in dogs (Gudbjarnson, Mathes and Ravens 1970) and
perfused rat hearts (Opie, 1965; Neely et al 1973;
Kannengeiser, Lubbe and Opie 1975).

This results in a

decreased cardiac output and a rise in end diastolic
pressure.

Depression of contractility has also been obser

ved in human anginal patients (Cohen et al 1965).

During

hypoxia and anoxia similar depressed responses have also
been described by Henderson et al (1970a), Scheuer (1972) ,
Mayer et al 1972, and Su and Friedman (1973).

Tension

development in the ventricular wall is also reduced during
acute coronary artery occlusion in dog hearts (Regan et al
1970; Theroux et al 1974; Pirzada et al 1975).
Although the ischaemic area is in a depressed mechanical
state the overall performance of the heart, as assessed by
cardiac output, may be maintained by compensatory mechanisms
These mechanisms have been observed in man (Hamosh and
Cohn 1971) and studied in the dog by Lekven, Mjos and
Kjekshus (1973).

The latter workers were able to reduce
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coronary flow by 2 0 % before any decrease in cardiac output
was seen.

The compensatory mechanism involved a reduction

of contractility (measured by the rate of rise of ventri
cular pressure) and also a ventricular dilation which
provided increased ventricular diastolic filling and hence
maintenance of cardiac output.

Extensive and persistent

ischaemia will eventually lead to cardiac failure.
Following occlusion of coronary arteries in dogs there is
a rapid activation of anaerobic glycolysis leading to
lactate accumulation (Gudbjarson, Mathes and Ravens 1970).
This is followed by creatine phosphate depletion while ATP
content remains relatively high.

This has been demonstrated

in guinea pig (Feinstein 1962) and rat hearts (Neely et al
1973).

Despite the high ATP content a depression of

contractility occurs.
suggested for this.

Two possible reasons have been
The fall in intracellular pH that

occurs due to anaerobic glycolysis and lactate production
could cause hydrogen ions to compete with and displace
calcium ions from their binding sites on the troponin
molecule (Katz and Hecht 1969).

Secondly, Gudbjarnson,

Mathes and Ravens (1970) have suggested that the increased
hydrogen ion concentration interferes with the transfer of
energy from the intra to the extra mitochondrial compart
ments .
Rovetto, Whitmer and Neely (1973) contrasting ischaemia and
hypoxia, showed the ATP content of ischaemic hearts to
decline more rapidly than that of hypoxic hearts.

This

decrease in ATP was apparently due to an inhibition of
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glycolysis during ischaemia as a result of lactate
accumulation, while under hypoxic conditions lactate did not
accumulate to the same extent.
/

One of major responses to ischaemia is the shift from a
I
well oxygenated myocardium utilizing mainly FFA as sub
strate for energy, to an area dependent on glycolysis and
glycogenolysis for its energy supply.

The responses of

the heart during ischaemia and hypoxia or anoxia differ.
In the hypoxic and/or anoxic heart glycogen stores are
depleted due to stimulation of glycogenolysis, and this is
associated with increased lactate production.
al 1961).

(Morgan et

However, as blood flow is maintained, lactate

does not accumulate in the tissue.

In contrast, ischaemia

causes a transient rise in glucose uptake and accumulation
of lactate in the tissue due to the decreased flow.
(Braachfeld and Scheuer 1967; Owen, Thomas and Opie 1969;
Owen et al 1970; Neely and Morgan 1974).

Therefore the

main difference between hypoxia (and/or anoxia) and
ischaemia is the ability of the hypoxic and/or anoxic heart
to remove the lactate formed thereby preventing a
decline in the pH which would tend to inhibit phosphofructokinase (PFK) and allow NADH reoxidation to continue.
3.

Catecholamine release during ischaemia
Catecholamines have been shown to be released from

sympathetic fibres in dogs (Cerumuzynski, StaszewskaBarczak and Herbaczynska - Cedro 1969; Russel, Crafoord
and Harris 1961) following coronary artery occlusion.
The latter authors report a 75% depletion of catecholamine
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/

stores within 24 hours following coronary artery ligation.
This release of endogenous catecholamines together with a
general increase in sympathetic activity following acute
myocardial infarction (Gazes, Richardson and Woods 1959)
has been implicated in the high mortality rate following
acute myocardial infarction (Julian and Oliver 1968).
Catecholamines have been shown to increase the extent of
ischaemic injury in dog hearts following coronary artery
ligation (Mjos, Kjekshus and Lekven, 19 74; Braunwald
Maroko and Libby 1974).

Mailing and Moran (1957) related

the presence of catecholamines to the incidence of arrhyth
mias in ischaemic tissue.

These arrhythmias could be

reduced by sympathetic denervation (Schaal, Wallace and
Sealy 1969).

The deleterious effects of catecholamines

could be due to their ability to enhance myocardial oxygen
consumption (MVO2 ) Klocke et al 1965; Coleman, Sonnenblick
and Braumwald 1971).

Catecholamines could also exert some

of their detrimental effects by increasing FFA levels.
This will be discussed in Section 8.

4.

Ionic disturbances
As early as 1938 Dennis and More (19 38) showed an

increase in blood potassium (K^) following coronary artery
ligation. In the ischaemic myocardium there is a loss of
^
K equal to the gain of Na suggesting that the Na -K pump
is inhibited (Russel, Crafoord and Harris 1961; Regan et al
1972). K

and inorganic phosphate (Pi) loss from ischaemic

and infarcted areas has been clearly demonstrated both in
experimental and clinical conditions (Jennings et al 1964,
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Regan et al 1967;

Raab 1969; Owen et al 1970; Nayler et al

1971; Lehr and Chau 1973; Marshall and Parratt 1975).
This could be a reflection of the altered energy status
of the tissue.

The loss of Pi could be due to a breakdown

of ATP and phosphocreatine (Braasch et al 1968).
Since it has been shown that Na^,

Mg^"*” and Ca"*"^ are

vitally important for maintaining the electrophysiological
functioning of the heart it is obvious that ionic distur
bances could seriously affect overall cardiac performance.
Furthermore, since

has been associated with the

genesis of ventricular arrhythmias during experimental
ischaemia,

loss could be a contributory factor in

arrhythmia production following infarction (Braachfeld 1973).
K*^ leakage across cell membranes, and reduction in resting
membrane potential, could provide these cells with an
unstable focus from which arrhythmias could arise.

This

has been observed by Regan et al (1967) and Ettinger et al
(1973).

Anti-arrhythmic drugs have been shown to decrease

K*^ loss from the ischaemic zone (Marshall and Parratt 1975;
Marshall and Parratt 1977).
One of the important ions required for myocardial function
and a controlling factor in various cell membrane processes
is Mg^^.

The Na^ -

ATPase enzyme is Mg^^ dependent.

An adequate supply of Mg^^ will disturb this system
resulting in K

loss from, and Na

gain by the cell.

This

is seen during tissue hypoxia (Raab 1972) produced by
excessive myocardial oxygen consumption resulting from
adreno-sympathetic catecholamine stimulation.

Iseri, Freed
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and Bures (1975) have shown ventricular fibrillation in man
and the depletion of magnesium to be associated.

5.

Ultrastructural changes in the ischaemic myocardium.
The areas of the heart most susceptible to ischaemia

and infarction are the subendocardial and midmyocardial
regions (Jennings and Ganote

1972). .Almost immediately

after the onset of ischaemia changes in cell ultrastructure
occur with relaxation of myofibrils, loss of glycogen
granules and margination of nuclear chromatin.
Baum and Herbson 1965).

(Jennings,

Prolonged ischaemia results in

irreversible damage associated with extreme myofibril
relaxation, marked nuclear chromatin margination, almost
total absence of glycogen plus disorganisation and dis
ruption of the sarcoplasmic reticulum and sarcolemma
Mitochondrial abnormalities also occur and these are
associated with swelling and the appearance of amorphous
densities within the mitochondria.
1972) .

(Jennings and Ganote

Following similar time intervals lysosomal

disruption was observed by Riccuitti (1972) in dog hearts.
Lee, Ladinsky and Stuckey (1967) also showed calcium uptake
by the sarcoplasmic reticulum to be depressed following
1-2 hours of ischaemia.

6.

Enzyme release
Release of enzymes from the myocardium provide an

index of ischaemic damage (Whitby 1968).

At least ten

intracellular myocardial enzymes have been investigated
in serum and used as a measure of muscle damage.

The
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main enzymes used in clinical diagnosis of ischaemia,
associated with myocardial infarction,include lactate
dehydrogenase (L.D.H.), creatine phosphokinase (C.P.K.)
and glutamate oxaloacetate transaminase (G.O.T.).
I
However enzyme release as a measure of damage has been
I
criticised by Kübler (1974) on the basis that enzyme
release from dog hearts occurred within two minutes after
the onset of anoxia, with irreversible damage taking much
longer to occur.

Despite this, enzyme values are still

used diagnostically.

In recent experimental work by

Leiris, Opie and Lubbe (1975) enzyme release has been
studied in the rat heart under acute ischaemic conditions
and correlated with cell damage.

7.

Glucose-potassium-insulin and ischaemia
As increased glycolysis is the physiological response

to acute ischaemia it has been suggested that glucose
administration should be beneficial following myocardial
infarction (Opie 1970a). The importance of glycolysis in
preservating the myocardium and aiding its survival, follow
ing periods of ischaemia has been demonstrated in rat
(Weisler et al 1973), guinea pig (Henry, Sobel and
Braunwald 1974) and dog hearts (Mâroka et al 1972).

In

addition, Mjos et al (1976) stimulated glycolysis using
dichloroacetate (D.C.A.).

This resulted in a reduction in

ischaemic injury as measured by S.T. segment elevation.
Insulin is used to increase glucose uptake into muscle.
Therefore under

the

circumstances mentioned above the

addition of insulin with glucose seemed relevant.
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especially since patients suffering from shock, following
myocardial infarction, have been shown to have reduced
insulin levels.

(Taylor et al 1969; Allison, Chamberlain

and Hinton 1969),
Due to the loss of

(as discussed in the previous

section) and the genesis of post-infarct arrhythmias the
addition of

to this regime also seemed desirable.

Burke

et al (1969) showed that glucose administration during
ischaemia reduced the circulatory

levels, i.e. decreased

the loss of

this was associated

from the myocardium;

with a reduction in the incidence of arrhythmias.
Since the popularisation of K^, glucose and insulin (KGI)
by Sodi-Pallares et al (1969), others before and since have
demonstrated decreased mortality and improved cardiac
performance in patients receiving this therapy.
1965;

(Mitra

Sodi-Pallares et al 1963; Gautam 1969).

However the value of this treatment has been questioned.
The Medical Research Council Working Party on the treat
ment of myocardial infarction (1968) showed no significant
benefit using this treatment following acute myocardial
infarction.

Studies by Pentecost, Mayne and Lamb (1968)

also failed to show any benefit from such therapy.
In studies using only glucose and insulin in guinea pig
hearts Henry, Sobel and Braunwald (1974) showed glucose
to not only improve mechanical performance of hypoxic
hearts but C.P.K. levels, known to be reduced during
periods of anoxia (Kjekshus and Sobel 1970) were also
maintained.

In addition Leiris, Opie and Lubbe (1975)
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have shown that administration of glucose and insulin
reduced the release of LDH, CPK and GOT from the hypoxic
rat heart.
8.

FFA and the ischaemic myocardium
Following myocardial infarction plasma FFA levels

are elevated and this has been correlated with an increased
incidence of arrhythmias.
1968 ;

(Oliver,Kurien and Greenwood

Kurien and Oliver 19 70).

They suggested that the

toxic effects of FFA on the heart could be due to non
specific "detergent" effects on the cell membranes.
FFA exist in an ionizable form,
will increase.

If

and fatty-acid anions

A fall in pH caused by ionization of

unbound FFA or increased lactic-acid production during
ischaemia produces a cycle for FFA entry into the cell.
The binding of FFA to albumin has been shown to be
decreased when the pH is reduced.

(Spector 1969)

Therefore these fatty acid anions may combine with Co-A
to produce long chain fatty acyl Co-A or with intra
cellular cations to produce "soaps" which may have
detergent effects on the membranes and enzymes of the cell.
Shug et al (1975) suggested that long chain fatty acids
that accumulate during ischaemia could eventually lead to
an increase in acyl Co-A esters.

These have been shown to

inhibit adenine nucleotide translocation across mitochondria
thereby blocking energy transfer from mitochondria to
cytoplasm.

In this way contraction and electrical

conduction could be affected.

FFA may also accumulate within

the myocardium due to depressed oxidation and depressed
capacity for release from the tissue.

Substrates for
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glyceride synthesis are made available during ischaemia
(i.e.

« -glycerophosphate) and triglyceride soon accumu

lates , hence the appearance of lipid in ischaemic and
hypoxic tissue.

(Bryant, Thomas and O'Neal 1953; Evans

1964; Scheuer

Braachfeld 1966) .
/

and

-

Elevated levels of FFA have been reported to depress
contractility under hypoxic and anoxic conditions in both
rat papillary muscle and perfused heart preparations
(Henderson et al 1970a&b;
1975).

and Gmeiner, and Braachfeld

Since one of the FFA's used was penta-4-enoic

acid, a non metabolizable FFA, which is thought to block
the carnitine-dependent entry of long-chain FFA into the
mitochondria; it was thought that FFA's could exert their
depressent effect at a premitochondrial level.
FFA also enhance myocardial oxygen consumption (fWOz) in
rat (Challoner and Steinberg 1966a; Challoner 1968) and
dog hearts (Kjekshus and Mjos 1972; Mjos 1972).

That the

increased MVO 2 is a direct effect of FFA and not due to an
increase in the mechanical activity of the heart has been
suggested by Mjos (1972), using Intralipid and heparin in
intact dogs.

In these experiments plasma FFA levels rose

approximately 6 times, and the MVO 2 rose by 20%, with no
change in the mechanical performance of the heart.
Secondly, catecholamines known to cause a rise in the MVO 2
(Klocke et al 1965;

Coleman, Sonnenblick and Braunwald

1971) by increasing the mechanical performance were
used to test if the MVO 2 was related to the myocardial
uptake of FFA.

By inhibiting adipose tissue lipolysis.
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with nicotinic acid, it was shown that the MVO 2 rise
was 30-40% less than with intact lipolysis.
In their initial studies Kurien and Oliver (1966) and
Oliver, Kurien and Greenwood (1968) associated high circu
lating levels of FFA with serious cardiac arrhythmias in
man.

In animal experiments increased plasma levels of FFA

produced by infusion of Intralipid and heparin were also
associated witho.an increased incidence of arrhythmias,
while protamine sulphate, an inhibitor of heparin induced
lipolysis, reduced the incidence of arrhythmias (Kurien
Yates and Oliver 1969).

However, the above observations

have not been confirmed by Ruttenberg, Palmintuan and Soloff
(1969), Ruttenberg and Soloff (1970), Nelson (1970) and
Russo et al (1970).

Henderson et al (1970 a & b) demon

strated a depression of contractility in isolated rat hearts
under ischaemic conditions using linoleate at high concen
trations.

Opie (1970b), using octanoate also demonstrated

a depression in contractility and atrioventricular block.
Earlier Hoak et al (1964) injected unbound FFA into dogs
intravenously and produced cardiac arrest.
confirmed by Soloff (1970) also using dogs.

This was
Production of

arrhythmias in geese has been observed by Hoak, Connor and
Warner (1968) following glucagon administration (0.5mg/kg
i.v.)
levels.

They attributed this to an increase in plasma FFA
However this contradicts the earlier work of

Sokal, Aydin and Krauss (1966) who showed a depression of
plasma FFA levels in normal dogs given small doses of gluca
gon (lyg/kgi.m.)

The discrepancies arising from these two sets
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of results could be attributed to either a direct effect of
glucagon due to stimulation of catecholamine secretion,
induced by high concentrations of this hormone, (Scian et
al 1960; Sarcione et al 1963) or secondary to this, a
catecholamine-induced lipolysis.
Sokal and colleagues (1966) showed a depression of plasma
FFA levels which was associated with an increase in the
plasma insulin concentration.

In a recent study in man

Takanp (1976) also demonstrated a correlation between plasma
FFA levels and arrhythmias following acute myocardial
infarction.

The incidence of arrhythmias could be reduced

by treatment with glucose and insulin this being associated
with a reduction in plasma FFA levels.
Some reports, however, have not found a correlation between
elvated plasma FFA's and arrhythmias

(Opie et al 1971).

Opie (1972) has suggested that the FFA/albumin ratio in
the experiments of Henderson et al (19 70 a & b), Kurien,
Yates and Oliver (1971) and his own work (Opie 19 70b
exceeded that usually found in man during myocardial
infarction, and therefore the results remain questionable.
Furthermore, in the experiments of Henderson and colleagues,
the fatty acid used was linoleate which is known to be less
tightly bound to albumin than palmitate and oleoate
(Goodman 1958).

Criticism can also be made of the experi

ments of Kurien, Yates and Oliver (1971) and Opie et al
(1971) in that linoleate is the major fatty acid released
following Intralipid administration whereas the major
fatty acids produced during infarction in humans and dogs
are palmitate and oleate (Rothlin and Bing 1961;

Jurand
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and Oliver 1970).
In the mongrel dog experiments of Kurien Yates and Oliver
(1971) triglyceride and heparin administration induced
arrhythmias, while Opie et al (1971) using the same proced
ures

in greyhounds, failed to produce arrhythmias.

The

causes of these differences are unclear, but may be explained
by differences in technique and animal strain.

Myocardial

infarction in mongrel dogs was produced by balloon disten
sion occluding the circumflex artery in closed-chest dogs.
This may influence the sympathetic discharge to the ischae
mic area and therefore FFA toxicity may be due to an inter
action between catecholamines and FFA.

In the other study

infarction was produced by occlusion of the anterior
descending coronary artery in open-chest dogs.

The sight

of occlusion and differences in heart rate between the two
groups may also affect the results.

In experiments on

mongrel dogs, Regan et al (1970) found that the increase
in circulating FFA, following noradrenaline infusion, did
not correlate with any increase in the incidence of
arrhythmias.

However, they suggested that the arrhythmias

that did develop,and the complications found,could be a
reflection of the raised catecholamine levels rather than
the free fatty acids themselves.

Willebrands et al (1973)

could only demonstrate arrhythmia production when the FFA/
albumin molar ratio exceeded 5:1, ratios between 2.2:1 and
4:1 showed no significant increase in the incidence of
arrhythmias.

Opie and Lubbe (1975) raised the FFA molar

ratios to as high as 13:1 and failed to precipitate
serious arrhythmias in dogs.
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In the experiments of Willebrands et al (19 73) it must be
noted that no specific combination of substrates was used,
and the adverse effects at the high molar ratio could be
due to the absence of glucose.

However Gmeiner et al (1975)

using FFA/albumin ratios of 5:1 in rat hearts with a mixed
substrate observed no arrhythmia development.
Opie and Lubbe

Leiris

(1975) have shown that enzyme release, a

measure of damage in infarcting tissue, was accelerated
when the FFA/Albumin-ratio was increased from 1:1 to 5:1;
however serious arrhythmias were not found in their
isolated working rat heart preparations.

In the latest

studies. Most, Capone and Mastrofrencesco (1977) using
closed-chest pigs infused with Intralipid and heparin
could not correlate any increased incidence of arrhythmias
after coronary artery ligation and argue against the
arrhythmogenicity of FFA's.
9.

Cyclic AMP and the ischaemic myocardium
The development of arrhythmias during ischaemic

heart disease and myocardial infarction has been attributed
to the accumulation of intracellular cyclic AMP (Podzuweit,
Lubbe and Opie 1976).

In experiments using baboon hearts,

Podzuweit, Dalby and Opie (1975) demonstrated an
accumulation of cyclic AMP in the infarcting myocardium
but not in the non-ischaemic zone.

This accumulation of

cyclic AMP proceeded the development of ventricular
,fibrillation by up to 10 minutes, it was suggested that
this could be due to local catecholamine-activated cyclic
AMP release.

Further evidence for this theory of cyclic
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AMP involvement in arrhythmia development was provided by
Lubbe et al (1976).

Using denervated perfused rat hearts

they tested the vulnerability of the heart to fibrillation
and the effect of cyclic AMP on this.

Such a system, not

under the influence of endogenous catecholamines showed an
increased vulnerability to arrhythmias on addition of
the dibutyryl analogue of cyclic AMP (DB cyclic AMP).
From the results of the research performed during the past
years, it can be seen that the cause of the arrhythmias
following infarction remains uncertain.

It seems likely

that a combination of the effects of raised FFA levels,
in association with increased catecholamine levels and
cyclic AMP may make the ischaemic heart vulnerable to
the development of arrhythmias.
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DIABETES AND ITS RELATIONSHIP TO THE HEART
1.

General
It has become apparent that diabetes mellitus and

increased mortality from ischaemic heart disease seem to
be associated (Feldman and Feldman 1954, Ostrander et al
1965, Goetz 1967, Pell and D'Alonzo 1970, Bradley 1971 and
Stamler, Berkson and Lindberg 1972).

The traditional

view is that cardiac disease in the diabetic is largely
due to coronary artery disease with consequent obstruction
of blood flow to the myocardium.

The significance of the

two states i.e. ischaemia and diabetes in relation to each
other will be discussed below.
k
2.

Ionic disturbances
During ischaemia, Regan et al (1972) have shown a

reduction in intracellular

and a gain in Na^.

This is

in contrast to their work using diabetic hearts where an
analysis of the

and Na^ content of the inner and outer

wall showed the levels of these cations to remain normal
(Regan et al 1973).

Ettinger et al (1970) demonstrated

significantly larger QRS duration times in alloxan diabetic
mongrel dogs.

This indicates a delayed rate of depolariz

ation and may be due to the increased left ventricular
wall stiffness and mucopolysaccharide accumulation which
occurs in these animals (Regan et al 1973).
3.

Cyclic AMP
The role of cyclic AMP in relation to diabetes has

been investigated by Chaudhuri and Shipp (1973).

Their

results demonstrated raised cyclic AMP levels in diabetic
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rat hearts.

In view of this they were surprised to note

raised glycogen levels.

These results in rat heart were

in contrast to their findings using rat gastrocnemius
muscle.

This contrast between the two muscles was also

noted when insulin ;was used.

In the diabetic heart there

I

was a reduction of cyclic AMP following insulin treatment
and a rise after its withdrawal,
gastrocnemius muscle.

this was not seen in the

The reason for raised cyclic AMP

levels in the diabetic heart could be due to an exagger
ated catecholamine level (Chaudhuri

and Shipp 1973).

Fechner and L ’Age (1972) have demonstrated a disturbed
adrenal cortical circadium rhythm in rats with severe
alloxan diabetes and the high levels of cyclic AMP may
be due to this stress factor.

In man diabetes has been

associated with defects in both the sympathetic and para
sympathetic innervation of the heart and this functional
cardiac denervation has been associated with an increased
incidence of cardiac arrhythmias.

(Lloyd-Mostyn and

Watkins 1975).
4,

Myocardial Metabolism
Regan et al (1973) induced a mild form of diabetes

in dogs using intravenous alloxan in order to obtain a non
complicating form of diabetes with the exclusion of the
atherosclerotic factor.

Myocardial performance and

metabolism were studied one year after the onset of
diabetes.

The accumulation of triglyceride in the cardiac

cells was the major change observed.

The production of

^^C02 from oleic acid-l-^^C was not reduced in the diabetic
animal indicating no impairment of transport

and _oxidation
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via the carnitine system.
Kreisberg (1966) demonstrated a reduced uptake of chylomi
cron triglyceride in the diabetic rat heart and associated
this with a decreased lipoprotein lipase activity.

The

above study was confirmed by Regan et al (1972) and Atkin
and Meng (1972) who also showed a reduced lipoprotein
lipase activity in diabetic hearts.

They suggest that

extra-cellular triglyceride is not a contributing factor
to the myocardial lipid accumulation which occurs in
diabetes.

This is in contrast to Kessler (1963)^ who

demonstrated an increased myocardial lipoprotein lipase
activity in the diabetic state and therefore one would
expect increased utilization of plasma triglycerides.
This does not reflect the uptake of circulating FFA levels
which are raised in the diabetic state (Laurell 1956).
Rizza, Crass and Shipp (1971) suggested that elevated
triglyceride levels in cardiac muscle are a result of
elevated plasma FFA levels.
Protein synthesis in diabetic hearts has been found to
remain normal (Rannels et al 1970; Regan et al 1973).
Goodman and Hazelwood (1971) have also shown that the
alloxan diabetic animal has normal levels of cardiac
actin

and myosin filaments and subcellular phosphates.
Insulin and infarction
Insulin is released from the 6 cells of the pancreas

in response to a number of stimuli, the metabolic fuels,
glucose, amino acids and ketone bodies being important
insulin secretagogues.

It was originally thought that the
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diabetic state was associated with an insulin deficiency,
however it is now realised that the rate of insulin secre
tion and the concentration of insulin in the blood are not
always reduced and in most maturity onset diabetic states
insulin release may be normal or even higher than normal.
Raised plasma insulin levels in this type of diabetes have
been associated with an insulin resistance.
(1974)

examined glycosuria

Gupta et al

following glucagon admini

stration in control as well as myocardial infarct patients.
Glucose levels were higher in the latter patients, this
could be due to a decrease in insulin secretion or a
decreased insulin activity.

However one week after infarc

tion the insulin production was seen to be greater than in
control hearts with blood glucose levels still remaining
high.

This is indicative of a defective circulating hormone

or insulin resistance in the tissues.

Raised plasma

insulin levels have also been associated with an insulin
antagonist (Vallance-Owen 1964) which would act by reducing
the uptake of glucose by adipose tissue and muscle.

This

results in raised glucose and fatty acid levels and sub
sequent stimulation of more insulin secretion.

Consequent

ly the level of circulating insulin may be higher than
normal.

However confirmation of these results is lacking.

The survival of the hypoxic heart is dependent directly
on glucose utilisation and hence dependent on glucose
transport.

In man,with the onset of myocardial infarction

there is a surge in sympathetic activity both via local
catecholamine release from sympathetic nerve endings and
release of adrenaline from the adrenal medulla (Jewitt et
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al 1969) particularly if blood pressure falls.

Although

tne effects of catecholamines are direct in that they have
a stimulatory effect in the heart in its deleterious
condition, there are indirect effects on insulin secretion,
especially if circulatory shock follows myocardial infar
ction.

Following infarction, hypoglycaemia develops

(Mackenzie et al 1964;

Taylor et al 1969) due to an increas

ed sympathetic activity stimulating hepatic glycogenolysis.
In addition glucose uptake is depressed which could be due
to a failure in the secretion of insulin from the pancreas
(Taylor et al 1969; Allison, Chamberlain and Hinton 1969;
Taylor 1971).

Taylor and Majid (1971) suggest that this

suppression of insulin release is due to a reduction in
pancreatic blood flow.

Furthermore it has been shown that

the insulin that is released following infarction may in
itself be inactive although the reason for this is unclear
(Gupta et al 1974).
Catecholamines have been shown to suppress insulin release
from the 3 cells both in vitro (Malaisse et al 1967) and
in vivo (Kris et al 1966; Altszuler et al 1967) in animals
as well as humans (Porte and Williams 1966; Porte et al
1966).

This is thought to be via alpha receptor stimulation.

Majid et al (1970) have shown that adrenergic alpha
stimulation and beta-blockade both suppress insulin release
in normal man whereas the reverse potentiates insulin release
Insulin and atherosclerosis
Duff and McMillan (1949) first reported that alloxan
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diabetic and insulin deficient rabbits fed on a
cholesterol diet developed fewer aorta atherosclerotic
lesions than non diabetic controls.

Thus the diabetic

state appeared to have a protective effect by inhibiting
the accumulation of lipids in the aorta.

On addition

of insulin to diabetic rabbits, aortic atherosclerosis
became more severe even though blood glucose and lipids
were reduced (Duff, Brechin and Finkelstein 1954).

Studies

by Cruz et al (1961) on dogs, Renold et al (1968) using
mice, Wilson, Martin and Hartcroft (1969) on rats and
Stout (1970) using chickens have all demonstrated
significant coronary artery lipid accumulation on insulin
administration.
Diabetes is often associated with atherosclerosis of the
aorta and coronary arteries and the prevalence of
ischaemic heart disease in this condition may be due to
the high level of insulin which is often seen, particularly,
in maturity onset diabetics.

The conversion of glucose

to lipid is decreased in the diabetic animal (Stout,
Buchanan and Vallance-Dwen 1972) whereas the addition
of insulin has been shown to increase this conversion
(Mahler

1971).

Therefore high levels of plasma insulin

may promote atheroma formation in the arterial wall.
In addition insulin can reduce the removal of triglycer
ide due to its inhibitory effect on triglyceride lipase
(Mahler 1971).
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CONTRACTILITY OF THE HEART AND THE CARDIAC ACTION POTENTIAL
1.

General
The myofibrils of the heart consist of overlapping

thick and thin protein filaments;

these being the myosin

and actin filaments respectively.
For contraction to occur the actin filaments must slide
along the thick myosin filaments in such a way so as to
maintain the length of each respective filament (Huxley
1969) .

The process whereby such contraction occurs is

via cross bridges which link the two filaments together
(Huxley 1969).

Energy is required not only for displace

ment of actin relative to myosin but also for the form
ation of the cross bridges.

This energy is derived from

the hydrolysis of ATP (Cain and Davies 1962) and the Mg*^^
dependent ATPase enzyme controlling this is located in
the myosin side chans (Katz 1970).

However, even with

the availability of ATP and Mg^^ the above process
requires another regulatory complex, this being the
troponin-tropomysin-Ca'*"*' complex (Ebashi and Endo 1968) ;
its function is to regulate the myosin ATPase enzyme.
In the absence of Ca^^ the troponin/tropomyosin complex
inhibits the ATPase thus preventing the utilisation of
ATP, whereas in the presence of Ca^^ the complex is not
inhibitory.

Thus in the presence of Ca"*"^, ATP is

hydrolysed and the resultant energy used for myocardial
contraction.

Therefore contraction is dependent upon the

myoplasmic concentration of Ca^^ and high energy
phosphates.
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The resting membt^ne potential in cardiac muscle is
between -55 to -90 mV depending on which part of the heart
is being examined.

This is largely regulated by the

potassium permeability of the cell membrane.
To maintain this transmembrane potential, energy is
required and is made available by the hydrolysis of ATP
which is controlled by another Mg^^ dependent ATPase
enzyme.

This being the Na^-K^ dependent ATPase enzyme

(Skou 1965).
When the membrane potential reaches threshold for a full
action potential there is a rapid influx of Na'*’ into the
cell (Phase O)

(Brady and Woodbury 1960)

(fig. 2).

There

is also a slow inward current of Ca'*’^ which contributes to
the rising and plateau phases of the action potential
(Shingenobou and Sperelakis 1972, and Reuter 1973).

Once

the action potential has been initiated in the S-A node
it àpreads rapidly throughout the heart.

Sodium permea

bility is inactivated in phase (1) with the membrane
remaining refactory to any more sodium current.

It is

during the slow repolarization phase (2) & (3) that
leaves the cell until the resting membrane potential is
reached again whereupon the Na^/K*** pump (fig. 4) restore the
intra- and extra-cellular Na

+

+

and K

levels (4).

Repolarization in heart muscle is prolonged due to the
continued influx of Ca

++

balancing out the K

+

efflux, this

has the beneficial effect of preventing tetany.
To avoid the accumulation of Ca^^ within the cell it is
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Figure 2
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Ca++ P U M P

Na+— K
PUMP
Na

■ —

Release
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Na'
N a + - C a+1
EXC H AN G B

ION PUMP SYSTEM IN A CARDIAC CELL
Figure 4.
(Noble 1975)
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removed by a Na'^-Ca'*"'*' exchange process,
(Glitsch, Reuter and Scholz 1370).

(figure 4)

There also appears

■f4-

to be an electrogenic Ca

pump in the heart which requires

energy in the form of ATP.

The evidence for these pumps

has been discussed in reviews by Baker (1972) and Noble
++
(1975). Ca
influx during the plateau phase of the
action potential is the main trigger for the start of the
mechanical response (figure 2).

It has been shown by

Nayler (1975) that the amount of Ca^^ displaced inwards
is very small (Ing/g heart muscle) and would be insufficient
to ellicit a contraction.
influx of Ca

++

It is considered that this

together with depolarization acts as a

trigger to release Ca^^ from the sarcoplasmic reticulum and/
or mitochondria and it is this Ca^^ that ellicits contraction,
(Lee 1965; Nayler and Merrilees 1971; Nayler 1975;
Fabatio and Fabatio 1977).
2. ■

Cardiac Requirements for relaxation
While Ca^^ is needed for the process of contraction,

relaxation requires the availability of intracellular
Ca^* to be reduced.

This in turn allows the troponin/

tropomysin complex to exert its inhibitory effect on
contraction.

Swartz (1971) and Repke and Katz (1972)

suggest that intracellular Ca^^ is taken up by intra
cellular binding sites on the sarcoplasmic reticulum and
mitochondria, and like contraction this process is
+4.
energy dependent. Ca ' also leaves the cell via the
Na^-Ca^^ exchange, and an electrogenic Ca^^ pump system
(Baker 1972; Noble 1975)

(figure 4).
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3.

The Role of Cyclic AMP
Adrenaline has been shown to increase cyclic AMP

levels in cardiac muscle homogenates (Murad et al 1962),
isolated perfused rat hearts (Robison

et al 1965) and

in human plasma following acute myocardial infarction
(Strange et al 1974).
Increased levels of cyclic AMP are associated with the
positive inotropic effect of catecholamines (Murad et al
1962; Sutherland, Robison and Butcher 1968).
Cyclic AMP in the presence of a cyclic AMP dependent
protein kinase (Krebs 1972) has been shown to increase
glycogenolysis in the myocardium by phosphorylating the
enzymes phosphorylase b kinase and glycogen synthetase.
Thus it was thought that metabolic changes induced by
cyclic AMP were related to the increased inotropic
response found with the catecholamines.

Several investi

gators however have shown that contractility and the
increase levels of cyclic AMP proceed the metabolic changes
(Cheung and Williamson 1965;

Williamson and Jamieson 1965).

These results suggest that cyclic AMP may induce a number
of changes independent of one another; the metabolic events
being secondary and resulting from increased demands for
energy due to contractility.
The role of cyclic AMP in initiating a positive inotropic
response in heart muscle has been rejected by Verma and
McNeill (1976).

They showed that phosphodiesterase

inhibitors e.g. theophylline and stimulators e.g.
imidazole both produced positive inotropic responses in
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guinea-pig hearts and activated phosphorylase without any
significant change in cyclic AMP levels.

This indicates

that increased cyclic AMP may not be the trigger for
increased contractility.

Furthermore Benfrey, Kunos and

Nickerson (1974) have shown that cardiac inotropic
adrenoreceptors are different from those that mediate the
production of cyclic AMP indicating that accumulation of
this nucleotide is not the direct cause of the positive
inotropic effect of catecholamines.
Langslet and 0ye (1970) and Garnter and Vahouny (1972)
demonstrated that although adrenaline and exogenous cyclic
AMP both activated phosphorylase in perfused rat hearts
at 16^, only adrenaline produced any inotropic or chrono
tropic response.

Cyclic AMP does not penetrate membranes

very readily and this could explain the lack of affect
with this nucleotide.

However, dibutyryl cyclic AMP,

which does penetrate membranes more readily and is resistant
to degradation by phosphodiesterase has been shown to
increase the rate and contractile forse in dog (Dhalla et
al 1973) rat,

(Ahren, Hjalmarson and Isaksson 1971) and

cat papillary muscle (Skelton et al 1970).

A noticeable

time difference between the action of noradrenaline and
dibutyryl cyclic AMP on contractility was shown by the
latter authors.
respectively).

(2-4 minutes to 30-40 minutes
This could be due to the slow diffusion

of the dibuyryl analogue into the tissue (Skelton,
Levey and Epstein 1970).

However the effects of dibutyryl

Cyclic AMP may not be the same as cyclic AMP.

This

has been shown recently by Narimatsu and Taira (1977) with
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respect to the dromotropic effects of these two compounds.
Using dogs they showed that dibutyryl cyclic AÎ4P and nora
drenaline both produced a decrease in A-V conduction time.
The effect of the former being much larger than the latter.
However with cyclic AMP, A-V conduction time was shown to
be prolonged.
In view of the above and the role played by Ca

++

in the

control of muscular contraction and relaxation it has been
postulated that cyclic AMP could produce its effects by
altering intracellular Ca

++

levels (Nayler 1967, Eboshi

and Endo 1968; Rasmussen and Tenenhouse 196 8; Shinebourne
and White 1969; Katz, Tada and Kirchberger 1975).

It has

been shown by Entman, Levey and Epstein (1969) that
noradrenaline and cyclic AMP both increase Ca^^ accumulation
in canine microsomal fractions.
White (1975) and Katz,

Since then Shinebourne and

Tada and Kirchberger (1975) have

shown cyclic AMP to modulate cellular permeability to Ca^"*".
Tada and colleagues have shown that a cyclic AMP-protein
kinase system can control calcium transport by the sarco
plasmic reticulum by phosphorylating a component of the
sarcoplasmic reticulum which they have called phospholamban . Their proposed mechanism for the role of cyclic AMP
in the contratile process is shown in fig.(5).
In contrast recent work by Endo

et al (1976)has demon

strated that reduction of extracellular Ca'*"*’ reduced the
tension development in rabbit papillary muscle; this
reduction was however associated with a rise in tissue
cyclic AMP levels.

They also showed that the intra-
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cellular concentrations of cyclic AMP and the strength of
contraction may be regulated by intracellular free Ca
Furthermore low concentrations of Ca

have been reported

to stimulate phosphodiesterase in bovine hearts (Teo and
Wang 1973) and inhibit adenyl cyclase in cell free
guinea-pig heart preparations.

(Tada et al 1975).

Therefore the controversy, with respect to the part that
cyclic AMP and calcium may play in the functioning of the
myocardium still remains uncertain.
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Other adenyl cyclase
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^
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Figure 5

(Tada and Kirchberger 1975)
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ENERGY METABOLISM OF THE HEART
1.

Substrate utilization (exogenous)
The myocardium has a continual demand for energy

which is normally satisfied by the oxidation of exogenous
substrates.

Cardiac muscle uses a variety of substrates

for energy production the most important being glucose,
free fatty acids, lactate and pyruvate; ketone bodies and
amino acids are utilized to a lesser extent.

In extensive

reviews by Opie (1968, 1969a & b, 1972, 1976) and Neely and
Morgan (1974) it has become clear that the metabolic
pathways of the heart can be dominated by one of the major
substrates mentioned, if their concentration is high
enough.
Under normal conditions i.e. in the normally oxygenated
heart, glucose and FFA's are both important sources of
energy with the latter providing the major source.
and Morgan 19 74).

(Neely

In the fed state glucose and insulin

levels are high with plasma FFA concentrations being
relatively low; in this situation the former is probably
the major fuel of the heart.

The opposite occurs in the

fasted and diabetic states (Opie 1972).
The relationship between fatty acid and glucose
metabolism has been studied using competition studies
(Hasselblatt 1971) whereby fatty acid levels are elevated,
and glucose utilization in isolated tissue, whole animals
or man is measured.

A second approach has been to inhibit

lipolysis, thus lowering plasma fatty acid and ketone levels
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and to study glucose metabolism.

Under normal conditions

fatty acids and/or ketone bodies will reduce glucose
utilization (Shipp, Opie and Challoner 1961; Randle et al
1963) .

Shipp, Opie and Challoner (196 4) and Newsholme and

Randle (1964) have shown these substrates to be oxidized
in preference to glucose providing the oxygen tension is
sufficient (Most et al 1969).

In the fed state, plasma

glucose levels are high while FFA levels are low.

In this

situation glycolysis is stimulated and here the high plasma
concentration of glucose is dependent on insulin for uptake.
The relationship between these two main substrates has
been described by Randle et al (1963) in their glucose/
fatty acid cycle (Figure 6 & 7.)
In the ischaemic, hypoxic or anoxic heart oxidation of
fatty acids is suppressed and glycolysis is stimulated.
The extent to which the latter is stimulated varies with
each condition.

During total oxygen deprivation (anoxia)

glycolysis is stimulated maximally, the end product being
lactate;

FFA oxidation is diminished under these

conditions,

(Evans 1964).

Under ischaemic conditions where

the oxygen tension is limited by the reduced flow through
the coronary arteries, the end product of anaerobic
glycolysis, lactate, will accumulate and eventually
inhibit the continuation of this process.
Locke and Rosenheim (1907) first showed glucose to be
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utilized by the heart using the isolated Langendorff
preparation.

The utilization of FFA by the heart has been

demonstrated in dogs,

(Scott, Finkelstein and Spitzer 1962;

Cowley, Scott and Spitzer 1969) in isolated perfused rat
hearts (Evans, Opie and Shipp 196 3; Willebrands 1964;
Stein and Stein 1963; Sheuer and Olson 1967; Henderson etal
1970a&b) and in human hearts (Most et al 1967).

Lipid is

supplied either as FFA in the form of a complex with
serum albumin (Spector, John and Fletcher 1969) or as
triglyceride-fatty acid (TGFA).

Utilization of the latter

proceeds via lipolysis at the cell surface, the FFA's
released enter the cell directly, influenced only by
their plasma concentration.
2.

Endogenous substrates
In certain conditions the balance between utiliza

tion of exogenous and endogenous substrates in myocardial
energy metabolism may shift markedly.
The main source of endogenous substrates are tissue
glycogen and lipids (Fisher and Williams 1961a & b).

In

hearts perfused for periods of up to two hours in the
absence of added substrate it has been shown that oxygen
consumption is maintained for a relatively long period of
time.

If the heart was only dependent on glycogen,

depletion of this substrate would be complete during the
first 10-19 minutes of perfusion.
1961a;

Shipp et al 1964a)

(Fisher and Williams

However, hearts perfused in this

manner continued to function for periods of up to one
hour.

This is indicative of substrates other than

glycogen playing a major role in energy metabolism.
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Olson and Hoeshen (1967) suggested that endogenous lipid
must play a role in maintaining the functions of hearts
perfused in this manner in conjunction with, and after
carbohydrate stores are depleted.

Their findings showed

triglycerides and to a lesser extent diglycerides to be
the main source of fatty acid utilized.

Denton and

Randle (1967), perfusing normal and diabetic rat hearts
with glucose and insulin also demonstrated effective
triglyceride utilization.
In the experiments of Olsen and Hoeshen (1967), using
substrate free medium, no significant drop in phospholipid
content was found and they therefore concluded that tri
glyceride breakdown alone furnished the main fatty acids
for oxidation.

Earlier studies by Shipp, Thomas and

Crevasse (1964) on the production of ^''CO2

by perfused

rat hearts, in which lipids were prelabelled with ^'*C02
palmitic acid, confirmed endogenous lipid as the energy
providing source.

They also observed oxidation of fatty

acid derived from phospholipid in addition to triglyceride
fatty acid.

However further work by Crass, McCaskill and

Shipp (1969) and Crass et al (1971) did not confirm
phospholipid oxidation; these workers reported that the
total phospholipid content of the muscle remained
constant throughout their experiments.
Lipolysis is accelerated in hearts from diabetic and
fasted animals (Garland and Randle 196 4), this was shown
by the increased glycerol release in the perfusate from
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isolated rat hearts.

Endogenous lipid utilization has

been shown to be stimulated by adrenaline in isolated rat
hearts (Challoner andSteinberg 1965, 1966b; Crass 1972;
Jesrnok, Calvert and Lech 1977 )and during diabetes and
i

starvation (Kreisberg 1966).

Lipolysis following catechol

amine stimulation in these in vitro situations has been
shown to be inhibited by the addition of exogenous
palmitate.

Similar conditions would be expected to occur

in in vivo conditions where lipolysis via catecholamine
stimulation would be inhibited if the circulating FFA
levels (exogenous) were raised.
3.

Key parts in the metabolic pathway
"Uptake of substrates
Glucose uptake occurs by a specific carrier mechanism

as judged by kinetic characteristics.

(Morgan et al 1961).

Uptake is normally limited at this site but can be stimu
lated by insulin and hypoxia (Morgan, Randle and Regan
1959; Morgan et al 1961) so that subsequent phosphorylation
becomes rate limiting for glucose uptake.
FFA uptake depends on the concentration in the plasma,
(Evans 1964) and the FFA/albumin ratio is the major
determinant of uptake (Evans, Opie and Shipp 1963);
TGFA uptake is dependent on the extracellular lipolysis
by lipoprotein lipase in the vessel walls.
The uptake of lactate, pyruvate and ketone bodies appears
to be limited by their plasma concentrations.
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Phosphofructokinase (PFK).

PFK represents one of the

most important regulatory sites in the glycolytic pathway.
Its activity is enhanced by anoxia, this is due to a
/

lowering of the intracellular concentrations of ATP,
I
citrate, and creatine phosphate and increased levels of
inorganic phosphate (Pi), AMP, Cyclic AMP, ADP and fruc
tose diphosphate.

It is subject to inhibition by citrate

thereby restricting the glycolytic flux, as in the
depression of glucose utilisation by FFA's and during
diabetes when the levels of FFA are also raised,

(Garland,

Randle and Newsholme 1963; Newsholme and Randle 1964; Neely
and Morgan 1974).

The effect of inhibition of the enzyme

results in an accumulation of fructose-6 -phosphate and in
turn glucose-6 -phosphate.

Accumulation of the latter

inhibits glucose phosphorylation and hence glucose uptake
(England and Randle 1967) and in addition causes inhibition
of glycogenolysis by its inhibitory effect upon glycogen
phosphorylase b (0ye 1967).
Other control points;

Other regulatory steps in the

glycolytic pathway are at glyceraldehyde-3-P-dehydrogenase,
pyruvate kinase and pyruvate dehydrogenase (Figure 8 ).
In an ischaemic heart the removal of the end product of
anaerobic glycolysis, lactate, is reduced thereby causing
an accumulation of NADH.

The latter would cause an

inhibition of glyceraldehyde-3-phosphate dehydrogenase
by depressing the availability of NAD required for the
glyceraldehyde-3-phosphate dehydrogenase conversion of
glyceraldehyde-3-phosphate to 1,3-di-phosphoglycerate.
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(Williamson 1965).

Such inhibition depresses the utiliza

tion of both glucose and glycogen.
For re-esterification of intracellular FFA to occur the
availability of « -glycerophosphate is necessary .

I

.

« -glycerophosphate is produced during glycolysis via the
reduction of dihydroxyacetone phosphate (Carlson 1972).
During periods of ischaemic perfusion, which are associa
ted with rapid glycolytic flux, triglyceride accumulation
rapidly occurs (Evans 1964; Scheuer and Brachfeld 1966).
Fatty acids accumulate because of depressed oxidation
and depressed capacity for release from the tissue.
During diabetes and starvation the reduction in plasma
insulin level results in a decreased rate of glycolysis
and a lowering of the glycerol phosphate concentration.
This restricts estérification and consequently fatty acid
mobilization is stimulated. (For fatty acid metabolic
pathway see Fig. 9.)
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The relationship between glucose and fatty acid
utilisation as described by Randle et al (1963) in their
glucose/fatty acid cycle.
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Legend for figure 8

1.

hexokinase

2.

phosphoglucose isomerase

3.

phosphofructokinase

4.

aldolase

5.

triosephosphate isomerase

6.

glyceraldehyde-3-phosphate dehydrogenase

7.

phosphoglycerate kinase

8.

phosphoglycerate mutase

9.

enolase

10.

pyruvate kinase

11.

lactate dehydrogenase

12.

phosphoglucomutase

13.

uridyl transferase

14.

glycogen synthetase
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Legend for Figure 9

1w

Lipoprotein lipase

2.

Fatty acid thiokinases

3.

Mono-di-triglyceride lipases

4.

Glyceride synthesis

5.

3

oxidation
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Several points have become apparent during a survey of the
literature.

Firstly it has been seen that oral hypoglycae-

mic agents have various effects on the myocardium, many of
which are contradictory and seem to be species specific.
Furthermore,the effects of these drugs have tended to be
studied with reference to the mechanical performance of the
heart.

Secondly, it has been shown that ischaemia produces a

marked depression in performance of the heart due to the
many metabolic changes that occur following its onset.
Finally it seems likely that no one single factor alone
contributes entirely to the overall deterioration in the
heart during ischaemia.

It is more likely that a combina

tion of mechanical and metabolic events leads to the
deleterious state that exists during this condition.
The aims of the investigation in this study are summarized
as follows :
1.

To induce a state of diabetes in rats using
alloxan.

2.

To set up a system for perfusing isolated rat
hearts under normal and ischaemic conditions.

3.

To study the general mechanical performance and
related biochemical changes under normal, ischaemic
and diabetic ischaemic conditions; and following
tolbutamide, adrenaline and insulin administration.

4.

To carry out any additional studies that may seem
relevant to the above (e.g. in Retrospect; the
study with respect to calcium and arrhythmias).
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PERFUSION OF ISOLATED RAT HEARTS
1.

Animals
Male albino rats of the CFY strain (Anglia Laborator

ies) weighing between 180-300g. were used throughout.

Rats

were all kept in controlled photoperiod conditions (14 hour
light, 10 hour dark) at temperatures of 21^0 with food
(Oxoid 4IB diet) and water available ad libitum.
2.

Perfusion media and method of preparation
The perfusion media was that of a modified Krebs-

Henseleit buffer (pH 7.4) containing a 2%

solution of

bovine serum albumin fraction V (Sigma) gassed with 95% O 2
and 5% CO 2 .

The composition of the Krebs was sodium

chloride (118mM), glucose (11 mM), sodium hydrogen
carbonates (25mM), magnesium sulphate (l,2mM), potassium
dihydrogen orthophosphate dihydrate (1,2mM), potassium
chloride (4.75mM) and calcium chloride dihydrate (2.54mM).
For the binding of FFA’s the addition of albumin was
necessary.

2%

albumin solution was made up by dissolving

albumin in freshly prepared Krebs buffer.

This was

dialysed against a large volume (5 litres) of the Krebs/
buffer for a period of 64-70 hours at 4°C.

This being

done in order to allow complete equilibration of calcium
with the binding sites on the albumin; dialysis for a
shorter period of time gives a calcium depleted perfusate
and hence reduces the contractility of the perfused heart.
After dialysis the Krebs/albumin perfusion fluid was
filtered through a millipore filter (47m 0,45p) before use.
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3.

Perfusion procedure
(a)

Design and method of perfusion

The perfusion apparatus was that of a modified
recirculating Langendorff preparation (Diagram 1 & photograph 1
It is composed of standard glassware (Quickfit, Technicon Int
ernational and Scientific and Research Instruments) with the
exception of a modified T piece; all connections being
made via Portex vinyl tubing.
The temperature of the system was kept constant at 37^C
using a thermostatically controlled Circon pump.

The total

recirculating perfusion volume was 40ml.
Animals were killed by a blow to the head followed by
decapitation.

Hearts were removed as quickly as possible

and placed in a cold solution of Krebs to arrest the heart
beat.

A steel cannula was inserted into the aorta and

tied into position.

The heart was gently squeezed to

remove any internal blood and then immediately connected to
the perfusion apparatus through which perfusion fluid was
flowing at 6 -8ml per minute.

A 2 minute wash out period

allows the heart beat to be restored and any blood remain
ing in the coronary arteries to be removed.

A thread was

then attached to the apex of the ventricle and any
extraneous tissue carefully dissected away from the aorta
and atria.

After the washout period recirculation was

started and maintained until the end of the experiment.
The time taken between killing the animal and the start
of the non recirculating perfusion must be kept as short
as possible and was usually under two minutes.
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Legend for Diagram 1
Recirculating Perfusion apparatus for the
perfusion of isolated rat hearts by a
modified Langendorff method.
AC

=

Aortic cannula

A

-

Aerator

B

=

Bubble trap

F

=

Filter

FP

=

Pulley

G

=

Gas supply 9 5 % 0 2 / 6 % CO 2 .

H

Heart chamber

P

Pump

PT

=

SR

Pressure transducer
Sample remover

T

=

Thermometer

TH

=

Thread

?

TT

Isometric transducer (Devices UFl)

WC

Warming coil

WJ

Warming jacket

Arrows indicate the direction of flow of
perfusate.
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In order to avoid bacterial contamination likely to
develop under these conditions the perfusion apparatus was
cleaned regularly.

This was achieved by washing after daily

use with distilled water in addition to complete soaking in
chromic acid overnight after every 12 perfusions; at this
stage all vinyl tubing was also replaced.
(b)

Coronary flow

One of two coronary flow rates were used throughout
each individual perfusion.

That of 12ml a minute,simulat

ing a normal flow and corresponding to a perfusion pressure
of approximately 75mm Hg and that of 4ml a minute, simulat
ing an ischaemic flow and corresponding to a pressure of
25mm Hg.

These independent flow rates were set at the start

of the recirculation and maintained throughout the perfu
sion.
•

(c)

Measurement of performance of the heart

A thread from the ventricle was allowed to run over
a pulley to a strain gauge (Devices UFl) which was pre-set
at 2 g tension enabling the heart to work against this load.
Changes in the resting tension and force of contraction
were recorded on a Devices Ml9 recorder.

The heart rate

and perfusion pressure were also recorded on the same
instrument using a ratemeter and pressure transducer
respectively.
(d)

Arrhythmia development

In this thesis the criteria used for the
determination of arrhythmia-production have been defined
as any irregularity occurring in the time interval
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between contractions, coupled with continual fluctuation
in heart rate.

The heart was considered arrhythmic

following drug administration or in control situations
/

if this irregularity was constant for a time interval
I
I

exceeding 30 seconds.

The development of arrhythmias was

only considered relevant after the heart had been allowed
to stabilize for 15 minutes.

Hearts which did not beat

regularly within 10 minutes of the start of the
experiment were discarded.
4.

Sampling procedure and drug administration
The recirculating volume of the perfusion fluid was

40ml.

Samples (2ml) were removed every 15 minutes over a

period of one hour with an equivalent amount of "fresh"
perfusion fluid being added back to compensate for the loss
The samples were immediately frozen until required for
assay.

The restoration of "fresh" perfusion fluid was

taken into account when the results were calculated.
All drugs were given in volumes of lOOyl or less and
administered at the furthest point from the heart, thus
allowing for complete equilabration with the perfusion
fluid before coming into contact with the heart.
At the conclusion of the experiment the hearts were
removed, placed in distilled water for a few minutes, to
remove any salts, blotted dry and placed in an oven at
lOO^C overnight in order to obtain the dry weight.
Results are expressed in relation to dry weight.
5.

Preparation of alloxan diabetic rats
In order to obtain a state of diabetes,alloxan
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50mg/Kg was given to rats by intravenous injection while
under ether anaesthesia as described by Newsholme and
Randle (1964).

A state of diabetes was allowed to

develop over a period of 64-70 hours by which time both
plasma glucose and FFA's were elevated, glycosurea
developed and weight loss was significant.
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ASSAY PROCEDURES
1,

FFA determinations
Various methods have been developed for estimating

FFA's.

These include colorimetric, radiochemical and

gas-liquid-chromatographic.

All three methods were

attempted in order to find one which would give a satis
factory measurement of FFA in the perfusate.
(a)

Colorimetric

The method of Mikac-Devic, Stankovic and Boskovic
(1973) was first tried.

This is a modification of the

method developed by Duncombe (1964) whereby copper soaps
of the FFA are extracted with an organic solvent and the
copper determined colorimetrically after addition of a
highly sensitive copper determining reagent.
Method
0 .1ml

of perfusate or plasma (or standard 0. 1

mmol/litre palmitic acid in chloroform) was added to 1ml
of N a d
boiling

(5% ^/y) and 1ml of copper reagent in à 20ml
tube.

The copper reagent was a mixture of

cupric nitrate trihydrate (6.45% ^/^) in an equal volume
of aqueous triethanolamine (Imol/litre).

Both reagents

were mixed just before use as the reagent mixture is
unstable if kept in solution.

The tubes were shaken for

3 minutes using a Griffin flask shaker, 4ml of redistilled
chloroform were then added and the mixture shaken
again for an additional 5 minutes.

Tubes were then

centrifuged at 3000 r.p.m. for 5 minutes and 2ml of the
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lower chloroform phase removed.
1 ,5-diphenyl-carbohydrazide

To this 2ml, 0.2ml of

(1.5%^/^) in acetone was

added and a pink colour allowed to develop for 10

I
minutes.

Samples were read at 550nm using a Hilger and
II
Watts spectrophotometer.
All estimates were done in
duplicate.
The second colorimetric method to be tried was that of
Falholt, Lund and Falholt (1973) .
Method
0 .1ml

of perfusate or plasma (or standard palmitic

acid Immol/litre in chloroform) was added to 1ml of
phosphate buffer (33.3mmol/litre potassium dihydrogen
phosphate and 33.3mmo1/litre disodium hydrogen phosphate
in a ratio of 2 :1 ) and 6ml of organic phase (chloroform
and heptane 1:1 plus 2% methanol).

This was shaken

vigorously for 2 minutes and allowed to stand for 15
minutes followed by centrifugation for 10 minutes at
3000 r.p.m.

The upper layer was carefully removed by

suction and 5ml of the lower organic phase transferred
to clean tubes and shaken with 2ml of copper triethanolamine
reagent for 5 minutes on a vortex mixer.

This reagent

comprised of 10 ml of 0 .5mmol/litre cupric nitrate tri
hydrate in 10 ml Immol/litre triethanolamine and 6ml of
normal NaOH, all made up to 100ml with distilled H 2O. 33g.
of N a d was added to this solution and the pH adjusted to
0.1

with NaOH. Tubes were then centrifuged at 3000 r.p.m.

for 5 minutes and 3ml of the upper phase transferred
to clean tubes.

0.5ml of 1,5-diphenylcarbohydrazide
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„ Figure 10
FFA Calibration Line
(Falholt, Lund & Falholt

1973)
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solution (0.4%
gently mixed.

in ethanol) was added and the solution
The colour was allowed to develop and

after 15 minutes read on a Hilger and Watts spectrophoto
meter at 550nm.

FFA was determined from the standard

calibration line (Fig. 10).

All estimations were done

in duplicate.
(b)

Radiochemical

Chlouverakis and Hojnicki (1974) developed a
radiochemical assay for the determination of plasma FFA
employing ^°Co as a tracer.
Method
1ml

of the sample or standard palmitic acid was

extracted in a 5ml chloroform methanol mixture (3:1 ^/^).
Tubes were shaken for 5 minutes using a Griffin flask
shaker and centrifuged at 3000 r.p.m. for 10 minutes to
separate the 2 phases.

The upper aqueous phase was

removed and discarded and the lower phase transferred to
clean test tubes kept in an ice bath.

0 .1ml

of ^°Co(N03)2

was added to each tube and vortexed for 10 seconds before
centrifugation at 3000 r.p.m. for 5 seconds.

The upper

phase containing the free cobalt was discarded and 0.3ml
of the lower FFA-cobalt complex removed and countered
using a thallium activated Nal Well Scintillation Counter.
All estimations were done in duplicate.
(c)

Gas-Liquid chromatography

A method for the determination of FFA in the
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perfusate using a gas-liquid chromatographic procedure was
tried.

Samples and standards were prepared by extraction

in a chloroform-methanol (2 :1^/^) mixture.
Method
0.2ml of perfusate was extracted in a 4ml chlorof ormmethanol mixture (2:1^/^) for twenty minutes.

The mixture

was then evaporated to near dryness using a rotary evapora
tor (Bücki-Switzerland). Any water remaining was removed
by the addition of small volumes of methanol.

This

procedure was repeated twice before finally evaporating to
complete dryness.

An internal standard of 20yg hepta

decanoic in chloroform was added to each tube at the
beginning of the extraction.

To the residue in each tube

an excess of diazomethane was added in order to obtain the
methyl esters of each individual fatty acid.

After 10

minutes the tubes were again evaporated to dryness, this
time in a water bath

at 37^C under nitrogen gas, and the

final methyl residue redissolved in lOOyl chloroform.
Preparation of diazomethane
Due to its explosive nature considerable caution
must be exercised when preparing this substance.
following procedure was employed.

The

In a specially designed

and built apparatus (diagram 2 ) which can be completely
sealed SOOmg of potassium hydroxide, 2.5ml of ethanol and
0.8ml of HgO were mixed together in the section marked B.
2.14g methy 3- M -nitrosotoluene-4-sulphonamide in 13ml of
diethyl ether were added intermittently from section (A),
The reaction vessel (B) was maintained in a water bath at
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±70^C (E) for the distillation of the diazomethane.

The

diazomethane vapour was allowed to distil through a small
volume of ether (C) acting as a trap before finally
distilling into 25ml of ether (D) maintained in an ice
jacket (F).

The distillation was allowed to continue until

the final mixture was a saturated yellow colour and the
yellow from the reagent mixture (B) had all but disappeared.
The freshly prepared diazomethane was kept at 4^C until
used; any excess remaining in the appartus or not required
was rendered harmless by the addition of acetic-acid
(forming the methyl ester).
the same manner.

All glassware was treated in

The whole process, due to the toxic

nature of the substance formed, was carried out in a fume
cupboard.

All organic solvents used, both in the formation

of the diazomethane, and in the extraction of the fatty
acids, were redistilled to obtain maximum purity.
Chromatography
The instrument used was a Pye Unicam 104 chromatograph.
The chromatographic glass column 4mm in diameter and
1.6M in length was packed with 10% chromosorb W coated
with apiezon grease L.
The following operating conditions were used.
temperature 210°.
400ml/min.

Oven

Flow rates Hz-SOml/min. and air

The carrier gas was nitrogen and detection

was by flame ionization.
Operation
Sample and standards were injected in volumes of
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5u aliquots in chloroform and the chromatograph allowed
to run to completion.

The fatty acid peaks were identified

in relation to the retention times obtained from standards.
/

The areas of the peaks were measured as the product of
height and peak width at the half height.

This area was

then used, using the known concentration of the internal
standard to obtain the amount of FFA in each individual
peak.

A typical gas-liquid chromatogram can be seen in

Figure 11.
2.

Determination of lactate
Lactate was determined by the method of Hohorst

(1962) using lactate dehydrogenase (L.D.H.)
Method
0.2ml samples of perfusate or standard (2mM) were
added to 0.9ml hydrazine-glycine buffer pH 9.5 (7.5g
glycine, 5.2g hydrazine sulphate and 0.2g EDTA-NazHa.2 H 2O,
51ml 2N NaOH all diluted to 100ml with distilled H 2O),
0.1ml nicotinamide-adenine dinucleotide (NAD)
and 0.8ml distilled H 2O.

(5 x 10 ^M)

The control cuvette contained

0.9ml buffer, 0.1ml NAD and 1.0ml H 2O.
the cuvettes was read at 340nm (Ei).

The absorbance of
The reaction was

then started by the addition of 0.01ml L.D.H. and allowed
to go to completion after which time the optical density
was again read at 340mm (Ez).

A blank perfusate sample

was run throughout the whole procedure any absorbances
recorded being subtracted from each individual sample.
The concentration of L(+) Lactate in each sample was
obtained as follows. ;

80
/

limoles L(+) Lactate/ml = (Ez - Ei) x dilution
extinction
light
coefficient ^ path
The variability between duplicates was 3%
3.

Glucose determination
Glucose was determined by the method of Huggett and

Nixon (1957) using a Roche test kit.

Blood glucose

determinations were performed in order to check the state
of diabetes in the alloxan treated rats.
Method
0.1ml blood was deproteinized in 0.9ml perchloric
acid (33.3 mmol/litre),

0.1ml of the supernatant, 0,9ml

H 2O and 1 ml enzyme-buffer reagent were allowed to
incubate for exactly 30 minutes at room temperature,
whereupon the reaction was terminated by the addition of
1ml 30% H 2 SO 4 .

The optical density of each sample was

determined at 530mm.

The enzyme buffer reagent was

phosphate (60 mmol/ litre pH 7.0 containing o-dianisidine
(66

mg/ml), glucose oxidase (0.25mg/ml) and peroxidase

(0.05mg/ml.

A standard calibration curve was run with

every experiment using a range of standards (0-90]ig of
glucose).
4.

Glycogen determination
This method is based on that described by Walaas

and Walaas (1950) in which glycogen is measured as the
glucose equivalent.
Method
In order to measure the glycogen content of heart
muscle two initial procedures were used. Hearts

from whole
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animals were removed, and freezed clamped at a temperature
of liquid nitrogen.

Pieces of ventricle were weighed and

placed in test tubes containing 2ml of potassium hydroxide
(30% ^/ ) (KOH).
V

Hearts perfused under ischaemic conditions
i

were freezed clamped after 60 minutes of in vitro perfusion
and pieces of ventricle weighed and placed in KOH as above.
To this KOH extract 2.8ml absolute ethanol was added and
the tubes sealed with glass stoppers.

After mixing thorough

ly, they were allowed to stand overnight at 4°C.

Standards

were prepared using a glycogen standard solution (Sigma)
(2mg/ml) in KOH.

A blank containing 2ml KOH was run through

the whole procedure.
The glycogen which precipitated out after overnight
standing was centrifuged for 20 minutes at 3000 r.p.m.

The

supernatant was discarded and the glycogen pellet washed
twice with 70% ethanol and centrifuged as before,.
supernatant was discarded.

The

1ml of sulphuric acid (2N) was

added to the glycogen pellet; this was placed in a boiling
water bath for 3 hours in order to allow complete hydrolysis
of glycogen to glucose.

Tubes were sealed with glass

stoppers to prevent water loss through evaporation.

The

solution was cooled and neutralized with sodium hydroxide
(2N) (NaOH).

5ml of acetate buffer (0.105 mmol/litre

sodium acetate adjusted to pH 5.0 with acetate acid) was
added to dilute the samples and provide a stable pH for
the glucose estimation.

After mixing, an aliquot (0.1ml)

was taken for the glucose estimation as described on
page

80 ,

Glycogen was determined from a glycogen
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Figure 12
Glycogen calibration curve
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calibration curve Figure 12,
5.

Cyclic AMP determination
Preparation of tissue extracts for cyclic AMP
determination
Tissue extracts were prepared according to the

method of Chaudhuri and Shipp (1973). • Hearts were freezed
clamped at a temperature of liquid nitrogen and a piece of
the frozen ventricle weighed and used for extraction.

As

with the glycogen determination hearts from both whole
animals as well as perfused hearts were used.

The tissue

was homogenized in 5ml of perchloric acid (0.5 mol/litre)
containing 25% ethanol at O^C.

Samples were allowed to

stand at O^C for 10 minutes followed by centrifugation at
3000 r.p.m. for 5 minutes.

All of the supernatant was

removed and passed through a millipore filter (0.2p 25mm).
Samples of supernatant were then neutralized with saturated
potassium hydroxide.

Samples were then frozen followed by

freeze drying using a Speedivac Edwards high vacuum freeze
dryer.

The freeze dried material was stored at -20^b until

ready for use.
Assay method
Cyclic AMP was determined using a cyclic AMP test
kit (The Radiochemical Centre).

Each tube, standing in an

ice/water bath, contained either 0.05ml samples or standard,
0.05ml cyclic / ^H_/ AMP (180 pmol containing approximately
5yCi) and 0.1ml binding protein.

The blank sample contained

0.15ml buffer (Tris. EDTA 0.05M pH 7.5) and 0.05ml cyclic
/ ^H_7 AMP.

The zero sample contained 0.05ml buffer and
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0 ,1ml

binding protein.

duplicate.

Samples

A H estimations were done in

were vortexed for 5 seconds and left

at 4^C for 2 hours.

0 .1ml

charcoal suspension was then

added to each tube and vortexed for 5 seconds.

Tubes were

then centrifuged for 2-3 minutes at 3000 r.p.m. and 0.2ml
of the supernatant placed in scintillation vials followed
by 6ml of xylene based scintillant containing triton X 114
(.25%) PPO (0.3%) and POPOP (0.03%).

The /~3H_7 cyclic AMP

was then counted on a Philips scintillation counter.
Calculation of results
Results were calculated from a cyclic AMP standard
curve (Figure 13).

To determine the blank counts per

minute (CPM) for the assay, the average for the blank tubes
were calculated.

The zero tubes were averaged and the

blank CPM was subtracted from this to give the CPM in the
absence of unlabelled cyclic AMP.

The standards and

unknowns were also averaged and the blank CPM were subtracted
from each result to give the CMP bound in the presence of
standard or unknown unlabelled cyclic AMP,

The ratio of

the CPM bound in the absence of unlabelled cyclic AMP
(1) to the CPM bound in the presence of standard or unknown
unlabelled cyclic AMP

(2) was calculated for each level of

standard and unknown.

These ratios were plotted against

pmol of inactive cyclic AMP/tube to obtain a standard
calibration line.

From this, the amount of cyclic AMP in

each unknown tube can be obtained.

The % recovery was 97%.

It is of extreme importance that all glassware employed in
the assays mentioned should be thoroughly clean and this
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Figure 13
Cyclic AMP calibration line
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is best achieved by acid washing (chromic acid used
routinely) to remove any contaminating lipid or FFA,
This is important as certain detergents need excessive
rinsing to be removed and will contribute to high blank
values.
6.

Statistical analysis
Statistical analysis was by students t-test and values

are quoted in the test where relevant.
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SUMMARY
A system for perfusing isolated rat hearts has been
used whereby both mechanical and metabolic responses could
be monitored.
Previous studies of the effects of sulphonyureas on
the heart have been concerned mainly with the mechanical
effect of these drugs on the myocardium.

This study was

designed not only to investigate the overall mechanical
response to one such drug, namely tolbutamide, but to
concentrate largely on the metabolic responses with special
reference to its effect on myocardial lipolysis.
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1.

The isolated perfused rat heart as a model of
ischaemia
(a)

General

To confirm the existence of ischaemia in the
isolated rat heart, experiments were performed at coronary
flow rates of 4mls/min ('Ischaemic") and contrasted with
hearts perfused at 12mls/min ("normal").

4mls/min was

chosen to represent ischaemia as below this level contrac
tility fails entirely whereas rates above lOmls/min are
considered to give non ischaemic conditions (Shipp, Thomas
and Crevasse 1964).
After the preliminary washout period of 2 minutes hearts
were perfused for a period of one hour.

Each heart was

perfused at one flow rate only for the entire experiment.
The results in most cases are expressed against time.
Samples for analysis were taken at 15 minute intervals and
indices of mechanical performance, although monitored
continually, for graphical purposes were noted every 10
minutes.
The effects of the two coronary flow rates on developed
tension,heart rate, lactate and FFA release are described.
In addition the effects of alloxan diabetes on the
ischaemic heart are also described.
(b)

Alloxan induced diabetes

64-70 hours after alloxan (50mg/kg i.v.) blood
glucose and FFA levels were estimated.

The overall effect

of alloxan induced diabetes gave a situation whereby both
blood glucose and FFA's were significantly raised when
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Table 1
The effect of alloxan (50mg/kg i.v.)
on the development of diabetes in
the rat.

CONTROL
ANIMALS

ALLOXAN
TREATED

Blood
Glucose
mg/ 100 ml

106
N

±?
=

28.1
30

462
N

± 157.3
= 30

Blood FFA
pg/litre

221

±

77

441

± 123.7

N

=

15

N

Body
Weight
Gram.

251.7 ±
N

=

10.3
50

=15

225.1 ± 17.6
N

= 50
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Figure 14
Release of lactate from ischaemic and diabetic
ischaemic perfused rat hearts
(Mean = SEM)

(N = 7 - 34)
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Table 2
Cyclic AMP levels in hearts from
diabetic and non diabetic animals
(Mean ± SD)

NON
DIABETIC

pmole/g
dry weight
cyclic AÎ4P

7.77
+ 2.65
N = 21

( P < .02)

DIABETIC

10.66

+ 3. 29
N = 9

93
compared to control levels (P < .001)

(Table 1).

Body

weight was also significantly reduced following alloxan
induced diabetes (P. < .001).

Further, the results in

Figure 14 show that the overall lactate release from the
ischaemically perfused diabetic rat heart was significantly
less than from ischaemic non diabetic hearts (P. < .01)
during the first 45 minutes.

This is indicative of a

reduction in glycolytic metabolism due to insulin deficiency.
Cyclic AMP levels have been shown to be elevated in hearts
from diabetic rats.

(Chaudhuri and Shipp 1973)

This

has been confirmed and the results are shown in Table 2.
If cyclic AMP is involved in the stimulation of myocardial
lypolysis this could account for the higher levels of FFA
found in the perfusate from ischaemic diabetic hearts
(Figure 17).
2.

Mechanical response to ischaemia and diabetes in
perfused hearts
Figure 15a and b compares the mechanical performance

of the heart under normal, ischaemic and ischaemic diabetic
conditions.

It can be seen that ischaemia causes a reduc

tion in heart rate and developed tension; this reduction
was even more pronounced under ischaemic diabetic conditions.
However, the developed tension of the normal heart was only
significantly different from that of the ischaemic heart
for the first 20 minutes (P < .05) and the diabetic
ischaemic heart for the first 30 minutes.

(P < .05).

This

would indicate that the 12 ml/min flow rate was either not
sufficient^ or a build up of metabolites in the recirculating
perfusion fluid was creating a situation where deterioration
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Figure 15 a & b
Heart rates (a) and developed tension (b) in normal,
ischaemic and diabetic ischaemic perfused rat hearts.
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Figure 16
Lactate levels in the perfusate from normal,
ischaemic and diabetic ischaemic rat hearts
(Mean ± SEM)

(N = 4 - 34)
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occurs even at this relatively high coronary flow rate.
Evidence for the latter is seen in figure 16; it can be
seen that the accumulation of lactate in the perfusate
from the non ischaemic heart increased during the period
of the experiment to a stage where it was not significantly
different from that in the diabetic ischaemic or ischaemic
conditions.
The heart rates of the two ischaemic models (Figure 15a)
were also significantly reduced (P < .01).

Although the

ischaemic diabetic rate vms lower than the ischaemic there
was no significant difference between these two groups.
In addition to these mechanical effects, ischaemia also
increased the incidence of arrhythmias.

(Table 3)

This

is indicative of ischaemia induced damage when compared
to normal hearts where no arrhythmia development occurred
Table 3
% arrhythmia development in normal, ischaemic
and diabetic ischaemic perfused hearts.

ISCHAEMIC
DIABETIC
4ml2/min.

CONTROL
HEARTS

3.

15.8% (/i 9 )

ISCHAEMIC
NON DIABETIC
4mls/ihih.

20.7% (V )
29

12

NORMAL
mls/min.

0%

(/y)

Metabolic response to ischaemia
The ischaemic heart is very dependent upon

glycolysis for energy production.

That the heart responded

to ischaemia by an increase in glycolytic flux can be
seen in Figure 16.

The release of lactate under ischaemic
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Figure 17
FFA levels in the perfusate from normal,
ischaemic and ischaemic diabetic rat hearts
(Mean ± SEM)
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conditions was significantly higher than under non
ischaemic conditions for the first 45 minutes (P. < .01).
However, after 60 minutes there wasno significant
difference.

Ischaemic diabetic hearts also producedmore
I
lactate than control hearts (P < .0 2 ) but less than

ischaemic non diabetic hearts (P < .01) during the first
45 minutes.

Lactate levels started.to fall during the last

15 minutes under ischaemic conditions; this could be due
to the accumulation of lactate switching off glycolysis
at the level of the glyceraldehyde-3-phosphate reaction.
A further indicator of the ischaemic condition was the
increased level of FFA in the perfusate from ischaemic
hearts compared to normal hearts (Figure 17) (P < .01 and
P. < .02) for the diabetic ischaemic and ischaemic over
normal hearts respectively).

This would be expected

as

the reduced oxygen supply under ischaemic conditions
would decrease FFA oxidation.

The effect of diabetes was

even more pronounced with respect to raised FFA levels.
After the effects of ischaemia and diabetes on the heart
had been established, the effects of tolbutamide were
examined and compared with adrenaline.
4.

Mechanical response following drug administration
(a)

Inotropic response

The positive inotropic effect of adrenaline is
well known.

Several investigators have also shown

tolbutamide to possess a positive inotropic effect on
the isolated heart (Levey et al 1971; Lasseter et al 1972;
Crass et al 1973).

This increase has been shown to be

99
in the order of 20% at the maximum dose.

(Brown and Brown

1977).
Preliminary experiments showed that the dose of tolbuta
mide and adrenaline required to obtain the maximum
inotropic response was 5.1 x 10
respectively.

and 1 x 10

In figures 18, 19 and 20 the inotropic

effects of tolbutamide after 2 minutes was 7%, 19% and
34% for the normal, ischaemic and diabetic ischaemic
conditions respectively.

This positive inotropic

response remained relatively constant for the duration
of the experiment.

In contrast to the positive inotropic

effect of tolbutamide, the effect of adrenaline was not
maintained (figure 18, 19, 20).

The heart exhibited a

biphasic response to adreanline.

The first phase last

for approximately 2 - 5

minutes during which time the developed

tension was elevated by 43%, 78% and 100% in normal,
ischaemic and diabetic ischaemic conditions respectively.
During the second phase from approximately 5 - 3 5 minutes
the developed tension declined markedly to or below pre
adrenaline values.

From 45 -60 minutes the developed

tension did not change significantly.

During the second phase

of the adrenaline response there was an increased incidence
of arrhythmias (Table 4).

Unlike adrenaline, maximum

doses of tolbutamide did not increase the incidence of
arrhythmias.
(b)

Chronotropic response

It has been shown that tolbutamide can produce
spontaneous activity in isolated dog Purkinje fibers
(Lasseter et al 1972).

However no change in heart rate
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Figure 18
Developed tension in the normal perfused rat heart
after a maximum dose of tolbutamide (5.1 x 0 ** M)
I
and adrenaline (1 x 10 ®M)
(N = 4 - 12)
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Figure

19

Developed tension in the ischaemic perfused rat
heart after tolbutamide (5.1 x 10 "M) and adrenaline
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Figure 20
Developed tension observed in the diabetic ischaemic
perfused rat heart after tolbutamide (5.1 x 10
200-,

and adrenaline (1 x 10

M)

(N = 10)
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Table 4
% arrhythmia development in normal, ischaemic and
diabetic ischaemic perfused hearts following
adrenaline and tolbutamide challenge.

ISCHAEMIC
DIABETIC
4ml/Min

ISCHAEMIC
NON DIABETIC
4ml/Min

NORMAL
12ml/Min

CONTROL

15.8% ('/19)

20.7% (729)

0%

(%)

TOLBUTAMIDE

15.4%

17V4% '("/” )

9.1%

(%, )

51.9% ('y-)

71.4%

55.6% ("/ )
8

5.1 X ICT^M)
ADRENALINE
(1 X 10"®M)

has been observed in rats or rabbits (Crass et al 1973;
Curtis, Setchfield and Lucchesi 1975).

From figure 21

it can be seen that the heart rate at normal coronary
flow is reduced following tolbutamide treatment, however
this was not significant at the 10% level.

In contrast

in the diabetic ischaemic and ischaemic perfused rat
hearts the decrease in heart rate over pre-tolbutamide
control Values was significant (P < .02 and P < .10
respectively)

(figure 22 and 23).

Adrenaline produced a positive chronotropic response under
all conditions as expected.
for ischaemic; P. < .002

(P < .001 for normal; P. < .02

for diabetic ischaemic).
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Figure 21
.4

,

The effect of tolbutamide (5.1 x Ï0~" M) on the
force and rate of contraction of the normal perfused
rat heart.
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Figure 22
The effect of tolbutamide (5.1 x 10
/

■

on the force

'

and rate of contraction of the diabetic ischaemic
perfused rat/heart.
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Figure 2 3
The effect of tolbutamide (5.1 x 10 *^M) bn the
force and rate of contraction of the ischaemic
perfused rat heart
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Figure 24
The effect

of adrenaline (1 x 10 ®M) on the force

and rate of contraction of the normal isolated
perfused rat heart
indication of
arrhythmias
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Figure 25
The effect of Adrenaline (1 x 10 ®M) on the force
and rate of contraction of the diabetic ischaemic
perfused rat heart.
indication of
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Figure 26
The effect of adrenaline (1 x 10 ®M) on the force
and rate of the contraction of the ischaemic perfused
rat heart.
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Once the peak chronotropic effect had developed the rate
remained relatively constant at this elevated level
throughout the experiment (figures 24,. 25 and 26) .

The

percentage arrhythmia development occurring in perfused
hearts from diabetic and non diabetic hearts during
ischaemia and normal perfusion following drug treatment
can be seen in figures 21, 22, 23, 24> 25 and 26 plus
table 4.
It is interesting to note that the percentage arrhythmia
development in the diabetic ischaemic hearts v;as less
than that

from non diabetic ischaemic hearts.

Further

more the developed tension in the diabetic ischaemic
hearts was greater and the level maintained, compared
with the non diabetic ischaemic myocardium.
5.

Metabolic response following drug administration
(a)

FFA release from the ischaemic perfused heart

Since elevated levels of cyclic AMP and fatty acids
have been implicated in the development of ventricular
fibrillation (Podzuweit, Lubbe and Opie 1976; Opie 1976;
Kurien and Oliver 1970); and oral hypoglycaemic agents
have been associated with an increased incidence of
ventricular fibrillation and myocardial death in diabetic
patients (U.G.D.P, 1970a, b, c ; Soler et al 1974) it was
thought that these drugs may cause intracellular
lipolysis

via an increase in myocardial cyclic AMP levels

(Newsholme and Start 1973).

The effects of tolbutamide

on FFA release has been compared with adrenaline, a known
stimulator of lipolysis in the heart (Gardner and Allen
1976).

Ill
(b)

Comparison of assay proceduresfor
FFA determination

Compared to many standard enzymatic assays (e.g.
glucose and lactate) the methods available for the
estimation of FFA are rather less reproducible and
considerably less convenient to perform.

It is for this

reason that several methods of assay have been attempted
in the course of the work in order to achieve a procedure
that is most convenient as well as reproducible.

Therefore

before the results are shown it is relevant at this stage
to discuss the various methods used and the problems
associated with them.
(i)

Gas-liquid chromatography

The G.L.C. method for the determination of FFA,as
their methyl esters, (McDonald-Gfbsonand Young 1974) has
definite advantages over the colorimetric and radio
chemical methods tried, in that it is more specific in
its measurement of FFA’s.

Further G.L.C. enables not

only individual amounts of FFA components to be measured
but total FFA concentrations can be determined simul
taneously.

In general the values obtained using this

method are lower than with other methods, but this would
be expected as interference from compounds other than
FFA cannot always be eliminated.

Thus with the advantages

of this method it was unfortunate that this procedure could
not be utilized in the determination of FFA levels in the
perfusate because the extraction, méthylation and G.L.C.
procedures also estimated tolbutamide, which had a
retention time similar to the C18;l fatty acid.

The
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appearance of tolbutamide at the same retention time as
that of the C18:l fatty acid could be due to the extraction
medium.

From the structure of tolbutamide (page

5

)

it can be seen that^it is a slightly polar compound due
to its NH groups.

Likewise the extraction medium of

chloroform and methanol is also polar especially that of
the former.

Therefore it could be that this extraction

medium has the ability not only to extract fatty acids
from the perfusate but to extract tolbutamide as well,
hence its appearance in the form of a peak in the same
area as the C18:l fatty acid.
(ii)

Radiochemical Procedure

The radiochemical method of Chlouverakis and
Hojnicki (1974) was also tried, however this proved to be
less reliable than the colorimetric methods described
below.

' In addition,due to the added hazard of the ®°Co

and expense involved it was decided not to proceed any
further with this assay.
(iii)

Colorimetric Methods

The method of Mikac-Devic, Stankovic and Boskovic
(1973) is a modification of the Duncombe (1964) procedure
using a more sensitive colour reagent and the added
ability to eliminate interference from phospholipids
without any loss of FFA's.

This is achieved by adding a

sodium chloride solution (5% ^/^) which has the ability
to concentrate the phospholipid at the organic/inorganic
interface while still giving relatively low blank values.
The recovery is good and in the order of 97-102%.
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Although this assay was used routinely for the determina
tion of plasma FFA and adapted for perfusate samples it
can be criticized.

Firstly, unless the shaking period

is

very carefully controlled émulsification will almost
certainly occur.

This is due to a mixing of the organic

chloroform phase with the aqueous phase under the
influence of an emulgent, triethanolamine; this, plus the
separation of the phospholipids at the interface forms an
oil-in-water emulsion.

This emulsion is extremely

difficult to break even at the high centrifugal speed used.
If the shaking procedure is reduced to try and prevent
this émulsification, insufficient mixing and extraction
will occur.
Secondly contamination is highly likely because the upper
copper phase is not always easy to remove completely and
any contamination of this copper with the colour reagent
will give false readings.

Duplication is thus variable

and within the region of 25%.

The assay is sensitive to

FFA over the range 50-1000 nmoles/ml.
It was due to the above problems that the method of
Falholt, Lund and Falholt (19 73) was chosen as the most
suitable method for analyzing FFA's in heart perfusates.
The advantages of this procedure are that by the
addition of the buffer and a two step procedure, phospho
lipids can be removed completely and hence will not
interfere with the results.

Secondly, as émulsification

does not occur the tubes can be shaken more vigorously
thereby enabling more complete mixing and extraction to
occur.

Thirdly, because of the addition of saturated
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NaCl the phase system is reversed.

The organic phase,

containing the copper-fatty acid soap complex is the upper
phase whereas because of the density of the NaÇl the
aqueous copper phase is the lower.

Therefore, this allows

sufficient of the required organic phase to be removed
without contamination from the lower copper phase.

Finally

blank values with this method are lower and duplication
more reproducible.

Blank values diminished from an

optical density of ± 0.10 using the Mikac-Devic procedure
to ± 0.06 using this method with variability between
duplicates being ±3%.

In recovery experiments values

close to 100% were obtained for FFA over the range
25 - 300 nmoles/ml.
(a)

Drug induced FFA release

Fig 27 shows the effects of adrenaline and tolbuta
mide on the release of FFA from diabetic ischaemic rat
hearts.

It can be seen that adrenaline and tolbutamide

both caused a significant increase in FFA release when
compared to controls (P. < .001).

Both drugs stimulated

lipolysis (as measured by FFA release) to the same extent.
Adrenaline and tolbutamide also increased FFA release
from ischaemic non diabetic hearts (figure 28).

This

increase was significant when compared to control values
at T = 30 minutes (P < .002 for adrenaline and P < .02 for
tolbutamide).

At T = 45 minutes, P < .01 for both drugs

while at T = 60 minutes, only the adrenaline stimulated
hearts differed significantly from control values
(P < .002).

In addition adrenaline increased the incidence
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Figure 27
Release of FFA from diabetic ischaemic hearts
following tolbutamide (5.1 x 10 ^M) and adrenaline
(1 X 10“®M)
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Figure 28
Release of FFA from ischaemic hearts following
tolbutamide (5.1 x 10
(Mean ± SEM)

and adrenaline (1 x 10~®M)
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of arrhythmias in the diabetic ischaemic and ischaemic
hearts to 51.9% and 71.4% respectively whereas following
tolbutamide challenge the percentage arrhythmia develop
ment was 15.4% and 17.4% respectively (Table 4).

This

was not significantly different from control values.
Therefore although both drugs stimulated lipolysis to the
same extent no apparent correlation could be shown between
this release of FFA and arrhythmia development.

In

addition there was no correlation between FFA levels and
developed tension following drug administration.

It is

of interest tc note that diabetic ischaemic hearts
treated with adrenaline had less arrhythmias (Table 4) and
maintained their developed tension (figures 19 and 20)
better than the ischaemic hearts.

The reason for this is

not clear.
6.

The release of lactate from the myocardium
following adrenaline and tolbutamide
A major response to ischaemia is the shift in

energy status of the myocardium to one dependent on
glycolysis and glycogenolysis.

Under these circumstances

one would expect an increase in glycolytic flux and
lactate production.

Furthermore^since tolbutamide and

adrenaline both stimulate the mechanical performance of
the heart this might be expected to cause a further
increase in glycogenolysis and lactate production.
From the results in figures 29 and 30 it can be seen that
adrenaline and tolbutamide

both increased lactate release

from diabetic ischaemic and ischaemic hearts.
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Figure 29
Effect of tolbutamide (5.1 x 10”‘*M) and adrenaline
(1

<

X 10 ”®M) on the release of lactate from the

ischaemic diabetic rat heart (Mean ± SEM) (N = 4 - 34)
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Figure 30
Effect of tolbutamide (5.1 x 10 '^M) and adrenaline.
(1

X 10 ®M) on the release of lactate from the ischaemic

i
rat heart (Mean ± SEM)
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Statistically the significance in the diabetic ischaemic
hearts with adrenaline and tolbutamide over control hearts
at the 30, 45 and 60 minute time period was P. < .001
P. < .001 and P. < .002 respectively.

In the ischaemic non

diabetic heart the statistical significance at the time
periods of 30, 45 and 60 minutes for adrenaline stimulated
over control hearts was P. < .05 P. < .01 and P. < .02
respectively.

For tolbutamide stimulated hearts over

control hearts the significant was P < .02 P. < .002

and

P. < .02 respectively.
Table 5 shows that in the stimulated hearts the rate of
release of lactate proceeds for approximately the first
30 minutes followed by a decline in the release over the
latter 15 minutes.

This decline could indicate an inhibi

tion of lactate release or glycolytic flux by a reduction
in the pH which has the ability to inhibit phosphofructakinase.

Further,lactate accumulation causes the accumu

lation of NADH which causes the inhibition of glyceraldehyde-3-phosphate dehydrogenase by depressing the availa
bility of NAD required for conversion of glyceraldehyde3-phosphate to 1,3-diphosphoglycerate.

Thus overall,

an inhibition of glycolytic flux may occur during
ischaemic perfusions particularly during the latter part
of the experiment.
It is interesting to note that although the work load on
the heart differs with adrenaline and tolbutamide no
apparent difference existed in the overall release of
lactate (or FFA) following these two drugs.

This could
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be indicative of a metabolic stimulation independent of
the mechanical response.

From the results it seems

likely that the effects of tolbutamide and adrenaline
could affect both glycolysis and work independently yet
I
simultaneously.
j
Table 5
Rate of release of lactate from heats during
tolbutamide and adrenaline stimulation.

Ischaemic
ymoles/15 minutes

Diabetic ischaemic
ymoles/15 minutes

Tolbutamide
15 - 30 Min.

80.9

86.6

30 - 45 Min.

98.3

82.0

4 5 - 6 0 Min.

8.6

18.5

15 - 30 Min.

117.4

175.7

30 - 45 Min.

77.1

54.6

4 5 - 6 0 Min.

54.8

60.1

Adrenaline

Furthermore, from these results it would appear that an incr
ease in lactate is not the prime cause in arrhythmia product
ion as, although lactate release occurred to the same extent
following tolbutamide and adrenaline challenge (figures 29
and 30) only the adrenaline stimulated hearts developed arrhyth
mias.

Further evidence for this was obtained using dichloro-

acetate (DCA) a drug which lowers lactate production.

These

results are shown in table 10 and will be discussed later.
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7.

Insulin and the ischaemic myocardium
Adrenaline induced lipolysis in adipose tissue is

inhibited by insulin (Jungas and Ball 1963).

No such

inhibition has yet been seen in the myocardium in vitro,
although Garland and Randle (1964) have shown inhibition
of glycerol release from diabetic rat hearts following
insulin treatment.

It was thought interesting to study

the effects of this hormone following drug induced
lipolysis (especially in the case of adrenaline) during
the latter period of the perfusion, and to see if any
change occurred with respect to both metabolic and
mechanical events.
(a)

Metabolic response following insulin
administration

(i)

Effect on FFA's

The effects of insulin (100y units/ml) on the
adrenaline and tolbutamide responses are shown in figures
31 and 32.

Insulin was given at T = 45 minutes, and the

effects on FFA release were studied during the latter 15
minutes of the experiment.

Figure 31 shows the response

to insulin in the diabetic ischaemic hearts.

It can be

seen that insulin reduce d the release of FFA induced by
adrenaline (P. < .001) and tolbutamide (P < .05).

Control

hearts showed no significant change in FFA levels following
insulin administration.

The effects of insulin on the

non diabetic ischaemic hearts given tolbutamide and
adrenaline are shown in figure 32.

In this situation the

anti-lipolytic effect of insulin was only significant
following adrenaline stimulation (P < .02).

The response

Figure 31
The effects of Insulin (lOOy units/ml) on the response to
control, adrenaline and tolbutamide stimulated lipolysis
in diabetic ischaemic hearts.

(Mean ± SEM)
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Figure 32
The effects of Insulin (lOOy units/ml) on the response to
control, adrenaline and tolbutamide stimulated lipolysis in
ischaemic hearts

(Mean ± 3EM)
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following tolbutamide induced lipolysis was reduced but
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not significantly.
No change in arrhythmia development occurred
following insulin treatment.
FFA may not be the

This again suggests that

immediate cause of the arrhythmias .seen

in these experiments.
(ii)

Effect on lactate release

In diabetic ischaemic hearts, the rate of release
of lactate into the perfusion fluid increased in both
control and tolbutamide stimulated hearts following
insulin treatment (figure 33) (P < .05).

In the ischaemic

non diabetic hearts (figure 34) the significance at 60
minutes for control and tolbutamide hearts was P < .02.
In the adrenaline challenged hearts insulin administration
did not significantly affect the release of lactate into
the perfusate.

It could be that a maximal stimulation of

glycolysis had taken place with adrenaline thus any further
increase on the addition of insulin would not be expected.
The effect of tolbutamide on glucose uptake in vivo is a
consequence of an increased insulin release.

Tolbutamide

(and adrenaline) increased lactate release from the heart
in vitro (figure 29).

This could be due to an effect on

glucose uptake and/or glycogenolysis, either directly or
secondly to the increased work.

Glucose uptake could not

be measured accurately due to the high concentration (llmM)
of this substrate in the perfusate.

Therefore,to see if

the effects of these drugs on lactate production, especially
in the diabetic heart, were due to an increased glycogen-

*
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Figure 33
The effects of tolbutamide (5.1 x 10 ^M), Adrenaline (1 x 10 ^M)
Adrenaline (1 x 10 ®M), and insulin (lOOp units/ml) on the
release of lactate from diabetic ischaemic rat hearts.
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Figure 34
Effects of tolbutamide (5.1 x 10

adrenaline (1 x 10 ^M)

and insulin (lOOy units/ml) on the release of lactate from
ischaemic rat heart/
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Figure 35
The effect of tolbutamide (5.1 x 10

and adrenaline

(1 X 10 ®M) on lactate release from diabetic ischaemic
/

hearts in a perfusion medium containing no glucose
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olysis or glucose uptake (or both), hearts were perfused
in a glucose free medium and glycogen and lactate measured.
This was done in control hearts and in hearts following
adrenaline and tolbutamide administration.
The results in figure 35 show the effect of both drugs on
the accumulation of lactate in the perfusate.

The

release of lactate in the fifteen minutes following drug
administration was high considering the medium contained
no glucose.

However, it was less than in the presence

of glucose (figure 29), this being significant compared
to control hearts (P < .05).

This indicates that under

normal conditions lactate is derived from glycogen and
increased glucose uptake.

The results in table 6 show

that glycogen degradation could account for the lactate
produced.

Lactate production in control, adrenaline and

tolbutamide hearts ‘ has been compared with glycogen loss
in the same hearts assuming that for every molecule of
glycogen (measured as the glucose equivalent) 2 equivalent
molecules of lactate are produced.
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Table 6
Total glycogen concentration (as glucose equivalents)in
diabetic rat hearts is 203.3 ± 79.17ymoles/g. dry weight
Remaining glycogen levels after 1 hour
(asglucose equivalents)
Control perfused hearts

34.02 ± 2.26ymoles/g. dry wt.

Adrenaline perfused
hearts

13.05 ± 4.87ymoles/g. dry wt.

Tolbutamide perfused
hearts

8.74 ± 1.14ymoles/g. dry wt.

Glycogen
(as glucose equivalents) used
Control hearts used

205.3 - 34.3 = 171.28

Adrenaline stimulated hearts
used

205.3 - 13.05 = 192.25

Tolbutamide stimulated hearts 205.3 - 8.74 = 196.56
used

Thus it can be seen from the above that the decrease in
glycogen is sufficient to account for all the lactate
produced in the non glucose state (figure 35).
From figure 38 it can be seen that the developed
tension in hearts perfused in a substrate free medium was
hot maintained when compared to a glucose containing
medium following adrenaline and tolbutamide administration.
Furthermore from figure 35 it is seen that the rate of
lactate release is only significantly increased for the
initial 15 minutes following tolbutamide and adrenaline
challenge after which a decrease occurs.

These results

suggest that an inhibition of glycolysis could be occurring
or that glycogen is used up which would support the
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results in figure 38 which show a deterioration in
performance after the inotropic response.
(b)

Mechanical response following insulin
administration

■

I

■

No statistically significant effect of insulin on
the developed tension of the heart was noticed, however
the positive inotropic effect of insulin was greatest in
control perfusions from ischaemic non diabetic and ischaemic
diabetic hearts.

This was followed by tolbutamide treated

hearts which showed a slightly smaller increase, and
stimulated hearts which produced hardly any change at all
(figures 36 and 37).

No noticeable change in heart rate

was seen in either diabetic or non diabetic ischaemic
perfused hearts given insulin.
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Figure 36

Effects of insulin (lOOy units/ml) on developed tension in
ischaemic hearts following adrenaline (1 x 10 ®M) and
tolbutamide (5.1 x 10
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Figure 37
Effects of insulin (lOOy units/ml) on developed tension in
diabetic ischaemic hearts following adrenaline (1 x 10 ®M)
and tolbutamide (5.1 x 10
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Figure 38
Comparison between

developed tension in the diabetic

ischaemic perfused rat heart following perfusion in a
substrate free medium and that of a medium containing
glucose (ll.OmM) as substrate.

Control, adrenaline (i % lO^^M)

and tolbutamide (1 x 10 ^M) stimulated hearts used.
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8.

Investigation of arrhythmia development
Summary
Since FFA release

from both adrenaline and

tolbutamide stimulated hearts under ischaemic conditions
was

similar, yet the incidence of arrhythmias :was' only

enhancedfollowing adrenaline treatment;it was thought that
this may be due to initial mechanical events rather than
direct metabolic effects.

Although both drugs caused

endogenous lipolysis the work load imposed on the heart by each
drug

differs considerably.

Therefore it may be that

a combination of FFA release and increased work are
important in the development of arrhythmias.
In order to try and determine if this mechanical response
was relevant to the development of arrhythmias two
different approaches were tried using the non diabetic
normal and. ischaemic rat hearts.
Following tolbutamide administration (5.1 x 10
were immediately paced,'

hearts

using a Grass S. 8 stimulator, at

rates similar to those seen during the maximum adrenaline
response in order to try and induce arrhythmia development.
The second approach tried, was to administer tolbutamide
and then increase the force of contraction of the heart
to the same extent as that found during the maximum
adrenaline response.

This was achieved by the addition of

calcium chloride.
y
(a)

Chronotropic response

Hearts were paced at rates of 400 and 350 beats
per minute for the normal and ischaemic perfused hearts
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respectively during the maximum inotropic response to
tolbutamide.

From table 7 it can be seen that this

increase in the heart rate in combination with tolbuta
mide had no effect on the incidence of arrhythmias.
Furthermore the overall performance of the heart did
not change to any significant degree.
Table 7 Incidence of arrhythmias in normal and ischaemic
perfused hearts following tolbutamide (5.1 x
, alone
and in combination with raised heart rates.
TOLBUTAMIDE
5.1 X 10 **M
alone

NORMAL

9.10%
i/ii

ISCHAEMIC

17.4%
4/23

TOLBUTAMIDE
5.1 X 10 ^M
and pacing
0%
°/6

16.7%
^6

(b) Inotropic response
With respect to developed tension it was decided to
perfuse hearts at normal and ischaemic flow rates giving
a maximum dose of tolbutamide (5.1 x loT^M) at T = 15
minutes.

This was followed exactly 5 minutes later by the

addition of various doses of calcium;

any arrhythmias

developing within the following 15 minutes were recorded.
Control experiments were carried out in the absence of
tolbutamide.
The normal calcium concentration at the commencement of
each experiment was 2.54mM and positive inotropic effects
were induced by the addition of calcium chloride to give
final concentrations of 3.32, 3.81 and 5.08 itiM respect-
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ively.
The results using tolbutamide in combination with various
concentrations of calcium ion compared to calcium alone
/

are shown in table 8 . The % arrhythmia development is
seen to be greatest under ischaemic conditions.

Further

more increasing the calcium concentration enhances
arrhythmia production while in the presence of tolbutamide
and elevated calcium levels arrhythmia development is even
greater (see photographs 2, 3, 4, 5).
Calcium movement within the cell is intimately related to
the intracellular level of cyclic AMP (Rasmussen and
Tenenhouse 1968; Shinebourne and White 1970; Tada and
Kirchberger 1975). - In addition cyclic AMP has been impli
cated

in the genesis of arrhythmias (Podzuweit, Lubbe and

Opie 1976; Opie 1976) and tolbutamide has been shown to
increase the intracellular levels of this nucleotide in
the heart (Lasseter, et al 1972; Levey, Lasseter and
Palmer 1974).
Tolbutamide enhances arrhythmia developments following
calcium administration in ischaemic hearts (table 8 ).
This could be due to an elevated cyclic AMP level in these
hearts; therefore experiments were carried out to examine
the effects of tolbutamide on cyclic AMP levels in the
heart.

In addition,experiments on arrhythmia development

were carried out using imidazole (20 mM) an inotropic agent
which does not increase cyclic AMP levels in the myocardium.
(Verma and McNeill 1976).

In these experiments with

tolbutamide and imidazole a calcium concentration of 3.81mM
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was used.

Tolbutamide was introduced into the perfusion

fluid in the normal manner, and during the maximum inotrop
ic response (approximately two minutes after its adminiI
stration) hearts were freeze-clamped at a temperature of
I
liquid nitrogen anc^ cyclic M P levels measured. it was
found that although there was a trend towards increased
cyclic AMP levels following tolbutamide administration the
increase was not significant at the 10% level.

(Figure 39).

In experiments in which imidazole was used a comparison of
the effects of tolbutamide and imidazole on arrhythmia
development at the 3.81 mM calcium level can be seen in
table 9.
Table 9
Incidence of arrhythmias following calcium
(3.81mM) administration in the presence of
tolbutamide (5.1 x 10 **M) and imidazole
(20mM) in ischaemic perfused rat hearts.

TOLBUTAMIDE
plus 3.81mM
calcium

78.6%

IMIDAZOLE
plus 3.81mM
calcium

'/l4
28.6%

.

Both drugs caused an increase in the force of contraction to
a similar

extent (tolbutamide 19% of control

± 9.6%;

imidazole 16% of control ± 8 .0 %), however, the hearts
perfused with imidazole showed a marked decrease in the
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Figure 39
The effects of tolbutamide (5.1 x 10 **M)
on cyclic AMP levels in ischaemic hearts
(Mean ± SEM)

(n = 4)
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incidence of arrhythmias when compared to the tolbutamide
treated group and were not significantly different from
the ischaemic hearts perfused with 3.81mM calcium alone
/

(table 8 and 9).

This may indicate that arrhythmia

development following tolbutamide and calcium is affected
by the level of cyclic AMP.
In most cases the arrhythmias which developed during all
the prementioned ischaemic conditions could be abolished
on re-establishment of normal flow (see photographs 6 , 7).
Cyclic AMP may be involved in the enhanced arrhythmia
production as seen in the presence of calcium (3.81mM);in
addition it is possible that the increased lactate
production seen following tolbutamide may contribute to
this effect.
However evidence for this was not obtained when experiments
were performed using dichloroacetate (DCA), a drug known
to stimulate glycolysis without increasing lactate product
ion, via an action on pyruvate dehydrogenase (Mjos et al
1976).
Hearts were perfused with ImM DCA, followed by the
addition of tolbutamide and calcium (3.81mM), as described
in earlier experiments.
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Table 10
Comparison between the % arrhythmia development in ischaemic
perfused rat hearts given tolbutamide (5.1 x 10

alone

and in combination with calcium (3.81mM) and during perfusion
with DCA (ImM).

Calcium
Tolbutamide

78.6%

DCA
Calcium
Tolbutamide
75%

Calcium
alone

33.3%

DCA
Calcium

50%

(11/ )
/l 4

The results in table 10 indicate that the increase in
lactate, following drug administration, even if reduced by
DCA, does not seem to show any significant reduction in
the % of arrhythmias that developed and therefore tends
to indicate that lactate production may not be the
immediate cause of arrhythmia development.

This is support

ed by earlier work which showed that adrenaline and
tolbutamide both increased lactate production (figure 30)
to the same extent yet, as with the FFA results only the
adrenaline challenged hearts showed any significant
increase in the incidence of arrhythmia production.
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C H A P T E R

IV

D I S C U S S I O N

14 8

1.

General
The findings of the University Group Diabetes

Program have shown oral hypoglycaemic agents to be associated
with an increased incidence of myocardial infarction and
death in diabetic patients.

Previously the actions of these

oral hypoglycaemic agents have been examined largely with
reference to their mechanical effects bn the heart.

Since

it has been reported that tolbutamide may increase the
levels of intracellular cyclic AMP (Lasseter et al 1972;
Levey, Lasseter and Palmer 1974), and this nucleotide has
been shown to be associated with the breakdown of triglycer
ide by activation of lipase enzymes (Newsholme and Start
1973), it was thought that the detrimental effect of these
drugs may possibly be due to their ability to cause intra
cellular lypolysis.

Furthermore,elevated levels of this

nucleotide have been implicated in the development of
ventricular fibrillation (Podzuweit, Lubbe and Opie 1976;
Lubbe et al 1976).

In the light of these results, and since

FFA may be deleterious to the ischaemic myocardium (Kurien
and Oliver 1970), it was thought important to examine the
effects of tolbutamide on FFA release and to compare this
with adrenaline, a known stimulator of lipolysis in the heart.
However, before the above work could be carried out it was
important to establish a satisfactory model representative
of the ischaemic condition.

2.

Animal model
It is essential that animals selected are appropriate

to the study under investigation yet it must be emphasized
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that the choice of animals and procedure adopted are often
dicated by practical problems of economy.
To draw analogies between the animal model and the human
situation obviously still remains questionable.

No experi

mental model exists which adequately mimics the situation
of ischaemia and/or myocardial infarction in man.

This

also applies to the experimental diabetic animal.

The

acceptance of animal models for the study of myocardial
function and metabolism and the application of the data
obtained to the clinical situation will obviously remain
open to

criticism; yet until such time as any other

method is found or until the events in myocardial metabolism
are finally understood the use of such animal models must
be condoned.

3.

The isolated perfused rat heart as a model of
ischaemia
The advantages of such isolated in vitro preparations

for the study of myocardial function are listed below.
(1)

The intact coronary circulation enables oxygen,

substrates and pharmacological agents to reach the
intact muscle cells in a normal physiological way.
(2)

The performance of the heart with respect to

metabolic and mechanical changes can be readily
monitored.

In addition control of the coronary

flow allows varying degrees of tissue ischaemia to
be studied.
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(3)

Samples of perfusate can be readily removed

for analysis at any time during the course of
perfusion.
(4)

The preparation can function adequately for

relatively long periods of time before deterioration
sets in.
(5)

Heart muscle can be frozen instantaneously

at any time during the course of perfusion with
minimal intracellular metabolic changes occurring.

(a)

Mechanical and Metabolic responses to ischaemia:

In order to establish an ischaemic condition a
coronary flow rate of 4ml/min.
normal flow of 12 ml./min.

was used compared to a

At 4ml./min. the heart

responded by a reduction in both the developed tension and
heart rate during the first part of the perfusion (figure
15a and b).

That the latter part of the perfusion did not

show any significant difference, with respect to developed
tension and heart rate, from the normally perfused heart
is indicative of the recirculating perfusion possibly
contributing to a deterioration in performance; either by
possible dénaturation of protein and/or accumulation of
metabolites, or that the 12 ml./min. selected as a
representative of normal coronary flow was not high enough.
The initial response to ischaemia is well documented
and is accepted as being due to a loss of tissue ATP and
phosphocreatine which would decrease contractility;

this

in itself acts as a compensatory mechanism by reducing the
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the demand for these intracellular high energy phosphate
stores.
The metabolic response to ischaemia was seen as an
increased release of lactate (figure 16) and FFA (figure 17)
into the perfusate.

Ischaemia activates anaerobic

glycolysis and the energy demands of the ischaemic myo
cardium can be partially satisfied by this activation
(Neely and Morgan 1974).

Increased lactate levels in the

perfusate indicate that the anaerobic utilization of glucose
and/or glycogen was occuring due to the decreased oxygen
availability; this is an index of tissue ischaemia.
The raised levels of FFA seen in the ischaemic perfusion
fluid are further evidence for the existence of an ischaemic
myocardium as this substrate is normally oxidized by the
heart in the presence of an adequate oxygen supply (Neely
and Morgan 1974).

Raised levels of both lactate

and FFA could also be related to the release of endogenous
noradrenaline during periods of ischaemia.

This applies

to in vivo as well as in vitro situations (Shahab et al
1972; Hough and Gevers 1975).

The release of this

catecholamine would activate phosphorylase and initiate
glycogenolysis.

Furthermore,lipolysis can also be stimu

lated due to activation of lipase enzymes.

Further

evidence of an ischaemic situation was the increased
incidence of arrhythmias that developed during this
condition (table 3).

This is indicative of an ischaemia-

induced damage and may be due to the release of endogenous
noradrenaline that occurs during this condition (Shahab
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et al 1972;

Hough and Gevers 1975).

The administration of i.v. alloxan to the rat was shown to
produce a situation of diabetes which could be seen by the
raised levels of plasma glucose and FFA.

Furthermore,

glycosuria was noted and loss of weight recorded (table 1 ).
In addition circulating FFA levels were even greater in the
perfusate of diabetic hearts.

In the alloxan diabetic

rat the release of FFA from adipose tissue is increased,
this is followed by high rates of myocardial fatty acid
uptake.

This may account for the higher concentration of

circulating FFA in this diabetic ischaemic model.

The

circulating FFA in the perfusate demonstrates that endo
genous lipolysis was occurring in the diabetic ischaemic
and ischaemic hearts and was greater in the diabetic
condition.
The type of ischaemic condition imposed by a reduction in
coronary flow can be considered as "whole heart ischaemia".
It could be argued that this is not representative of the
true clinical situation where there still exists areas of
myocardium that are functioning normally i.e. the clinical
situation can be described as "regional ischaemia" as
opposed to the whole heart ischaemia seen in these experi
ments.

For the study of cardiac performance and metabolism

the overall effect of a regional type ischaemia has the
disadvantage of making results difficult to interpret,
especially when studying the metabolic as opposed to
mechanical events.

This being due to the overlap from a

severe ischaemic zone into an area which is not as depressed.

153
This creates the difficulty pf distinguishing between
perfusion fluid emerging from the severe ischaemic zone with
perfusate from the less ischaemic zone.

Furthermore,with

regional ischaemia the severely ischaemic tissue exhibits a
depressed mechanical performance, this is compensated for
to some extent by an improved mechanical performance in the
non ischaemic regions (Lekven, Mjos and Kjekshus 1973).
Thus it is difficult to predict the overall effect on cardiac
output.

In addition, producing regional ischaemia in the

rat is technically difficult due to the small size of the
heart.
Thus overall the low flow rate of 4 ml./min. created a use
ful model of ischaemia, in addition alloxan treatment pro
duced a suitable state of experimental diabetes.

Once

these preliminary experiments had been carried out the
effects of tolbutamide and adrenaline on the metabolic and
mechanical parameters of the heart could be studied in
detail.

4,

Mechanical and Metabolic responses to tolbutamide
and adrenaline
(a)

Mechanical

It was suggested that because tolbutamide has the
ability to increase myocardial inotropy it may be detri
mental particularly if the heart was already compromised.
From the results in figures 18, 19 and 20, it can be seen
that tolbutamide increased the force of contraction under
normal, ischaemic and diabetic ischaemic conditions.
Although there was an increase in contractility, this
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increase was much less than that seen after a maximum dose
of adrenaline.

Adrenaline challenge on both normal and

ischaemically perfused hearts exhibited a biphasic
!

response (figures 18, 19 and 20). An initial positive inoI
I
tropic phase followed by a second deterioration phase
characterized by a decline in developed tension and an
increase in the incidence of arrhythmias.

Unlike adrenaline,

tolbutamide produced an initial small positive inotropic
effect similar to that described by other workers (Lasseter
et al 1972, Brown and Brown 1977), yet this response remain
ed at this increased level and was stable for the remainder
of the experiment.

Consequently it could be concluded that

the extra work load imposed by tolbutamide was not in excess
of the hearts capacity under the ischaemic conditions
prevailing, and it could be argued that tolbutamide actually
had a beneficial effect on the heart, unlike adrenaline which
continually produced arrhythmias.
(b)

Metabolic

i."

The release of FFA following drug administration.

The experiments regarding drug induced lipolysis
were designed to investigate the possibility that tolbuta
mide induced lipolysis in the heart might be a contributory
factor to the increased mortality seen in patients receiv
ing oral hypoglycaemic therapy.

Adrenaline was used in a

control capacity.
The effects of adrenaline on lipolysis have been shown by
several investigators both by the measurement of glycerol
in the perfusate,

(as a measure of lipolysis), (Challoner
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and Steinberg 1965; Kreisberg 1966) and by a decrease in
cardiac triglyceride content (Gartner and Vahouny 1972;
Crass 1973).

This lipolytic effect is known to be associa

ted with the activation of lipases which hydrolyse endogen
ous triglyceride to FFA and glycerol.

In addition, adrena

line induced myocardial lipolysis has been associated with
elevated levels of cyclic AMP.

Evidence for the role of

cyclic AMP, as a second messenger, in the control of lipo
lysis has been obtained in studies where the dibutyryl
analogue

(DBcyclic AMP) has been shown to increase

lipolysis (Gartner and Vahouny 1972; Crass 1973).

From

this the assumption has been made that adrenaline stimulates
adenyl cyclase and hence raises the concentration of cyclic
AMP (Butcher et al 1965); cyclic AMP then stimulates a
protein kinase which in turn activates the lipase system.
Although this has not as yet been observed in heart muscle,
many of the agents that increase lipolysis in adipose tissue
have been shown to have the same effect in the heart (Lech,
Jesmok and Calvert 1977).
Tolbutamide has been shown by certain workers to increase
cyclic AMP (Lasseter et al 1972).

It was thus thought that

this drug may also activate myocardial intracellular
lipolysis.

In the limited number of cyclic AMP estimations

carried out (figure 39) there was no significant increase
in the levels of this nucleotide following tolbutamide
administration,
apparent.
on) .

although a trend to increased levels was

(This will be discussed in more détail further

Brown and Brown (1977) failed to show any increase

in cyclic AMP levels following tolbutamide administration
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in isolated perfused rat hearts.

Therefore,whether or not

tolbutamide can increase cyclic AMP is not clear.

However,

adrenaline and tolbutamide both increased the levels of
FFA in the perfusate of ischaemic and ischaemic diabetic
hearts to the same extent (figures 27 and 28).

Further,

and what is more noticeable was that although both drugs
had the ability to cause lipolysis to the same extent the
incidence of arrhythmias was much greater in the adrenaline
stimulated hearts.

The incidence of arrhythmias in the

tolbutamide treated hearts did not differ from that found
in the control ischaemic and control diabetic ischaemic
hearts (table 4)..

Although both drugs caused endogenous

lipolysis the work load on the heart induced by each
differs considerably.

Therefore the arrhythmia production

seen following adrenaline may be due to a combination of
FFA release and increased work.
The involvement of FFA in the deterioration in the perfor
mance of the heart following adrenaline has been described
in the introduction.

However the evidence presented in

this thesis is not totally convincing with respect to the
central role of FFA's in this deterioration.
ii.

The release of lactate following drug
administration.

Tolbutamide and adrenaline both stimulated the
release of lactate from the diabetic ischaemic and
ischaemic hearts (figures 29 and 30),

The release of

lactate like that of FFA, was similar following both drugs
yet, as already mentioned the work load following each drug
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was different and arrhythmias only developed following
adrenaline stimulation.

This could indicate that lactate,

like FFA, is not the immediate cause of the arrhythmias
seen in the adrenaline treated hearts.

Further evidence

for this was obtained in the experiments using DCA and
calcium where it was shown that calcium and tolbutamide
enhanced arrhythmia production.

This was not reduced in

the presence of DCA, an agent which is known to lower lactate
levels via activation of pyruvate dehydrogenase (Mjos et
al 1976)

(table 10).

These results indicate that the metabolic and mechanical
responses to these drugs could be separate yet occur
simultaneously.
In vivo, tolbutamide is thought to act by increasing insulin
release which would cause an increase in glucose uptake.
In in vitro experiments where no circulating insulin exists
tolbutamide was still shown to increase the lactate prod
uction and release (figures 29 and 30).

This could be due

to either a direct effect on glycogen degradation and/or a
direct effect on glucose uptake.
The experiments carried out in a glucose free medium show
glycogen degradation to be contributing to the lactate
release following tolbutamide and adrenaline,
and figure 35).

(table 6

In addition the rate of lactate release,

in a glucose free medium, was parallelled by the changes
in developed tension (figure 38).

The early rise in

developed tension was followed by a gradual decline.
decline in developed tension, in a glucose free medium

This
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following tolbutamide, is in contrast to the maintained
increase in developed tension seen in the presence of
glucose.

This indicates further that the lactate production
/

seen with tolbutamide is due to an increased glycogenolysis

j
and glucose uptake. /
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5.

Insulin and the ischaemic heart
Insulin has been shown to reduce adipose tissue

lipolysis (Jungas and Ball 1963).

Consequently it was of

interest to examine the effects of this hormone on the
release of FFA from the heart

and to see what effects it

had on the other metabolic and mechanical events.
(a)

Antilipolytic properties of insulin

Insulin reduced the release of FFA following the
addition of adrenaline and tolbutamide to the ischaemic
diabetic and ischaemic rat hearts (figures 31 and 32).
However it had no effect on FFA release from control hearts
which had not been stimulated by these drugs.

In addition,

no decrease in arrhythmia development following adrenaline
challenge was noticed.

Furthermore,the significant

change in the performance of the heart following tolbutamide
and adrenaline was noticed.

These results tend to indicate

that FFA may not be of prime importance in the development
of arrhythmias following adrenaline stimulation.
The reduction of FFA levels by insulin following adrenaline
and tolbutamide-induced lipolysis could be due to an insulininduced re-esterification of FFA or a direct inhibition of
lipolysis.

In this thesis, FFA release was used as an

estimate of lipolysis whereas previous workers (Garland
and Randle 1964; Lech, Jesmok and Calvert 1977) used
glycerol release as an indication of intracellular lipolysis.
Using glycerol as an estimation of FFA release one would
not be able to detect any antilipolytic effect following
insulin administration if re-esterification was occurring.
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A major regulator of re-esterification is the availability
of

* glycerophosphate.

Thus during ischaemic conditions,

following drug-induced liplolysis, the addition of
insulin could cause re-esterification to be enhanced by
increasing glucose uptake and enhancing
formation.

« glycerophosphate

However, it has been shown that « glycerophos

phate in the hearts of alloxan diabetic rats is reduced
in vivo and after perfusion in vitro with glucose and
insulin (Garland and Randle 1964; Newsholme and Randle
1964) . Despite these findings FFA release into the per
fusate was decreased.

Thus even if « glycerophosphate

levels are reduced in diabetic hearts, the ischaemic
condition to which these hearts are subjected may still
make available sufficient

glycerophosphate for re-esteri-

fication; if not from glucose uptake than from glycogen
degradation.

Although Garland and Randle (1964) and

Newsholme and Randle (1964) showed a decrease in the
concentration of * glycerophosphate from diabetic hearts,
the concentration of glyceride in the heart still increased.
This could indicate a decrease in lipolysis or a stimulation
of e glycerophosphate. They used a perfusion pressure of
± 47mm Hg, which is relatively low and could be providing
the needed

* glycerophosphate via increased glycolysis.

Alternatively,if a direct antilipolytic effect of insulin
was the main cause of the reduced FFA's seen following
adrenaline and tolbutamide administration, then it might
be expected that cyclic AMP could be involved.

Insulin

has been shown to decrease the levels of this nucleotide
in rat adipose tissue following adrenaline and glucagon
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Diagram 4
A possible mechanism for the anti lipolytic
effect of insulin in heart muscle.
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stimulation (Butcher et al 1965; Mangariello, Murad and
Vaughn 1971).

In addition, insulin has been shown to

stimulate phosphodiesterase in adipose tissue (Loten and

i
Sneyd 1970) and this may account for the mechanism by which
I
this hormone causes/a decrease in cyclic AMP levels, and
in addition could account for the anti lipolytic action
of insulin in this tissue.

However, it is still not

clear whether insulin can lower the level of cyclic AMP
when it has not been previously elevated by catecholamines.
This could explain the results obtained in control groups
of hearts following insulin administration, where no
significant change in the FFA level of the perfusate was
apparent. For a possible mechanism of action of insulin see
diagram 4.
(b)

Mechanical effectsof insulin

The results in figures 36 and 37 show an insulininduced positive inotropic response which is most pronounced
in hearts under control ischaemic and ischaemic diabetic
conditions and to a lesser extent in hearts following
tolbutamide administration to no change in hearts follow
ing the adrenaline challenge.

Early studies by Regan (1963)

concluded that insulin did not possess any inotropic effect.
However, later work by Lucchesi, Medina and Kniffen (1972)
using canine papillary muscle demonstrated a positive
inotropic response following the addition of bovine insulin.
Sassine, Bourgeois and Macabies (1975) demonstrated a
positive inotropic response to insulin in rabbit atria in
vitro;

they suggested that this response was mediated by

release of catecholamines from the myocardium.

It is

interesting to note that hearts perfused with adrenaline.
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followed by insulin, did not show a positive inotropic
effect whereas in control hearts a positive inotropic
effect was seen.

Any positive inotropic effect of insulin

under these conditions may be masked by the adrenaline and
tolbutamide responses.
That the response is not attributed to the ability of
insulin to facilitate glucose transport, thereby causing
an enhancement of cardiac contraction has been shown by
Lucchesi, Medina and Kniffen (1972) , Lassine, Bourgeois
and Macabies (1975) and Lee and Downing (1976).

This is

in agreement with the findings presented in this thesis
where indirectly it can be seen that glucose uptake may
not be the sole factor for the positive inotropic response
of this hormone.

The overall response to insulin in the

non diabetic perfused control heart was greater than in the
diabetic perfused heart (figures 36 and 37) where one
would have expected the diabetic hearts (if glucose uptake
was enhanced to a greater extent) to show a greater
positive inotropic response to insulin.
Lee and Downing (1976) suggest that the positive inotropic
effect of insulin in cardiac muscle may be mediated via
the process of translocation of calcium from binding sites
to contractile protein thereby increasing the amount of
calcium available at the myofilament and increasing the
strength of contractility.

If this is the case, as their

evidence seems to suggest, then the fact that no inotropic
response was noted with insulin, following adrenaline
challenge, may be due to the fact that this catecholamine
had already stimulated the muscle maximally.
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6.

Arrhythmia development
As FFA and lactate were both increased by tolbuta

mide and adrenaline, yet arrhythmias only developed follow
ing adrenaline, it is clear that increases in the levels of
these metabolites are not the prime cause of the arrhythmias
seen following adrenaline.

Adrenaline imposed a much

greater work load on the heart.

This work load plus the

metabolic changes that occur may be important in the
development of arrhythmias.
Since work load is determined by the rate and force of
contraction it was thought that by raising these parameters
to values seen during the adrenaline response, arrhythmia
production may be induced.
(a)

Chronotropic response

With respect to increased heart rate, via pacing
(table 7), no change-occurred in the development of
arrhythmias.

The heart seemed to cope adequately at these

heart rates in the presence of tolbutamide under ischaemic
conditions.
(b)

Inotropic response

Work load was then enhanced by the addition of
calcium to the perfusion fluid.

It could be argued that

calcium on its own will increase myocardial work and
oxygen consumption and that the additon of tolbutamide
will make no further difference to the overall effect.
That calcium alone will create demands on the heart has
been shown in that arrhythmia development occurred to the
same extent as that in combination with tolbutamide at
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the high dose (Table 8).

However the significance of

increased arrhythmia development at lower calcium doses
when in combination with tolbutamide was greater than
with calcium alone.
Under normal conditions the heart ability to cope with
tolbutamide in combination with calcium, and calcium alone,
was in no way comparable with ischaemic conditions which
would further signifiy the vulnerability of the heart
under this latter condition.
(c)

Cyclic AMP and arrhythmias

The idea that cyclic AMP may in some way be
contributing to the detrimental effect seen with tolbuta
mide in the presence of calcium was considered in the light
of suggested involvement of cyclic AMP in arrhythmia
development.

(Podzuweit, Lubbe and Opie 1968; Opie 1976).

When using a drug, imidazole, which is an inotropic agent
that does not increase cyclic AMP levels in the myocardium
(Verma and McNeill 1976) it was found that the percentage
arrhythmia production was significantly lowered when in the
presence of calcium.

This was compared to calcium in the

presence of tolbutamide.

(Table 9).

This therefore

suggests that cyclic AMP could in some way be involved
in the genesis of arrhythmias as in both cases wor% load
with calcium was increased to the same extent, and that
the addition of tolbutamide and imidazole put further stress
on this work load, yet only the drug with reported ability
to increase cyclic AMP levels, ie. tolbutamide, had the
effect of increasing the number of arrhythmias that
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developed; although it must be added that, in the
experiments performed in which cyclic AMP concentrations
were measured in perfused hearts following tolbutamide
administration (figure 31), the levels found were not
I
significantly different from control hearts. Though the
trend (as previously mentioned) indicated higher levels
of this nucleotide following tolbutamide administration
the small number of animals used, as well as the difficulty
involved in freeze clamping the heart at the exact maximum
inotropic response may give results which are not represen
tative of their true value.

However, Brown and Brown (1977)

using isolated non-recirculating perfused working rat
hearts also failed to show any increase in the levels of
cyclic AMP after bolus injections (1 mg) of tolbutamide
equivalent to approximately 20 mg/lOOml, in the perfusate.
Therefore whether the levels of cyclic AMP in the myocard
ium are raised after tolbutamide and whether this nucleo
tide alone plays a role in the detrimental effect on the
ischaemic myocardium still remains controversial.
(d)

Lactate and arrhythmias

The possibility that increases in lactate concen
tration accompanying glycolysis during ischaemic conditions
may contribute to the deleterious responses found with
calcium and tolbutamide were investigated using
dichloroacetate (DCA).

(Table 10).

In conditions

where lactate is increased, as during heart work these
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increased levels could be adding to the deleterious condit
ion and thereby enhancing the development of arrhythmias.
DCA has been shown to stimulate glucose metabolism without
increasing the overall lactate accumulation or release
(McAllister, Allison and Randle 1973) which is due to an
activation of pyruvate dehydrogenase (Mjos et al 1976).
Furthermore,it has been argued that increasing the lactate
level increases the hydrogen ion concentration (Katz and
Hecht 1969) and this depresses the responsiveness of
contractile proteins to calcium ions as the hydrogen ion
causes a displacement of the calcium bound to troponin,
reducing the number of troponin molecules bound to calcium
during sysole.

Furthermore,it could be argued that

increasing the hydrogen ion concentration could result in
inhibition of PFK and a decline in ATP production thereby
leading to the deleterious effects as mentioned above.
However, it must be emphasized that in all hearts perfused,
the perfusate contained a buffer (pH7.4) which would be
able to control the small changes in pH that might occur.
When hearts were perfused with DCA followed by tolbutamide
plus calcium and calcium alone no significant reduction in
the percentage arrhythmia production was apparent (table
10).

This suggests that lactate levels, if lowered by DCA

may not be the immediate cause of arrhythmia production.
This is supported by earlier work (figure 30) in which
increased lactate production was enhanced by adrenaline
and tolbutamide to the same extent yet only the adrenaline
challenged hearts showed any significant increase in the
development of arrhythmias.

However, no definite conclusion
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can at this stage be made as only very few animals were
involved in these preliminary experiments, and further
work with regard to a reduction in lactate levels need to
/
be performed.
A summary of the effects of tolbutamide on the diabetic
ischaemic and ischaemic perfused rat heart is shown in
figure 40.
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7.

Conclusion
The main objective of this thesis was to ascertain

if tolbutamide was capable of causing intracellular release
of FFA from the myocardium.

When compared to a known

stimulator of lipolysis i.e. adrenaline, tolbutamide was
shown to produce very similar results with respect to FFA
release, however during the experimental programme no
detrimental effect of this sulphonylurea on the heart was
noticed, especially with regard to arrhythmia production.
Further, the overall performance of the heart following
tolbutamide administration remained favourable.
Insulin was shown to reduce the levels of FFA in the
perfusate which is suggested to be due to a re-esterification
process.

However, even after the levels of FFA were

reduced no noticeable improvement in the performance of
the adrenaline treated hearts occurred.

In addition lactate

accumulation did not seem to be a primary cause of
arrhythmia development.
Since the work load on the heart following tolbutamide and
adrenaline administration differs greatly, it was thought
that by increasing this work load in the presence of
tolbutamide to the same level as that seen following
adrenaline, arrhythmia production may be enhanced.

This

was achieved using calcium chloride^ whereupon it was found
that tolbutamide in combination with calcium produced
arrhythmias to a greater extent than calcium alone under
ischaemic conditions.

Cyclic AMP may be a controlling

171
factor in the production of arrhythmias as shown by
experiments with imidazole, however further work needs to
be carried out before any definite conclusions may be made.

i

No definite conclusions as to the detrimental effect of

I
tolbutamide can be made - in fact it would seem that, in
some cases of myocardial insufficiency, this drug may even
prove beneficial.
Although it is tempting, as the literature suggests, to
attribute myocardial damage to a specific factor, e.g.
FFA, cyclic AMP, catecholamines etc., it is more likely
that a combination of these various factors is more
important in increasing the vulnerability of the ischaemic
heart.
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