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SUMMARY

The investigation was undertaken to study the
effect of free fatty . acids (FFA) on the performanée
of the ischaemic myocardium and the role of ﬁyocardial
lipolysis in contributing to tissue FEA concentration.

An 1initial investigafion using heart muéclev extracts
demonstrated cyclic-AMP stimulation of 1lipase hyd:olysis
of triglycerides but not mdnoglyceride. Subsequently,
an inﬁestigation,'of the role of ;myocardial lipolysis
in the ischaemicaliy-pérfused rat‘ heart was begun.

The results demonstrated thé deleterious effects
on heart performance of FFA generated from myocardial
triglyceride. Exogenous FFA had much 1less effecf,
arguing for a more poteht effect or greater
availability of endogenously-generated FFA. With hearts
frdm normall&-fed rats, adrenaline induced inotropic and
chronotropic (first phase) responses. These were followed
by marked (second phase) deteriorations in performance -
decline in beatrate and developed tension, increases in
resting tension and incidence 6f arrhythmias - which were
proportional to the rates of lactate and FFA release.
The deteriorations' were greatly reduced by the abolition
of ‘the 'lipolytic component of the adrenaline challenge
with nicotinic acid, at concentrations which did not
inhibit the first phase responses. Reduction of FFA

release also encouraged glucose oxidation.



With hearts from fat-fed rats  (dependin§ exclusively
upon endogenous lipid as an 'enérgy sourée) performance was
- depressed whilst 1lipolysis was stimulated relativé to the
normally-fed series. In addition, the perforﬁance of thése
hearts declined more markedly after adrenaiine -~ the high
incidence of ventricular fibrillation (V.F.) being
particularly marked. Nicotinic acid again offered protection
- 1in particular, abolishing V.F,

In both series, adrenaline challenge increased the
tissue FFA concentration and this was offset with
nicotiﬁic acid. 1In addition,. adrenaline greatly étimulated
the accumulation of FFA within the myocardium. The
déteriorative éffects on performance could not be ascribed
solely to FFA since lactate was usually increased.

However, several observafions suggest that FFA are of

primary significance and these factors are discussed.
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SECTION A The Mammalian Heart

1. The organ and its Function

(a) Double Circulation, The heart is a constantly-acting

muscular pump which drives blood to the 1lungs and body in
the pulmonary and systemic circulations reépectively. The
pump is divided into two halves to provide this double
circulation, The 1left side receives oxygenated blood from
the 1lungs, delivering this to the systemic circulation; . the
right side receives deoxygenafed blood from the body to
deliver to the 1lungs (fig la). Each side of the heart is
equipped with two chambers, the atria which receive blood
are delicate compared to the muscular ventricles which drivé

blood out into the circulations.

The two sides. of the ﬁeart must pump at an exactly-
matched rate 1in order fhat blood should not accumulate in
‘one circulation at tﬁe expense of the other. This balance
is achieved despite a great difference in volume capaéity
and pressure develpment in the 'two circulations. The left
ventricle is much more powerful (with thicker walls) than
the right ventficle to enable it to develop  the high pressure
necessary to dri?e blood into the aorta. 'Left ventricular
pressure rises to a peak of .about 100mm mercury during
contraction (systole) compared to about 25 mm mercury in
the right ventricle. Of the tétal heart muscle, abogt

two-thirds is representéd ’by left ventricular muscle.



The pumping action of the heart is achieved not by
contractions in a single‘ phése ‘as with most skeletal
muscle but instead, a convoluted fibre arrangement._is
displayed (figure 1b). A wave of contraction spreads
upwards from the apex of the ventricles forcing blood
uﬁwards and out throﬁgh the arterial valves. Similar valves
between auricles and ventricles - oppuse revérse flow of
blood into the auricles. The sequence of contraction
(systolé) and relaxation (diastole) vis. degcribed as the

cardiac cycle, shown in figure 2.

(b) Cofohary - Circulation The heart tissue, as any

other highly active tissue, requires an extensive supply

of blood to deliver substrates and remove products. ° The
chamber blood contributes relatively 1little to the needs of
the heart which are met, instead, by a discrete coronary
circulation, The circulation begins with cdronary arteries
which branch from thé aorta very near the aortic valve, thus
delivering highly oxygenated blood to the myocardium. The
circulation begins at the outer surface or subepicardial
region from which the vessels branch into the _mid— and
subendocardial regions. An important aspect. of the corqhary
circulation is the relationship between coronary flow and

the phase of the cardiac cycie. The flow_ is restricted
mainly to the diastolic period since during systole the
increase 1in myocardial wall tension causeé extensive
occlusion of the coronary vessels. The occlusion is most
extensive and of longest duration in the subendocardial‘
regjon, figure 3. It can be seen that the supply of blood

to the subehdocardium is subject to two major limitations.
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These are (i) that' the rggion is .subject to the greatest
degree of occlusion and (ii) ‘that it is. most distal from
the boinf of initial (aortic) supply. The cdnsequences of

this situation will be discussed 1later.

The . venous system of the ﬁyocardium conveys most of
the deoxygenated blood to the right atriuﬁ via the
coronary sinus although a small but significant drainage
of blood occurs directly into the chambers through . the

Thebesian and other small veins.

Another feature of the coronary cifculatioﬁ is the
relatively 1limited extent of .cross—perfusion afforded by
anastomoses. The effect is that in the event of
occlusion of a major vessel, there is only a limited
capacity for the 'deprived tissue to draw upon supply
from other vessels, _Improvement of cross-perfusion can
occur with the development of collateral vessels but a
particular stimulus is required to increase
vascularisation. It can occur in response to coronary
artery ligation (Charlier, 1972) and to - physical

training (Penpargkul and Scheuer, 1970).



2. The heart as - a muscle

(a) Ultrastructure The essential features of the
ultrastructure of the myocardium are shown in figure 4.
The myofibrils show the striated nature (as skeletal musc1e$
and the mechanism of contraction in the two types of
muscle is essentially the same (Sonnenblich 1962, Huxley 1975).
The myofibrils afe in intimate contact with sarcoplasmic
reticulum - consistent with fhe involvement of the latter
in the release -sequestration of dalcium ions required for
contraciion. (Naylor, 1967; Raémussen and Teneﬁhouse, 1968;
Katz and Repke, 1973). The lérge number of mitochondria
and their highly cristate structure illustrates the highly
oxidative nature of myocardial metabolism - in marked’
contrast to the glycolytically-oriented fast skeletal muscle.
Glycogen granules and 1lipid droplets represent internal

stores of energy substrates (Stein and Stein, 1963).

(b) Performance  of the muscle The classical work of

Frank (1895) and Starling (1918) wusing the heart-lung
‘preparation. first described the characteristics of the working
heart which provided such subtle adaptability to the
changing needs of the body. The essential' nature of the
contractility which they described was the ability to
increase cardiac output in response to a rise in venous
(i.e. filling) pressure,. Increased ventricular filling
caused an increase of diastolic fibre 1length which in turh
induced increase in strength of contraction. (Up to a

point beyond which a further increase in diastolic 1length
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induces no further increase in output but instead induces
failure). This is described as the Ilength-tension

relationship.

In addition to the effect of atrial filling pressure
(preload) upon performance, subsequentr studies have 'shown the
importance of two other major factors - aortic pressure
(éfterload) and coﬁtractile state of the muscle. The studies
have mainlyA employed the isolated papillary muscles of raté
and‘ Qats. Papillary muscles are the cone ~shaped muscle;
which project from the inner, vendocardial surface of the
ventricles and anchor the valves via their extensions -

- the cordae tendonae. The work has led to an elegant
description of myocardial contractility and the factors which
influence it. These arev described in tﬁe force - velocity
relationship of Sonnenblick (1962, 1974), Parmley and
Sonnehblick. (1969). This relationship is derived by the
study of the velocity of shortening‘ of muscle over ~a range
of imposed afterloads.. Contractility is further described

in the three - dimensional force - velocity - length

relationship of Henderson and Brutsaert (1973) - figure 5.

" These relationships are difficult to apply Adirectly to
the intact heart since they have been established using
isolated muscle preparations. Attempts have therefore been
made to test the validity of these relationship# in a

more intact preparation. Sonnenblick, Parmley, Urschel and

Brutsaert (1970) have been able to show the adherence to
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these relationships of the intéct, nOn-wbrking, dog ventricle. -
Further extensions of - these‘ indices of function to the
working heart in situ are greatly complicated by the
external fﬁctors which affect performance. Because of
these difficulties a number of parameters have'been studied
to evaluate their possible use as indices. of performance.
Thus shorteningr velocity (Tomoda and Sasamoto, '1973)
atrial-ventricular systolic time intervals (Scully, Bello,
Beierﬁolm, Fredericksen, Weisfeldt and Doggett, 1973), peak
left ventricular ejection velocity {(Sonnenblick and Skelton
'1971); maximal rate of rise of ventricular pressdre
(Mjgs, 1971) have all been used to indicate contractility.
It is important to determine when investigations really do
attempt to elucidate contractility since the rather 1less
definitive term "function'" often appears. Thjs is usually
a more géneral term than contractility and indicates the

overall competence of the muscle.

An important aspect of' the 1investigations into cardiac
performance has been the indication of the major factors
contributing to MVO,. These factors (Sonnenblick and
Skelton, 1971; Burns and Covell 1972) are as follows:

(i) Wall tension (dependent 'upon ventricular pressure,
intraventricular volume and myocardial mass). |

(ii) Cohtactility ( or contractile state) - see
force-velocity relationship.

(iii) Heart rate.

(iv) Metabolic rate.
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There are two minor contributors to MV02; firstly, - energy
required. for external work or active ejection (about
5 - 10% .of MVOZ) and secondly, energy required for

activation of contraction and relaxation (about 1% of MVOZ).

Another problem which. has‘ been solved by these
investigations concerns the mechénism of _contfacfion of
cardiac muscle. On" the baéis of lower maximum force
development per unit cross-sectional area (épmpared to
skeletal muscle) and other factors such as apparent immunity
to tétanisation, a discrete_ mechanism of action‘ peculiar
to cardiac muscle had been a possibiiity. The Aifferences
were explained, instead, by different contrcl of contraction
in cardiac muscle. Thus the 1lower force developed was
explained by .the operation of a smaller proportion’ of the
contractile elements at any given time. The time of actiQe
contraction (twitch time) in cardiac muscle was limited by |
an extended refractory period, thus reducing the possibilit&

of tetanisation. (Sonnenblick, Parmley, Buccino and Spann, 1968),
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3. Non-contractile properties

In addition to the classical muscular function of
contraction, the heart' exhibits other propertiesi which can
be described as automatacity (the ability to contract
independently of external stimulatioh), conductivityl
(electrical impluses passed‘ from_Aoneblmuscle cell to
another without the necessary interventioh of nervous
tissue) and senSitivity to modulation of.-performance .at  the

muscle cell site as well as sensitivity to nervious control.

(a) Electrical Properties Unlike skeletal muscle, the

myocardium acts as a syncytium allowing  co-ordination of
contractility wvital to the pumping action. Elecfricay
impulses originate in a group of specialised cells called
the sinus node, 1located on the sufface of ﬁhe right atrium
nea; its junction with the superior vena cava. . The node
depolarises and repolarises cyclicly at a rate which
(usually) ‘determines the overall heart rate. The sinus

node provides the usual dominant hearf rhythmn but
"automaticity is also exhibited by ventricular muscle itself
in the absence of sinus rhythmn. Indeed single-layers of
myocardial cells in tissue culture exhibit synchronous

beating- Glick, Burns and Reddy, (1974).

The impulse from the sinus node spreads across the
surface of the atria, causing them to contract and then
passes rapidly to the apex of the ventricles via the

atrioventricular node and the Purkinje fibres. ‘These are
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muscle cells which, through specialisation, have 1lost the
ability to contract but instead conduct . eiectrical impulses
more rapidly than normal myocar@ial éells; From the apexl
the impulse passes back up through the bulk §f the
muscle mass, initiating the rising wave of ventricular
cohtraction. The electrical wave passes from one 'musple
cell to the next in a way analagous to. nervous -transmission
along axons. The cells communicate at gites called
inter-calated discs. The nature of the discs and thus
the extent of communication is not clear., The differences
betweeri nervous conductivity -and myocardial_ conductivity are
demonstrated by differences in the action potentials

( figure 6a ).

(b) The Electrocardiogram ( ECGI) The co-ordinated

electrical activity of the muscle pfoduces g strong and
raéidly changing electrical potential which can be detected
at the body surface, by the application of electrodes at
suitable points. It -should be stressed that the ECG is
the - resultant of the summation of the action potentials
“of all the individual myocardial cells. A typical complete
wave ( figure 6b ) contains components associated with
depolarisation and repolarisafion of both atria ( P wave)
and ventricles. Ventricular depoiarisation gives rise to
the QRS complex of the electrocardiogram.b 'The plateau; of
‘the action potential, during which the .muscle is |
depolarised, prdduces the ST segment. The T wave is
due to Vventricular reﬁolarisation. Paradoxically, the

deflection of both depolarisation and repolarisation waves
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Figure G(a)
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is 'in the same. direction. = This may be explgined by
the dependence of thé pathway 6f depolarisatioh upon
factdrs other than just cell - to - cell conduction

(e.g. wall tension, Kelman, 1971).

Electrocardiography has proved extremely‘ useful in both
clinical and experimental situations since it gives |
valuable information concerning the performance of the
heart by non-invasive means. (Juliaﬁ, 1973; Séhamroth, 1973).
Characteristic changes are found with the électrocardiogram
coincident with various disturbances in performance and the
procedure thus has valuable diagnostic uses. The
particular uses of importance here are the characterisation
of disturbances in atrial and ventricular rhythm and also
the indication of myocardial ischaemia which is manifested
as changes in ST segment and T wave ( Brooks, 1974; |
Angell, Lakatta, Weisfeldt and Shoch, 1975). The
physio-chemical basis of the eléctrocardiogram‘ is described

in detail by Schaefer and Haas (1962).

(¢) Sensitivity to humoral influences Heart performance

is influenced nbt only by nervous contréll (internal and
external) but also by direct action of particular_ agents
on the muscle cells. Thus a number of hormones

(including éatecholamines, ACTH, TSH and glucagon) influence
contractility and rate of beating. At 1least two major
modes of action have been proposed to describe the actions

of these and other agents.
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The first major theory (Sutherland, Robinson and
Butcher, 1968) considers that the hormones act at- the
plasma membrane and/bf intracellular vmembranes, modifying
the activity of —adenylate cyclase and hence the
intracellular concentration of adenosine - 3% - 5% - cyclic
monophosphate  ( cyclic AMP ). The .level of cyclic AMP
is thought to influence contactility by as yet undefined
mechanism(s). One possibilit& is the modulation of
intrécellular calcium ion av ailability fhrough the action
of cyclic AMP op the sarcoplésmic reticulum ( Epsteiq,

Levey and Skelton, 1971).

The second major theory considers the effect of
hormones and other agents such as cardiac glycosides, on
the membrane systems involved in the release and
Sequestration of calcium ions' and -other ions involved in
the excitation and cﬁntraction processes. (Katz and Repke,'
1973; Nayler, 1967). The actions may involve no rise 'in’
cellular byclic AMP concentration (Venter, Ross and

Kaplan, 1975).

The basic information quoted in this section has been
drawn largely from the texts of Kelman (1971) and

Selkurt (1971).
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SECTION B The Metabolism of the Heart

1. Substrates ufilised

The heart is a constantly active muscular tissue and
is therefore a centre of intense metébolic activity. The
substrates required for combustion to provide the energy
heeded for mechanical and electrical activity are supplied
lafgeiy by the blood. The heart thus .normally depends
largely wupon exogenous substrates. Under normal conditions
the giycogen stored within the myocafdium (endogenous
substrate) is not extensiveiy utilised. Under Vcertain
conditions the balance between utilisation of exogenous and
endogenous fuels can shift markedly. In particular

, the

utilisation of endogenous 1lipid may become significant.

Of the exogenous substrates, glpcose was the first
shown to be utiiised by the heart ( Locke and Rosenheim,
1907) wusing the isolated perfused rat heart preparation of
Langendorff (1895). Since that time the importance of
lipid as the other major fuel has been described. Liptd
is supplied as free fatty acids (FFA) in the form of a
complex with serum albumin (Solomon, 1968; Spector, John. and
Fletcher, 1969) and aléo as esterified fatty écids i;e.
triglyceride - fatty acids (TGFA). ~ TGFA are present in the
blood in the form of chylomicra and very low density
liprporteins (VLDL). Both these forms are COmpiexes
containing triglyceride (60%), phospholipid (15%), cholesterol
(10%), cholesterol -esters (5%) and protein (10%) - data of

Predrickson (1974). The chylomicra or primary particles
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‘derive their 1lipid directly from dietafy' lipid in the
intestinal mucosa and are discharged mainly into the 1lymph.
VLDL or secondary particles, by contrast, are synthesised
in the 1liver and are discharged into the blooq. Tﬁe
depletion of 1lipid from these particles by extrahepatic
tissue 1leads to the formation of 1low density lipoprotéins
(LDL) containing only about 10% triglyceride (Fredrickson,
1974). . The potential importance of TGFA as a fuel is
described by Delcher, Fried énd Shipp (19655 who pointed

- out that, in those mammals studied, over 90% of the

fatty acid content of the blood is esterified.

The utilisation of FFA by the heart ﬁas béen shown
by Shipp, Opie and Challoner (1961) and Scheuer and Olson
(1967) with the isolated ‘rat heart and by Most, Brachfeld,
Gorlin. and 'Wahren (1969) and Gousioﬁs,' Felts and Havel
(1963) who studied the utilisation of radioactive FFA in
man., Similar studies have been performed with the perfused
monkey heart (Crass, Tullis, McCaskill and Shipp, 1970) and
.with the heart of the conscious dog (Cowley, Scott and
Spitzer, - 1969). The uﬁtake and. oxidation of TGFA has also
been shown by Géusious et al (1963); Enser et #1 (1967);
Delcher et al (1965); Scheuer et al (1967) and Most ‘et al
(1969). The utilisation of FFA has been fgrther investigated
to elucidate‘ any possible selectivity with regard to. chain
Vlength or degree of unsaturation._ Willebrands (1964) and
Evans (1963) showed selective uptake in th; order

- 18:1 < 18:2 < 16:0 <18:0 in the isolated rat heart.
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Similar evidence has been provided for the human heart by
Rothlin and Bing (1961) and Harris, Chlouverakis, Gloster
and Jones (1962). These latter studies based their
findings on difference 1in FFA composition of vthe blood
measured at the coronary sinus compared to that at the
aorta. Such use of arterio-vemous ( a - v ) differences
has been criticised by Sﬁein and Stein (1963) since the
compositions may be altered by exchange reactions catalysed
by 1lipoprotein 1lipase . (LPL - see below) with no necessity
for nett FFA 4uptake; This criticism appears valid for
in vivo investigations but seems 1less appropriate for the
studies using the  isolated perfused hearts which received
no esterfied 1lipid. This factor could,. however, explain
the contradiction of the above results by Stein and Stein
(1963) and Most et al (1969) who found no selectivity with
regard to uptake in the group 16 : O, 18 : O, 18 : 1.
There was selectivity of wutilisation, however, with palmitété
entering triglyceride more readily than 1linoleate -
cgnversely, linoleic acid entered' lecithin more readily than

did. palmitic acid.

TGFA utilisation proceeds not by direct 1lipid uptake
(Crass et al 1966) but by hydrolysis at the cell surface
‘to release FFA which then enter the cell. This hydrolysis
is catalysed by LPL (as Adescribed later). ' Crass et al
(1966) showed that the oxidation of TGFA by the isolated
rat heart was accompanied by and indeed lagged behind a

trénsient' rise in FFA concentration of the perfusate.
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Both these effects were stimulated by heparin - a  khown
activator of LPL. Further, the oxidation of TGFA could
be depressed by preperfusion with heparin 4in . order to élute

LPIL, from the tissue as shown by Enser et al (1967).

In addition to the two major substrates, the heart
can also utilise lactate, pyrurate, ketones and amino acids

but under most conditions their availability is not great

(O1son, 1962).
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2. Quantitative significance of Substrates

(a) Exogenous substrates - Since the heart is able to

consume a number of different_ substrates, the relative
importance of these will déﬁend‘ behz availébiiity (plasma
concentration) and pref;rence. To determine substrate
_preference of the -heart,.a' number of competition studies

have been performed, in which +the uptake 'and/br oxidation
of a -given substrafe is studied in the presence and absence
of potentially competitive substrates. Extensive reviews

have been published by Opie (1968) and by Neely and

Morgan (1974). The general conclusion from the investigations
reviewed is that in sufficiently high concentration any of
the major substrates (glucose, FFA, 1lactate, ketones or
pyruvate) can dominate the oxidative pathways of the heart.
At physiological concentration, however, ' the balance lies
between glucose and FFA. In general, FFA arer,abler.to
pfe-empt glucose oxidatioﬁ rather than the reverse. Thus
Shipp et al (1961) showed extensive inhibition of oxidation
of glucose ( 5 - 10mM) by palmitate (0.3mM) in the isolated
perfused rat heart. Conversely, high glucose concentrations
gave only a limited inhibition of ‘FFA‘ oxidation. Crass

et a1 (1970) showed similar inhibition of glucose oxidation
by pamitate in the peffused monkey heart; the inhibition
probably being effected at several points in the pathway

of glucose metabolism. One can regard the circulating FFA

concentration as a vital control element, Pparticularly since

glucose uptake is insulin-sensitive (Morgan, Henderson, Regan,



23

and Park 1961; Morgan, Néely; Wood, Liebecq, Liebermeister,
Park 1965), whilst FFA uptake séems to be debendent only
upon' arterial concenfration (Most et al 1969). The
relationship between glucose and FFA utilisation is
described by the glﬁcose - FFA- cyc;e (Randle, Garland,
Hales and Newsholme, 1963). Thus during ‘starvation and
diabetes the éirculating FFA cpncentrathon iis elevated and
the uptake and oxidatibn of glucose is depressed. The
roles of the two substrates can be reversed by perfusion
of hearts from starved or alloxan-diabetic rats with medium
containing glucose and insulin. Similar evidence was provided .

by Kreisberg. (1966).

In man during periods of fasting, 1lipid appears to be
the major oxidiseable substrate (Most et al 1969), accounting
for 70% of the myocardial oxygen consumption (MVOZ) whilst
glucose agcounted for the remaining 30%. Similarly, in
healthy fasting men, Lassers, Wahlgvist, Kéijser and’

Carlson, (1971); Lassers, Kaijser and Carlson, (1972) have shown
that a significant negative correlation exists between FFA
concentration and myocardial extraction of glucose, 1lactate

and pyruvate. fhe depression of FFA concentration with the
antilipolytic agent nicotinic acid stimulated myocardial

extraction of the carbohydrates, (Lassers et al, 1972).

The studies above have indicated situations in * which
FFA are the preferred substtrtate. Hasselblat (1970) described .
the converse situation. of extensive glucose utilisation

during the post-prandial period. A high glucose 1load
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Figure 7 .
Glucose-FFA Cycle (Randle et al, 1963).
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mimics the effect of antilipolytic agents in depressing
nett lipolysis in adipose :tiSSue, thus reduéing the
circulating FFA concentrafion. in addition, paﬁcreatic
insulin secretion 1is stimulated énd glucosé utilisafion by

peripheral tissues 1is stimulated.

Similar though 1less direct evidence for the balance
between glucose and FFA utilisation is provided by the
respiratory quotient (RQ) which tends towards wunity during
carbohydrate oxidation but falls during lipid oxidation.
During the posf—prandial périod RQ = 1.0 V(Goodale‘ and
Hackel, 1953), after an overnight fast it falls to 0.8
and during diabetes and starvation to 0.7 (Goodale, Olson

and Hackel, 1959).

- Gold, Scott and Spitzer (1967) showed that the

elevation or depression of plasma FFA concentration in

hyper = or hypothyroid dogs respectively, was accompanied
by changes in myocardial FFA oxidation, RQ and MVOQ;
During hyperthyroidism, FFA oxidation and MVO, were enhanced

2
but RQ was depressed.

’ Clson (1962~b) showed that high concentrations of
pynvate or acetoacétate (both 10mM)> were required fo
influence the utilisation of O0.3mM palmitate. Uptake of
palmitate was inhibited' 50% but oxidation was inhibited by
75% thus a four-fold vincrease of cellular .FFA concéntration
occurred déspite. a compensatory rise of FFA esterification

into triglyceride. Little, Goto and Spitzer (1970) showed
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that’ P-hydroxybutyrate and acetoacetate (1OmM) inhibited
the oxidation of radioactive palmitate in the dog heart
in situ, The ketones accounted for about 80% of the

myocardial CO2 production,

Miller, Keuk and Durham (1971) studied metabolism in
conscious dogs. Myocardial extraction of FFA was directly
proportional to the arterial concentration and oxidation
accounted for all the FFA uptake. FFA contributed 35% of
the CO2 production during rest, 75% during exercise or
infusioh of noradrenaline but only 25% during ipfusion of
glucose. Ladtate oxidation became significant during

exercise.

(b) Endagenous Substrates As can be seen from the

preceeding evidence, exogenous substrates caﬁ usually account
for most of the oxidation carried out in myocardiUm.
Despite these findings, the wutilisation of the endogenous
reserves has also been demonstrated. Mayer, Namm and
Hickenbottom (1969) showed that the activationd of glycogen
bh&sphorylaée-nﬁcéﬁfré& iig :heart' mﬁﬁclé ag,fhéd previously
been described for lbver and skeletal muscle (for review
see Fischer, Pocher and Saari 1970). Glycogen has also
been suggested to be directly involved in fuelling
contractility on the basis of the pfesende of glycogen
granules near the contractile Velemehts (Saidrasﬁlov, 1963).
The significance of +this 1is uncertain in view of the
inhibition of glycogen utilisation found by Ribeilima;

Wendt, Ramos, Gudbjarnason, Bruce -and Bing (1964) and by
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Neely, Whitfield and Morgan (1970). The '1etter’ group in
particular showed that glycogenoiysis» in the 1isolated rat
heart became significant oniy‘ when FFA were omitted from
fhe perfusate. It could be stimialated -in the working rat
heart by elevating pressure development but during fasting,
with elevated plasma FFA concentfatien, cardiac glycogen

content actually rose (in contrast to 1liver glycogen).

The utilisation of endogenous fuel was demonstrated by
substrate-free perfusion of the isolated rat heart. (Shipp
et al; 1964; Olson and Hoesehen, 1967). Glycogen was
depleted within 5min but further eentraction was maintained
by endogenous 1lipid ‘for up to 45min. This was confirmed

by the production of 14-CO by perfused hearts in which

2
the lipids had been predabelled with 1 - C - 14 - palmitic
acid (Shipp, Thomas and Crevasse, 1964). Phospholipid
fatty acid oxidation wes observed in addition to
triglyceride fatty acid oxidation, but this was not
confirmed by Crass, McCaskill and Shipp (1969) and Crass,
McCaskill, Shipp and Murthy (1971). In the 1latter studies
'TGFA oxidation was stimulated by increesing pressure
development but the total phospholipid content of the
muscle Aremained constant thfoughout the perfusions (Some
evidence for transesterificetion between phosphoiipid and

"triglyceride was presented). Endogenous 1lipolysis was aleo
found to be stimllated by adrenaline in +the potassium -

arrested rat heart (Challoner and Steinberg, 1966 b ); and

during diabetes and starvation (Kreisberg, 1966) with
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consequent depression of utilisation of exogenous TGFA by
isolated rat hearts. Endogenous lipolyéis was found to
contribute significantly to energy metabolism in the pig

heart (Karpiak, 1968).

The involvement of ~endogenous 1lipid turnover in the
utilisation of exogenous FFA is not clear. One would

anticipate a pathway of the form;

. co
extracellular —3 intracellular 7 2

FFA FFA ‘
: Triglyceride (TG)
This 1is supported by the sparing effect of exogenous FFA

on endogenous TGFA utilisation (Crass et al, 1972). An

alternative has been suggested by Shipp et al, (1964) whereby

intracellular ——p TG ~—p FFA —» CO

FFA 2

This woqld require the compartmentation of the two
int;acellular pools. Such a system would offer control of
FFA utilisation at the level of 1lipolysis and the evidence
of Masters and Glainano .(1969 and 1972) is eonsistent with
this, Their work shows that FFA uptake 1is related to the
rate of 1lipolysis (being stimulated by catecholamines and
inhibited by ‘P-blockade). This evidence, however, is open
to the alternative éxﬁlanation that the agents act simply:
by increasing and decfeasing the demand for both substrates.

in parallell To overcome this criticism, the work load
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in the presence of }%bldckade was increased by atrial
pacing and the wuptake éf FFA but not of glucose remained
inhibited. Despite these cqnflicting views, if ‘is- cleér
that the endogenous Td ”pgbi is active and 'éontribﬁtes
significantly to the FFA 1level of fhe cell. 'Thus Kong
and Frigdberg (1971) showed bihhasic kinetics for the
oxidation of 1labelled palmitic acid which had been
infused into the coronary artery of the dog. A rapid
phase of 14 - COZ' releasé was consistent with direct

oxidation of FFA whilst a slow phase of 14 - CO, release

2
was consistent 'with oxidation pfeceededv by an intermediafe
esterification step. The speed of entry of exogenous
labelled FFA into TG droplets was as rapid as the entry
into mitochondria and 14 - 002- (Stein and Stein 1968).

The 1océtion of 1lipid droplets near the oxidation sites
(mitochondria) = Stein and Stein, 1968 = may support -the

pathway for ‘FFA oxidation proposed 5& Shipp efzal (1964)
by offering a spatial explanation. The .entry of FFA in
this 'study was followed autbradiographically. The extent

of involvement of myocardial TG reserves in the
,utilisafion of FFA is further demanstrated by Masters and
Glaviano (1972) using open-chest dogs, who showed that 30%
of‘ palmitate uptake entered TG. In addition, the total

TG content of the tissue remained constant, thus

indicating the turnover of. the TG reserve.
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- Table 1 summarises the results of the above
investigations. The ‘common interventions and the conseQuent

contributions to overall MVO2 of the major substrates 'are

described.
TABLE 1
Post-prandial glucose 90-100% FFA ‘ 0-16%
Overnight fast " 10-20% FFA 80-90%
Starvation " 0 - 5% FFA +endog  90-100%
L . : TG
.. Diabetes " .. 0<5% " 90~ 100%
Catecholamine " "
stress 10-30% 70-90%
Hyperthyroidism " 10-30% " 70-90%
Exercise glucose 30% 7 " 70%
+ lactate

"FFA" represents the sum of the contributions of plasma
FFA, TGFA and ketones. The concentration of ketones in the
blood is related to that of FFA since they are released

froﬁ the 1liver from FFA precursors.
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3. The effect of work on substrate ufilisation

The woxk load of the heart dictates the 1level of
substrate utilisation. Thus stimulation of contractility of
the isolated rat heéigt;Ouabain (Kreisberg and Williamson,
1964; Gousious, Felts and Havel; 1967) - stimulates the
uptake and oxidation of glucose. Stimulation of the
isolated rat heart with adrenéline (Kreisberg, 19663) and
of the dog heart with noradrenaline (Cowley et al, 1969)
enhances the oxidation of both glucose and FFA. Neely,
Liebomeister, Battersby and Morgan (1967); Neely, Bowmah and
Morgan (1969) and Neely et al (1970) showed thaf increased
pressure development of the isolated, perfused working rat

heart stimulated MVO glucose uptake, FFA uptake and

27
glycogenolysis. Crass et al (1969, 1970) compared .the
suﬁstra£e utilisation of the working and non-workiﬂg
(Langendorff) isolated rat heafts. Glucose uptake was
stimulated by imposition of work but FFA uptake was not:

instead, .the oxidation of FFA was stimulated at the

expense of esterification to TG.
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4, Metabolic Pathways-‘,_: e

~

(a) Major Routes, The highly aerobic nature of myocardial

metabolism exhibited under all but extreme condifions,

is demonstrated by the 1large number of mitochondria;

which make up about 30% of the cell volume (Sobel, 1974),
Other indices of- the aerobic metabolism afe the capacity
of the heart to utilise 1lactic acid (Opie, 1968) and
the high concentration of oxidative enzymes, particularly
cytochromes‘ (Penpargkul and Scheuer, .1970), Although nett
uptake of lactate is normal, there is still release

of laéfate across the. heart. asv assessed by the reduction
in the specific activity of lactate infused into the

dog heart (reunissen and Piatnek-Leunissen, 1973),

The pathways for ‘generation of energy in the
myopardium are those classically illustrated in standard
texts (Mahler and Cordes, 1969) and will not be described
in detail here (figure 8), Glucoéé is wutilised by the
Embden-Meyerhof-Parnﬁs pathway, .producing pyruvate which
enters the mitochondrion, Pyruvate dehydrogenase éatalyses
'the activation of pyruvate to acetylv CoA (figure 9)
which is oxidised by the tricarboxylic acid cycle (TCA),
producing reducing equivalents to be oxidised by the
terminal oxidation chain, Cytosolic reducing equivalents
enter the mitochondrion mainly by the malaté-aspartate
shuttle, FFA are first activated to the CoA estérs and '
then enter the mitochondrion for oxidation by the

beta-oxidation spiral which produces acetyl CoA units,
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lLegend for Figure 8

1. Gluco;e  kinase, hexokinase.

2. Phosphoglucose _isomerase.

3. Phosphoglucomutase.

4, Phosphofructokinase.‘

5. Aldolase.

6. Triosephosphate isomerase.

7. Glycerolphosphate dehydrogenase.

8. Glycerol kinase.

9. Lipase(s).

10. Glyceride synthesis.

11. Fatty -acid thiokinases.

12, Glyceraldehyde-3-phosphate dehydrogenase (phospﬁorylating)
13. Phosphoglycerate kinase.

14. Phosphoglycerate mutase.

15. Enolase.

16; Pyruvate kinase;

17. Lactic dehydrogenase.

18. Carnitine acyl transferase (2. forms).
19. Pyruvate dehydrogenase.

20. Beta keto acyl CoA fhiolase.

21, 3-keto acid-CoA transferase.

22, Betahydroxybutyrate dehydrogenase.

23. Beta oxidation spiral.
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Figure 8. Major pathways for AcCoA. production in the

Glucose _ mammalian heart.
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Figure 9

(a) Reactions of the

Fatty Acid

34

(beta) Oxidation Spiral
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Activated fatty acid units enter the ﬁitochondria ‘by
the carnitine—cyéle, under the influénce of carnitine-
_acylfransferase which @ is located ‘af tﬁe inner mitochondrial
mémbrane.‘ Lactic acid is ‘utilised by conversion to pyravate
with 1lactic dehydrogenase. A specific heart muscle
4isoenzyme. of 1lactic dehydrogenase exists which, unlike the
skeletal mgsclé isoenzyme,‘ is normally sensitive to
inhib@tion by high pyriivate concentrations, (Everse and
Kaplan, 1973). This sensitivity must be 1lost during
hypoxia or ischaemia to enable extensive ~lactate release
by 'thé myocérdium, (unless ﬁ‘ significant amount of the

skeletal muscle isoenzyme is also present).

The finai aspect of energy metabolism concerns -energy
transport. The three major aspects of this process are'-
(i) oxidative phosphorylation (Racker, 1970) and ATP
transport through the inner mitochondrial vmembfane
(Klingenberg, 1970); (ii) delivery of enérgy equivalent to
the active sites of actinomyosim - largely as creatine
phosphate, which obtains phosphate from ATP undér the
influence of creatine phosphokinase ; (Saks, .Chernbusova,
_Voronkov, Smirnov and Chazov, 1974): (iii) consﬁmption of

energy in the processes of contraction, ion transport etc.

‘(b) Minor Routes

Glucose. synthesis from lactate and pyruvafe can be
observed in heart muscle (Stadie, Haugaard and Perlmutter,

1947) but the key enzymes of the Utter-Ochoa pathway
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(malic enzyme, pyrivate decarboé;lase, PEP _carboxykinase)

are of relatively . low activity and the pathway is. not of
great' guantitative significamme (Racker, '1954). The ‘same is
true of the key enzymes- of the hexose monophosphate shunt
(glucose - 6 - phosphate dehydrogenase and 6 - phosphogluconate

dehydrogenase) - as shown by Glock and McLean (1954).

Lipid synthesis is active in the myocardium as
described earlier. Fatty acyl CoA esters react with
sn - glycerol - 1 - phosphate to produce mono,- di - and,
principally, triglycerides (Denton and Randlé, 1965).
Phospholiﬁid metabolism is beiieved to occur by classical
roqtes (for review, see Dawson, 1966). The origin of
sn - glycefSI -1 - phosphate from glycerol or glucose is
debated since the quantitativs signifiéance of 'glycerol
kin ase in the heart is disputed. Scheuer and Olson;(19675
could find no glyserol uptake by the isolated :rat heart
but Robinson snd ‘Newsholme (1967) found significant astivity

" of glycerokinase in rat heart. extracts.

Protein synthesis and degradation are obviously of
great significance because of the contant need for
structural, contractile and enzymic protein (particularly

exaggerated with hypertrophy) but will not be described here.



37

5. Metabolic Control

It is possiblé to distinguish between qontrol factors
which operate essentially outéide the tissueb and those which
,operate within the tissue. The rformer group include
factors ‘which modify the circulating céncentrations of
essential substrates, such as the dietary status of the
animal and the. presence of 1ip61ytic or antilipolyticrv

hormones. This group will not be -discussed further here.

(a) Respiratory Controi _ The major eiement of metabolic
cbntrol in the rheart as in other tissue is thé well-
documented ' respiratory control exerted through the
maintenance of a particular energy status in the cell
(usually expressed as the extent of phosphorylation of the
ATP - ADP -. AMP system = Chance and Williams, 1956;
Klingenberg, 1970). As the work of the heart increases
from a particular steady state, ATP and creatﬁae
phosphate. (CP) are consumed and the energy status shifts
to the right 1in the above equation. The operation of
adenine nucleotide translocase (Klingenberg, 1976) ensures
that the energy 'status of the cytoplasm is reflected by
that of the mitochondrion. The decline of ATP relative to
ADP and AMP in the mitochondria stimulates oxidative
phosphorylation, The consequent consumbtion of reducing
equivalents and energy substrates provides for greater
production of these wunits via activity of the TCA cycle,.
_ P-oxidatioﬁ and glygolysis. .This has been demonstrated in.

the rat heart by Neely, Denton, Randle and England (1972).
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It 1is throdgh this ﬁechénism :that agents sﬁch as
catecholamines, cardiae glycosides, ACTH, P-blockerS'.can
affect metabolism. By stimulating contractility they
secondarily stimulate- the metabolic roﬁtes to accommodate
the extra work loéd. Vital evidence concerning. the order
of acfion of catecholamines on éontractility and metabolic
responses was provided by ¢ye (19€3) and. Cheung and
Williamson (1965) who showed a significant time-interval
between the onset of intropism and the activation of
glycogen phosphorylase. In addition, Vthe .direct action of
qétechoiamihes Aubon phqsphorylase appears to be ruled out
by the finding that glycogenolysis is stimulated by
metabolite stimulation and dgbression of phosphorylase b
rather than b — a conversion' (Neely et al, 1967; Dhalla

and McLain, 1967).

(b) Key enzymic Control Points Given the basis of

respiratory control, there are a range of subtle cellular
controls which dictate the relative contributions of different

gubstrates under different conditions.

(i) Uptake of Substrates Glucose uptake occurs by

a specific carrier mechanism as judged by kinetic
characteristics (Morgén et al, 1961, 1965). Uptake is
normaliy limited at this site but can be stimulated by
insulin and hypoxia (Morgan et al, 1961; Morgan, Randle

and Regen, 1959) so that the subsequent phosphorylation

step' becomes rate-limiting for glucose uptake.
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FFA uptake 1is proportional to plasma concentration
(Evans, 1964). In addition the albumin : FFA ratio is a
determinant of uptake (Goodman, 1958; EQans, Opie and
Shipp, 1963), but only differs from concentrations if
albumin is varied from physiological concentrations of
2 - 4¢%. One molecﬁle of glbumin binds two molecules of
FFA with high affinity and up-vto 20 molecules with lower

affinity (Solomon, 1968).

The uptake of lactate, pyruvate and Kketones also
appears to be limited by plasma concentrations (see
Section B.2.). The uptake of TGFA is additionally

dependent upon the activity of 1lipoprotein 1lipase.

(ii) Pyruvate Dehydrogenase The work of Randle,

England and Denton (1970), Denton, Randle and Martin (1972),
Martin, Dentén, Pask and Randle (1972), Shaw aﬁd Boder
(1972), Severson, Denton, Pask and Randle (1974) and
Whitehouse, Cooper and Randle (1974) has shown the central
role of pyruvate dehydrogenase (PDH) in the regulation of
energy metabolism. The enzyme exists in dephosphorylated
(active) and phosphorylated (inactive) forms, the
interconversion of the two forms is catalysed by kinase

and phosphatase which are part of the PDH complex. PDH
activity is stimulated by insulin, calciuﬁ ions,

magnesium ions and oral hypoglycaemics such as dichloroacetic
acid. The activity is inhibited by catecholamines, acetyl

CoA (Garland and Randle, 1963) and NADH (Garland, 1964).
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This control offers an explanation for the facility
.with which FFA can pre-empt the oxidation of glucose
since the generafion of acetyl CoA units from FFA would
,shuf down PDH activity. By contrast, few points exist
for glucose units to -interfere with the oxidafion of FFA.
One possibility is a mass action effect of ieducing CoASH
availability and depressing the access of fatty
écylcarnitine to CoASH at the inner mitochondrial - membrane.
(Vahouny, katzen and Entenman, 1967; Olson, 1962; Evans,

Opie and Shipp, 1963).

(iii) Phosphofructokinase (PFK) K PFK represents a most

importaht point of control of glycolysis in heart. It is
subject to inhibition by citrate - thus restricting the
glycolytic rate when sufficient substrate is already
available for TCA activity (this represents another 1likely
contribution Ato the. depréssion of glucose utilisation by
FFA). PFK is also inhibited by ATP ~- this inhibition
being 1lifted by inorganic phosphate (Pi), AMP, cAMP, ADP
and fructose diphosphate. The engyme 1is thus sensitive to
the energy status of the cell (Mansow, 1963). The effect
of inhibition of PFK 1is phe accumulation of fructose - 6 -
phosphate and hencé glucose - 6'- phosphate (since
phosphoglucose isomerasé is 6a1anced near to equilibrium),
Accumulation of glucose - 6 - phosphate inhibits glucoée
phosphorylation and glucose uptake (England and Randle, 1967)
and in addition causes inhibition of glycégenolysis by its

inhibitory effect upon glycogen phbsphorylase b (@ye, 1967).
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High. concentrations of glucose - 6 - phospﬁate caﬁse
glucosé - 1 - phosphate accumulation by mass‘ action effect
on phosphogiucomutose. Accumﬁiation of glucose - 1 -

phosphate promotes glycogen synthesis.

(iv) Other Control Points The stimulation of PFK to

a sufficient degree passes control of the rate of glycolysis
to glyceraldehyde - 3 - phosphate dehydrogenase or pyruvate
kinase - the other major control points of glycolysis in’

the heart (Williamson, 1965).

The combination of increased flux through glycolysis
and sufficient cytosolic reducing -—equivalents, results in
an increase in sn - glycerol - 1 - phosphate concentration.
The increased capacity for esteri;ication of FFA may be
reflected inv an increase in cellular 1lipid concentration.
During hypokic perfusion, therefore, associated with rapid
glycélytic flux aqd a high llevei' ofv redﬁcing equivalents
in the pell; triglyceride accumulation occurs rapidly
(Scpeuer and Brachfeld, 1966; Evans, 1964). The
contribution of glycerol kinase to sn - glycerol - 1 -
phosphate may also be significant (Robinson and Newsholme,
1967). Under normoxic conditions, increased glycolytic
flux ahd capacity for esterification may provide a
mechanism for removal of FFA and stimulation of glucose

utilisation.
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Section C The Heart in . Ischaemia

1. . General fschaemia is the reduction of the flow
through tissue of blood (or perfusate in the ekperimentél
situation). It-‘is distinguished from hypox;a'r(or the
extreme, anoxia) which describes a reduction of the

oxygep content of blood or perfusate. Both terms describe
a situation of depressed oxygen d;Iivery but ischaemia is
additionélly complicated by depressionr of the delivery of
otﬁer substrates 'and, more cruqially as will be seen,
depression of thel removal from the tissue of metabolic

products.

The onset of myocardiai ischaemia in the clinical
sense usually represents the result of a progressive
chronic reduction of blood flow caused by occlusion of one
or more of the major coronary arteries.A‘ Ischaemia may
also occur as a transient episode caused by temporary
oxygen deficit due to excessive cardiac activity.
Chronic occluéion is the result of. the degeneration of
the intimal 1lining of the major vessels described as
- atherosclerosis ‘(Schettler 'énd Boyd, 1969). The
degeneration is provoked by undefined primary factor(s)
and 1leads to fhe accumulation of 1lipid and fibrous material
at the iﬁtimal lining (for reviews see . Shimaﬁoto, 1972;
Ross and Glomset: 1973). The accumulations have a two-fold.
effect; firstly to depress flow per se by the narrowing of

arteries and secondly, to reduce flow by depressing the
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elasticity of the vessels. Competent vessels expand. during
the pezak of_ ventricular ejection (absorbing séme of the
cardiéc output) and then contract again during diastole to
sustain - diastolic flow. The significance of the 1loss of
this elastic capaéity in coronary vessels is very great
since the heart tissue is critically dependenf. upon

diastolic flow.

The‘ heart can respond to chroﬁic ischaemia by
revascularisation and the development of anast omoses
(Charlier, 1971). No such response is possiblev to acute
ischaemia caused by events such as coronary thrombosis -
the blockage of a vessel by a fragment of solid material,
usually sloughed off from atheromatous accumulation. The
tissue affected by acute restriction of flow is rapidly
depressed mechanically (within minutes) and suffers
irreversible damage if flow 1is not restored within-

30 - 60‘ minutes (Oliver, 1972). This is the process of
acute mypcardial infarction. Evidence has been presented
which shows that myocardial infarction may also occur in

the absence of thrombosis (Erhart, Lundman and Mellsteat,1973).

The effects of chronic ischaemia have received 1little
experimental atfention because of the time required and
uncertainty concerning ‘the nature of the céusative factors.
Attempts have been ﬁade y however, to mimic the cliniqal
situation (Aubert, Ferrand, L#caze, Pepin, Panak and

Podesta, 1974). The major tools for the experimental
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investigation of myocardial ischaemia include- acute

occlusion of vessels = usually 'in the dog heart in situ
(Braunwald, Maroke and Libby 1974) but also, ‘more recently;
using rat hearts (Kannengeiser, Lubbe and Opie, 1975).
Another technique is the impoéition of whole heart
ischaemia by reduction of. gross 'coronary flow. In
additiqn, studies of hypoxia have provided a considerable
amount of information although the inte:pretation of this
in relation to ischaemia is not straightforward, as will

be seen below.

2, Mechanical responses of the myocardium to ischaemia

The onset of ischaemia is accompanied by a marked
depression of the performance .of the affected tissue.
'This has been observed in human anginal patients (Cohen,
Elliot, Rolet and Gorlin, 1965) as assessed by ventricuiar
pressure development and cardiac output.: In .the perfused'
rét ~heart subjected to ischaemia, systolic vehtricular
pressure (and tensior) ‘and cardiac output decline,vand end
diastolic pressure rise§, (Opie, 1965; Neely, Rovetto,
Whitner and Morgan, 1973; Kannengiesser, et al, 19735; Fisher,
Martino, Harris and Kavaler, 1969). Similar responses to
hypoxia and anoxia have been described by Fisher and
Williamson (19615; Sonnenblick (1973); Henderéon and
Brutsaert (1973); Scheuer (1972); Su and Friedman (1973);

Maher, Goodman, Bowers, Hartley and Angelakos (1972).
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In the dog heart Theroui, 'Franklin,v Ross and Kemper
(1974) and Pirzada, Hood, Messer and .Bing' (1975) have
shown depression of ventriéulaf wall tension development
using sutﬁréd strain guages. Bishop, Kaspar, Barnes and
Kardon (1974) showed depression of systolic pressure
development: and cardiéc output and a .;ise in wall
stiffness and diastolic pressure, in the heart of the
consciéus dog. Similér studies have been. reported by
Redwood, Smith and Epstein (1972) and Regan, Markov, Burke

and Oldewurtel (1970).

Despite 'the depressed meéhanical performance Vof
ischaemic tissue, the overall performance of the heart
as assessed by -cardiac output may be maintained by
compensatory mechanisms. This has been shown in human
patients (Hamosh and Cohn, 1971) and in experiemntal
studies (Feola, Haiderer and Kennedy, 1971). This
compensation was studied in the heart of the anaesthetised
dog by Lekwen, Mjis and Kjekshus (1973). Total coronary
flow could be reduced by 20% before éardiac output
decliped. The compensation involved reduction of
contractility (measured by the rate of rise of ventricular
pressure - dP/&f) but also Ventricular dilation which
provided increased ventricular diastolic filling and hence
maintenance of cardiac‘ output. Foliowing these hrimary
responses, extensive and persistant ischaemia 1leads to

cardiac failure.
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3. '~ Metabolic Responses to Myocardial Ischaemia

(a) Carbohydrate Utilisation In clinical studies, a

shift of myocardial carbohydrate metabolism to the glycolytic
mode has been described as one of the major responses to
iéchaemia (Himwich; Goldford and Nahum, '1934; Dennis and
Mooré, 1938). The shift is described as a rise in the
lactgté/byruvate ratio of coronary venous blood, as the
appearance of nett lactate release or as a chaﬁge to a
less positive arterio-venous difference of lactate

(Krasnow, Neill and Messer, 1962; Bowansa, Arbogast,

Goulet, Campeau and David, 1973 and Neill, Kremkau, Oxendine
and Phelps, 1974). These methods have been criticised by

. Kubler (1974) since the concentrations of metabol;tes in
the blood may be a poor reflection of those in the

tissue.

The responses of the heart to ischaemia and hypoxia
differ markedly with respeot to glycolysis, as described in
experiemntal studies. With hypoxia and -anoxia, glucose
uptake (Scheuer, 1967, 1972) and lactate release (Morgan et
al, 1961) rise éharply. The importance of glycolysis in
the .preservation of function and the ability to recover
from hypoxic interventions has been described >by Weissler,
Altschuld, Gibb, pollack and Kruger (1973); Weissler,
Kruger, Baba, Scorpelli, -Leighton and Gallimore, (1968) in
the rat heart and bby Muller Ruchholtz, (1973) and Henry,

Sobel and Braunwald, (1974) in the guinea pig heart.
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The  importance of glycogén h#s also been iﬁplicatea " by
thé ability of the turtie hearf to withstand hypoxic
perfusion more effectively than. the rat ‘heart_ due to
more . extensive glycogenolysis (Brachfeld, Ohtaka, Klein

and Kawade, 1972; Bing, Brooks, Inamadar and Messer, 1972),

~ The ‘effects‘ of 1ischaemia upon substrate utilisation
havg _been contrasted with Vthe effects of hypoxia by
Rovetto et al (1973). Although a transient rise in
glucosé uptake occurred, it was maintained for only a
short period. Extensive lactéte accumulation occurs
within the tissue since 1little capacity for release into
perfusate is .provided (unlike hypoxic challenge) and this
could account for the inhibition of glucose utilisation
gt two metabolic sites, The decline in cellular pH
would tend to inhibit PFK Vand the incapacity to
reoxidise NADH by the 1lactic dehydrogenase reaction  would
cause inhibition of glyceraldehyde-3-phosphate dehydfogenase
by depressing the availability of NAD. Such inhibition -
depresses the utilisation of both glucose and glycogen,
This evidence seems to be contradicted by the evidence
of Opie, Owen and Riemersma (1973) which shows a rise
of glﬁcose uptake in the ischaemic segment of the dog
heart., In this study, however, glucose uptake 'was
expressed as pmole/ml blood, with no measurement of
coronary flow. It is not possible, therefore, to calculate

the true rate of glucose uptake in 'Fmole/g/min.
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(b) Energy Status During hypoxia the creatine

phosphate content of guinea pig heart (Feinstein, 1962)

and rét heart (Scheuer, 1972; Néeley et al, 1973)
‘declinesjfrapidly but the content of ATP is maintained

af é 'higﬁi'lével. Despite the high ATP. conteﬁt,
contractility is still depressed. Two possible |
exblanations for this observation have beén suggested.
Firstly, ATP may be depleted near the site ét which it
is required for muscular' contréction (Gercken and

Schlette, 1968; Gudbjamason, Mathes and Ravens, 1970) or,
secondly, some rrestriction is exerted at the levél of |
energy utilisation rather than energy production (Katz and
Hecht, 1969). In ischaemically-perfused isolafed rat hearts
(Rovetto et al, 1973) the ATP content of myoéardial cells
declined more rapidly and more extensively +than during
hypoxic perfusion. This is 1likely to be a consequence

of inhibitioﬁ of glycolysis during ischaemia which plays

a significant role in maintenance of ATP content of
hypoxic tissue. This observation offers an explanation of
the ability of perfused .rat .heart papillary muscles and
the intact dog heart to withsfand periods of hypoxia
more effectively than periods of ischaemia (Pirzada et al,

1975).

(c) _Enzyme Release, The release of enzymes from the

myocardium has been used as an index of ischaemic damage.
(Whitby, 1968). The enzymes studied include lactic

dehydrogenase, creafine phosphokinase, glutamate - oxaloacetate
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tranéaminase, malate dehydrogenase, aldolase and others
(Logan and Murdock; 1966). The use of enzyme release in
this way has been criticised by Kubler (1974) on the
basis of evidence which shows rapid release of enzymes

(w ithin 2 minutes of .the onset of anéxia) from the dog
heart, presumably before irreversible damage coﬁld have
occurred. Despite this, the release of enzymes is of
considerable diagnostic value and has also recently been
studied in acute ekperimental ischaemia using the isolated

rat heart (Leiris, Opie and Lubbe, 1975).

(d) Ionic Disturbances The 1loss of certain ions
(particulafly potassium and inorganic phosphate) has been
observed from - ischaemic tissue (Regan, Markov, Oldewurld
and Burke, 1970; Opie , Thomas, Owen and Shulman, 1972).
These ionic disturbancess are pfpbably a reflection of
the disturbed energy balance of the .affected tissue. The
elevation of external potassium may be an important
factor contributing to the high incidence of arrhythmias
in .severely ischaemic tiséue, particularly after acute

myocardial infarction (Brachfeld, 1973).

Disturbances to the ionic balance of ischaemic tissue
are reflected in the gross electrical activity of the
heart as shown by the ECG. Characteristic changes in
ECG (principally of the S-T segment and T wave) are of
considerable diagnostic value <clinically (Schaefer and Haas,

1962; Julian, 1973; Schamroth, 1973) and of particular use

experimentally in the estimation of the extent of ischaemic



injury (Braunwald, et al, 1974;' Lekven and Semb, 1974;

Mj#s, Kjekshus and Lekven, 1974). The use of‘ ECG in  this
way lié fu;ther validated by the finding that the more
rigorous estimate of ischaemia of tissue oxygén tension
relates closely to observed changes in S-T seguent

(Angell, et al, 1975).

(e) Lipid Accumulation  The onset of ischaemia with

the accompanying increase in the concentration of reducing
equivalents within the c¢ell and also decrease in
availability of CoASH units provides stimulation qf fatty
acid esterification. Fatty acids accumulate because of
depressed oxidation and depressed capacity for release from
the tissue. The réducing equivalents tend to force the
production of sn - glycerol - 1 - phosphate by the reaction
of glycerol - 1 - phosphate dehydrogenase. Both substrates
for glyceride synthesis are thus made available and
triglyceride soon ‘accumulates, explaining the appearance of
lipid droplets in ischaemic and hypoxic tissue (Bryant,
Thomas and O'Neal, 1958; Evans, 1964; Scheuer and

Brachfeld, 1966).

(f) Release of endogenous catecholamines Catecholamines

stored in preterminal sympathetic fibres of the myocardium
are released during ischaemia (Brown and Malliana, 1971;
Wollenberger, Krause and Shabab, 1967). The catecholamine
stores are depleted as soon as one hour after coronary
artery ligation in the dog heart, reaching -75% depletion

after 24 hrs. (Russel,  Crafoord and Harris, 1961).
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The release of endogenous catecholamines (together with the
'generally high systemic sympathetic activity) following acute
myocardial infarction may be implicated in the high
mortality associated with the acute episode (Julian and
Oliver, 1968). .Fufther evidence is provided- b& the
increase in the extent of ischaemic injury caused by
catecholamines during acute coronary artery 1ligation in the
dog heart. (Mjgs et al, 1974; Braunwald et al, 1974). In
these' studies, beté-blockade offset the effects of
catecholamines. The tendenéy. of ischaemic. tissue to
develép ‘arrhythmias isv related to the presence of
catecholamines (Mailing and Moran, 1957) and is depressed
by the removal of endogenous catecholamine release by
dené&ation (Schaal, Wallace and Sealy, 1969). In other
studies of acute ischaemia in dog hearts, the release of
succinic and lactic dehydrogenases was aboiished in the

absence of catecholamines (Herbacznska - Cedro, 1970).

The mechanism by which catecholamines induce such
effects is not known although there are several possible
contributing factors. Thus catecholamines could act by
enhancing MVO2 and thereby exaggerating the already severe
oxygen deprivation of <the ischaemic tissue. MVO2 can be
increased by the stimulation of contractility, rate and
tension development (Coleman, Sonnenblick and Brauhwald,
1971). MVO2 can also be. elevated in the absence of
mechanical effects and this can be explaided by the
increased delivery of FFA due to stimulation of cardiac

lipolysis (Challoner and Steinberg, 1965). The significance

of 'FFA in the ischaemic heart will be discussed .below.
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4. Ultrastructural changes in the ischaemic myocardium

Within minutes of the onset of acute ischaemia,
glycogen granules disappear and myofibrils become relaxed
when visualised by electron microscopy (Jennings, Baum and
Herdson, 1965). Within one-two hours, cells and
mitocondria were found. to have vswollen in the ischaemic
rat heart (Bryant et al, 1958). Rather more rapid
swelling of mitochondria was observed by Jennings and
Ganote (1974) within .30-40 minutes of the onset of
ischaemia in the dog heart. 'vThe swelling was accompanied
by the accumslation of amorphous densities within the
mitochondria. 'Within a similar time interval of 1-4 hours
lysosmal disruption was vobserved (Ricciutti, 1972) and this
was one of the earliestl structural changes following the

onset of ischaemia in the dog heart.

The functional capacity of sarcoplasmic reticulum,
assessed by its capacity  to take up calcium, was also
depressed within 1-2 hours of the ‘onset of ischaemia

(Lee, Ladinsky and Stuckey, 1967).
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SECTION D Effects of FFA in the Heart

Ischaemia presents conditions which encourége FFA
accumulation within the myocardium. Both adipose (Vaughan
and Steinberg, 1963) and cardiac 1lipolysis (Kruger and
Leighty, 1967) are stimulated by the ﬁresence of
catecholamiﬁes, thus. delivering both exogenous and
endogenous FFA to the myocérdium. In addition, the
capacity for removal of FFA by oxidation is depressed ‘by
oxygen limitation (Opie et al, 1973) The extensive 1lipid

“accumulation described eariier glso ihdicates the presence"

of high cellular FFA 1levels during ischaemia.

1. Effects observed in vitro, With the above factors

contributing -to an accumilation of FFA within ischaemic
tissue, the actions of FFA to be described below could
contribute significantly to the  deleterious effects of

ischaemia.

It should be mentioned that although I have talked of
FFA and will 4describ9 the effects of FFA as investigated
experimentally, other species could contribute to the
observed effects. In particular, the contribution of fatty
acyl CoA .is a possibility in view of the cébacityl of
the cell to activate FFA in the presence of ATP whiqh
may not be completeiy depleted during ischaemia (Neely et

al, 1973).
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FFA have been shown. to debress contractility in the
hypoxic perfused rat heart and hypoxic papillary muscles
but not 1in well-oxygenatéd preparations. (Henderéon, Most
and Sonnenblick, 1969; Henderson, Most, Parmle&, Gorlin,
Sonnenblick, 1970; Hénderson, Craig, Gorlin and Sonnenblick,
1970; Gmeiner, Apstein and Brachfeld, 1975). The effects
were attributed Ato physio-chemical action of ther-free acids
rather than some oxidation product since the non-oxidiseable
pent - 4 - enoic acid had similar actioné to palmitic
and 1linoleic acids. .Most, Szydlik and Sorem (1972)
siﬁilarly observed depression of develpped‘ tension ahd
elevation of resting tension in isolated rat papillary
muscles subjected to periods vof hypoxia. The action of
FFA was abolished by the presenee of glucose in the
perfusate. The effects of FFA on contractility and rhythmn
of the isolated rat heart were found to be due to molar
exéess of FFA over albumin in the perfusate, rather than
simply to ghe conceﬂtration of FFA alone (Willebrands, Ter,

Welle 'and Tasseron, 1973).

FFA require greater oxygen consumption for each wunit
of metabolic energy produced - expressed by the P/O ratio
- than do carbohydrates. The P/O ratio: describes the-.
number of high-energy phosphate bonds produced ber unit of
oxygen consumed (Mahler and Cordes, 1969). 'The ratios are
2.8 for FFA but 3.0 for glucose. In addition, FFA
oxidation may be still less efficieﬁt ~due to the
uncoupling of oxidative phosphorylation (as described by

Borst, Christ, Slater and loos, 1962).
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FFA have been found to have a -fairly non-specific
"detergent" effect which causes enzyme -inhibition (Pande and
Mead, ‘1968; Wills, ‘1961). In more specific investigafidns
hexokinase (Borreback and Spydevold, 1970) and glyceialdehyde -
3 - pho;phate deh&drogenase -(Nagradova, -PsasoloVav and Kriukova,

1972) were inhibited by FFA.

FFA at low absélute concentratiqns (PM) but high
FFA : albumin ratio (6 : 1) were found to labilise
lysoﬁomes and mitochondria obtained - from cultured myocardial
'cells. (Acosta and Wenéel, 1974). Labilisation wés asseséed
by the release of marker enzymes. These effects could be
explained by interference with membrane integrity = this
is consistent with the hydrophobic characteristics of FFAY
and offers a possible general explanation for the range
of apparent toxic effects. The .1abilisation of lysosomés
could be a &ital factor. since this could eveﬁtually

induce cell 1lysis.

FFA and fatty acyl CoA esters were found to inhibit
mitochondrial ademine nucleotide tranglocase at concentrations
below those reéuired to induce uncoupling of oxidative
' phosphorylation (Shug and Shrago, 1973). The significance
of this effect during ischaemia is unceftain since FFA
seem to exert an oxygen-wasting effect (see beléw) which
is inconsistent with a simble inhibition of energy transport.
With effective coupling of oxidation and bhosphorylation,
this inhibition would be expected to depress ‘oxygen |

consumption. -
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2. Effects in intact tissue

The actions of FFA which have been described in the
above experimental investigations offer a possible
explanation of the gross actions of FFA indicated by the

clinical and whole organ studies described below.

FEA have been argued to contribute to the incidence
of véntricular arrhythmias and death aftér acute myocardial
infarction (Oliver, Kurien and Greenwood, -1968; . Julian_ and
Olivef, 1968; Gupta, Young, Jewitt, Hartog and Opie, 1969;
Oliver, 1974) and to ventricular arrhythmias in the dog
heart after acute coronary artery occlusion (Kurier, Yates
and Oliver, 1971). The protective effect of an antilipolytic
agent (5 -Afluqro - 3 - hydroxymethyl - pyridine) against
veﬁtricular arrhythmias after myocardial infarction was
siénificant provided the confrol of plasma FFA _was. good
(Rowe, Neilsoﬁ and Oliver, 1975). FFA have also been
shown to reduce the electrical threshold required to provoke
ventricular fibrillation in normal dogs and those suffering

from experimental myocardial infarctidn (Kostis, 1973).

FFA have been found to enhance MVO2 in the heart .of

the rat (Challoner and Steinberg, 1966°) and in the dog
heart in situ, where 1lipolytic agents enhanced MVO2
(Mjd#s, 1971, 1973; 1Ilebekk and Mjg#s, 1973; Ilebekk and

Lekven, 1974). The 1lipolytic agents used -isoproterenol and

nicotine - also directly affect contractility -but this

contribution to MVO2 was accounted for by the use of an
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antilipolytic agent, P—pyridylcarbinol. " The abolition of the
lipolytic- component of the nicotine and isoproferenol
challeﬁges significantly reduced the rise in MVOZ. Ah
extension of these studies has shown that lipolytié
interventibn egtends the. area of ischaemic inju?y during
acute coronary artery ligation in ‘dogs. | The converse
saving effect of antilipolytic treatment is also reported
(Kjekslus and Mj#ds, 1973; Kjekshus, 1974; Lekven, Kjekshus
and Mkgs, 1973, 1974). A recent report has shown éhat
the presence of FFA accentuates the release of lactic
dehydrogenase ffom the isolated perfused rat hearts during
coronary artery 1ligation (Leiris et al, 1975).

A number of reports have appeared which contradict
the findings repﬁrted above. Rutenberg, Pamintuan and
Soloff , (1969) and B:;cher,(1973) concluded from studies on
human patienfs that FFA 1levels during the first 24 hours
afte¥ infarction were not related to arrhythmias, 1late
death or cardiogenic shock. Russo, Friesingér, Margolis and
Ross (1970) reported that the elevation of plasma FFA
concentration by heparin injectibn (in 20 patients after
acute myocardial infarction) failed to increase the
incidence of ventricular arrhythmias. Similarly, FFA were
argued not to be "arrhythmogenic in dog hearts after
coronary artery occlusion (despite the occﬁrranée of ectopic
activity iﬁ 4 dogs, ventricular tachycardia in 2 and
ventricular fibrillation in 2 - 8 of a total of 30).
FFA were elevated by the infusion of adrenaliné (Opie,

Norris, Thomass, Holland, Owen énd Van Noorden, 1971).
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In ofher studies, FFA wére found not to influence
the degree of ischaemic injury produced iby coronary artery
occlﬁsion in pigs (Most, Capong, Seydlik, Bruno and
De Vona, 1974) or to influence MVO2 in the intact
anaethetised dog (most, Lipsky, Szydlik and Bruno, 1973).

The discrépencies between the effects of FFA observed
by different workers may be resolved in several caseé by
the presence or absepce off catecholamines together with
FFA. The summaiion of the effects of both catecholamines
and exogenous FFA may account for the different experimental
resulfs. A possible mechanism for the catecholaﬁine effect
is the stimulation of myocardial 1lipolysis. The possibility
of contribution of both exfernally-applied and internally-
generated FFA to the deleterious consequences of ischaemia
has been indicated (Mj#s et al, 1973; Oliver, 1973) but no
direct evidence for the involvement of myocardial lipolfsis

is available. The. catecholamine effect could also be
explained. in terms of some other metabolic or ionic
effects or by more direct action on the contractile

processes.
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SECTION E. Lipases

1. Géneral Several discrgte lipase activities ha&e . been
characterised, in work mainly studying the activities of
tissues of the rat, particula;ly adipose tissue. The

main activities include lipoprotein 1lipase (LPL), hormone-
sensitive lipase (HSL), monoglyceride 1lipase and acid
lipase. (Pancréatic lipase and intestinal 1lipase will not
be described 'here), In addition to +these discrete
activities other activities have been described which may
or may not be unique. Thus tributyrinase may be a non-
specific esterase (Biale, Gorinm and éﬁafrir, 1968) and Twéen
hydrolase may be associated with monoglyceridase (Wallach,
1962). The position of diglyceridase activity is also not
established (Buchet and. Lauﬁeryé, 1971) although recent
‘evidence (Buchet, Roelé' and Lauwer&s, 1974) indicates that
in rat heart and adipose tissue monpglyceridase and

diglyceridase activities are discrete.

The degree of fatty acid specificity of the lipases
has not been investigated extensively. In the studies of
Buchet et al (1974) both mono- and diglyceridases hydrolysed
a range of subsgtrates equally well, whereas Katocs,
Gnewuch, Lech and Calvert (1972) report specifié monoolein

and monolaurin lipases - in rat adipose tissue.
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2. Discrete Lipases

(a) Lipoprotein Lipase Sometimes synénomously linked
with élearing factor 1lipase, LPL 1is only a ‘component
(albeit the major component) of the total clearing factor
activity. Clearing factor is found in the blood after |
heparin administration and is able to ‘'clear' lipaemic
serum. Clearing factof contains at 1least- 6ne activity -
(monoglyceridase) - which can be distinguished from LPL

(Greten, Fredrickson and Leny, 1969).

ﬁPL was first described by Habn (1943) and was
extracted from bovine heart by Overbeek and Van der Vies

(1955) and Korn (1955 27°

) ‘and from adipose .by Korn and
Quigley (1957). The enzyme is stimulated by heparin,
inhibited by O0.5M sodium chloride and protamine sulphate
and exhibits a pH optimum of 8.5. The activity is
critically dependent upon the presence of serum protein
factors - particularly alphal- lipoprotein - pure glycerides
being hydrolysed very slowly. The activator has been
further characterised by LaRosa, Levy, Herbert, Lux and
Fredrickson (1970). Borgstrom and Caflson ﬁ1957) found that
LPL hydrolysed di- and triglycerides but not monoglycerides
and alsp, using radioactively - labelled substrates, f0una
that reversible exchange of fatty acyl residues was
catalysed by LPL.  The enzyme could be reédily eluted

from hearf and adipose .by "medium containing heparin -
suggesting a superficial cellular location, possibly in

the . capillary. 1lining or extracellular space (VCherkes and

Gordan, 1959; Feldman, 1960). Despite this, only 50% of
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the total tissue activity of LPL was eluted by heparin
(Mallov and Alousi, 1964) the rest. remaining at
intracéllular sites. Further, Payza, Eiber and Walters-
(1967) showed that intraéellular LPL was the precufsor

of the eluted fraction.

LPL 1is considered to be responsible for the
hydrolysis of plasma 1lipid in order‘ that TGFA may be
utilised by peripheral tissues (Robinson and French,
1960). The sensitivity of LPL to the diefary status
of tﬁe animal has been reported by Robinson and French
(1960); Robinson and Jennings (1965) and. Borensztajn,
Otway gnd Robinson (1970). During fasting, adipose tissue
LPL declines whilst that in the heart increases -
consistent with nett lipblysis from adipose tissue but
the consumption of TGFA by peripheral tissues. The
oxidation of' TGFA by isolated perfused hearts from fasted
rats 1is greater than that of hearts from fed rats and
further, is inhibited by pre-perfusion with medium which
contains heparin (Borensztajn and Robinson, 1970). - Further
differences between cardiac LPL' and adipose LPL with
regard to cbntrol by glucagon (Borénsztajn, Keig and
Rubenstein, 1973) and insulin (Borensztajn, Samols and

Rubenstein, 1972) have been described.

(b) Hormone-Sensitive Lipase (HSL) HSL differs from

LPL in a number of properties. It 1is a .tissue lipase

and is not eluted by heparin. It is not stimulated by
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heparin and has no requirement for serum factors. HSL
exhibits a pH optimum of 6.8 and is inhibited by sodium
tuoridé but not sodium chloride or protamine sulphate

(Rizack, 1961; Ho,Ho and Meng, 1967; Bjorntorp and Furman;

1962).

HSL as rapidly stimulated in the presence_Aof cAMP and
ATP or calcium and ATP (Rizack, 1964). It 1is also
activated by incubation of fat pads with medium which
contains 'adrenaline, ndradrenaline, glucagon, TSH, >ACTH )
(Vaugﬁan and Steinberg, 1963; Vaughan, Berger and

Steinberg, 1964).

The similarity of cardiac .hormone-sensitive lipolysis
to that of adipose tissue has been demonstrated by
studies of heart homogenates and acetone powders (Leighty,
1967; Kniger,‘ Leighty, Schreibman and Weisler, 1968; Mallov
and Alousi, 1969) and of the perfused rat hegrt by
Leighty (1967) and Christian, Kilsheimer, Pettett, Paradise
and Ashmore, (1968). Thé inhibition characteristics of the
adipose and heart forms of HSL have been shown to be

similar (Shimoda, 1968).

The purification of rat adipose tissue HSL has enabled
further characterisation. The enzyme éppearé to be 1lipid-
rich (Huttanen, Ellingboe, Pittman and Steinberg, 1970,a,b)
and may well exist in more than one molecular form

. (Pittman, Golanly and Steinberg, 1972) although the human
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adipose enzyme was not thus resolved by affinity

chromatography (Verine, Giudicelli and Boyer, 1974).

Studiés on the purified lipase of rat adipose' have
shown (by analogy to glycogen phosphorylase) tﬁat the
lipase 1is activated by a cyclic AMP-stimulated protein
kinase (Corbih, Reimann, Walsh and Krebs, 1970; Huttmen,
Steinperg and Mayer, 1970). Similar results' were obtained
with 1lipase from human adipose tissue (Khoo, Fong and
Steinberg, 1972). Further, the activation has been shown
to bé acompaniéd by phosphorylation of the purified rat-

adipose enzyme (Huttmen and Steinberg, 1971).

In contrast to the above studies, a novel system of
activation has been sﬁggésted by Okuda, Yanagi, Sele and
Fujii (1970) and Saito, Matsuoka, Okuda and Fujii, (1975)
whereby acti?ation is achieved by facilitation .of the
substrate-enzyme interaction rather than by:. activation of
the enzyme per se. In addition, Okuda aﬁd Fujii (1973)
present evidence which suggests that the protein content
of HSL and LPL are inlmunologically indistinguishable and

that the two activities differ instead in 1lipid content.

(c) Monoglyceride Lipase Adipose tissue monoglyceridase
has been distinguished from LPL by-sinhibitor and
stimulator studies and from HéL on the basis of non-
activatability by hormones or cAMP (Vaughan ét al, 1964;

Charbonnier, Arnaud and Boyer, 1973; Kupieki, 1966; Tsai

and Vaughan, (1970.. The adipose tissue monoglyceridase was
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further differentiated from HSL on the basis of
different pH optima and heat-sensitivity (Heller and
Steinbérg, 1972). The heart monoglyceridase has been
studied by Okamoto, Glaviano and Pindoh, (1971) and

Yamamoto and Drummond (1967).

(d) Acid Lipase(s) lipase activity with pH optimum

in the region 4.0 - 4,5 have been studied in adipose
(Schafz, 1965), liver and kidney (Mahadevan and Tappell,
1961; Guder, Weiss and Wieland, 1969; Teng and Kaplan, 1974)
and heart (Weglicki, Owens, Rugh and Sonnenblick,.1974).

The enzymes are closely associated with 1lysosomes and have

been termed '"cellular clearing factor”.



METHODS
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SECTION A MYOCARDIAL LIPASES

1. Preparation of Lipases

(a) Pig heart 1lipases The method is based on that

of Reed (1975). Hearts were placed on ice within 15 min of °
the killing of the animals at ‘the‘slaughterhouse; a further
45 min was required for transport to the laboratory.

Operétions were subsequently carried out Vat 40. Only the
central - region of ventricular myocardium was used. The atria
and _VeSsels were discarded together with the epicardial and
endocardial margins of ventricular muscle which were trimmed
away. The remaining bulk of ventricular muscle was cut info
small cubes with scissors, rinsed with chilled buffer -
potassium dihydrogen orthophosphate (0.15M); disodium hydrogen
orthophosphate (0.15), pH 6.8; containing sucrose (0.25M) - and
héreafter called Sorensen-sucrose - lightly blottgd on tissue
and weighed. Approximately 100g of fresh tissue was

obtained from each heart, The fresh tissue was mixed with
Sorensen~sucrose (100g to .a final volume of 500ml) and
homogenised in a Braun blendor fdr 'a total of 2 min in

15 sec bursts.

The crude homogenate was strained through a single
layer of muslin and theﬁ centrifuged for 30 min at 1000g
and at 40. The pellet of cell debris and nuclei was
discarded after washing with é further 100ml Sorensen-sucrose
and the supernataﬁt freed of suspended material by straining

through two layers of muslin, The pooled 1000g supernatants
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were recentrifuged at 4° for 30min at 105,000¢g. The

supernatant when used, was stored at 40, thé pellet was
washed with Sorensen-sucrose and finally Sorenéén-sucrose
containing 4mg/ml low-fat' bovine serum aibumin -to remove
FFA. The pellet was finally susbended in 10ml Sorensen-
sucrose at. a rprbtein concentration of 40-60mg/ml and stored

o
at 4 ., The lipase activity was stable for about one week.

(b) Rat Heart Lipaseé Male Wistar rats weighing
180-250g were fed ad 1libitum on laboratory chow (Oxo diet
41B - modified) and killed by decapitation between 9 a.m. and
11 a.m. The heart was quiékly removed, rinsed with cold
Sorensen-sucrose and the atria and vessels removed. The
ventricular muscle was cut finely with scissors and
homogenised by 10 passes of a motor-driven teflon pestle
(Potter-Elvejelm at 2,000rpm). The clearance befween pestle aﬁd
mortar was 0.0075". The mortar was supported in- an ice bafh.
The subsequent procedure was the same as that described for
the pig heart, up to the 100,000g pellet which was wused
as the enzyme preparation. Two or three rat hearts ﬁere

required to give'sufficient lipase activity.
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2. - Preparation of Lipid Substrates

(a) 'Ediol' A commercial coconut oil emulsion,
*Ediol® was diluted either 1 volume in 10 or -1 volume in
20 with Sorensen-sucrose and gently homogenised with a motor-

driven pestle and mortar (500rpm, clearance of 0,0075").

(b) Pure glyceride substrates The solid (or 1liquid)

substrate was added to Sorensen-sucrose, heated until molten
(about 600) and homogenised by 10 passes of a motor-driven
pestlev and mortar at 3000rpm with a clearance of 0.0075".
The péstle was then driven at about 500rpm until the
emulsion had cooled to about 300. Such emulsions were
stable for only 2-3hr, so the possibility of further
stabilising them was investigated. The final procedure
adopted involved the addition of Tween-60 (0.5-1.0mg/ml) to
the substrate mixture prior to homogenisation. (Gum acacia
at 2.5g% did not stabilise the emﬁlsions). After
homogenisation the emulsions were further treated by

ultrasonication.

The emulsioht was sonicated at 17kcs for a total of
45 sec in 15 sec bursts. The cooling of the emulsion during
sonication and treatment for more than 90sec were both found

to adversely affect the stability of the emulsions.
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Monoglyceride substrates were usually prepared without
the necessity for Tween or sonication since they are
themselves good emulsifying agents, with the necessary

balance of both hydrophilic and lipophilic moieties.

The presence of Tween requifed an additional confrol
experiment since .it was 1itself hyornlysed by the 1lipase
preparation, releasing FFA. (The Tweens are a series of
polyhydric alcohols esterified with 1long-chain fatty acyl

residues).

3. Determination of Lipase Activity

(a) Conditions of Incubation Four component solutions,

each made up in Sérensen-sucrose, were mixed 1in equal
volumes (1lml) to give the final incubation mixture.

Figures 1in parentheses indicate the final concentration inr
the incubation mixture as opposed to the concentration in

that particular component solution,

(i) 1low-fat bovine serum albumin (5mg/ml), ATP (O.5mM),

theophylline (4mM), MgCl, (1mM).

2

(ii) Substrate (10-12m4n1).

(iii) Lipase preparation (100,000g pellet diluted either
1l volume in 5 or 1 volume in 10 with Sorensen-

sucrose).
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(iv) Sorensen-sucrose containing any additional factors

e.g. CAMP (50uM)

The feaction was starfed by the addition of 1lipase.
Reagents were pre-equilibrated at 370 and the incubations
were carried out aerobically at 37° with shaking in
stoppered flasks. The final volume was wusually 5ml and
0.5-1.0ml aliquots were withdrawn at various times for

analysis of glycerol release or, more commonly, FFA release.

(b) Glycerol Determination The method is based on

that of Turner (1973), glycerol being oxidised directly by

glycerol dehydrogenase (from  Aerobacter 'aerogenes ) in

+
the presence of NAD .

Glycerol + NAD" _Eﬁﬁ_a dihydroxyacetone + NADH + gt

The reaction was followed by the rise in absorbance at
340nm due to the production of NADH. The rate of
production of NADH was measured over .the first 3-5min
of reaction at room temperature with "an automatic
recording spectrophotometer, which gaee a full-scale chart
deflection with 0.100 A34Onm. The curvette contained:-

100P1 samle (or 0.1 - 1.0mM stock glycerol)

IOOPI NAD (18mM)

1.8m1 buffer (0.05M glycine pH 9.5)

The reaction was started by the addition of 25F1 of GDH

(4mg/m1 freeze-dried powder). The enzyme is absolutely
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dependent upon the.presence of kK+ and thus potassium
hydroxide and not sodium hydroxide must be uséd to adjust
the ‘pﬁ of the glycine buffer. The GDH was a gift from
R.S. Eisenthal 'of this department. The 'method, whilst 1less
convenient for large numbers of aésays than that of Wieland
(1962) is convenient for small numbers and is very ’much less
expensive. The method is sensitive to glycerol concentrations
of 0.1 - l.OPmoles/ml. The variability between duplicates is

¥ 6.

(¢) Determination of FfA Comparéd to many standard
enzymic assays (&.g. those for glucose and lactate) the
methods available for the estimétion of FFA are rather less
reproducible or considerably less convenient to perform.
Beacuse of this, several methods of assay - have been
tested in the course of the work in 6rder to achieve the

most convenient and the most reproducible.

(i) The first assay system used was the Mosinger (1965)
colourimetric modification of the titrimetric procedure of
Dole and Meinertz (1960). The FFA was extracted as in
the Dole method .but'then was reacted' with sodium barbitone
to produce diethylbgrbitaric acid which converted the
indicator phenol red into its yellow aéid form. A fall in
~absorbance measured at 560nm indicated the presence of FFA,
The great disadvantage of this method was interference from
atmospheric carbon dioxide which élso converted the indicator
to its acid form. This necessitated the purging of ‘the

final coloured solution with nitrogen - ideally in the
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cu vette, This was a tedious procedure and also introduced
the errors from vaporisation of the final mi#ture. The
zero - FFA value (in this case the highest observed
absorbance) was difficult to determine, being rather
variable (variability between duplicates was commonly. ks 15%) .
The assay procedure was as follows:- 1ml sémple of 1lipase
incubation (or standard O0.05 - 0.5 mM palmitic acid in
heptane) was mixed with 5ml of extraction medium and shaken
for 2 min, The extraction medium was propan - 2 - ol
n-heptane : sulphuric acid (1R) in the volume ratio
40 : 10 : 1.’ A further 3ml  n-heptane and 2ml water were
then added to the mixture and the whole shakeﬁ for 2 min.
The mixture was allowed t§ settle and 2 x 1lml aliquots of
the upper (heptane) layer were mixed with 1.5ml1 of the
colour reagenﬁ. After 10min the mixture was purged with N2
(scrubbed in sodium hydroxide (1IN) and then heptane) and '
the absorbance measured at 560nm against n - heptane: ethanol
(2:1, V:Vv). The -colour reagent was made up as a stock
solution from which the working solution was diluted just
before use. The stock“ solution was ‘prepared by mixing
100mg phenol red (suspended in about 1ml efhanol) with
9ml water, containing 0.25g sodium barbitone. The working
solution was prepared by mixing 1ml stock colour reagent

with 99m1 ethanol and 200ml n-heptane.

(ii) The second method used was that of Duncombe (1963)
modified by the phase-inversion solvent of Lauwerys (1969).
The estimation is based on the formation of copper soaps

of the FFA which are extracted into chloroform and thus
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draw copper into this organic phase. The copper content
of thé chlofoforﬁ is an estimate of vFEA and 1is detected
withr é highly-coloured copper-sensitive reagent., The copper

reagent employed was diethyldithiocarbamate.

(iii) A modification of the above procadure using the
more sensitive diphenylcarbazide as copper reagent was
described by Mikac=-Devic, Stankovic and Boskovic (1973). This
method is the one used most extensively and it is
descyibed as .follows: to 0.2ml1 of sample (or standard
0.05-0.5mm palmatic acid in n-heptane) is added 1ml of sodium
chloride solution (5g/100ml water)' and 1lml copper reagent,
which is freshly prepared by mixing equal volumes of two
stock solutions - aqueous triethanolamine (M) and cupric
nitrate trihydrate (0.22M). The mixture is shaken "with an
automatic tube-shaker for 2min in stoppered glass tubes, 4ml
of chloroform added and the mixture shaken again for Smin,
The mixture 1is centrifuged at 1000g for Smin to effect a
clear scparation of the chloroform and aqueous phases (breaking
any’ emulsion whiph may have formed during the shaking) and
compacting the intermediate layer of precipitated protein.

The copper laye} floats on the chloroform in this method
(unlike the 'Lauwerys phase-inversion, so-called because the
aqueous phaée contains a very high salt concentration to

make it more denée than chloroform) and is .thus removed by
suction.- 2ml of the chloroform is carefully pipetted into

a tube containiﬁg 0.2ml1 colour reagenf '(100mg depheylcarbazide
in 10ml acetone) and 'after 10min - the absorption at 550nm .is

determined. The assay is sensitive to FFA at a
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concentration of 20 - 500nmole/ml. The variability between

‘ +
duplicates is - 5%.

It is most 1important to acid-wash the ’‘glassware to
remove conta minating 1lipid and FFA (Chromic acid was wused
roﬁtinqu). Certain commercial detergents are difficult to
remove without extensive rinsing and thus contribﬁte to a
high blank. In addition, great care must be taken to avoid
contamination of the chloroform by ‘wetting' with aqueous
copper phase; both centrifugation ﬁnd careful pipétting - to
avoid touching the sides of the tubes - are important in
this respect. Tests of recovery using 1 - C - i4 - palmitic

acid, gave values close to 100%.

(iv) For the continuation of the 1lipase investigations
a continuous assay would be a great advantage. Thus both
control and stimulated (or inhibited) rates could , be folloﬁdd
in one reaction without the necessify for multiple sampling.
The possible use of a pH stat assay was investigated since
the'lipolytic reaction involves the production of a proton
(or more correctly a hydronium ion H30+), The proton would
be available to fitration by added alkali to give a measure
of the extent of reaction. For the investigation, the model
reaction of pancreatin with %ediol® was used. The reaction
indeed proceeded measureably but when aiiquots were assayed
for FFA the pH stat was found to underestimate the activity.
It was thought that the FFA may not have been made
available for titratioq but instead Awere being held in the

lipid micelles. This was confirmed by the addition of agents
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such as ca;cium and serum albumin which were able to éxpose
added FFA fof titration. (FFA added in the absénce of any
such solubilising agent produced virtually no ’release of
titrant). The full theoretical titratioﬁ of FFA was achieved
with 4mM calcium chloride. Magnesiﬁm chloride up to 20mM
was not fully effective, neither was serum albumin at
10mg/ml. Other emulsifying agents (e.g. deoxycholates)

shouid be tested éince‘ it is desirable to eliminate calcium
in view of its potential stimulation of hormone-sensitive
lipase, The sensitivity of the assay can be made adeguate by
the use of the appropriate strength of titrant and size of

titrant syringe.

(d) Preparation of FFA -~ serum albumin complex The

solid fatty acid is dissolved by heating in one equivalenf
of sodium hy&roxide solution. The hot solution of the

sodium salt of the fatty acid is then added dropwise to a
stirred solution of defatted serum albumin, A molar ratio
of FFA to albumin of two to one should be regarded as
maximal, siﬁcev each‘ albumin molecule has two high-affinity
sites for long-chain _fatty acids (Solomon, 1968). Solutions
are stable at 4° for several weeks. If the advised

maximal molar ratio is exceedéd, precipitation of the free

acid becomes noticeable.

(e) Protein Determination The protein content of 1lipase

preparations was determined by the modified biuret method
of Haurowitz (1963), using bovine serum albumin as
standard. A linear calibration over the range 0.2 - 2.0mg

protein was obtained and the variability between duplicates
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+ . '
was _ 2%. 1.5m1 sample is incubated with 1.5ml reagent

for 1Omin at room tempterature and ‘the absorancé at 540nml
determined. The reagent is prepared by dissolving O.75é
cupric sulphafe' pentahydrate and 3.0g ‘sodium potaséium
tartrate tetrahydrate in 250ml water. To ‘this is added
150m1 of 10% (w/V) potassium hydroxide and the final

volume is adjusted to 500ml with water.

4. Preparation of Protein Kinase from rat heart

The first two steps in the method of Corbin, Reimann
Walsh and Krebs (1970) weré used. Rat hearts were obtained
as for the rat hearf lipase preparation and homogenised in
buffer at 2o with 10 pésses of a motor-driven 'pestle and
mortar. (3,000rpm, clearance of 0.0075".) The buffer gsgd
was potassiuﬁ orthophosphate (10mM pH 6.5), containing EDTA
(lQmM) sodium chloride (0.8M) and theophylline (1mM). The

o

homogenate was centrifuged at 2 for 30Omin at 27,000g and

the supernutant used as the protein kinase preparation.
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SECTION B PRRFUSION OF ISOLATED RAT HEARTS

1. Perfusate

(a) Inorganic Salts The following. salts were added
in the order reported fo double-distilled> water, each salt
being fully dissolved before the addition of the next.
The final componenf, calcium chloride dihydrate, was
dissolved in water before addihg to the final ‘mixture; thus
preventing the mixing of calcium ions and pﬁosphate ions at
high concentration, The components were: sodium chloride
(118.4ﬁM), sodium hydrogen 'carbonate (24.9mM), glﬁcose (11.1mM),
potassium chloride (4.6mM), magnesium sulphate heptahydrate
(l.lmM), sodium dihydrogen orthophosphate dihydrate (1.0mM) and
calcium chloride dihydrate (1.9mM:). The final ionic
concentrations are similar to those reported for rat serum
(Krebs, 1950) ekcept ‘calcium (which will be discussed vlater)b
and orthophosphate which, if increased, caused precipitation

of calcium phosphate.

(b) Serum albumin The perfusate also contained low-fat

serum albumin at 2g/100ml. The albumin was dissolved in
perfusate and dialysed against a large volume of the same
for at 1least 60hr at 40. lg albumin was dialysed against
1 litre perfusate. This extensive dialysis ﬁas required to
allow complete gquilibration- of calcium with binding Qites op
the albumin, . Insufficient dialysis gave a calcium~-depleted
perfusate to which a calcium chloride supplemént ‘had . to be

added in order to maximise the contractiLity’ of the perfused
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heart. A marked- time-dependence was observed; thus after
24hr dialysis a  2mM supplement> of‘calcium _chléride was
required and after 72hr no supplemenf was requiredu(After
48hr the supplement required was lmMj.

(¢) Reduction of Lipid content of serum albumin Albumin

was iashed by the charcoal method of Chen (1967). A
solution of 50g albumin in 500ml water was cooled to 20,
25g of activated charcoal added and the pH adjusted to

3.0 with hydrochloric acid (1N). The mixture was stirred
magnetically at 2o for 1hr and the charcdal then removed by
centrifugation at 2O for dein at 20,000g. The charcoal
pellet was washed with 100ml acidified water (pH 3.0, 20).

The booled supernatant fractions were filtered by membrane
filtration (pore size 0'45F) to remove the 1last traces of
charcoal and the pH adjusted to 7.0 with 2N sodium hydroxide.
The solution was freeze-dried for storage. - The washing
procedure reduced the FFA concentration of albumin solution
(2g%) from about 30nmole/ml to less than 5nmole/ml - not ‘

detectable by the chemical method but by G.L.C.

After dialysis against perfusate, the albumin was

filtered by membrane filtration, as above, just before use.
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2, Perfusion and analysis of perfusate

(é) Method of Perfusion and design of apparatus The

perfusion apparatus is described in figures 10 and 1I. It
is composed of standard water-jacketed glassware connected
by translucent vinyl tubing (i.d. 0.63mm o.d. 1.4mm) and

maintained at 37o by a thermostat recirculating pump,

Male albino rats of Wistar .strain,;;weighing 180 - 250g
and fed ad 1libitum (for diet see 1later) -were killed py
decabitation. The heart was quickly removed into aibumin—free
perfusate (ph 7.4, 100) to arrest heartbeat, rinsed free of
blood and the aorta attached to a " vinyl cannula with a
bulldog clip. The cannula was grade 80 vinyl tubing
(i.d. 0.63mm, o.d. 1.4mm) approximately 10mm 1long, cut
obliquely at the end inserted into the aorta (for ease
of 'insértion) and notched 3-~5mm from the same end. The
heart ﬁas then immediately mounted into the perfusion
circuit to begin washout perfusion with albumin-containing
perfusate, maintained at 37° and gassed with 95% oxygen :
5% caibon dioxide,. The time taken 'betweeen decapitation
and the start of washout ~perfusidn was kept as short as
poséible and_ was usually about 90sec. During the 10min
wéshout perfusion, the aorta was secured to the cannula with
thread (tied just above the notch to preﬁent it slipping) .
and the bulldog clip removed. Thread was also tied through
the apex of the ventricular muscle :and in addition,
extraneous tissue carefully dissected away from the atria

and aorta. Recirculating perfusion was started by inverting
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the heart into the perfusion chamber and securing the thread
from the ventric le to a Dynamometer UF2 strain guage situated
above the perfusion chamber. The resting tension of the
muscle was adjusted to about 2g when the perfusion chamber
had filled with perfusate. Above 2g resting tension there
is 1l1little further rise 1in developed tension per unit rise
in resting tension, The heart was thus supported both by
the fluid in the perfusion chamber and by the strain guage
thread, The recirculating volume of perfusate was about
30m1. Agents to be investigated were infused at the point
in the circuit most distal from the heart (the aerator
column) in order to allow dilution to a known concentration
throughout the perfusate, Samples of perfusate were withdrawn
from a 3-way tap situated on the 'venous® side of the heart
- fresh perfusate was added back to maintain the
recirculating‘ volume. For the investigation of tissue
metabolites, hearts were removed, blotted on tissue and
quickly dropped into 1liquid nitrogen. The hearts were
stored in screw-topped vials at —200. Extractions and
estimations were usually performed within two weeks so that
extensive metabolite changes should not have occurred over

this period ( Mayer, Stull and Wastila, 1974).

(b) Measurement of Mechanical Performance Tension

development and ECG were recorded continuously with a two-pen
chart recorder. (The tension recorded is essentially
isometrie¢ /o rather isovolumic and the resting tension 1is

taken to be an iandex of the end-diastolic pressure function),
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From the pen deflections heart rate was calculated manually

using ‘a stopwatch. An Ainstantaheous ratemeter was used
when ‘évgilable. " The two methods gave values._whiéh agreed
within = 5 beats/min, up. to aboﬁt 300 beats/min above which
réte the manual method was wunreliable. A bi-polar ECG  was
recorded by means qf silver electrodes attached to

epoxy = resin- coated stainless steel thread. One electrode
was situated below .the right afrﬂ@ and the other above the
ventricles. The oxygen tension of the perfusate was
monitored immediafely before and immediately' after %he. heart
chambér with modified Clérké oxygen electrodes (Chappell,
1961) and ‘recorded continuously. Electrodes were calibrated
before and after perfusions with zero oxygen solution
(Radiometer '"sulphite" solution) and water gassed with

95% oxygen : 5% carbon dioxide.

Coronary flow was measured by raﬁidly removing a 1ml
sample of perfusate from the sampling tap immediately after
the perfusion .chamber (thus reducing the level of perfusate
in the chamber) and noting the time taken for vthe 1eve1
in the chamber to return to its original .position. The
method was validated by comparison with the values obtaingd
with an electromagnetic flowmeter (used throughout the series
in which héarts from fat-fed rats were perfused) - values
agreed within : 0.2ml/min. Coronary flow measured in this
way and perfusion pressure registered on the mercury

manometer were noted frequently.
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Intraventricular pressure was determinéd in several
experiments .by inserting a needle (guage 23G) through the
ventriéular wa;l, which sealed around it. The needle was
connected by fluid-filled tubing to a pressure tranéducer

and intraventricular pressure recorded continuously.

Arrkythmias (that is, ventricular arrhythmias) became
apparent from the tension and ECG traces. The definition
of arrhythmias fqr_ these purposes was any period during
whicb‘ the time interval between contractiéns (or ECG spikes)
was irregular. Such periods were also manifested by
fluctuation in peak developed tension so that an irregular
tension trace was obtained. Atrﬂal fibrillation with
3 to 1 or 4 to 1l atrio-ventricular block"” appeared to be
quite éommon by inspectioh' of the hearts during the perfusion
but was difficult to record except with the ECG.
Ventricular fibrillation was quife.apparent both from chaotic
ECG traces and also very poor tension development as well.
as quite overt rippling of the epicardial surface of the

ventricles.

(¢c) Bacterial Contamination The contamination of the

apparatus 'with bacteria was fouﬁd to contribute significantly
to glucose uptaké-;(Burges and Blackburn, pgrsonal
communication). To eliminate this interference the

apparatus was filled overnight with an antibiotic mixture
containing penicillin and streptomycin (each. 300U/ml). ' In
addition, the apparatus was washed with chromic acid after

6-8 perfusions and the vinyl tubling replaced.



85

' (d) Determination of the wuptake of Aglucbse and the

release of FFA, glycerol and lactate = Perfusate

0 -
samples were stored at =20 until analysis (usually within

one week). Determinations were performed in duplicate.

(i) Glucose was determined by the glucose oxidase method
of Huggett aad Dixon (1957), using the Roche test kit. A
2QP1 sample of perfusate was added to 2ml reagent, incubated
for 45min at room temperature and the absorption at 450nm
determined. The reagent was 0.12M phoéphate pH 7.0,
containing O-dianisidine (66mg/ml), glucose oxidase (0.25 mg/ml)
and péroxidase (0.05mg/ml)

(ii) FrA determined as described under

)
)
(iii) Glycerol ) Section A - 3B and 3c.
(One advantage of glycerol determijation by this method is
that pretreatment with perchloric acid is unnecessary). Some
oxidation of glucose is found 1in the assay 'but this is
constant despite variation in glucoée concentration. It

seems,‘ fortunately, that even the 1lowest glucose concentrations

were above the Km of glycerol dehydrogenase for glucose.

(iv) Lactate was determined by the method ‘of Hohorst
(1962) modified for reaction rate analysis. The rise in
absorbance at 340nm due to NADﬁ production was monitbred
over the firsf 3-5 min of reaction at room temperature. The

full scale of deflection of the automatic recording

spectrophotometer was achieved at 0.1 A340nm.
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The cu vette contained:

IOOPI perfusate (or 5mM lactate‘ standard)

100p1 NAD (12mg/ml, 13mM)

1.8m1 buffer (0.1M glycine, pH 10)
The reaction was started by the addition of lbpl lactic
dehydrogenase (0.1 mg/ml). The assay was sensitive to
lactate at 50/500nmolz/sample (0.5/5mf) and the vafiability

+
between deplicates was = 5%.

Alternative assays were utilised in the Pfizer
nlabor#tories so. these are briefly described below.-
(i) The Boehringer test kit for glucose differed in
the colour reagent used (being ABTS at 1lmg/ml - as described
by Werner et al 1970) and the absorbance -was thus
determined at 436nm.
(ii) Glycerol was determined by reaction rate analysis

using the method of Eggstein (1966) with the re=zction

sequence:
glycerol + ATP E%%%Sﬁglb' sn = glycerol - 1 - P + ADP
ADP + PEP '2£§%§§£E€> Pyruvate + ATP
Pyruvate + NADH,_ LDH Lactate + NAD+

2 —

The  decline in absorhance at 340nm was follwed for 4min
o : :
at 30, The full scale deflection of the . automatic sampliag

and recording spectrophotometer was 0.05 A340nm. The cu vette
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contained:
SQPI perfusate (or O0.1mM standard)
1ml buffer
50p1 g;ycerokinase injected automatically to start
the reaction (60pg/ml)
The buffer was a mikture of the following:
20ml1 O.1M triethanolamine, 4mM magnesium sulphaté pPH 7.6
‘250pi' NADH (6mM), ATP (33mM) and PEP (11lmM)
IOQPI pyruvate kinase {(1mg/ml) and lactic
dehydrogenae (2mg/ml )

Variability between duplicates was better than B 5%.

(iif) Pyruvate was determined by the method of Bucher
(1962). The decline in absorption at 340nm due to the
oxidation of NADH in the presence of 1lactic dehydrogenase
was followed for 4min at 300 Qith an automatic sampling
and recording spectrophotometer. (Full scale deflection
0.05 A340nm). The cu vette contained :

100 - 200pl sample (or 50pM standard)

1.0ml1 buffer (0.4M triethanolamine pH 7.6, 40mM
disodium EDTA, NADH (7OPM)

50p1 LDH (ZOpg/ml) injected adtomatically to start
the reaction.
+
Variability between duplicates was -~ 5%.

(e) Diet of animals

(i) Normally-fed In most cases animals were fed.

'ad libitum on Oxo diet 41B (modified).
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(ii) Fat-fed Rats of Wistar strain (as for the ‘normally-
fed group) were fed ad 1libitum on a diet coﬁtaining a
high proportion of the total calories as saturated fat.
The diet was maintained for three weeks prior‘ to use.
The diet had no obvious gross 9ffects upon the behaviour of
the rats although the weights varied much more within .any
one grourn. Special care was therefore required to select
rats ' in the‘ﬁeight range 180 - 250g nbrmally used. The
composition of the diet was.:

Casein 546g/2kg total

Potato starch 60g

Saturated fat (dripping) 500g

Vitamin mixture 10g

Salt mixture 58¢g

Avicel (cellulosé) bulk mixture 832g
The powdered ‘components (for source of components see Appendix)
were blended with molten fat (preheated to 600) and mixed

thbroughly.
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3. ‘Analysis of the content of 1lipid and lactate of tissue

(a) Tissue Lipid Hearts were frozen immediately after

pet?usion as . described earlier, Lipids were extracted and
quantified by the méthod of Denton and -Randle (1965)., A
weighed QUantity of frozen tissue was extracted with Sml

of propan-2-0l : n-heptane : 1N sulphuric acid (in the

volume ratio 40:10:1) by grinding in a pestle énd mortar
on an ice bath. A further 3ml n-heptane and water (0.8
ml/g tissue) wefe added and the ‘mixture ground again.

The total .extract was centrifuged for 5Smin at 3,000g an&
the upper (heptane) léyer was removed and feduced to

dryness under a stream of nitrogen. The dried extraét was
taken up in about IOOPI n-heptane and applied to a thin
layer plate (20cm x 20cm) coated with a 0;5mm layer of
silica gel G. The chromatogram was developed with n-hexane:
diethyl ether:methanol:glacial acetic acid (90:20;2:3, viviviv),
The plates dried quickly in air at room temperatufe and
were sprayed with. dichlorofluorescein (200mg/100ml ethanol).
Yellow spots on a purple background were visible wunder U;V.
light (254nm). A sepa;ation is shown in figure 12. The
spots were scraped from the plate and the lipidé eluted
from the gel by shaking with 4ml chloroform in stoppered
tubes, for 5min. FFA were assayed directly in the chloro.
form extract aé described previously. Glyceride extracts were
reduced to dryness under a stream of nitrogen and
hydrolysed prior to FFA determination. The extracts were
hydrolysed for 4hr at 600, in the presence ‘of Sml ethanol

and 1lml potassium hydroxide (40% w/v),



Figure 12

Thin layer chromatogram of total 1lipid extract of rat

heart ventricular muscle.

Lipids were extracted by the method of Denton and

Randle (1965) . Stationary phase was O0.5mm layer of silica
Origin
Phospho- mono- digly- FFA trigly-
I 1lipid glyceride | ceride ceride

not separated

gel G. The chromatogram was developed with n-hexane:

methanol ;diethyl ether :glacial acetic acid (90:2:20:3 v/v)
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The recoveries of known amounts of 014- labelled FFA
and tfiglyceride (as 1 -C-14 - acid and 1 -C - 14
tripalmitin) added to the tissue prior to extraction were

determined. The recovery of FFA was 60 by 4% and that for

triglyceride 78 ¥ 3% (four experiments in each éase).

(b) Tissue Lactate Lactate was extfacted by the

method of Hohorst (1962) and assayed as described ‘earlier.
A weighed amount of frozen tissue was dropped into ice
cold perchloric = acid (6%, w/’v) and agitated with a glass rod
until- thoroughly dispersed. .Precipitated proteip was removed
by centrifugation for 5min at 3,000g an& washed with ice
cold perchloric acid (6% w/'v). The pooled supernatants were
ﬁade up to 8ml/g frozen tissue with the same acid.’ The
PH of the supernatant was adjusted to 7-8 with potassium
hydroxide (10 N), the solution allowed to stand on ice for
10min and then centrifugeq for 10min at 3,00dg; The clear
supernatant @ was assayed for 1lactate. The recovery of

lactate is complete (Hohofst, 1962).

(c) Tissue water Total tissue water was determined

by comparing the weight of fresh blotted tissue to that
‘of tissue which had been cut finely with scissors and

taken to constant weight at 800.

The total tissue water is distribufed between the
intra- and extracellular spaces and these two fractions
were also estimated. Hearts were. perfused with saline which

contained 1 - C - 14 - Sorbitol (this is assumed to penetrate
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only the extracellular space 9f the tissue and to equilibrate
- with the perfusate as a whole). Measurement of radioactivity
in thé perfusate and in the total tissue fhus allows the

calculation of the extracellular volume as follows }

extracellular' volume = cpm/g wet weight

(ml/g wet weight of tissue) cpm/ml perfusate

Intracellular volume 1is then calculated by the difference

between total water and extracellular water.
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4. Characterisation of FFA and Glyceride - FA by Gas

Liquid Chromatography

(a) Preparation of Samples Fatty acids were

chromatographed as the methylesters, prepared by .reacting
and etherial solution of the acids with diazomethane.
Perfusate sampies (0.2m1) were extracted by shaking for
Smin with 4ml ;hloroform, the organic phase taken to dryness
under nitrogen and the dried residue dissolved in diethyl

ether.

éissue FFA and glycerides were extracted, chromatographed
and eluted as described earlier. FFA were eluted with
digthyl ether: glyqerides were eluted, hydrolysed (as
described earlier) extracted with chloroform,' taken to
dryness 'under N, "and finally dissolved in diethyl ether.

2

(b) Preparatidn of diazomethane Considerable caution

muét be exercised when diazomethane is used because of
ité explosive nature. = It 1is rendered harmless with acetic
acid (forming methyl acetate) and so glassware is carefully

rinsed with acetic acid after use.

Potaséium hydroxide (0.4g in 9ml of 95% .ethanol) is
added to 2.4g N - meth -~ N - nitrosotoluene - 4 - sulphonamide
(in 30ml diethyl ether). The reaction vessel is stood on
ice during the addition of reagents but transferred to water
(800) for the distillation "of diazomethane .which is

collected in an ' ice-cool flask. The distillation 1is
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allowed to proweed until the yellow colouration has
disappeared from the reagent mixture. The diazomethane
proddcf is redistilled at 500 and collected in an iee—cool

flask.

The fresh diazomethane is added dropwise to the etherial
solution of FFA until yellow cokur persists. The mixture
is incubated at room temperature for 20min and then heated

over steam to remove excess diazomethane.

- (¢) Chromatography The glass column,  3m in length with

an' internal diameter of 4ﬁm,f was packed with sfationary
phase of Apiezon grease L at 10%wchromosorb 'W' support.
The carrier gas was nitrogen. Detection was by flame
ionisation. -Hydrogen and oxygen were used at 30psi vs
15psi for ignition (temperature 210 - 2200) and at 24psi

vs 24psi for operation (at 2100). The total gas flow wae )

60ml/min.

The samples were injected as l1pl aliquots in n-hexane
and compared to pure methyl ester standards. Individual
fatty acids were.quantified by peak erea -~ assessed as the
-product of peak height and peak width at‘half height.

This calculation gave a linear. calibration for standards

over the range 0.1 - 2.§Pg fatty acid.
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Figure 13

Gas-liquid chromatogram of fatty acid methyl esters.

The esters (approximately IPg FFA) were applied 1in lrl
n-hexane. Stationary phase was Apiezon grease L (10%)
on Chromosorb W. Carrier gas was nitrogen, total gas.

flow was 60ml/min. Detection was by flame ionisation.

12:0

_-16:0

18:1
l' " 18:0
L/\//L
4 : T T
15 ' 30 60

minutes
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S. Preparation of Céll-free Haemoglobin solution

Tﬁe method of Rabiner, Helbert, Lopas and FriedmanA (1968)
was used. Out-dated bank blood was obtained from ihe local
transfusion wunit and kept on’ icé dgring‘vtransﬁort. ‘The
whole blood was centrifuged at 4o for 15min at 6,000¢g.

The packed cells were washed threé tiﬁes with sodium
chloride solution (1.6% w/'v) ‘and then lysed by mixing one
volume of packed cells with 4 volumes. of hypotonic sodium
phosphate pH 7.6 t5 milliosmolar or O.2mM). The mixture was
allowed to stand on iée for lhr' with occasional gentle.
mixing and the cell debris then removed byvcentrifugation
(4o for 30min at 40,000g). The crude haemoglobin solution
was dialysed against perfusate for 24hr at 4o and finally
filtered by membrahe filtfation (pqre size . 0'45P) before
mixing with albumin - containing perfusate to give a final
haemoglobin concentration of 5g/100ml (albumin at 2g/100m1'

as usual),

6. Analysis of Results

(a) Statistical analyses were .performed according to

the wusual formulae for S8tudents t-test and regression

analysis as described by Bailey (1968).
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(b) 1Individual calculations

(i) When calculating the uptake of glucose and fhe
release of products (all being reduced to wunit wét weight
of tissge) it was necessary to account for ’tﬁe nett
addition of glucose to the recirculating perfusate involved
in the sampling technique (i.e. fresh perfusate _is added
back to maintain the recirculating volﬁme). Similarly a
nett removal of FFA, glycerol and lactate occurs. Thus,-

for example, glucose uptake (Pmole) =

(gi-gt+3 ),V + (gi-gt+2 ) + ( gi - gt+l )

gi = initial glucose concentration (Pmole/ml) - first sample
of perfusate.
gt+3 (gt+2, gt+l) = glucose concentration of fourth (third,

second) perfusate sample.

(ii) Myocardial oxygen consumption, MV02, (Pl oxygen/min/g

wet weight of tissue) is calculated from the equation.

MVO2 = "arterial" oxygen - "venous" oxygen| x coronary
(P1/m1) (p1/ml) - flow (ml/
min/g wet
weight)

‘The oxygen concentration in the perfusate is calculated from
the Bunsen coefficient, which describes the solubility of
oxygen in water at S.T.P, as 0,023ml oxygen/ml water; when
water 1is exposed to pure oxygen. vThis value 1is corrected

for temperature and solutes in the perfusate and finally the
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partial pressure of oxygen which were determined with oxygen
electrodes. The "arterial” concentration of oxygen usually

16.2Y1/m1 perfusate with these corrections made.

An additional point concérning the calibration of fhe
oxygen electrodes is ,thatA the electrodes are not exposed
to 95% oxygen : 5% carbon dioxide as th; highest standard
but this gas mixture saturated with ﬁater vapour. This

" reduces the oxygen tension from a theoretical 725mm mercury

(95% of 760mm mercury) to 685mm mercury according to

Umbreit, Burris and Stauffer (1964),



RESULTS
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SECTION: A, Myocardial Lipases

1. Summarz

The aim of this study was to try to confirm the
presence in. myocardium, of an activatable  lipase system,
as previously described by Leighty et al (1968) for a rat

heart preparation.

The present investigation confirmed the existence of
a ’libase systém in pig heart homogenate which could be
stimulated by cyclic AMP (SQPM). The stimulation was
apparent with triglyceride but not wifh monoglyceride as
substrate. With rat heart preparations no activation 6f A
.lipolysis with cyélic AM? could be found unless an

addition of protein kinase was made.

2. Pig Heart Lipases

(a) location of Lipase activity A crude

fractionation of the homogenaté was performed, giving 600g
and '100,000g fractions. The activity of the various

fractions towards *Ediol®' is shown in Table 2.

Activity was present in all the fractions tested but
only the 100,000g pellet showed an increased rate of
lipolysis in  the presence of cyclic AMP ‘(SOPM).- - This

fraction also gave the most conveniently concentrated form
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Soph  cyclic Anp

TABLE 2
location of cyclic AMP-sensitive 1lipase of pig
heart homogenate. Partial cellular fractionation.
Fraction Volume| protein specific total’ concentration
(ml1) (mg/ml) activity activity of activity
: (pmole (umole (umole FFA/
FFA/hr/mg "FFA/hr) hr/ml)
protein
Homogenate 500 not useful preparations because of
' 1600¢g . ' . .
pellet 350 high FFA blank values and wviscosity
600g 150 18 0.062 167.0 1.1
supernat. .
109,990 10 40 0.058 23.2 2.3
P (0.088)* (35.2)% (3.5)*
100,000¢ 150 8 0.016 30.0 1.3
supernat.. .
x p&us
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of activity as judged by activity/ml extract. This
fraction was wused as the lipaée preparation in subsequent

studies.

(b) Nature of Activation The typical reaction progress

shown in figure 14 reveals the ‘transient nature of
aétivation found with cyclic AMP, The activation was

marked for the <first 15 min of incubation but fellA away -
ofteh to rates slower than in the hon-cAMP control.

This is preciselyv the effect observed by Leighty (1968)
and évidence in that case indicated thatv a concurrent
stimulation of g;ycogenolysis was providing units of
glycerol - 1 - phosphate sufficient to allow re-esterification

of some of the released FFA.

To begin to characterise the éctivatable activity, it
was considered that the first step should be to determihe
the class of substrate(s) hydrolysed. Activity towards
*ediol® was activated but this crude substrate contains
three main components - triglyceride, monoglyceride and
Tween, Each of these substrates. wére tested in the pure
form. in the presence and absence of cyclic AMP (SOPM).
Glycerides and ediol were presented at 10mg/ml and
Tween ~ 60 at 1mg/ml. It can be seen (Table 3) that
activation by cyciic AMP was only detected. towgrds

tripalmitin.
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Stimulation of 1lipolysis by cyclic AMP .

Hydrolysis of ediol was by pig heart 100,000g

: o
pellet at 37 . cyclic AMP was used at 50PM'

060

mole
FFA/mg <
protein

+ cyclic AMP

.030

[ ] - L L]

S 10 15

minutes incubation
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TABLE 3

Substrate specificdy of cyclic AMP - stimulated
lipase of pig heart homogenate (100,000g pellet)

Activity (Pmole FFA/hr/mg protein
- mean ¥ S.E.
Substrate
Control activity + cyclic AMP (SqPM)
+ +
Tween - 60 0.032 -~ 0,006 0,032 - 0,006
. + +
Ediol 0.058 - 0,006 0.088 - 0.006
Monostearim 0.160 % 0.008 0.160 X 0.010
. . + +
Tripalmitin " 0.064 - 0.020 0.168 - 0,018
n = 5

Tripalmitin was emulsified with Tween - 60 (1lmg/ml)

The Tween constribution to the overalll rate has been

deducted.
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. 2. Rat Heart Lipases

When pig hearts rbecame unaQéilble dué to the plosure
of the abbatoir, rat hearts were used instead. On the
basis of the above results, the 100,000g pellet Ifaction
was used. The range of activities was found to be
similar tuv that in the pig heart preparation (Table 4)

using ‘substrates at the same concentrations as before. .

Unlike the pig heart preparation, that of the rat
heart was not senéitive to cyclic AMP, even up to
IOQPM. Since the rate of ediol hydrolysis was rather
more rapid with the rat heart preparation it was thought
that = the 1lipase system may have been somewhat activated
prior to incubation. This might be expected because the
decapitation procedure would cause extensive catecholamine
release due to sympathetic stimulation. By analbgy to the
method of Huttunemw and Steinberg (1968) who preincubated
adipose tissue prior to 'homogenisation in order to
deactivate 1lipolysis, the heart tissue was incubated in
perfusate at 37o for up to GOmin befdre homogenisation.
This preinc ubation - did not, howevér, reduce the lipolytic
activity of the heart extract prepared subsequently.
Conversely, prior activation of the lipase 'éystem by
preincubation of intact tissue with (=) adrenéline and

(=) noradrenaline (IFM) was similarly ineffective.



TABLE 4

Substrates hydrolysed by 1lipase

preparation of

rat heart homogenate
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Tripalmitin (but not

(1mg/ml). The Tween contribution to

lipolysis has been deducted.

triolein) was

Substrate Activity (Pmole/hr/mg protein) -
mean - S.E.
+
Tween - 60 0.012 - 0.002
Ediol 0.164 ¥ 0.008
+
Monostearin 0.218 - 0,052
Tripalmitin 0.042 ¥ 0.006
Triolein 0.038 < 0.006
n = 5

emulsified with Tween

the overall rate of
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To further test for the possibility .of activatibn ‘of
the tissue . extract, a protein kinase preparation: was_added
in addition to cyclic AMP. The hydfolysis of tediol’
was indeed stimulated. The rate with 1lipase and kinase
incubated together was 0.196 pmole FFA/hr/mg prﬁtein,
whilst the sum of the rates of the separately - incubated
enzymes was-70.154 'Pmole FFA/hr/mg protein. The reaction
progress was similar to that for the pig heart extract,

. : o
showing only a short-lived activation at 37 .

This work has since been confirmed in these

laboratories (Handley, 1975).
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SECTION B The Isolated Perfused Rat Heart as a Model of

" "Ischaemia

1. Summarz

.The possible deleterious effects of FFA in the
ischaemic heart were described in the introduction. The
possible contfibution of endogenous 1lipolysis to the FFA
pool 'Qf the myocardium had been indicated. The presence of
a hofmone-sensitive. lipase system in the heart had been
£eportéd previously and was confirmed in this study
(Section A). It was considered that the study of the
'intact tissue would give insight into thé involvement of
myocardial 1lipolysis in the metabolism and performanceA of
the heart. The investigation of myocardial 1lipolysis was
particularly directed to a study of its importance in
ischaemic tissue. For this reason it Qas necessary to
develop a model system in which 1lipolysis could be studied
'ahd upon which an ischaemic challenge could be imposedQ
The model which was developed isl described in this section.
An esseqtial feature of‘ﬁhe system is tﬁe imposition of
low coronary flow as opposed to the. use of hypoxic
perfusate. The differences between these challenges have
been described in the introduction and will be pointed

out where appropriate in the discussion.

The results in this section indicate that the model
responds in the way expected of ischaemic tissue - as
described for the clinical and. experimental situations (see

introduction). Thus heart rate and tension development are
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depresséd; metabolism shifts to a more glycolytic mode (and
: S ,
in addition absolute glucose juptakeA depressed); characteristic

changes in the electrocardiogram develop, particularly

changes in T wave and ST segment.

Previous experimental work has investigated ischaemia in
an essentially discontinuous manner, but- in this model
ischaemia of graded intensity is imposed and the

corresponding graded responses observed.
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2. General

The. effects of ischaemia, imposed by reducing cordnary
flow, were studied in thé isolated perfused rat heart.
The method of Langendorff (1898) was modified (as_ described
in 'Methods?) to give a closed recirculating system in which
the heart was immersed in perfusate. The oxygen tension of
the perfusate was as high as the system wéuld allow. The
perfusate emerging from the bottom of the aerator contained
oxygen at a partial pressure of 650 i 30 mm mercury; at the
. point 'of entry qf the perfﬁsate to the heart, this _had
declined to 560 s 30mm mercury,

The effects of coronary flow (expressed thioughout as
ml perfusate/min/g wet weight) on developed tension, -heart
rate, oxygen extraction, glucose uptake and 1lactate release
are described. These indices of mechanical performance and
metabolism were studied during control recirculating pérfusion
once the hearts had stabilised following the washout
perfusion. Each heart was perfused at one flow rate only;
fhus each point of the graphs represents one héart.
'Hearts wére perfused at coronary flow rates in the range
2-- 8 ml/min/g. This is a convenient range since below about
2ml/min/g contractility fails entirely, whilst rates above
10ml/min/g are commonly considered to give combetent
(non-ischaemic) preparations. (Fisher and Williamson, 1962;

Shipp et al 1964),
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3. Mechanical Reponses to Ischaemia

(a) Heart Rate and Developed Tension Both heart rate

and developed tension were" directly proportional to. éoronary
flow over the range studied (see figures 15 énd 16).

The correlation coefficients and probability (P) values

were +0.89 (P<0.001) and +0.71 (P {0.001) respectively.

" The equations which describe the relationships (y = mx+c)

are as follows:

heart rate (40.8 x coronary flow) + 10.0
(beats/min) (ml/min/g)

developed (9.67 x coronary flow) + (-0.70)

tension (g)

(b) Resting Tension and Arrhythmias Resting tension

was stable during control perfusion over the coronary flow
range studied. Arrhythmias were . infrequent during control
perfusion and their occurrence did not show any

relationship to coronary flow.
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Figure 15

Effect of coronary flow on heart rate in the

isolated perfused heart from normally-fed rats.
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Figure 16 =

Effect of coronary flow .on' the tension development

of 1isolated perfused hearts from normally-fed rats.

p <0.001 | - ®
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4, Metabolic Responses. to Ischaemia

(a) Oxygen Consumption Hearts responded to the decline

in coronary flow by extracting a greater percentage of the

oxygen being delivered.

Percent oxygen = "arterial" pO2 - "venous" pO2 x 100
extraction -

"arterial"'pO2

The relationship between percent oxygen extraction and.

coronary flow 1is described by the equation:

Percent oxygen = (- 6.72 x coronary flow) + 106.3
extraction (ml/mn/g)
(n = 24, correlation coefficient = -0.66, P’<b.02). Thus

oxygen extraction reached 100% when the coronary flow had
been reduced to about 2ml/min/g. See figure 17..

The rise in the percent oxygen extraction was not
sufficient to compensate for the decline in delivery of
-oXxygen as the coronary -flow was reduced. Thus the total
oxygen consumption of the hearts - MVO2 (pl/hin/g) -

declined in proportion to the coronary flow (figure 18).

The regression equation is

2
(n = 30, correlation coefficient = 0.87, P <f0.001). The

MVO = (8.33 x coronary flow) + 4.5

predominant role of coronary flow over percent oxygen
extraction 1is predictable since the extraction can only

rise from 60% to I00% whilst coronary flow is reduced
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Figure 17

Effect of coronary flow on the percent okygen'

extraction of isolated perfused hearts from

normally-fed rats.
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Figure 18

Effect of coronary flow on MVO2 in the isolated

‘perfused hearts from normally-fed rats.
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more extensively - in this case to about 20% of the

peak value,

(b) Lactate Release. Ischaemic tiésue_ is considerably

dependent upon glycolysis for enérgy productfon ( Opie et al,
I1973). Under our perfusion conditions, lactate release into
the perfusate was extensive ( mean + S.E. = 44.1 + 2.1

: pmole/hr/g wet weight). The release of 1lactate was not
statiétically related to coronary flow over the range
studied. The reléase at a coronary flow of 2.0 - 3.5
ml/min/g (44.8 + 7.0 Pmole/g/hf) was not significantly

‘different to that observed at a coronary flow of 5.5 - 7.0

ml/min/g (40.0 + 5.0 Pmole/g/hr).

(c) Glucose Utilisation. The effect of coronary flow rate

on glucose wuptake is shown in figure 1I9. As coronary

flow .is reduced, glucose uptake declines according to the

equation ;
glucose uptake = (9.7 x coronary flow) + 13.6
(Pmole/hr/g) ' .- (m1/min/g)
(correlation coefficient = 0.57, P { 0,05, n = 26).

The decline of glucose uptake over a range of coronary
flow which exhibits a more constant lactate release
indicates a rise in the fraction of the glucose dptake
which can be accounted for by 1actate release. The
relationship is shown in figure 20, where :

percent conversion of = (~7.2 x coronary flow) + 64,2
glucose to 1lactate

This parameter expresses. the fraction of the energy product-

ion from glucose which is derived from glycolysis (and
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by difference the fraction from glucose oxidation) and is

calculated from the equation

percent conversion of = lactate ’release' (Fmole/hr/g) x 100
glucose to lactate

glucose uptake (Pmole/hr/gj x 2
The calculation does not allow for the contribution of
endogenous glycogen, which is expected to be small in
the absence of cafecholamine stimulation (Gartner and
Véhouny, 1969; Shigp et al 1970). The contribution of
glycégen may be more significant following adrenaline
_infusion. By discounting the contribution of glycogen to
lactate release; the fractional conversion of glucose to

lactate may be overestimated.

(d) Lipolysis Neither the release of FFA nor that
of glycerol showed a significant 1linear relationship to

coronary flow over the range studied.
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Figure 19

Effect of coronary flow on the glucose uptake

of isolated perfused hearts from normally-fed

rats.

p {0.05

Coronary Flow (ml/_min/g wet wt)
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Figure 20

Effect of coronary flow on the fractional conversion

of glucose to lactate by isolated perfused hearts

from normally-fed rats.

% conversion of Lactate release - _ 100
glucose to lactate = (pmole/g/hr)
glucose uptake x 2
(Pmole/g/hr)
100pm ‘
p €0.05
m
®
o
@
60pm
| _J
20p
1 1 - 2 i 2 1
2

3 4 | 5

Coronary Flow (mlein/g wet wt)
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5. Electrocardiographic Responses to Ischaemia

Preiiminary data are available concerning the effects of
coronary flow on the . electrocardiogram (ECG). fhe effects_
of coronary flow on T ‘wave and S-T segment Are shown in
Table 5. It can be seen that both factors become more
negative as the coronary flow 1is reduced.-

Typical traces are shown in figure 21. These illustrate
a reéervation concerning the significance of these results -
that of signal size, which 1is rather small wusing thg
electrbde arrangement described. This could possibly be
improved by the use of an epicardial probe electrode to

avoid the resistance imposed by the perfusate.

The changes in the T‘ wave were easily measured but
those in 'the S-T segments were more ambiguqus considering
the small changes involved. The. procedure of thaefer and
Haas (1962) was employed to determine the height of the
S-T segment. It was assessed by the difference in height
between the QR upstroke and the RS downstroke. The zero
line was taken as the TQ interval since P and Q waves

were not usually observed.

Despite the reservation concerning signal size, the
results indicate a marked effect of coronary flow upon

the ECG pattern.
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TABLE 5

Effects of coronary flow on ST segment and T wave

of the ECG of isolated perfused rat hearts.

Coronary flow T wave ST segment

(m1/min/g) _ (mV) ' (mV)

+ +
8 -11 (n = 3) +0.14 ¥0.06 +0.10 = 0.01
5-8 (n=09) + 0.08 ¥ 0.03 -0.01 Yo.01
2-4 (n=09) - 0.02 < 0.03 - 0.03 < o0.01

P for difference

RS T a— £ 0.001 { 0.002

2 - 4 vs 10-14 < 0.001 < 0.001
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Figure 21

Effect of coronary flow on the bi-polar ECG recorded

from the isolated perfused hearts from normally-fed

rats.

The traces were recorded 'in three broad coronary

flow ranges : 2-4, 5-8 and 9-12 ml/min/g wet weight.

, _ - 9=12 ml/min/g

1 Sec

] MJL}\AAM/\LM" 5-8 ml/min/g

4 ]

[ |
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SECTION C The Role of  Myocardial Lipolysis .in the

ischaemically-perfused rat "heart -

1. Summarx

Having established that the isolated peffused rat heart
preparation could be used as a suitable model of ischaemia,
the effects on 1lipolysis in this model were investigated.
The résults have been divided into four sub-sections.

In fhe first sub-section the effects of adrenaline
stimulation a?e described. The hearts exhibited a biphasic
response : in the first phase (2 - 8 min) positive inotropic
and <chronotropic effects were observed; 1in the second.

phase ( 8 - 30 min) the performance of the hearts
deteriorated, thus heart rate and developed tension

returned to or declined below the pre-adrenaline control,
reéting tension rose and the incidence of arrhythmias
increased. The rise 1in resting tension was linearly
correlated to the release of FFA and lactate. The decline
in developed tension was 1linearly correlated to the release
-of FFA.

In the second sub-section the contribution of the
reéirculating perfusate to the deleterious (second phase)'
consequences of the adrgnaline challenge were investigated.
The recirculating perfusate was shown to contribute
significantly to the second-phase responses of the hearts
to adrenaline,' since these deteriorations in performance

were greatly reduced by the imposition ‘of nbn-recirculating



124
perfusion. The imposition of non-recirculatihg perfusion was
also accompanied by an inc;eased release of FFA and a
lower fractional conversion of glucose bto lactate.

In the tﬁird sub-section the effects of éxogenous
FFA and lactate are reported. The increaée in FFA and
lactate concentrations repreSented. the major metabolic
changes observed in the recirculating perfusion following
adrenaline challenge but neither exogenous FFA nor exogenous
lactafe induced any marked effects upon mechanical performance
of the hearts.

In the final sub-section the» effects of antilipolytic
treatment (with nicotinic acid) upon the responses of the
heart to adrenaline are described. The first-phase responses
to adrenaline were unaffected by nicotinic acid but the
second-phase deteriorations were reduced. Thus the rises in
resting tension, the decline in developed tgnsion and the
incidence of arrhythmiaé were reduced. Glucose pxidation
was encouraged by nicotinic acid.

The results indicate that both FFA and lactate
contribute to the decline in mechanicali performahce of the

"perfused hearts after adrenaline chalienge. The possible

primary role of FFA is discussed.

2. Effects of adrenaline in the recirculating perfusion

Hearts were perfused at 3-4 ml/min/g to impose a marked
degree of ischaemia as indicated in Section B. In
preliminary experiments the chronotropic and inotropic

responses of the heart were found to be maximal at
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-6 E
10 M (-) adrenaline, The hearts were thus perfused for
30 min control period and then adrenaline was infused to.

a final concentration of 10.6 M. The effects were observed

during the following 30 min.

(a) Major Mechanical and Metabolic Responses to Adrenaline

A biphasic response to adrenaline was 'observed. The first
phase lasted 2-8 min during which ‘time heart rate and
developéd tension were elevated above the pre-adrenaline
control values. During the second phase from ;8-30 min after
adrenaline infusion, the resting tension increased,
arrhythmias developed and heartb rate and developed tension
returned to or declined below the pre-adrenaline control.
Typical responses to adrenaline are shown in figure 22,

During the second phase of the adrenaline response,
changes in the metabolic as well as the functional
characteristics- of the. heart became apparent. The glucose
uptake, lacfate release, fractional conversion of glucose
to 1lactate and 1lipolysis (as assessed by FFA and glycerol
release) were all stimulated.

The effects of adrenaline are shown in tdble 6. The
major statistically significant changeg detected during the
second phase response to adrenaline were:’ tﬁev rise in
resting tension (109.7 b 26;0%); the rise in the
incidence of arrhythmias (48.7 : 8.3%), the ‘stimulation of
the release of lactate (150 % 42%) and FFA (146 > 53%) and
the rise in the fractional conversion of glucose to

lactate . (30.1 ¥ 3.7%).
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. Effects of adrenaline (10#6M) on the performance of
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TABLE 6

Biphasic response to adrenaline

Function

Heart rate (b/min)

Developed Tension(g)

Function

Heart rate (b/min)
Developed tension(g)
Resting tension(g)

arrhythmias

glucose uptake
(pmole/g/hr)
“wet weight

lactate release
(Fmole/g wet
welght/hr)

% glucose to
lactate

FFA release
(pmole/g wet wt/
hr)

glycercl release

(pmole/g wet wt/
hr) '

(n =11, * =

First Phase

Control

+
194 -16

+
3.4 -0.5

Second Phase

Control

+
134 -16
+
3.4 -0.5
+
1.9 -0.3

2.3 39.4 min
(7.8 -1.5%
of time)

+
62.2 -6.4

+
65.0 -12.5

+
49.4 -7.8%

+
1.9 -0.4

+
1.6 -0.6

Egak response

+
273 -186

+
5.6 -0.6

30 min post-
adrenaline

+
188 -20

+
2.6 -0.3

: +
3.7 -0.4

16.3 3.5 min

(56.5 -9.4%
of time)

+
74.8 -10.4

+
129.3 -18.3

| +

79.5 - 7.6%
+

3.6 - 0.75
+

3.5 - 1.4

127

% change

I+

48 12 *

13 *

I+

52

% change

+

11.2 -8.5
+

-15.0 -20.3

+
109.7 -20.0 *

+

48.7 -8.3% *
+

26.8 -20.9

+
150.5 -42.4 *
+
30.1 - 3.7 *

146.0 -53.4 *

+
104.2 -32.3

significantly different to control]-
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(b) Relationship between Mechanical and Metabolic

Responses to Adrenaline

It was considered that the metabolic and mechanicﬁl
responses to adrenaline méy be related. An analysis ﬁas
therefore performed of the possible relationships between
the major metabolic changes ‘(stimulation of the release of
FFA and lactate) and the deterioration in perfdrmance over
the sécond phase of the adrenaline challenge. It was
considered that a direct toxic‘ effect of adrenaline or one
(or mbre’ of its breakdown products was unlikely with the
low goncentration used, The rates of release of FFA -and
of 1lactate correlated 1linearly to the rise in resting
tension. The equations which describe the relationships
are:

rise in resting = (0.24 x FFA release) + 0.96

tension (g) (Pmole/g/hr)

(correlation coefficient = 0.66, P € 0.05 n = 9).

rise in resting = (0.01 x lactate release) + (- 0.12)
tension (g) (Fmole/g/hr)
(correlation coefficient = 0.64, P <'0.05, n = 11). See

figure 23. In addition, the rate of release of FFA
(but not that of lactate) was significantly related to the
decline in developed tension after adrenaline. The

relationship is described by the equation:

developed tension = (- 0.17 x FFA release) + 2.25
(g) - : A
(correlation coefficient = - 0.78, P < 0.02, n = 9). See

figure 24.
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Neither the rate §f release of FFA nor that of lactate
was ‘significantly relafed to either heart rate or the
incidence éf aré}thmias after adrenaline;

Since rates of release qf_ FFA and 1lactate were usually
linear both before and after adrenaline infusion, the rates
of release of the metabolic producfs "is also an index of

their concentration in the perfusate.
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Figure 23

Relationship between the release of lactate and .FFA

.and the rise in resting tension in 1isolated hearts

from normally-fed rats.

-6
Hearts were perfused with adrenaline (10 M)

during ischaemic perfusion (3-4ml/min/g).
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This represents a second phase response to adrenaline,
resting tension being determined 30min after adrenmaline

infusion.
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Figure 24 .

Relationship between release of FFA and the decline in

developed tension in isolated hearts from normally-fed

rats.
. . -6 .
Hearts were perfused with adrenaline (10 M) during
ischaemic perfusion (3-4ml/min/g). This represents a second
phase response to adrenaline, dufing the 30min immediately
after infusion.
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3. Effects of Adrenaline - Comparison between recirculating

and non-recirculating perfusion

Experiments were performed in order to iﬁyestigate the
possible role of the recirculating metabolic productsv in the
adrenaline-induced deterioration in mechanical berformance
observed in sub-section A. The conditions of perfusion were
identical in the two series except that for non-recirculation
- perfusions. a large‘ rese voir of perfusaté was incorporated
prior to the aerator column. In addition, perfusate was
collected after a single pass through the_ heart. (Tﬁis
allowed direct measuremeﬁt .0of coronary flow in " this vseries).
=) Adrenaline (10-6M) was infused for periods of about
:16\;in and the results are compared to the measuremgnts of
adrenaline effect 10 min after infusion in the recirculating
system.

The phase I responses of the hearts. were not
significantly different in the two modes of perfusion but
marked differences in the second phase response were apparent
as shown in Table 7.

Significant differences in metabolism are also apparent
when a comparison is made between recirculating and non-
regirculating perfusion systems. The rates of release of
FFA and glycerol are greater in the non-recirculating
perfusion; in addition, glucose uptake is greater and lactate
release is smaller, | Thus the fractional conversion of
glucose to lactate is smaller in the non-recirculating

perfusion, indicating that .the metabolism is more extensively



TA3LE
Second phase response of hearts to (-) adrenaline (10 M1l infusion
in non-recirculating (NR) and recirculating (R) perfusion.
NR R
Function Control 1l0min post- Control 10 min post-
adrenaline adrenaline
Resting tension(g) 1.1 -0.2 1.1-0.2 1.9 -0.3 3.0 -0.3
Developed tension(g) 2.5 -0.4 2.3-0.4 3.4 -0.5 3.6 -0.4
Arrhythmias (min) 0 0 2.3 ;0.4min 16.3 ;3.5min
(7.8 -1.5% (56.5 -9.4%
of time) of timej
FFA release
) 0.44-0.10 1.42-0.59 0.03 -0.01 0.06 -0.01
(pmole/g/min)
Glycerol release 0.15-0.06 0.16-0.10 0.03 -0.01 0.06 -0.02
(pmole/g/min)
glucose uptake
) A 3.74-0.85 7.92-2.01 1.04 -0.11 1.25 -0.17
(| .irnole/g/min)
lactate release
. 2.02-0.40 3.50-0.72 1.08 -0.21 2.16 -0.31
(pmule/g/min)
% glucose
conversion to 27.6-5.0 32.8-13.5 40.4 -7.1 79.5 -7.6%
lactate
(n =6, adrenaline induced a significantly greater change in
R than NR.
pre-adrenaline control is significantly greater in
NR than in R.

133
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aerobic. Adrenaline induced a similar rise in the rate of
release of FFA and glycerol in the two_ systems but the
effect on glucose and lactate was such that the fractidnal
conversion of glucose to -lactﬁte rose more mﬁrkedly in
the recirculating‘ perfusion.

The results indicate that the recirculating perfusate
contributes significantly to ‘the adrenaline - induced
deterioration. The major metabolic changes to be detected
were a greater release of FFA and glycerol into the
non-recirculating perfusate and a greater .contribution from
glucose oxidation to the overall energy production. One‘
could postulate that <these tw§ observations are related,
thus the greater clearance of‘ FFA from the tissue
(possibly explained by the supply of fresh albumin
containing no bound FFA) could explain the greater ‘oxidatibn
of glucose in the non-recirculating perfusiop. The
eliﬁination or reduction of FFA fragments pre-empting the
terminal oxidation sequence beyond the 1level of pyruvate
dehydrogenase would allow the more extensive oxidation of
glucose carbon (Randle et al, 1963). Such a hypothesis
"would - thus attempt to explain the improved mechanical
response to adrenaline in the non~recirculating perfusion
in terms of improved clearance of metabolites from the
tissue.

In order _to further test the involvement of the
recirculating perfusate, Athe factors presumed to be of
significance (lactate and FFA) were applied directly as

described in the following section.
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4, Effects of exogenous FFA and Lactate in fhe

Ischaemically-perfused Rat Heart.

Palmitic acid (bound to low-fat serum albumin) and
lactic acid were infused into hearts for 10 min following
a 30 min control perfusibn. All hearts were perfused by
the non-recirculating method at a coronary flow of 3-4
ml/min/g. The concentrations of lactic acid and palmitic
acid were more than double those previously measured in
the recirculating system. Thus the maximum FFA concentration
previoﬁsly measured was 0.2 mM whilst palﬁitic acid was
presented at 0.5 mM and 1.0 mM in these experiments.

The maximum lactic acid concentration previously measured
.was 5mM so the concentrations used in these experiments

were SmM and 10mM,.

Lactic aéid at SmM had no observable effects at all
and even the effects seen with 10 mM 1lactic acid were
not statistically significant. Lactic acid (10mM) had no
effect on heart rate, resting tension, developed tension,
incidence of arrhythmias, glucose uptake or FFA release.
Similarly, 1little evidence for a direct action of applied
palmitic acid could be seen. At 0.5mM no significant
changes were observed, at 1.0mM the heart rate was
significantly depressed (from 170 b4 16 to 106 ha i2 beats/min,
P (_0.002, n = 6) but the depression of developed tension
was not significant (from 2.6 ¥0.4 to 1.3 ¥ 0.5g¢ n =6

P = NS). No changes were observed in resting tension,
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incidence of arrhythmias or in any of the metabolic
parameters studied (glucose uptake, lactate release,
fractional conversion of glucose to 1lactate).

The results show that the effects of lactic acid
and palmitic acid as applied externally are not
sﬁfficient to explain the damaging effects of adrenaline
found in the recirculating perfusion. To complete this
investigation one would need to apply both FFA and 1lactic
acid together in order to exclude the possibility vof a
synergistic action, although the possible mode of action of
such synergism is difficult to predict.

The only indication of direct action is thaf of
1.0mM palmitic acid on heart rate (and possibly developed
tension) but the concentration required is far above that
normally present in the recirculating perfusate. The
important effects of vthe recirculating . perfusate shown in
sub-section 3 cannot, therefore, be explained simply by the -
concentration of 1lactate and FFA presented. Assuming that
other components in the perfusate do not contribute, an
alternative explanation such as that suggested earlier
concerning the effect of the recirculating perfusate upon
metabolite clearahée from the heaft tissue becomes more
likely. It is possible that a relatively small
concenfration of FFA or 1lactate in the. perfusate may be
sufficient to significantly disturb the outflow of metabolic
products whilst exerting no direct effect.

To further investigate the ;ole of endogenously-

generated FFA and lactic acid, recirculating perfusions were
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performed in which the adrenaline challenge was modified by
the presence of an antilipolytic agent. Nicotinic acid was
the main antilipolytic agent used although insulin was also

applied in two experiments.

S. Effects of antilipolytic treatment on the responses of

the isolated perfused rat heart to adrenaline

(a) General Hearts wére perfused for a 20 - 30 min control
period before the infusion of nicotinic acid (5 x 10-6M).
After a further 20 min, adrenaline (10;6M) was iﬁfused.
All hearts were peffused at’ the ischaemic coronary flow rate
of 3 - 4 ml/min/g.

Preliminary experiments had shown that 5 x 10-6M' -
10-5M nicotinic acid was a convenient antilipolyfic
concentration. At concentrations below IO-GM, nicotinic acid
had no antilipolytic effect. At 10-4M nicotinic. acid was
apparently toxic, causing cardiac arrest -~ _this was a time?
-dependent effect, occurring after about 20 min perfusion
(and interstingly only in the recirculating perfusion, not
in the non-recirculating system). Insulin was used at
100 pU/ml which represents = the upper range of serum
concentration in vivo (Selkurt, 1971); Nicotinic acid alone
did not affect any of the metabolic or mechanical ﬁarameters

which were measured -during control perfusion,

(b) Effects of nicotinic acid on the first phase

responses to adrenaline, Comparison of these values

with those reported for the effects of adrenaline alone
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(Tables@ﬂ) shows that nidotinic acid‘ did not significantly
affect the mechanical response of the hearts to adfenaline.
In fact the percént rise of developed tension following
adrenaline with nicotinic acid (145 A 46%) is éreater than
that seen with adrenaline alone‘ (52 : 13%). This, however,

is rather a reflection: of the difference in control
developed tension which coincidentally was higher in the‘
grogp treated with adrenaline alone. Thé results demonstrate
that nicotinic acid has not acted asv a. negatively inotropic

or chronotropic agent.

(c) Effects of nicotinic acid on the second phase

responses to adrenaline The effects of nicotinic acid

on the second phase response of hearts to adrenaline are
shown in table 9 and figure 25. In this phase, nicot;nic
acid exerted a marked saving effect upon thé subsequént
deterioration in performance following adrenaline. Thus
developed tension was maintained better (177 b 17% of
control) in the presence of ‘nicotinic acid than with
adrenaline alone ( 85 ¥ 20% of control). Resting tension
.was stable in the presence of nicotinic acid but rose
109 20% with adrenaline alone. The incidence of
arrhythmias was much reduced in the presence of nicotinic
acid (19.2 he 6.3% of time) compared to adrenaline alone
(56.5 2 9.4% of time). Heart rate returned to pre-
adrenaline contfol similarly with both treatments.

The metabolic responses of the heart fo adrenaline were
also modified by the presence of nicotinic acid. Thus'

FFA release rose only 5.8 b 3.4% with nicotinic acid but



Heart rate (b/min) 171 18 210

Developed tension(g) 1.8 -0.4. 3.5 - 0.7 + 145
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TABLE 8

Effect of nicotinic acid (5.10 °M) on the first phase

responses of hearts to adrenaline.

Function Control +nicotinic acid % change
Cpn-admn,* + adrenaline
MLQ‘*WC aad

16 +42.1 = 17.5

I+

46 .

Data are for hearts from normally-fed rats perfused
for 20min prior to nicotinic acid infusion and
then a further 20min prior to adrenaline (10-6M)

infusion,
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TABLE 9
Second phase responses to adrenaline % nicotinic acid
Function Control 30 min post - % change
o (pre-odien + adrenaline + © after
Mt aud) nicotinic acid adrenaline
Heart rate -+ + +
(beats/min) 171 -18 150 -18 .11.7 15
+ +‘ » +
Developed Tension(g) 1.8 -0.4 3.2 -0.3 177 =17 ¢
glucose uptake ' + + : +
[Fmole/g/hr] 47 .6 -3.5 ,57'3 9.3 45,7 -31.4
lactate release  40.6 ‘3.8 68.4 -8.9 79.0 227.8
(pmole/g/hr)
% conversion of + + P .
glucose to lactate 42.1 -5.4 52.9 -10.4 12.0 6.5
A _ .
PFA release 2.7 0.3 2.8 ‘0.3 5.8 - 3.4 *
(Fmole/g/hr]
Glycerol release + + _ + .
(Fmole/g/hr) 1.8 -0.4 1.0 -0.4 0.6 37.5
(n=28, * = change is significantly different +to that

obtained with adrenaline alone)

Measures of performance were taken 30 min after adrenaline
(in the presence of nicotinic acid).- Metabolic parameters
represent the 1linear rates of wuptake or release over the

30 min period after adrenaline. ‘

Adrenaline was used at 10-6M after a prior 40min

perfusion, the latter 20min in the presence of 5.10-6M

nicotinic acid.
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Figure 25

Effects of antilipolytics on the second phase. responses

of isolated perfused hearts from hormally-fed rats.

Hearts were perfused at the ischaemic flow 3-4ml/min/g.

. - 6 + . .
Adrenaline was vused at 10 M. Values are mean - S.E.
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rose 146 hs 53% with adrenaline alone. In ‘additioﬁ the
stimulation of lgctate release induced by adrenéline alone
>(150 : 43%) was markedly reduced by the presence of
nicotinié acid (to 79 A 28%) . The response of glucose
uptake in the two groups was sipilar, showing no
significant increase with adrenaline, and so the fractional
cpnversion of glucdse to lactate rose less in. the presence
of nicotinic acid (32.0 2 6.5%) than with adrenaline alone

(30.1 ¥ 3.79%).

(d) Effects of Insulin on the responses of the heart to

adrenaline. In two experiments insulin (IOOPU/hl) was
used as an alternative antilipolytic agent. It had no
effect on any of the medhanical or metabolic parameters
measured during the pre-adrenaline control perfusion,
including gluéose uptaké. The second phase responses to
adrenaline (Table 10, figure 25) in the presence of insulin
were similar to those observed in the presence of nicotinic
acid. Thus no arrhythmias were observed and no rise in
resting ténsion occurred after adrenaline in the presence
of insﬁlin. Developed tension was maintained above the
pre-adrenaline control level (425 ¥ 78%) but heart rate
declined below the control (-47.5 ¥ 6.6%) - in contrast
to the values obtained with adrenaline alone (-15 * 20% and
11 % 9%).

Insulin also modifiedv the metabolic responses of the

heart to adrenaline. The release of FFA and glycerol
were not stimulated at all and the uptake of glucose

was similarly unaffected. Lactate release rose 1less in
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+ ‘
the .presence of insulin (23 - 23%) than with adrenaline
alone (150 ¥ 42%). The fractional conversion of glucose
to lactate also rose less in the presence of - insulin

a3 ¥ 13%) compared to 30 % 4% with adrenaline  alone.

The overall effect of nicotinic acid (and insulin)
was to abolish the 1lipolytic component of ‘the adrenaline.
challenge and at the same time to greatly offset the
deteriorations in performance associated with the second
phase adrenaline responses. In particular, the rise in
resting tension and in the incidence of arrhythmias
associated with adrenaline challenge ﬁere significﬁntly
reduced. In addition, the developed tension was maintained
above the pre-adrenaline control 1level for 1longer in the
presence of 'the antilipolytics (although with insulin
there was a converse, more marked, decline in heart
rate than with adrenaliné alone); Antilipolytic treatment
also offset the rise in the fractional conversion of
glucose to 1lactate previously observed with adrenaline
alone. This indicates a greater degree of oxidation of

glucose after adrenaline in the presence of antilipolytics.



TABLE 10

Effects of dinsulin (100pU/ml)
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on_the response of

ischaemically-perfused hearts to adrenaline (107°M)

Function

Heart rate
(beats/min)

Developed tension(g)

Heart rate (b/min)
Developed tension(g)

%lucose uptake
Pmole/g/hr)

lactate release
(pmole/g/hr)

-% conversion of
glucose to lactate

FFA release
(Fmole/g/hr)

Glycérol release
(Fmole/g/hr)

"
N

*

[}

(n

observed with

First Phase

Contol -

(W?Q“U,+
wgdhg

+

230 -10
+

1.0 -0.0

Second Phase

+
230 -10

+
1.0 -0

+

100.0 -10
+

130.0 -30
+
64.0 -9
+

5.3 -0.9

+
5.3 -1.1

response
30 min post - "% __change
adrenaline + :
insulin-
+ +
325 -25 41,5 -4.,5
+ +
3.5 -0.5 250 -50
response
+ +
120 -20 -47.5 -6.6
+ . +
5.3 -0,8 425 - 78
+ + .
100.0 -10 0-0
+ +
175.0 -75 23.0 - 23
. + . L " .‘;:v'. +
78.0 -22- - 13,0 - 13
+ +
4.0 -0.6 =-25.0 = 14
5.3 21,1 0:aq

difference is significantly different to that

adrenaline . alonel,
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SECTION D. Perfusion of Hearts from Fat-Fed Rats

In order to obtain further information concerning the
role of myocardial 1lipolysis during ischaemic perfusioh,
hearts from rats fed on a diet containing a high
proportion of saturated fats were studied. It was
anticipated that the hearts from fat-fed rats woulq
exhibit higher total 1lipid stores and/or a higher 1lipolytic
capacify than hearts from norﬁally-fed rats (Agostini and
Angelotti, 1973). It would therefore be anticipated that.
more exaggerated responses to the . -mobilisation of endogenous

lipids would be found in such hearts.

Hearts from fat-fed rats were perfused at coronary
flow rates over the range 2-14ml/min/g. After a control
perfusion of -30min, adrenaline (10-6M)- was 1infused and the
perfusion continued for a further 30min. In a separate
group of hearts (all perfused at 5-7ml/min/g) nicotinic
acid (5 x 10-6M) was infused after 20min vcontrol pepfusion.
After 20min in the presence of nicotinic acid, adrenaline
(10f§M) was infused and the perfusion continued for a
further 20min, Comparisons have thus been drawn between
the hgarts from fat-fed and normally~fed rats with respect
to : (1) control perfusion - metabolism and performance

(2) responses to adrenaline

For simplicity, the two groups are referred to as

"fat-fed hearts" and '"normally-fed hearts" in the text.
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1. Control Perfusion (Faf-fed vs Normally=-fed)

(a) Mechanical properties The hearts from both groups

were perfused by the recirculating method. The fat-fed
hearts were perfused over a wider range of coronary flow
in an attempt to maximise perfofmance, Even up to
14ml/min/g the improvement in perfornance ﬁith the rise

in coronary flow was not as marked as had been observed
with the normally-fed hearts. For most comparisons, the
highest flow rates of the fat-fed _series' have been
eliminated so that the mean' coronary flow rates of the
two groups are more similar (normally-fed = 4.9 *o.8
ml/min/g, fat-fed = 6.9 Yo7 ml/min/g). Even so the
direction of error is to permit more adequate 'perfofmance
of the fat-fed hearts. Significant differences between the
fat-fed and normally-fed hearts were observed with regard
to both performance (Table 11, figures 26-28) and metabolism
(Table 12).

The factors used to describe mechanical performance
are those used in the normally-fed series with two
additions. Firstly, dT/dt (the rate of rise of developed
tension) was determined with the use of an electronic
differentiator in the fat-fed series but by direct
measurement from the tension trace in the norﬁally—fed
series. The second additional faétor is the oxygen-cost
of "work" as described below.

The 'results shoﬁ that heart rate (148 Yo beats/min)
and dT/dt (58 ¥ s g/sec) are both markedly depressed in

the fat-fed hearts compared to the normally-fed hearts



Table 11

Performance of 1isolated peffused rat hearts from

normally-fed

*%x jndicates

significant.

Data are for the

that

fat-fed and rats.
Function Fat-fed
(n = 20)

‘ +
Heart rate 148 - 9
(beats/min)

: : +
Developed 2.4 - 0.6
- tension (g)
Rise in rest- 1.70 b 0.4
ing tension (g)
+
MVO2 54.0 - 6.4
(p1/min/g)
% oxygen 62.4 ¥ 8.0
extraction
+
dT/dt 58.3 - 12.9
(g/sec)
Mv0,/beat 0.34 ¥ 0.03
PR
Values are mean - S.E,

difference between

stable

30min

147

Normally-fed (n = 24)

s
16

1+

194

1+

2.9 0.3

: **
0.1 0.4

Xk

1+

36.2 1.8

1+

57.2 7.4

¥k
173.6 ¥ 17.4

: ¢k
0.21 < 0.02

the means is

control perfusion,
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(194 - 16 beats/min and 173 - 17 g/sec). Developed tension
was not significantly different in the two groups.
The rise in resting was very marked in the fat-fed
hearts (1.7 - 0.4g) but was constant during control perfusion
in the normally-fed hearts. Although the percent extraction
of oxygen was not significantly different in the two
groups, the total MVO* was higher in the fat-fed hearts
(54 - 6 pl/g/min) than in the normally-fed hearts (36 - 2
pl/g/min) . From a consideration of heart rate and MVO*
it can be seen that the oxygen-cost of."work" is
higher in the fat-fed hearts (0.34 - 0.03 |il/g/beat) than
in the normally-fed hearts (0.21 - 0.02 pl/g/beat).

MVOg/beat is derived from the equation;

MVOg/beat = pi oxygen/g/min
beats/min
The wuse of this term is .justified by relationship of keoV

with MVOg. The relationship is described by the regression

equations:

MVOg (pl/g/rain) = (0.84 x beats/min) + (-76.3)
(correlation coefficient 0.62, P ~ 0.01, n = 20), in fat-fed
hearts.

MVOg (pl/g/min) = (0.09 x beats/min) + 21.4
(correlation coefficient =0.50, P~ 0.02, n = 20), in

normally-fed hearts.

This evidence isin agreement with the argument of
Sonnenblick and Skelton (1971) that heart rate contributes
significantly to MVO”*.

Of the parameters described in table 11, only percent

oxygen extraction and resting tension showed a dependence

Ooc
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Figure 26

Effect of coronary flow on the percent oxygen extraction

of isolated perfused hearts from normally-fed and fat-fed

rats.

See figure 17 for derivation of % oxygen extraction.

Data are for the stable 30min control perfusion

Points represent "fat-fed hearts" only.
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Figure 27

Effect of coronary flow on resting tension in isolated

perfused hearts - from normally-fed and fat-fed rats.

The points represent hearts from fat-fed rats only.

Data are for the stable 30min control -peffusion.
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Figure 28

Effect of coronary flow on heart rate in isolated perfused

hearts from normally-fed and fat-fed rats. Data are for

the first stable 30min control perfusion., Points represent

hearts from fat-fedv rats only.
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upon coronary flow (figures 26, 27). The 1lack of dependence
of heart rate uponv coronary flow (figure 28) is # sharp
contrast to the relationéhip observed in the normally-fed

hearts.

(b) Metabolic properties. The differences between the fat-

fed and normally-fed hearts is principally expressed as
an almost complete dependence upon endogenous lipid for
energy production (table 12) in the forﬁer group,

The results show a significantly increased rate of
FFA release from fat-fed hearts (4.2:0.5 pmole/g/hr) compared
to normally-fed hearts (2.3'1 0.3 Pmole/g/hr) and a shift
in the extent of FFA release relative to glycerol ‘
release in the fat-fed hearts ( FFA/glycerol = 2.8 ; 0.4
compared to 1.3 b 0.5 in the normally-fed hearts). Glucose
uptake was very low in the fat-fed hearts ‘(2.9 : 0.4
pm&le/g/hr compared with a value of 55.7 ¥ 10.0 _Pmole/g/hr
in normally-fed hearts) but a significant 1lactate release
was still observed in the fat-fed hearts (20.7 = 3.5
Pmole/g/hr). This lactate may arise from glucose uptake
"since the error of measurement of the 1latter is 1large
enough to acéoqnt for the lactate. Alternatively, _the

degradation of glycogen could contribute to the release of

lactate.
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Table 12

Metabolism of isolated perfused rat hearts from fat-fed

‘and normally-fed rats.

Function  Fat-fed (n = 20) Normally=-fed (n = 24)

‘ e
Glucose uptake 2.9 0.2 55.7 £ 10.0

. + . + *;

Lactate release © 20,7 - 3.5 54.2 - 5.8

+ . + L Ak
FFA release 4.2 - 0.5 2.3 - 0.3
glycerol release 1.5 - 0.2 1.8 z 0.7

+ ok
FFA/glycerol 2.8 - 0.4 1.3 - 0.5

+ :
values are mean - S.E, expressed as Pmole/hr/g wet weight.
**x. indicates that the difference between the means is

significant.

Data are for the stable 30Omin control perfusion.
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2, Responses to Adrenaline (Fat-Fed vs Normally-Fed)

(a) First phase responses. The results are presented in

table. 13, In both absolute and percent terms, the

chronotropic and inotropic responses of the two groups

were not significantly different,

(b)Second phase responses - mechanical, One would anticipate

a foréening of mechanical performance after adrenaline in
the hearts from fat-fed rats compared to those from
normally-fed rats. The results are not entirely consistent
but significant factors éupport the originali contention that
fat-feeding may predispose hearts to poor performance
following adrenaline challenge during ischaemic perfusion.

Heart rate declined more rapidly (returning to the.
'pre-adrenaline rate in 8.9 ¥ 2.4 min compared to 14.1 2 4.0
min with normally-fed hearts) and more extensively ( to
112 ¥ beats/min or 75 b 6% of control by 30 min after
#drenaline, in contrast to the values for the normally-fed
hearts - 188 b3 20 beats/min or 111 : 10% of control) in
the fat-fed hearts. Although there was no significant
difference between the two groups with regard to the
incidence of arrhythmias, there were significantly more
ventricular fibrillations in the fat-fed hearts (23.3 hs
8.3% of the time after adrenaline) than in the normally-
fed hearts (5.9 % 5.9% of time).

The two groups did not differ significantly in their
~responses to adrenaline with regard to either developed

tension or resting tension.



"Table 13

1S5S

Responses of isolated perfused rat hearts to adrenaline

(10”%w).

The responses are the initial (first phase)

inotropic and chronotropic -responses of  hearts from

fat-fed and normally-fed rats.

Function

Heart  rate
(beats/min)

% change
heart rate

Developed
tension (g)

% change
developed
tension

%%k

Fat—-fed
Control Adrenaline
. _
148 1 9 229 I 22
53 £ 12
2.220.7 3.6Z0.9
95 ¥ 33

. PR
Values are means - S.E.

Normally-fed

Control Adrenaliné

194 ¥ 16 273 ¥ 16
a8 ¥ 12

3.4 ¥ o.5 5.6 + 0.6
52 ¥ 13

** indicates that the peak adrenaline-induced tensions

are significantly different.
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The " interpretation of the rise in resting tension in

the fat-fed hearts is complicated by the lAligh‘ levels
obtaiﬁed during the control perfusion. There may exist

a finite 1limit to which the fin#l approach is non-linear.
This would increase the significance of the relatively
smaller changes found with the fat-fed hearts.

Considering the mixed evidence it is necessary to
decide which parameters are most significant in order to
clearly differentiate between the responses to adrenaline
of the two groups of hearts. In +this . respect, the
incidence of ventricular fibriilation should be firmly
emphasised since this 1is the most critical single event
in the determination of the survival of the heart. Thus
catecholamine challenge during ischaemic perfusion may
depress performance to a certain degree, beyond which

.
the maintainance of contractility is jeapardised. The
additional stress of an increased ratev of epdogenoué
lipolysisv may be sufficient to enforce such irreversible

responses. See table 14,

(c) Second phase - metabolic., The small glucose uptake
observed during ihe control perfusion of the fat-fed hearts
was not stimulated by adrenaline. The percent stimulation
of lactate release by adrenaline was gréater» in the fat-fed
hearts (365 ¥ 859, compared to 150 ¥ 429 with the normally-
fed hearts)- but the absolute 1lactate release wés much
reduced (47.3‘: 4.4 Pmole/g/hr compared to 129.3 ¥ 18.3

Fmole/g/hr in the normally-fed hearts). The fractional
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Second phase mechanical responses to adrenaline (10-6M)
of isolated perfused rat hearts, from fat-fed and
normally-fed rats,
Function Fat-fed Normally-fed
(n = 16) (n = 11)
. + + *k
Heart rate (beats/min) 112.- 11 188 - 20
’ *
Heart rate (% control) 75 te 111 Ay 10 *
Heart rate (min to + +
return to control) 8.9 - 2,4 14,1 - 4,0
. A + +
Resting Tension (g) 4,5 - 0,4 3.7 - 0,4
Resting tension
&k
(% control) 127 s 210 ¥ 20
Ventricular + + "k
fibrillation. 23,3 - 8,2 5,9 - 5,9
(% total time)
Arrhythmias . .
(% total time) 43,5.- 9.4 56,5 - 9,4
+ *k
VO, (p1/g/min) 68.6 - 7.8 33.0 ¥ 5.2
MVO, (% control) 132.3 ¥ 10.2 124.8 ¥ 7.3
. . %k %k
MVO,/beat 0.56 ¥ 0,07 0,12 ¥ 0,01
MVOz/beat 4
+ + kK
(% control) 177 - 20 143 - 10
+ .
Values are mean - S,E,
Parameters were measured 30min after adrenaline infusion,
Arrhythmias and fibrillations are expressed as % of the
total 30min, ** jndicates that thg difference between

the means is significant,
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conversion of glucose to lactate is not meaningful in

the fat-fed hearts because of the 1low glucose uptake.

The rate of release of FFA afte;w/adrenaline was more
rapid from fat-fed hearts (6.5 ¥ 1.3 Pmole/g/hr ~ compared

- to 3.0 A 0.7 pmole/g/hr in the normally-fed hearts) but

the percent stimulations were not significantly different.
Neither +ihe rates of release of glycerol nor the
stimg;ation of the rates of glycerol release by adrenaline

were significantly different in the two groups. See table

15.
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Table - 15

Second phase metabolic responses to adrenaline (10-6M)

of isolated perfused hearts from fat-fed and normally-

fed rats,

Function Fat-fed Normally-fed
(n = 16) (n = 11)
. + + ok
Glucose uptake . 2.9 - 0,2 x » 74.9 - 10,4
(Pmole/g/hr)
. x + i
Glucose uptake 100 126.8 - 20,9
(% control)
’ + ok
Lactate release 47.3 T 4.4 129.3 - 18.3
(Pmole/g/hr)
+ + *k
Lactate release 465 - 85 250 = 42
(% control)
* +
% conversion of 100 79.5 - 7.6
glucose to 1act.
+ + *ok
FFA release 6.5 - 1,3 3.0 - 0,7
(Pmole/g/hr)
Glycerol release 1.9 A 0.3 3.5 - 1.4
(Pmole/g/hr) '

Values are mean Ay S;E; representing the 1linear rates of
release or uptake during the '30min after adrenaline
infusion, ** indicates that the difference between the
means is significant, * indicates approximate values due

error in determination of small glucose changes,
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3. Effects of Nicotinic acid

(a) During control perfusion. The effects of antilipolytic
treatment on the responses to adrenaline of ﬂearts from
fat-fed rats were investigated.

As in the normally-fed hearts, nicotinic acid(5.10-6M)
had no effects on the indiceé of mechanical performance
during the control perfusion. Unlike the mnormally-fed
hearté, however,.,therex were changes in metabolism with
nicotinic acid (table 16).

The pre-adrenaline rate of 1lipolysis was depressed by
nicotinic acid. Thus FFA release was reduced from 4.3 : 1.2
Fmole/g/hr to 1.9 i'l.z Fmole/g/hr, glycerol release was
reduced from 1.8 % 0.3 pmole/g/hr to 0.6 ¥o.3 Pmole/g/hr.
Glucose uptake rose in the presence of nicotinic acid
from 6.0 ¥ 4.0 to 45.1 % 23.i Pmole/g/hr but the large
st;nda¥d errors mean that <the rise 1is not significant
(P = 0.1). The 1lactate release was not affected by the
presence of nicotinic acid so the fractional conversion of

: +
glucose to lactate was reduced from about 100% to 53 - 19%.

(b) Effects on the first phase responses to adrenaline;

The first phase responses of the hearts from fat-fed
rats to adrenaline were not restricted by the presence
of nicotinic acid. Heart rate was not affected at all
and in fact the developed tension (7.8 : 1.7g) and dT/dt
(185 A 40g/sec) were significantly higher after adrenaline
in the presence of nicotinic acid than with adrenaline

alone (3.6 ¥ 0.9g and 86 i 18g/sec). The percent stimulations
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Table " 16

Effects of nicotinic acid (5:10'6M)' on the metabolism

of the isolated ischaemically-perfused hearts from

fat-fed rats,

Function - Control % Nicotinic acid
+ +
Glucose uptake 6,0 - 4,0 45,1 - 23,1
(Pmole/g/hr)
4 +
Lactate release 31,5 - 5.9 32,8 - 13.2
(Fmole/g/hr)
: : * + *k
% conversion of 100 53.0 - 18.8

glucose to 1lact,

Kk
FFA release 4,3 i 1.2 1.9 by 1,0
(Pmole/g/hr) ’ :

* %k
Glycerol release 1.8 - 0,3 0.6 - 0,3
(Pmole/g/hr) :
+

Values are mean - S,E, (n = 6),

** indicates that the difference between the means is

significant, * approximate value due to error of

determination of small glucose changes,
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of these functions by adrenaline was not affected by the

presence of nicotinic acid.

(c) Effects of nicotinic acid on the responses to

adrenaline -~ second phase, mechanical.

Hearts from fat-fed rats treated with either adrenaline
alone or with adrenaline in the presence of nicotinic
acid did not differ significantly in their second phase
responses to adrenaline with regard to developed tension.
Resting tension rose more in the presence of nicotinic
acid (136 hs 61%)> than with adrenaline alone (27_1 8%).
Both these results contradict the expected saving effect
of nicotinic acid. The other data do suggeét beneficial
effects of the antilipolytic agent. Thus heart rate
declined more slowly (22.2 ¥ 5.3 min to return to pre-'
adrenaiine control rate, compared with 8.9 ¥ 2.4 min

to return to control with adrenaline alone) and less
extensively (214 1'8 b/min or 104 hs 10% of control - )
compared with 112 + 11 b/min or 75 ¥ 6% of control by
30min after adrenéline)than the group treated 'with
adrenaline alone. In Qddition, the group of hearts which.
received nicotiﬁic acid developed significantly fewer
arrhythmias (19 b 9% of time compared with 43 : 9% of
time for adrenaline aione) and more importantly 4deveioped
no ventricular fibrillations at all. By céntrast, the
group of hearts which received adrenaline alone developed
ventricular fibrillation frequently (23 9% of the 30 min

period after adrenaline.
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The data concerning MVO2 " and MVQzlbeat should be assessed
with caution since both control 1levels were significantly
higher in the nicotinic acid - treated group. - There was
no obvious explanation for this difference. The -difference
in control valueé may explain the significantly smaller
rise in MVOZ/beat observed with fhe nicotinic acid -

treated . group.

(d) Effects of nicotinic acid on the responses to

adrenaline - second phase, metabolic.

of thg metabolic parameters studied, only 'FFA release

after adrenaline was signifiéantly affected by the

presence of nicotinic acid. FFA release rate rose from

3.9 ¥ 0.6 Pmole/g/hr to 6.5 z 1.3 Fmole/g[hr with adrenaline
alone but did pot. <¢hange significantly from the: control

+
in the presence of nicotinic acid (2.4 - 1.8 Pmole/g/hr).
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-~ Table 17

Effects of nicotinic acid (5.10-6M) on the first phase

responses to adrenaline (10-6M) of 1isolated perfused

hearts from fat-fed rats,

Function : Adrenaline Adrenaline +
) nicotinic acid

+

Heart rate (beats/min) 229 ¥ 22 236 ¥ 13
Heart rate + +
(% control) 153 - 12 128 = 10

+ + *ok
Developed tension (g) 3,6 - 0,9 7.8 = 1,7
Developed tension 195 + 33 195 + 23

(% control)

Values are mean 3 S.E. representing peak responses to
adrenaline during the first 2-8 min after challenge,

** 1indicates significant difference between the means,
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Table - 18
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Effedts of nicotinic acid (5.10-6M) on the second phase

_6'
mechanical responses to adrenaline (10 M) of isolated

(% © control)

are mean * S.E,

representing parameters

perfused hearts from fat—-fed rats,
Adrenaline
Function (n = 16)
Heart rate (beats/minj 112 s 11
+

Heart rate 175 - 6
(% control)
Heart rate (time to 8.9 ¥ 2.4
return to control)
Resting Tension (g) 4,5 3 0.4
Resting tension 127 z 8
(% control)
Arrhythmias 43,5 by 9.3
(% total time)

- Ventricular 23,0 : 8.5
fibrillations
(% total time)
MVO, (u1/g/min) 68.6 + 7.8
MVO2 (% control) 132 % 10
MVO,/beat 0.56 ¥ 0,07
MVO, /beat 177 ¥ 20

Adrenaline + _ ,
nicotinic acid(n = 6)

PR
-8

ok
10

214

215

%k K

'+

22,2 - 5.3

1+

6.3 1.5

*ok
61

1+

239

%k
18.7 ¥ 8.5

%%
none

observed

*ok
12,3

I+

106.3

1+

123 7

I+

0.48 % 0,04

*k
6

1+

101

determined

30min after adrenaline infusion (arrhythmias and fibrillations

as % . of this 30min),

between the means,

** indicates significant difference
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Table - 19

Effects of nicotinic acid (5.10-6M) on the second phase

metabolic responses to adrenaline (10-6M) of isolated

perfused hearts from fat=fed rats,

Function - Adrenaline ) Adrenaline +
(n = 16) ' nicotinic acid
. (n = 6)
*

Glucose uptake 2.9 Y o.2 45,0 ¥ 22,7
(Pmole/g/hr)

* +
Glucose uptake 100 100 - O
(% control) :

+ ' +
Lactate release 47,3 = 4,4 66,3 - 11.5
(Pmole/g/hr)

+ + .
Lactate release 466 - 85 241 - 48
(% controél)

) E L)

FFA release 6.5 1.3 2.0 312
(pmole/g/hr)

+ + * %
FFA release 280 - 81 =17 = 19
(% control)
Glycerol release 1.9 z 0.3 1,6 - 0,3
(Pmole/g/hr)

« + +

Glycerol release 197 - 37 230 - 48

(% _control)

Values are mean'i S.E, representing rates of uptake or
release during the 30 min period after. adrenéline infusion,
*% indicates a significant difference between the means,

* indicates approximate value due to error in the

determination of small glucose changes,
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‘Section E. Tissue Analysis

(1) General The investigation of the metabolism of the
perfdsed hearts has depended on the measurement éf changés
in the perfusate. The procedure gi?es an indication of
tissue substrate utilisation and product release, But the

validity of the procedure as a means of determining the
tissue concentration of metabolic products is 1less certain.

For example, accumulation of FFA during recirculating

. perfusion is suggested by the relatively small FFA

release compared to that observed during non-recirculating
perfusion. Glycerol release was not similarly increased in
the non—recirculéting perfusion, showing that the extra
FFA release was not due simply to a greater degree of
lipolysis. In addition, a 1large accumulation of lactate
in ischaemic tissue was reported by quetto et al (1973).
Thus although the perfusate may reflect inA proportional
terms the status of the tissue, the absolute relafionship
between tissue and perfusate concenfrations is 1likely to
be 1less predictable. For this reason, the concentration
of FFA in the tissue has been measured directly.
It was anticipated that several questions could be

answered |

(i) does fat-feeding result in a higher 1level
of stored 1lipid in the tissue?

(ii) is the concenfration of FFA within the
tissue similar to that in the perfusate ?

(iii) do the various conditions of challenge
alter tissue FFA concentrations in a way consistent with

the hypothesis that the adrenaline-induced effects could
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" be explained, at 1least in part, by the accumulation of

endogenously-generated FFA.

(2) Effect of fat-feeding on ventricular muscle 1lipids
ﬁearts were removed immediately after decapitation, " rinsed
with perfusaté and frozen in 1liquid nitrogen. The results
(table  20) show that hearts from fat=fed rats contained
significantly more TGFA (4.14 bt 0.50 Pmole/g wet ventricle)
than did hearts from normally-fed rats. (2.36 z 0.40
pmolekg wet ventricle). The two groups of hearts did not
differ significantly with regard to DGFA or FFA.

(3) Relationship between tissue and perfusate concentrations

of FFA. The relationships for the hearts from both fat-
fed and normally-fed rats are 'shown in figure 29. Both
sets of data contain results from both adrenaline-treated
and adreﬁaliné + nicotinic acid-treated hearts. The sets
of data appear to belong to single families, thus the
two challengés do not appear to imposér different
relationships although they do iﬁpose different absolute
concentrationg.

The relationships are described by the equations :

perfusate FFA = .95 x tissue FFA) + (-0.5)
(nmole/ml) (nmole/g)

for the normally-fed group (correlatibn coefficient = 0.85,

n =15 , p £ 0.001).

perfusate FFA = (0.1x tissue FFA) + 48.8
(nmole/ml) .
for the fat-fed group (correlation coefficient = 0.66,

n =16 , P £0.01).
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Table - 20

Effects of fat=feeding on the 1lipid content of rat

hearts
Lipid - Fat-fed B Normally=-fed
Triglyceride + : 4 ok
(Pmole TGFA/ 4,16 - 0,45 ‘ 2,36 - 0,48
g wet weight) (n = 4) (n = 6)
Diglyceride + ) +
(pmole DGFA/ 0.20 - 0,05 0,22 - 0,03
g wet weight) (n = 6) (n = 6)
FFA (pmole/ + +
g wet weight) 0,43 = 0,11 0.28 - 0,08
(n = 4) (n = 2)

Values are mean ¥ S;E. Hearts were removed -immediately
after decapitation, rinsed in saline andv dropped into
liquid nitrogen, Results are for ventricular muscle only.-
** indicates that the difference between the means is

significant,
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Figure 29

Relationship between tissue (ventricular muscle) ana

perfusate FFA concentrations with isolated perfused

hearts

from normally~-fed and fat-~fed rats.

250

perfusate

FFA/ ml

nmole

Normally-fed
p<0.001 (O)

all adrenaline
alone

Fat-fed (5) adrenaline

p<0.01 (®’)adrenaline
+ nicotinic
acid

nmole FFA/g wet weight 1000



171

Both lines seemed to ‘deviate from linearity at the
highest FFA concentrations but this was not a significant
trehd (the correlation coefficients for logarithmic plots
were- smaller than those obtaiﬁed' for the diréct linear
analysis). The relationships should not be greétly
influenced by 1lack of binding capacity for FFA in the
perfusate over the range of concentrations studied. The
highest vperfusate concentrations of FFA studied were about
300nmole/ml (0.3mM) but the albumin concentration of 2g%
(0.3mM) should provide a binding capacity, for FFA of
600nmole/ml (O.6mM).

(4) Effect of challenge on tissue FFA concentration.

Tﬁe elevation 6f tissue FFA concentration by adrenaline
was highly significant in hearts from fat-fed rats

(0.83 ¥0.13 = 1.33 £0.23 Pmole/g wet ventricle) but was
not significant in hearts from normally-fed rats (0.15 :
0.62 —> 0.24 o.05 pmole/g wet Qentricle) - P =0.1-0.05.
Similarly, nicotinic acid significantly reduced the effect
+

of adrenaline in the fat-fed group (1.33 ¥0.23—> o0.59°2

0.12 Pmole/g) but the change in the normally-fed group

+
- was not significant (0.24 - 0.05 —>» 0.15 s 0.02 pmole/g,

P =0.1.-0.05). See table 21.

(5) Effect of coronary flow on tissue FFA concentration,.

As for section (c), data were d;awn from hearts perfused
both with adrenaline alone and with adrenaline + nicotinic
acid. The different treatments do not appear to affect

the relationship studied. With hearts from .fat-fed rats

there was no significant relationship between coronary flow
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Table 21

Effects of adrenaline (10-6M) and adrenaline { nicotinic

acid (5.10-6M) on the FFA concentration in the isdlated

perfused hearts from fat-fed and normally-fed rats,

Challenge Fat-fed Normally-fed
: %8 '
Adrenaline 1.33 Yo,23 ' 0.24 X 0,05 #4
(n = 10) (n = 6)
ine 4 ‘ ' ¢4
ﬁfiﬁ:iﬁze .y 0.59 ¥ 0.12 0.15 ¥ 0,02
(n = 6) (n=17)
No addition 0,83 - 0,13 0,15 = 0,02
(n = 22) (n = 8)
Values are mean ¥ S.E, Hearts were perfused for 30min

control period followed by 30min in the presence of
adrenaline, Nicdtinic acid, when used, was addéd 20min

prior to adrenaline, * indicates significant difference
’betwéen the two chéllenges. ﬂ indicates significant
difference between challenge and control, All values were
obtained by direct analysis of the (ventricular) muscle
except ++ which were calculatéd from perfusate concentratioﬁ
and the known relationship between tissue and perfusate
concentrations, These 1latter values should therefore be
fegarded as tentative, All values are Pmole/g wet ventricle,
#4 indicates significant difference between fat-= and

Anormally-fed.
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and tissue FFA concentration (correlation coefficient = 0.35,
P = NS). With hearts from normally-fed rats, - tissue FFA

was ‘significantly related to coronary flow :

Tissue FFA = (-87.0 x coronary flow) + 374.6
(nmole/g) (ml/min/g)

(correlation coefficient = -0.70, n = 15, P <0.01). This is
consistent with an increased oxidation of the available
FFA brought about by the increase in oiygenv delivery to
the tissue. See figure 30. |

(G) Lactate concentration of ischaemically-perfused hearts.

As yet, data are only available from studies of _the
hearts of fat-fed rats. Several observations have been
made :

(i) no statistically significant relationship was
observed betweeh the tissue and perfusate concentrations
of 1lactate. - Unlike the situation with FFA, thérefore, it
is not 1legitimate to attempt to predict the tissue
concentration of lactate from the knowledge of perfusate
concentration.

(ii) the concentration of lactate in the tissue was
found to decline progressively as cofonary flow was
increased (figure 31). The regression equation describing |

the relationship is as follows :

Tissue lactate = (-0.71 x coronary flow) + 11.53
(pmole/g wet (ml1/min/g)
ventricle)

(correlation coefficient = =-0.71, n = 13, IL(O.OI , all

hearts were treated with adrenaline alon%L This is
consistent with a shift to a more oxidative mode of

metabolism with the increase 1in ’oxygen delivery to the
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Figure 30

Effect of coronéry flow on the FFA concentratién of

ventricular muscle of isolated perfused hearts from

normally-fed rats.

Hearts were perfused for 30min control and then

30min with adrenaline (@) or adrenaline (10‘6m) +

nicotinic acid (5.10 °m) (#).

T T T T "
2 : 3 4

Coronary firw (ml/min/g
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Figure 31

Effect of coronary flow on the lactate concentration

of ventricular muscle of isolated perfused hearts from

fat-fed rats.

12

° p {0.01

jamole Lact,/g wet weight
Y

T | T 7 T
2 : 6 10

Coronary flow (ml/min/g wet weight)

Hearts were from fat-fed rats only, being perfused for 30

min control and +4hen 30min in the presence of adrenaline

(10 %),
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tissue. It should be noted that _the'_absolute concentration
of 1lactate in the tissue (evgn with .the very rlow

gluéose uptake in thé Vfat-fed series) is of the order
3-10 Pmole/g wet ventricle, which i; considerébly higher
than that of FFA (0-0.3 Pmole/g wet ventricle. in the
fat-fed series).

(iv) Lactate concentration after adrenaline was not
significantly affected by the presence of nicotinic acid.
Thus ﬁith adrenaline alone the concentration of lactate
was 7.2 Yo.6 Pmole/g (n = 13) but was 9.3 i1 Pmole/g
(n = 6) Vin the presence éf nicotinic acid. Thus ‘the
observed saving effects of nicotinic acid were >accompanied
by a reduction of FFA concentration in the tissue but
not by a reduction in the’ level of lactate. This offers
further evidence for the dominant role played by FFA
in the adrenaline~induced decline in performance in the
ischaemically?perfused hearts used in the study;, It
should be stressed that the fat-fed series differs from
the normally-fed series in that glucose uptake and lactéte
release are slower. Thus the relative contribution of
lactate to adrenaline—inducéd deterioration may be considerab
ly greater in the hearts from normally-fed rats. This
observation suggests that it will be necessary to
measure tissue lactate concentration in hearts from

normally-fed rats.
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(7) Intracellular concentration of lactate and FFA

The values previously reported as Pmole/g wet " weight
have been corrected for the intracellular volume.

Total tissue water = 852 t'IO pl/g wet weight (n = 5)
Of the total water, 621 : 32 pi/g is extracellular and
thus> 231 pl/g is intracellular.

In heafts from fat-fed rats treated with adrenaline
(table 22) a very large excess of botﬁ lactate ( 50x)
and FFA (46x) developed, compared to the perfusate
concentration. The molar concentrations in the intracellular
water were 31.00 : 2.45 mM (lactate) and 5.70 z 1.02 mM |
FFA. This represents values of the extreme of fat-fed
rats with ‘hearts stimulated with adrenaline. The other
extreme of normally-fed rats with hearts in control
perfusion anq adrenaline + nicotinic acid (FFA values
only) is described in table 23. Here the FFA concentration
is much 1lower, being 0.29 ¥ 0.07 mM (control) and 0.24 :
0.06 mM (adrena;ine + nicotinic acid). The e#cess of
tissue concentration over perfusate is 4:1 and 2:1

respectively.
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Intracellular concentration of FFA and Lactate 1in the

ventricular muscle of ‘isolated perfused hearts of fat-

fed rats,

Product

Perfusate concentration

(Fmole/ml)

Tissue concentration
(Pmole/g wet = weight)

Intracellular
concentration

(Fmole/ml)

Perfusate/intracellular
concentrations
(both Fmole/ml)

+ L.
Values are mean - S,E,

Lactic acid FFA
(n = 16) (n = 10)
0.63 ¥ 0,05 0,13 £ 0,01
+ +
7.21 ¥ 0,60 1.33 £ 0,24
31,00 ¥ 2,45 5.70 = 1.02
1/49.9 1/46.3

Intracellular concentration was

calculated on the basis of measurements which showed

that intracellular volume was 221P1 of a total 852F1

tissue water/g wet weight, Hearts were perfused for

30min control period, followed by 30min in the presence

of adrenaline (IO-GM)_ and ‘the frozen in 1liquid nitrogen.
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Table - 23

intracellular' FFA concentration of the ventricular muscle

of isolated perfused hearts from normally-fed rats,

Challenge Control ' Adrenaline +
{(n = 8) nicotinic acid
. (n=7)
i +
- Perfusate concentration 0.08 + 0.01 0.14 ¥ 0.03
(Pmole/ml) :
Tissue concentration + +
(Pmole/g wet weight) 0.15 0,02 0,15 0,02
Intracellular + : - .
concentration 0.29 - 0,07 0.24 - 0,06
(Pmole/ml)

Perfusate/intracellular
concentrations 1/3.5 1/1.7
(both Pmole/ml) .

Values are mean ¥ S:E: Hearts were perfused for 60min,

or for 30min followed by 30Omin in the presence of
adrenaline (10_6M) and nicotinic acid (5.10-6M). Nicotinic
acid was added 20min before adrenaline, At the end. of
perfusion, hearts were frozen in 1liquid nitrogen priér

to FFA analysis,
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Section F. Nature and Location of Cardiac Lipid.

(1)location of Lipid. It had been assumed that the

major 1lipid reserve of the heart was loéated. in the
ventricular muscle, and that this reserve was mobilised
during the perfusion. This assumption has been validated.

The total heart‘ tissue was divided by gross
inspection, into 5 discrete types of tissue. The wet
weights of these different types ‘are’ shown in table 24.
The ventricular muscle represented about 80% of the
total heart weigh%.

Several -freshly excised. hearts were perfused in the
usual way, but with medium containing dye (bromocresol
green). The dye rapidly stained thé entire ventricular
muscle (within 1-2sec). The atria and aorta also became
stained but the extraneous tiésue did not, suggesting
that the 1latter was unperfused. The lack of perfusion
restricts _the contribution of this tissue tor the overall
observed metabolism during perfusion. The 6n1y contribution

will be by diffusion across the surface into the

perfusate which bathes the heart.

The lipi& content of the ventricular and "atrial”
(fractions 2-5 pooled to provide sufficient material for
analysisj fractions of the heart were measureq before
and after perfusion. The results in table 25 confirm
that the friglyceride ‘reserve of the ventricular muscle
is significantly depleted (2.36 ha 0.48 —>» 1.45 : 0.28
Pmole/g, n =11, E%(0.0S) whilst that of the atrial
fraction is not (3.20 & 0.80 —> 4.80 ¥ 1.70 pmole/g)

during perfusion 1lasting 1lhr with adrenaline present for
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the final 30Omin. All hearts were from normally-fed rats,
The results thus confirm the major contribution made by
the .ventricular musgle reserve. The decline in the
triglyceride is insufficient, however, to account for the
observed FFA release. The control rate of 1lipolysis is

1.9 Fmole/g/hr, stimulated to 3.6 Pmo;e/g/hr by adrenaline.
The total FFA vrelease in lhr with 30min adrenaline is
thus expected to be 2.75 pmole. This casts doubt on

the 1lipid extraction procedure gnd the "values reported
here are indeed smaller than those of Crass et al (1969),
Taking these latter vélues, which are about 100% greater
than the ones reported, the decline in ventricular TG
would be about 4.7 —> 1.9 Fmole/g or 2.6 Pmole. This

is close to the observed FFA release.

(2) Nature of 1lipid. The fatty acid compositions of

perfusate and tissue FFA pools have been studied by
gas-liquid- chromatography of the methyl esters of FFA.
Quantitation of FFA was obtained by calculating the area
under the chromatogram trace, having deducted the control
(aibumin solution, for the perfusate samples). Individual
FFA were characterised by comparison of retention times
to those of known fatty acid methyl esters.

FFA compositions of the tissue and perfusate_ have
been expressed as percent composition of the .total
content. The tissue contained significantly more of FFA
of chain 1length above C-18 but significantly 1less of

C~16:1. The other detected FFA were similar in both bools.

i.e. 12:0, 14:0, 14:1, 16:0 and 18:0,:1,:2.
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Table - 24

" Relative weights bf differentf>component tissues of the

rat heart,

Tissue type _ mg/g wet weight
total heart,

l, Ventricular muscle 778 : 20
2, Atrial muscle 61 k3 5
: +
3, Aorta . 26 - 4
o : * ' +
4, Connective tissue 84 - 10
¢ )

5. Extraneous  tissue 50 £ 12

Values are mean ¥ S.E, (n = 6), Freshly excise¢ hearts
from normally-fed rats were rinsed with saline and
divided by dissection into anatomically discrete _tissues,

* was essentially the atrio=-ventricular septum and valves,
¢ was largely adipose tissue situated near the atria

and -‘aorta,
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Table ' 25

Fatty acid compositions of the FFA pools of perfusate

and ventricular muscle of isolated perfused hearts from '

normally-fed rats,

Individual FFA Tissue FFA Perfusate FFA
(retention time (n = 4) (n = 8)
- min) : )
12:0 (1.5) 1.8 ¥ 0.9 4.3 1.7
14:1 (2.5) o.0 ¥o.0 1.6 Y 0.6
: ‘ + +
14:0 (3.4) 10.3% 5.0 11.8 * 6.0
- %Kk
16:1 (5.5) 0.8 Yo.8 17.5 £ 4.3
' . + +
16:0 (8.6) 27.0 ¥ 13.8 34.5 < 10.0
18:0,:1,:2 13.3 ¥ 4,2 29,0 ¥ 13.4
(12-19) : '
C-19 and
+ + ok
above 45,3 - 18,0 0,5 = 0,5
(30 - )

Values are mean ¥ S.E;_ representing the percent contribution
of the individual fFA to the total composition, ** shows
significant difference between tissue and perfusate, Hearts
were perfused for 30min control period followed by 30min
in the presence of adrenaline (10-6M) and then froéen in
liquid nitrogen prior to 1lipid extraction, purification and

gas-liquid chromatography,






184

SECTION A Myocardial Libases

1. Activation

The main aim of the investigation was achieved in that
an activatable lipase system (sensitive to cyclic AMP) was
demonstrated in both 'the pig heart and rat heart extracts.
‘It should be emphasised that this tissue lipase wés
assayed under conditions which virtually exclude interference
from 1lipoprotein 1lipase. In particular, fhe low pH and
absence of serum activating. factor would prevent lipoprotein

lipase activity.
2, Location

No positive conclusion can be drawn concerning the
intracellular location of the 1lipases in general but it
does appear that the 100,000g pellet is +the only fraction
studied which cgntains the complete system‘ for activation.
By analogy with adipose tissue this implies that both
hormone-sensitive 1lipase and cAMP-dependent protein kinase
are present in the 100,000g pellet but are not both
present in such wuseful concentration in the other fractions

studied.

3. Complexity of the "lipase"

The results indicate that there are at least two

discrete 1lipases present in the 100,000g pellet. One
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activity hydrolyses tripalmitin (and fhe TG component of
ediol) and can be stimulated by cyclic AMP. Another
activity must be capable of monoglyceride (and possibiy
Tween) hydrolysis but is insensitive to cyclic AMP;~ It

is not possible to Vsay to wﬁat extent the. monoglyceride
lipase  might contribute "to the non-cyclic AMP hydrolysis of
triglyceride. It is safe to assume, however, that the
triglyceride 1lipase is wunable to hydrolyse monoglyceride,
unless one imégines some change in substrate specificity
coincident with cyclic AMP - induced activation. .The latter
possibility may ’be more feasible in the light of evidence
from Okuda and Fujii (1975). Studying. the adrenaline-
stimulation of 1lipolysis in adipose tissue 1lipid micelles,
they have presented evidence that the activation involves
stimulation of ‘the interéction between substrate and

enzyme rather than stimulation of the enzyme per se. This -
may offer another explanation for the evidence of Huttenen
and Steinberg (1968) and others who have shown activation
to be coincident with phosphrylation of the lipase itseif.
Previously, this had been assumed to stimulate 1lipase
activity in a way analagous té the activation of glycogen

phosphorylase.

4. Further Work

(a) Purification. Further progress would seem to

- require some degree of purification of the 1lipase
preparation. This should 1lead to information concerning

the nature of activation and its possible similarity -to
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that of adipose tissue 1lipase. The requirement for protein
kinase as suggested by the experiments with rat heart
lipases - and the phosphorylation of the 1lipase may be
confirmed. Purification should also open the way to
investigation of the multiplicity oT otherwise of the
"lipase system". Inparticular the number of discrete
lipases and their specificity with respect to both lipid
class (mono-di-triglycerides) and the nature of the fatty

acid residues mcy be elacldoied.

(b) Endogenous Substrates The presentation of
substrates has been and remains a problem in the
investigation of 1lipases. Even with apparently good
activity, it is not ©possible to determine if the
substrate presentation is entirely satisfactory. An
interesting approach has been used by Okuda and Fujii
(1973) wusing endogenous substrate in the form of 1lipid
micelles prepared from adipose ‘tissue. The micelles
respond both 1lipolytically and lipogenically to hormones.
Endogenous 1lipJdysis has also beenstudied in rat heart
extracts by Sonnenblick et al (1974) so it seems likely
that there is sufficient substrate to make this measureable.
The adequate supply of substrate is confirmed by the
results to be shown later in this thesis. The
endogenous substrate is 1largely excluded in the present
method of 1lipase preparation by the removal of any
floating material. The specificity of activity would Dbe
more difficult to test using endogenoussubstrate, requiring

quantitation of triglyceride, diglyceride and monoglyceride



187

and also characterisation of FFA released.
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SECTION B. -The Isolated Perfused Rat Heart as a Model

of Ischaemia

1. Ischaemia / Hypoxia

It is important to emphésise that normoxic perfusate
has been used throughout and that the effects of ischaemia
(induced by 1low coronary flow) father than the effects of
hypoxia have been studied. The terms "iséhaemia" and
"hypoxia" are used in a functional sense to describe the
challenge imposed.

The extent to which even high coronary flow will still
induce some degree of hypoxia in the isolated perfused rat
heart has been discussed by Henderson et al (1969). The
capacity of perfusate to carry oxygen is restricted to
the solubility of oxygen whilst blood has a greatly
increased capacity afforded by haemoglobin in addition to
this simple solubility. Despite this an argument can be
made to show the potential aq%uacy of oxygen supply in
simple solution. Thus, on the basis of evidence which
shows that the MVO2 of the intact. working heart in vivo
(Selkurt, 1971) 1is about 100p1 oxygén/g wet ‘weight/min, . the
ﬁerfusate is° theoretically able to deliver sufficient oxygen
even at 10m1/min/gL When perfusate is exposed to a
partial pressure of oxygen of aboutr 550 mm mercury,‘ the
oxygen content is abouf 16 Pl/ml. Thus at 10ml/min/g

coronary flow the oxygen delivery is 160 Fl/min which

allows a considerable excess above the predicted requirement
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of the tissue of 100 Pl/min/g. However, the initial
reservation must be considered when any attempt is made
to extrapolate from results obtained in vitro to predict

possible effects in vivo.

2, Graded Ischaemia

Previous reports have described the reduction in
mechanical performance and changes in . metabolism associated
with the imposition of 1low coronary flow. in the isolated
perfuged rat héart (6pie, ‘1965; Neely et al, 1973). Suéh
. changes = have been confirmed in this investigation "and in
addition it has been possible to generate a system of
graded ischaemia. The indices of ischaemia intensify
progressively as coronary' flow is reduced. Such a model
system allows for @ comparative investigations withqut the
necessity to rconsider the 1less secure definition of the

absolute 1limits of ischaemic and non-ischaemic tissue.

3. Whole Heart Ischaemia

The use of whole-heaft ischaemia as- in this model,
is restrictive if one is interested in investigating the
effects of ischaemia on cardiac pe:formance in the
clinical éense. With clinically overt ischéemic disease
there exists, within the myocardium, both tissue Awhich has
a severely restricted blood supply and tiséue which 1is

adequately perfused (i.e. 'regional ischaemia'"), With
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imposed whole heart ischaemia, ‘the grQSS effects upon

rate and tension can be observed and in those studies iﬁ
which cardiac output canr be determined (Rovetty et al, 1973)
it is found that the primary measures of performahce
(rate, tension, dP/dt) reflect the nett effect of ischaemia
upon. cardiac output. With imposed regional ischaemia,
however, the relationship between the primary indices of
performance and cardiac output is not as clear. Severely
ischaemic tissue exhibits depressed output as one would
expect, but the remaining tissue can perform at a normal
or supfanormal ievel in order to compensate for the
depressed region (Lekven et al, 1973). The overall effect
of regional ischaemia upon cardiac output is thus very
difficult to predict and will depend upon both the size
and 1location of the area of depressedv tissue.

Despite this disadvatage, the modél whiéh utilises
whole-heart iéchaemia offers a more straightforﬁard
interpretation of information about the metabolism of
ischaemic tissue. Since the tissue 1is uniformly perfused,
it can be expected to respond in a relatively uniform
fashion. By contrast, with imposed regional ischaemia,
the biochemical responses of Vischaemic tissue are difficult
to isolate from those of nearby non-ischaemic tissue.

The reason is that it is difficult to distinguish between
the blood (or perfusate) emerging from ischaemic tissue

and that emerging from non-ischaemic tissue. ‘Gross sampling
at the c¢oronary sinus is unlikely to be shfficienﬁly

sensitive since observations will be made wupon perfusate
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from ischaemic tissue which has been diluted by perfusate
from normai tissue (unless the size of the ischaemic
tissﬁe' is large comparéd to that of normal tissue and

in the clinical setting this is' extremely unlikely).
Instead of sampling from the coronary sinus alone, the
sinus site can be used as an index for normal tissue
and 1is compared to perfusate drawn from a 1local vein
emergiﬁg from the ischaemic tissue. Suph local vein
sampling requires é very delicate technique in a small
experimental heart such as that of the rét. Alterﬁatively,
a more conveniently - sized preparation such as a dog
heart is used. This means that the great advantage of
the inexpensive rat heart preparation is loét.

In addition to the differences between the 'whole—heart_
and regional ischaemia models, results from both models
should be assessed in the 1light of evidence which shows
that differences in metabolic response may occur depending
on the depth .of tissue. Subepidardial muscle is 1likely to
be more 'adequateiy perfused than sbbendocardial muscle (as
described in fhe introduction). The differences 1in
metabolism between the  two "levels of tissue are slight
under normal coﬁditions Abut become marked as the blood or
perfusate supply is reduced. As total tissue coronary flow
is reduced, the decline in flow to subendocardial tissue
is greater than the decline experienced in the subepidardial
tissue. The subendocardial tissue 1is thus relatively more

ischaemic.
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4, Oxygen extraction

The changes in oxygen vutilisation with change in
coronary flow suggest two interesting points. Firstly,
although a straight 1line gives' the best statistical fit

of data to the 1line relating MVO to coronary flow, there

2
is a tendency for the. MVO2 to rise 1less per unit of
coronary flew at the highest eoronary flows studied. This
indicated that approaching 7.8 ml/min/g fhe coronary flow
may be almost sufficient to meet fully the oxygen

requirements of the heart. - This would agree with literature

data concerning MVO in vivo.

2

The second point arises from the relationship between
coronary flow and the percent extraction of oxygen. . At
the 1lowest coronary flow used (2m1/min/g) the heart extracts
almost all the oxygen delivered. It is difficult to be
ce;tain of extraction at this extreme since a finite
error 1is involved in ﬁeasurements due to the possibility
of reoxygenation of +the perfusate between the heart and
the "venous'" oxygen electrode (even with the closed system
used). Despite the ability to eventually extract almost
all the delivered oxygen at sufficiently 1low coronary flow,
the extraction 1is still sub-macimal at flow rates where
performance 1is depressed. Thus at 5 ml/min/g even though
both heart rate and developed tension are depressed the
oxygen extraction is not maximal. One might expect
maximal oxygen extraction at such flow rates in‘ order to

maximalise performance but this» does' not appear to happen.
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There are several possible explanations for this
observation, One possibility is that as coronary flow is
increaSed, the residence >time of oxygen is sufficientiy
reduced to prevent maximal' extraction. To test this
péssibility one would need to' know the "mean 'residence
time" of oxygen. (i.e. perfusate) in the tissue (about 4 sec
at 4 ml/min/g, 2 sec at 8 ml/min/g) and compare this to
the time required for gaseous diffusion between perfusate

and tissue-—if the 1latter 1is of the order of seconds it

could significantly affect extraction.

Aﬁother poésible explanation for sub-maximal oxygen
extraction is some restriction upon oxygen utilisation
other than simply oxygen supply. For example if ogidative
metabolism were inhibited then oxygen utilisation would be
depressed, (see 5, substrate utilisation)

One final point suggested by +the data _concerning
oxygen consumﬁtion illustrates a similarity of +the model
to the situation existing in vivo. In both cases, the
major factor contributing to oxygen Supply is the coronary
flow and the maintenance of flow is crucial to the
mainfenance of function. Thére' is‘ some capacity to
increase . percent extraction of oxygen but +this represents

a comparatively small reserve.

§. Substrate Utilisation

- The wutilisation of glucose offers a sensitive index of

the status of the tissue, particularly showing the difference
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between the challepges of hypoxia -and iéchaemia. In hypoxic
tissue one observes a faster résponse‘ with a 1large increase
in glucose uptake and 1lactate release. Thué Athe relatively
inefficient glycolytic mode of energy production can proceed
sufficiently rapidly to provide energy for contraction. In
ischaemic tissue this fesponse can occur for a short .time
(Rovetto et al, 1973) ‘but soon declines The coronary flow
(unlike that "in hypoxia) i§ insufficient_ to supply glucose
and ﬁore partiéularly to remove lactate. Thus even the
relétively inefficient glycolytic mode of ‘energy production
is inhibited in ischaemic tissue. This inhibition of
glucose utilisaﬁion provides a possible  explanation for the
réétrictidn' of ongeni ufilisatibﬂ?(iﬂf the 'fi;sue.

The evidence of submaximal oxygen extraction suggests
that there 1is still some wunused capacity for oxygen
utilisation in the perfused heart preparation. Interventions
which are designed to release this unused oxygen capacity
(thus encouraging greater substrate oxidation) might be
expected to improve the performance of the heart during

ischaemia (see Section C).

6. Electrocardiogram

The ,electrocardiograpﬁic evidence, though sdmewhat limited,
indicates that tﬁe changes in T.wave and éT. segment
comﬁonly associated with ischaemia in the clinical sense
can be observed in the isolated perfused rat heart. It

is hoped that a direct epicardial electrode may provide a
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larger and more. consistent signal. A technique to achieve
this has recently beéen suggested (Burges, 1975) whereby a
light, coiled spring of stainless steel wi;e (offering very
little mechanical reéistance) would be attached to the

apex of the ventricular musc le and coiled aroﬁnd the
strain-guage thread.

The ECG 1is potentially a very usefui immediate
measure of the degree of ischaemia within the tissue,
particﬁkrly when used in such an experimental situation
which eliminates many of the anomolies observea with its
clinical Vuse (e.g. T wave changes are associated ﬁith
conditions other than iséhaemia - Armstrong, 1968). The
application of the ECG in the perfused rat heart has
suffered from a lack of knowledge as to the metabolic
basis of the electrical changes. Recent evidence has
begun to overcome this. problem with the finding that the
severity of the ST changes are quantitatively reléted to the

depression of tissue pO,_, (Angell et al, 19755.

2
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SECTION C The Role of Myocardial Lipolysis in the -

Ischaemically - Perfused Rat Heart

1. Adrenaline-induced Deterioration in mechanical performance

Adrenaline induced significant deteriorations in performance
in the ischaemically-perfused hearts after initial (first
.phase)_ chronotropic and inotrbpic responses, The secoﬁd
phase deterioratiohs were principally: a rise in resting
tensiqn (taken to be an indication of a risé in end -
diastolic pressure which is a sigﬂ of failure in the intaét
heart in vivo - Braunwald and Ross 1963), a decline in
developed tension and a rise in the incidence of
arrhythmias. Over the time-course of the changes in
performance, marked changes in 'metaﬁolism of the hearts
wase observed.» In particular, endogenous 1ipolysié was
stimulated as assessed by the release of FFA into the
perfusate and the release éf lacti¢ acid was also increased.
Moreover thé lactic acid lrelease occurred in the absence of
a significant rise in glucose uptake, thus éuggesting a
decrease in the extent of gluéose oxidation. This
inference from the data may be questioned, however, since
adrenaline challenge is 4like1y to stimulate glycqgolysis
(by the stimulation of the conversion of phosphorylase ‘h'
into the more active &' form) and so the extra lactate
output may be explainéd at least in part by glycogen

degradation.
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"The adrenaline-induced rise in resting tension was
significantly correlated to both the rate -éf ;elease of
ehdogenously-generated FFA and that> of 1lactic acid. In
addition, the decline in develdped tension was significantly -
correlated to the release of FFA (though not to that of
lactic acid). These relafionships are consistent with the
involvement of FFA (endogenous 1lipolysis) and lactate in
the adrenaline-induced (second phase) deteriorations in

performance.

2. Amelioration of adrenaline-induced deterioration with

antilipolysis

To test the involvement of myocardial 1lipolysis in the ‘
adrenaline-induced deteriorations of the second phase reponse
an antilipolytic agent (nicotinic acid) was applied during
the adrenaline challenge. The results show that the
lipolytic component: (but not the mechanical component) of
the adrenaline challenge was inhibited. At the same time
the - deteriorations. in performance were greatly reduced.

Thus the rise in resting tension was abolished and the
incidence of arrhythmias‘ was reduéed, In addition, the
decline in ‘developed tension caused in the second phase

of the adrenaline challenge was also significantly reduced.
Two experiments using insulin as an alternative antilipolytic
agent gave similar result;. This evidence indicates that |
the stimulation of endogenoué lipolysis by adrenaline
contributes significantly to the deteriorations in

performance observed.
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A possible mode of -action of the lipoiytic factor
(in additioh to one of the seﬁeral difect actions of
FFA pointed out in the introduction) is sugggsted by the
fact that the fractional conversion of glucose to lactate
rises 1less with adrenaline in the presence Qf an
antilipolytic agent. This would 'indica£e either a smaller
gl&cogenolytic response to adrenaline with nicotinéc acid ‘or
a greater degree of glucose oxidation - made possible by
the feduction in the availability of FFA for oxidation,
which would be expected to release more oxidative capacity
to glﬁcose oxidation. This 'argument is based on the

glucose - FFA cycle of Randle et al (1963).

3.” Influence of Recirculating Perfusate

The imposition of a non-recirculating rather +than the
usual recirculating perfusion greatly reduces the  deterioration
in performance induced by adrenaline. This suggests that
the recirculating perfusate contributes significantly to the
adrenaline effects. It has been assumed that the 1likelihood
‘of a direct action of adrehaline and/or its metabolites is
not great considering the maximum concentration is »10 M.
Ignoring this possible contribution, the major. components of
the recircuiating perfusate 1likely to be disadvéntageous ~are
FFA and 1lactic acid. A contribution to deterioration by
glycerol seems unlikely and the glucose concentration never

fell sufficiently to 1limit <the supply of fhat' substrate.
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4,  Presentation of Exogenous Palmitate and Lactate

Experiments in which either 1actie acid or palmitic
acid (bound to defatted serum albumin) were presented to
the heart showed that these acids had no appafent effect
on performance or metabolism at concentrations well above
those demonstrated in the recirculating perfusate.

"The lack of effect of lactic acid and FFA as applied
exogenously argues against a direct .effect of the
recirculating metabolic products upon heart performance -but
poses the problem concerning how the fecirculating perfusate
exerts its apparent effect. One possibility is -that the
rather 1low perfusate concentrations may reduce the
clearance of metabolic products from the +tissue rather
than exerting a direct effect. This possibility is
supported by the greater release of FFA into the non~
recirculating perfusate than into the recirculating perfusafe;
This is understandable in that fresh albumin (unloaded with
FFA) is confinuously being presented in the non-
recirculating perfusion whereas the binding capacity of
the recirculating perfusate is progressively reduced and
can be expected- to exert some restriction upon FFA
withdrawal from - the tissee. In addition, the fractional
conversion of glucose to lactate was significantly lower in
the non~recircu1ating perfusion, indicating more extensive
oxidation of glucose. This 1is consistent with a release
of inhibition of glucose oxidation when FFA are more
extensively removed from the oxidation sites (Randle et al,

1963).
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5. . Possible central role of FFA

The evidence taken in total ~indicates thg
involvement of both FFA and lactic acid in the
deteriorations in performance induced by adrenaline in
the iéchaemically-perfused rat heart. The Vevidence
available supports the contention that of these two
factors the generation of FFA within the tissue may be
the more primary factor. The rise in FFA production
could exaggerate the tendency fér lactic acid production
by reducing the capacity of the tissue to oxidise glucose,
according to the glucose - FFA cycle. |

The effects have been developed in the absence of
external FFA or lactate (except for relatively 1low
recirculating‘ levels which alone could not induce obvious
deteriorations in performance) and were thus caused by
endogenously generated metabolic products. This is not to
deny an important role for recirculating products which may
depress clearance of ‘the endogenously-generated products as
argued earlier. By comparison. to externally-applied
metabolites, endogenously-generated metabolites may be
generafed in a more damaging mode. For example; from the
evidence Of, Stein and Stein (1968) FFA applied exogenously
proceed across the cell wall and then through the
gsarcoplasmic reticulum to 1lipid droplets and mitochondria.
This uptake was dependent upon plasma concentratibn. By

contrast, endogenously-generated FFA released from lipid

droplets (located very close to mitochondria) would be
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immediately released into. the vicinity of the mitochondria
where localised effects on oxidative metabolism could become
apparent., Such effects would be particularly’.exaggergted in
ischaemic condifions where the capacity to remove FFA - by
oxidation and by losses into peffusate - 1is reduced. By
contfast, in hypoxia only'.éﬁe oiidati&e removal of FFA
would bé depressed.

The decline in performance' following the adreﬁaline
challenge during ischaemia could then be rationalised in
two ways. Firstly, by the known metabolic and physio-
chemical effects of FFA as 'described ~in the introduction;
and> secondly by generalised acidosis. Acidosis would be
primarily a function of the accumulation of 1lactic acid
rather than FFA. This is explained by the generation of
a higher molar concentration of 1lactic Aagid than FFA (as
will be seen 1later). In addition, 1lactic acid can be
expected to be more available to the general aqueous
phase than FFA (being more hydrophilic) and aléo as a
stronger acid, would contribute more extensively to

cellular hydrogen ion concentration.
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SECTION D . Perfusion of hearts from fat-fed rats

1. Control Perfusion

The results obtained are consistent with the

hypothesis that myocardial 1lipolysis and the endogenously
generated YFFA can exert vsignificant effects onn the
performance of the ischaemically-perfused heart. Hearts from
fat-fed rats showed significantly elevated rates of

lipolysis compared  to hearts frém normally-fed animals.

Evidence concerning tissue 1lipid and FFA concentrations also

supports the evidence from analysis of the perfusate (see

later). The glucose utilisation of the hearts froﬁ fat-fed
rats was 'greatly depressed and 1lactate release was also
reduced compared to hearts from normally-fed. rats. The
almost complete dependence upon endogenous ‘lipid as an
energy source was accompanied by a marked depreésion of
performance and also aﬁ increase 1in the oxygen-cost of

mechanical performance. The fat-fed series thus presents a

~situation in which the release of 1lactic acid is

relatively 1low, yet performance 1is markedly depressed.
This suggests that .éndogenously-generated FFA exert a more
significant effect than lactic acid and may indicate that
FFA alsé exert a ‘more important role than lactic acid in
the hearts from normally fed rats.

The elevation of oxygen-cost of perforpance was

considerably more than would be expected if the only
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reason were the relatively greater oxygen requirement for

oxidation of 1lipid as opposed to carbohydrate.>

The

expression of this function is the P : O ratio (see

introduction) which is

3.0 for carbohydrate

and 2.8 for

The difference is about 6% only, much 1less than

lipid.
the difference between oxygen cost of performance in fat-
fed and normally-fed series, which was about 50%. . This

suggests additional oxygen-wasting associated with 1lipid

oxidation.

The uncoupling of oxidative phosphorylation by

FFA observed by Borst et al (1962) would offer an

explanation for these results.

2. Effects of adfenaline

As in the normally-fed series,

marked deteriorations in performance

phase response (8 - 30 min after adrenaline infusion).

would predict a worsening of

adrenaline induced
during the second .
One
adrenaline response in view

of the greater mobilisation of endogenous 1lipid and in

some significant respects this was

true.

Thus the

incidence of ventricular fibrillation and decline in heart

rate were significantly increased in the fat-fed series

compared to the normally-fed series.

induced incidence of arrhythmias,

tension and rise in resting tension
stimulated by the challenge of
It should be remembered,

resting tension,

that the fat-feeding

The adrenaline-

decline in developed

were not further

fat-feeding.

particularly with respect to

induced a marked
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.response during control perfusion so that a further
worsening with adrenaline may nof have been possible.

Although the evidénce is not entirely consistent it

largely sﬁpports the hypothesis <that the stimulation of
endogenous 1lipolysis contributes significantly to the decline
in performance observed in the second phase response to
adrenaline, Of the 1individual parameters, the incidence of
ventricular fibrillation may be the most .significant single
element considering the critical effect of such a response

upon the potential survival of the heart.

3. Effects of Nicotinic acid

(a) Control Perfusion In the normally-fed series

nicotinic acid had' no effect upon the control rate of
lipolysis, suggesting that a lipase was present which was
insensitive to nicotinic acid (unlike the nicotinic acid-
sensitive adrenaline~stimulated 1lipase). The effect of
nicotinic acid in reducing control 1lipolysis in the fat-fed
series indicates that at 1least part of control 1lipolysis
.is contributed by ' the adrenaliﬁe~stimu1ated lipase. The
system of 1lipolysis may therefore be partly activated in
the absence of exogenous catecholamines. This could be
explained by a greater concentration and activify of
endogenous catecholamines in +the hearts from fat-fed rats
(which could be tested by direct measurement) or perhaps
by e more sustained modification of the enzymic machinery

of the hearts accustomed to a more extensive metabolism of
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lipid. Another consequence of the inhibition of control

lipolysis might be the stimulation of the use of
carbohydrate as an energy-yielding fuel. Evidence for this
from this work is not convincing as yet but it is worth
examining with further experiments. It would be particularly
interesting to see if the performance of +the hearts
improved as the metabolism switched from 1lipid utilisation
to carbohydrate utilisation. The 1lack of a significant
effecf in the experiments reported here may be due to the
fact thaf insufficient perfusion time was’ uséd to allow

full adaptation of the tissﬁe to glucose utilisation.

{b) Adrenaline Challenge Nicotinic acid abolished the

lipolytic response to adrenaline and at the same time
exerted some saving effect upon the adrenaline-induced
(sepond phase) deterioration in performance. Thus the
incidence of both warrhythmias and ventricular fibrillations
was significantly reduced. In ‘addition, the decline in
heart rate was slower and 1less extensive in the presence
of nicotinic acid. The evidence is not entirely consistent
'however, since no improvement in devéloped tension and no
reduction in the rise in resting tension were observed _in
the presence of nicotinic acid.

The oxygen cost of work (and to a lessef extent MVO

with  adrenaline o
itself) do not rise p in the presence of nicotinic acid,

2

whilst a marked rise is found in the challenge with

adrenaline alone. This 1is consistent with +the depression
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of FFA availability and a éonsequent increase in glucose
oxidation in the . nicotinic acid-treated group compared' to
the adrenaline group; |

As with the perfusion of hearts from normally;fed
rats, the results in this section largely indiéate ‘the
important consequences of stimulation of endogenous 1lipolysis
during ischaemia. ‘The significance of the various parametérs
involved must be carefully assessed in order to draw
conclusions as to the nett effect of the antilipolytic
agent. In this respect the abolition of ventricular
fibrillations iﬁ the presence bf nicotinic acid may be
crucial since it représents the most severe challenge to

the survival of the tissue.
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Section E. Tissue 1lipid and tissue 1lactate.

The metabolic studies had involved measurement of
changes in the perfusate and these were assumed to
reflect changes imposed by and within the tiséue. The
underlying assumption. in particular, had been that the
effects of endogenous 1lipolysis were mediated by the
“intracellular concentration of FFA and also that of lactic
acid. It was necessary, therefore, to tesf this assumption.
Evidence has been presented concerning the concentration .
of FFA within th; tissue, but further work is required

to complete the investigation of tissue lactate levels.

() Tissue TG elevated by fat-feeding. The finding of

increased 1lipolytic rates in héarts of fat-fed rats
compared .to those of normally-fed rats was supported by
the significant increase in the total triglyceride stores
of the hearts from fat-fed rats. The levels ofr.FFA and
diglycerides were not significantly different in the two
groups.

(2) Tissae FFA changes and perfusate changes. The evidence

provided by changes in tissue 'FFA poncentration with
different challenges supports the hypothesis concerning the
involQement of FFA in the effects of adrenaline.‘ Thus
adrenaline significantly increased the tissue concentration
of FFA in hearts from fat-fed rats ( the' rise of FFA
in the hearts of normally-fed rats after adrenaline was
of marginal significance - P = 0.1~0.05). The presence of

nicotinic acid depressed this rise of tissue FFA -
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significantly in ‘the hearts frsm fat-fed vrats but not
significantly in hearts from normally-fed rats (P = 0.1-
0.05).

The relationship between perfusate and tissue concentrati
on of FFA was 1linear and highly significant in the
hearts Vfrom both fat-fed and ndfmally-fed rats, over the
range of concentrations studied. Changes in perfusate
concentration of FFA 'thus accurately reflect the changes
taking place in the tissue. Such a relationéhip did not
exist between perfusate and tissue concentrations of lactate,
indicating that lactate changes measured in the perfusate
need not reflect change in the tissue.

(3) Intracellular accumulation of FFA and lactate.

Although the perfusate concentration of FFA is an index
of the tissue concentration, the two values differ in
absolute terms. The difference is especially' marked when
thé tissue content 1is converted into intracellu;ar
concentrafion. The evidence indicates, moreover that the
pre-adrenaline control 1level (an excess in tﬁe tissue

of 24x the perfusate cohceﬁtration) is markedly shifted

" by adrenaline to a 46x excess. The challenge thus
greatly accentuafes_ the accumulation of FFA in the
'tissue. The shift in excess is abolished by nicotinic
acid.

The concentration of FFA within the tissue changes as
would be predicted if the effects of adrenaline (and the
amelioration of those effects with antilipolysis) were to
be explained, at 1least ih part, by the tissue concentration

of FFA. With the hearts from fat-fed rats, the
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‘concentration of 1actéte» does not change in the direction
expected for its involvement in the adrenaline-induced
effects. The lactate concentration after adrenaline isr
not reduced in the presence of nicotinic acid. This
indicates a more significant contribution by FFA than
lactate .to the adrenaline-induced effects, in the hearts:
from fat-fed rats. It must be stressed that the
glycolytié flux is 1lower 1in these hearfs than those from
normally-fed rats and therefore the relative iﬁportance
of 1lactate as a contributing factor in the adrenaline
effects may be. greater in the latter group.

The intracellular concentration of lactate is very
high 1in the ischaemically-perfused hearts of the fat-fed
rats (up to 30mM). Such coﬁcentrations would be
expected to significantly' affect tissue pH and the
consequences of suchachange have been described by Rovetto
et al (1973).

The poor relationship between the 1lactate concentration
of the tissue and that of the perfusate indicates that
the 1lactate concentration of perfusate cannot be
legitimately used as an index ‘of the tissue congentration
during ischaemia. Further, the constant 1lactate release
over a range of ischaemic flow rates indicates that the
degree of 1lactate release is a poor inde# of the degree
of ischaemia.

(4) Tissue binding capacify for FFA. The concentration

of FFA and the accumulation of FFA in the intracellular

space are both greater in the hearts from fat-fed rats
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than those from normally-fed rats. It is not known why
the accumulation in excess of the pérfusate concentration
should be so vmarked inv such tissue. As was discussed
earliér, the albumin content of the perfusate shouid
be sufficient to allow a much greater FFA reiease
than is actually observed. The evidence indicates, rather,
that the binding capacity of the tissue for FFA is
increased in the hearts from fat-fed rats. A cytoplasmic
protein, which binds FFA -with high affinity has been
described (Ochner, Manning, Poppenhausen and Ho, 1972).
.It ~is possible' that this protein is present in ‘1arge
amounts in fhe tissue of fat-fed animals, in order to
accommodate the greater dependence on 1lipid utilisation.
Another possibility for tissue binding of FFA is
provided by the increase in the triglyceride content
of the myocardium with fat-feeding. This possibility
illustrates a. reservation one must have when considering
concentration terms for FFA. It is reasonable to assume‘
a uniform dispersal of FFA in perfusate because of the
binding capacity of the dispersed albumin. Adequate
dispersal of FFA within the tissue is 1less certain,
so the 1localised concentration of FFA is ay possibility.
A furthér factor which iﬁdicates the presence of
extensive tissue binding‘ of FFA 1is the non-energetic
nature of FFA uptake by the myocardium (Evans,1963). This
requires equilibration of FFA concentration across the
plasma membrane, which is far . from fhe observed situation.

Thus a 1large proportion of the total tissue FFA must

be unavailable to this equilibrium pool.
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Section 6.

(¥) location of 1lipid in heart. It was confirmed that

the ventricular muscle provided the major part of the
available cardiac TG reserve. The "atrial" fraction
contained a significant amount of TG but this appeafed

to be inert during perfusion.

(2) Possible role for phospholipid. The depletion of the
ventricular TG reserve was  insufficient to account for
the observed FFA release during perfusion. This observation
casts_ doubt on the effectiveness of the lipid extraction
- procedure (testéd by the recovery of isotopically-
labelled FFA and TG). It “is difficult to assess the
adequacy of the control, since the labelled 1lipids
(injected into the tissue just before extraction) are
likely to be more availéble to the extraction medium
.than lipids buried within the depth ‘of the tissue. The
values reported above are about 50% of those reported
by Crass et al (1969) and using these 1latter values,
the amount of TG appears to be sufficient to account
for the obseryed FFA release.

A factor not yet consideréd, is the contribution of
FFA oxidation. The FFA which are oxidised should be
added to the FFA released in order to assess the
the total FFA liberation from the endogenous reserve.
The FFA oxidation éan be roughly estimafed as below.
With MVO2 of 50pl/g/min (3pmoles oxygen/g/min) the heart
could oxidise SOpmole glucose/g/hr. Glucose. uptake is

actually about 40Pm01e/g/hr of which about 50% appears
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as »1actate (assuming no . glycogen degradation). Thus
oxyéen sufficient to oxidise 10 Fmole glucose/g/hr may
be available for FFA oxidation - sufficient to oxidise
3 pmole FFA/g/hr. This means that the total TGFA
decline during 1lhr (including 30Omin adrenaline) should
be approximately 5-6 pmole/g in order that all' FFA arise
from TG.

The possible discrepency between FFA mobilisation
and the TGFA reserve would suggest an alternative source
for FFA. Sipce the contribution of DGFA andA‘MGEA is
small (Garland and ' Randle, 1963), this leaves phospho-
lipid as the remaining large 1lipid reserve. This pool
of 1lipid has previously been regarded as relatively
inert, Opie (1968).

These points suggest further investigation to test
(i) the trué extent of recovery of tissue 1lipid by the
Qethod used, |
(ii) the possible role of phospholipid-fatty acid as a
source of FFA within the tissue.

(3) Selectivity of FFA mobilisation. The investigation' of

the nature of the FFA released into the tissue and the
:perfusate has raised two main pointé. The first point
arises from the observation that the composition of the
perfusate and tissue: FFA pools -differs significantly with
‘respect to 16:1 (higher in perfusate) and FFA of chain
length above C~-18 (higher in tissue). This suggests
selectivity of transport from the tissﬁe, assuming that

all the FFA are equally available for transport. Such
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selectivity has been suggested by Evans (1963) but
contradicted by Stein and Stein (1963). |

The second point concerns the difference in FFA
composition of the FFA pools getermined in this study
compared to reported TGFA .compésitiops- (Glbster and
Harris, 1973; Szuhaj and McCarl, 1973). This indicates
the need to determine TGFA content .of the hearts used
in this study in order to accpunt for any differences
in the composition of the diets. Such an investigation
of tissue FFA and TGFA compositions would also be
revealing with regard to selectivity of FFA utilisation.
and mobilisation. Such selectivity of mobilisation is
suggested by recent .(unpublished) work in these 1laborator
ies, which have, shown that the hormone-sensitive 1lipase
of the rat heart exhibits a smaller degree of
activatability (with cyclic AMP) towards triolein than
to tripalmitin.

In experimenté to test the effects of exogenous FFA,
palmitic 'acid was used. These results suggest that the
appiication of different exogenous FFA could be tested
(in particular, 14:0 and 18:0,:1,:2, which are present in
large amounts in the tissue). In addition, the delivery
of different FFA from the endogenous reserve might be
possible with the imposition of different 1lipid diets.
The different composition of the TG reserve may modify
the 1lipolytic response to adrenaline (on the basis that
HSL attacks different TG to different deérees) and thus

may modify the mechanical responses also.
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Section G. Summary

The results presented demonstrate the damaging effeéts
of FFA mobilised from endogenous reserves dﬁring ischaemic
perfusion. The TG mobilised is 1located within the
ventricular muscle itselfl Exogenbus FFA had much 1less
effect, suggesting different availability and pofency
of endogenously—generated FFA.

With hearts from fat-fed rats and normally-fed rats
adrenaline induced inotropic and chronotrobic‘ (first phase)
responses which were followéd (sécond phase) by marked
deteriorations in performance. Thus heart rate and
developed tension declined to/below the pre-adrenaline
values. In addition resting tension and the incidence of
arrhythmias both increased after adrenaline. In the
normally-fed series, the rise 1in resting tension was
directly proportional to the rates of reléase of lactate
and FFA. The decline in developed tension ‘was directlyv
proportional only to the rate of FFA release. The
second phase deteriorations were greatly reduced by the
abolition of the 1lipolytic component of the adrehaline
challenge with nicotinic acid. Preiiminary results show
the deteriorations‘ were similarly reduced in the presence
of an alternative antilipolytic - insulin. The .concentrations
of the antiiipolytics was not sﬁfficient' to reduce the
first phase responses of the hearts to adrenaling. The
reduction of FFA release was accompanied by greater

glucose oxidation, consistent with the glucose-FFA cycle
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(Randle et al, 1963).

With hearts from fat-fed rats control‘ lipolysis was
significantl& stimulated and control performance was
depressed compared to the hearts from normallyffed rats.
Thus heart rate and dT/dt were smaller, resting tension
rose more and a grea¥er incidence of arrhythmias was
observed. These hearts were almost completely dependent
upon endogenous 1lipid as an energy source. The performance
of hearts from fat-fed rats also declined more -markedly
after_ adfenaline challenge (although the first phase
responses were not significantly different) - in
particular the development of ventricular fibrillation was
a sharp contrast to . the hearts from normally-fed rats.
Nicotinic acid again offéred protection from the second
phase deteridrations, aboiishing the ventricular fibrillations.

In both_ groups of hearts, adrenaline increased the
tissue concentration of FFA and this was offset by the
presence of nicotinic acid. The changes in tissue FFA
were accompanied by much smaller changes in fhe perfusate.
The excess tissue concentration of FFA over that in the
perfusate thus incfeased markediy after adrenaline and the
shift was abolished by nicotinic acid. The importance
of the tissue FFA concentration is further, indirectly,
indicated by the fesponse to céronary flow. In the
normaliy-fed series performance improves- wifh a rise in
coronary flow and the FFA concentrafion declines. In the
fat-fed series, however performance doés nét improve

greatly over the range of coronary flow studied and in
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addition, the FFA concentration does not decline with
increasing coronary flow. The validation of this argument
is dépendent on the éonfirmation that the control FFA
concentration in the tissue responds to flow as does
the concentration. during adrenaline (and adrenaline +
nicotinic acid) challenge. |

The parallel involvement of ‘lactate in the deteriorative
effects of adrenaline is éoncluded from most of theb
evidence. The primary role of FFA in contributing to
the accumulation and release of lactate (according to
the glucose~FFA cycle) is suggested by the increase in

glucose oxidation in the presence of antilipolyticé. In

addition, the relatively minor role of 1lactate in the
fat-fed series 1is suggested by the fact that the saving
effects of nicotinic acid are accompanied by a reduction
of tissue FfA concentration but by no reduction of
lactate concentration., This argument could, however,' be
used to opposite Aeffect:' Thus the maintainance of tissue
lactate Amight explain the fact that not all the effects
of ‘adrenaline were abolished by nicotinic acid.

The effects of increasing 'the myocardial TG reserve,
demonstrated by the differences between the hearts from
fat-fed and normally-fed rats, raises -the question of
the significance of the 1lipid in those speciés in which
it 1is present in greater amounts. Human myocardium
contains significantly more 1lipid than rat myocardium
(Gloster and Harris, 1973, 1974). In addition, the hearts

of pigs and rabbits possess discrete fatty deposits on
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the epicardial surféce, particularly in the .region of
the atrio-ventricular septum, It. is reasonable to predict
that in species with relatively more stored ;ipid, the
stimulation of mobilisatién is 1likely to be accompanieq
by more severe effects on performance during ischaemic
perfusion. |

The potential significance of endogenous 1lipid in vivo
is questioned by the recent evidence of Crass et al
(1975). In studies with perfuééd rat hearts, adrenaline
stimulation of myocardial 1lipolysis was inhibited by
about >75% by 0.6mM exogenoué balmitic acid. The contribut
ion of endogenous iipid to the intracellular  pool of
FFA was thus restricted by  the presence of external FFA.
It will be of great importance to investigate the extent
of this effect during ischaemic perfusion. In addition
anq of crucial importance is to determine tﬁe overall
effect upon tissue FFA concentration. Thus, does the
presence of external FFA 1lead to an equal intracellular
accumulation of FFA?

Another factor of importance in determining  the
importance of the myocardial 1lipid pool in vivo is the
relative speed of delivery of exogenous and endogenous
FFA to the tissue. The delivery of the endogenous FFA
is 1likely to be considerably more rapid, particularly
in ischaemic tissue - in which 'endogeﬁous catecholamine
activity is high and to which the delivery of- external

factors is, by definition, depressed.
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Early Metabolic changes in ischaemic myocardium -
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Further  work

The points raised in the individual. discussion

sections are summariséd belﬁw.
Lipase (i) Further purification to investigate mode of
activation and substrate specificity (1lipid class and
fatfy acyl residue)

(ii) activity towards endogenous‘ substrates

(iii) activity in hearts from fat-fed rats as
compared to normally~fed rats =~ 1is this consistent with
the higher pre-adrenaline’ lipoljtic fates and susceptibility
to nicotinic acid of the control libolysis in the
fat-fed series?
Perfusion (i)Investigation of the FFA combosition of TGFA
and FFA pools and the changes caused by perfusion with
adrenaline i. antilipolytic treatment.

(ii) effects of imposition of different FFA
composition in the endogenous 1lipid by modified diet -
complimented by the application of different exogenous FFA.

(iii) iﬁvestigation of the sensitivity of
adrenaline-stimulated 1lipolysis to inhibition by external
FFA and the overall effect Vof the modification ofv the
lipolytic responée on the tissue FFA concentration.
Similarly, do externél FFA generate high ‘iptracellular FFA
concentrations as found with adrenaline?

(iv) investigation of. the tissue 1lactate
concentration of ischaemically-perfused tissue during
pre—-adrenaline and adrenaline phases in the hearts from

normally~fed rats.
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:Appeﬁdix
1. Instruments Automatic recofding spectrophotometers were
from Unicam Instruments Ltd;, England. (SP600, SP1800).
Automatic saﬁpling and recording spectrophOtometér (8300)
was from IXB instruments Ltd., Stockholm, - Sweden.
Physiological recorders (MX2, M19) were from. Devices
Instruments Ltd., Welwyn Garden City, Herts., England.
Peristaltic pump and silicone tubing were from Watson
Marlow Ltd., Falmouth, »England.
Tri-carb 1liquid scintillatioh counter was from Packard
Instruments -Ltd., Caversham, ﬁérks., England.
Potter-Elvejelm motor was from Electric Motors Ltd.,
Bournemouth; Hants., England.
Gas chromatograph was from Pye-Unicam Instruments Ltd.,
England.
Ultrasonicator was composed of a 1low heat-conducting
brobe (titanium-steel) powered by a 400watt amplifier and

a model 512 oscillator (Waveforms Inc., New York).

2. Chemicals Laboratory cheﬁicals were AnalAr grade from
BDH Ltd., Poole, Dorset, England.
All biochemicals were from The Boehringer Corporation,

Lewes, East Sussex, England, except those described below.

Sigma Chemical Co, (Kingston—upon—Thames, Surrey,
England) supplied nicotinic acid, lactic acid, streptomycin
sulphate, penicillin-G, 1lauric and myristic acids and their

triglycerides.
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Other pure glycerides and FFA were from Associated

Scientific ILtd., Richmond, Surry, England.

Glucose oxidase test kit was from Roche 'products Ltd.,_
Welwyn, He:ts.,' England. Bovine serum albumin (fraction 5
powder) was from Armour pharmaceuticals Ltd., Eastbourné,
Sussex, England. Ediol was from 'Calbiochem Ltd., Wyndham
pl., ILondon. Tween-60 was from Kocr-Light Ltd., Colnbrook,

Bucks., England. Radiochemicals were from +the Radiochemical

Centre, Amersham, 'Bucks., England.

3. Animals and Supplies Rats were obtained from Animal

Supplies Ltd., Welwyn, Herts., England. Pig hearts were
obtained from the factory of Spears and Son Ltd., Bristol,
England. Laboratory chow (diet modified-41B) was from. Oxo
Ltd., London. Out-dated bank blood was obtained from the

regional transfusion unit, Southmead Hospital; Bristol.

4, Miscellaneous Vinyl tubing was from Portex Ltd., Hythe,

Kent, England. Specialised perfusion glassware was from
‘Jencbns Scientific Ltd., Hemel Hempstead, Herts., England.
Vinyl sampling taps were from Travenol Labs. Ltd., Thetford,
Nbrfolk, England. Medical supplies were from Gallenkamp,

London.



