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Effects of Increased Heart Work on Glycolysis and Adenine Nucleotides
in the Perfused Heart of Normal and Diabetic Rats
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1. In the isolated perfused rat heart, the contractile activity and the oxygen
uptake were varied by altering the aortic perfusion pressure, or by the atrial
perfusion technique (‘working heart’). 2. The maximum increase in the contractile
activity brought about an eightfold increase in the oxygen uptake. The rate of
glycolytic flux rose, while tissue contents of hexose monophosphates, citrate,
ATP and creatine phosphate decreased, and contents of ADP and AMP rose. 3. The
changes in tissue contents of adenine nucleotides during increased heart work were
time-dependent. The ATP content fell temporarily (30s and 2min) after the
start of left-atrial perfusion; at 5 and 10min values were normal; and at 30 and
60min values were decreased. ADP and AMP values were increased in the first
15min, but were at control values 30 or 60min after the onset of increased heart
work. 4. During increased heart work changes in the tissue contents of adenine
nucleotide and of citrate appeared to play a role in altered regulation of glycolysis
at the level of phosphofructokinase activity. 5. In recirculation experiments
increased heart work for 30min was associated with increased entry of [14C]glucose
(11.1mm) and glycogen into glycolysis and a comparable increase in formation of
products of glycolysis (lactate, pyruvate and !4CO,). There was no major
accumulation of intermediates. Glycogen was not a major fuel for respiration.
6. Increased glycolytic flux in Langendorff perfused and working hearts was
obtained by the addition of insulin to the perfusion medium. The concomitant
increases in the tissue values of hexose phosphates and of citrate contrasted with
the decreased values of hexose monophosphates and of citrate during increased
glycolytic flux obtained by increased heart work. 7. Decreased glycolytic flux in
Langendorff perfused hearts was obtained by using acute alloxan-diabetic and
chronic streptozotocin-diabetic rats; in the latter condition there were decreased
tissue contents of hexose phosphates and of citrate. There were similar findings
when working hearts from streptozotocin-diabetic rats with insulin added to the
medium were compared with normal hearts. 8. The effects of insulin addition or
of the chronic diabetic state could be explained in terms of an action of insulin on
glucose transport. Increased heart work also acted at this site, but in addition
there was evidence for altered regulation of glycolysis mediated by changes in
tissue contents of adenine nucleotides or of citrate.

In the isolated perfused rat heart the uptake both
of glucose and of O, from the perfusion medium can
be increased severalfold when the heart performs
increased mechanical work (Opie, 1965; Neely,
Liebermeister, Battersby & Morgan, 1967a; Chain,
Mansford & Opie, 1969). At the same time there is
increased flow of glucose carbon through the gly-
colytic pathway, as shown by studies with [4C]-
glucose (Chain et al. 1969). Increased glucose uptake
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and glycolytic flow are also found when insulin is
added to the perfusion medium (Fisher & Lindsay,
1956; Morgan, Randle & Regen, 1959; Morgan,
Cadenas, Regen & Park, 1961b; Williamson, 1962),
but in this situation the total O, consumption of
the heart is unaltered (Fisher & Williamson, 1961).
Conversely, decreased glucose uptake and glycoly-
tic flow are found in perfused hearts from rats with
induced diabetes, or when ketone bodies or free
fatty acids are present as alternative non-glucose
substrates (Morgan ef al. 1961b; Shipp, Opie &
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Challoner, 1961; Williamson & Xrebs, 1961;
Randle, Newsholme & Garland, 1964 ; Chain et al.
1969).

It is therefore possible to obtain a very wide
variation in the rates of glycolytic flow in this
preparation either by (i) altering the amount of
muscular work performed or by (ii) altering the
substrate supply by the presence or absence of
insulin or of substrates other than glucose. This
paper examines the effects of increased heart work
on the metabolism of glucose and of some inter-
mediates in the perfused rat heart, and compares
the effects of work with those of insulin or diabetes
mellitus.

MATERIALS

Rats. Male rats (wt. 280-320g) of the Sprague-Dawley
strain were fed ad lib. Acute alloxan-diabetic and chronic
streptozotocin-diabetic rats were obtained as described by
Mansford & Opie (1968).

Chemicals. Unless otherwise stated, all chemicals and
enzymes used in the analyses of tissue and perfusion fluid
were obtained from C. F. Boehringer und Soehne G.m.b.h.,
Mannheim, Germany. Alloxan, glucose, sorbitol and
EDTA were obtained from British Drug Houses Ltd.,
Poole, Dorset, U.K. The sources of heparin, streptozo-
tocin, [U-%CJglucose and [*H]Jsorbitol were as given by
Chain et al. (1969). pL-B-Hydroxybutyrate came from
Sigma Chemical Co., St Louis, Mo., U.S.A. Acetoacetate
was prepared from ethyl acetoacetate (British Drug
Houses Ltd.), which was converted into sodium aceto-
acetate; the sodium compound was concentrated by
evaporation, neutralized and stored at —20°C. Bovine
serum albumin (fraction V) was obtained from the Armour
Pharmaceutical Co. Ltd., Eastbourne, Sussex, U.K.
Insulin was a glucagon-free preparation obtained from
Boots Pure Drug Co., Nottingham, U.K. Adrenaline
B.P. (1mg/1ml) was obtained from Macarthys Ltd.,
Romford, Essex, U.K.

METHODS

Perfusion techniques. Rats were anaesthetized with
ether and given 200 units of heparin into the femoral vein.
The heart (average fresh wt. 1.0g) was rapidly removed
and plunged into ice-cold perfusion medium before being
mounted on an aortic cannula for isolated perfusion.

(i) Non-recirculation system. In all experiments the
arrested heart was restarted by perfusion as described by
Langendorff (1895). In initial experiments (Table 1)
hearts were perfused for only 15min either by aortic
perfusion with a hydrostatic pressure of 45, 65 or
100cmH, 0, or by the atrial-perfusion technique of Neely
et al. (1967a), by allowing the coronary flow to run away
but recirculating the aortic output. In all other experi-
ments the initial non-recirculation perfusion of 15min
preceded a recirculating perfusion; the non-recirculating
perfusion was usually at 100cmH,O pressure, but hearts
to be perfused in the recirculating system at 65cmH,0
were also preperfused at 65cmH,0 pressure.

(ii) Langendorff recirculation system. This description
refers to hearts perfused by the Langendorff technique
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as modified by Morgan, Henderson, Regen & Park (1961a)
to allow recirculation of about 40ml of perfusion fluid.
The perfusion pressure was either 65 or 100cmH,O.

(iii) Working recirculation system. This description
refers to hearts perfused by the left atrium, by the
technique of Neely et al. (1967a), at an atrial perfusion
pressure of 20cmH,0. The left ventricle spontaneously
ejected 40-60ml of perfusate/min, against a hydrostatic
pressure of 100cmH,0. The apparatus was modified to
allow a recirculation volume of only 50ml, and con-
tinuous measurements of O, partial pressure in the in-
coming and outgoing perfusate.

(iv) Variation in heart work. When the aortic per-
fusion pressure of Langendorff-perfused hearts is increas-
ed, the left-ventricular pressure increases (Opie, 1965) and
the peak left-ventricular systolic pressure approximately
equals the aortic perfusion pressure (Neely et al. 1967a).
Increasing the aortic perfusion pressure from 45 to 65
to 100ecmH, 0 increases left-ventricular pressure develop-
ment accordingly and hence increases left-ventricular
work. A further increase in left-ventricular pressure can
be obtained by filling the left ventricle from the left
atrium; with a left-atrial filling pressure of 20cmH,0
normal hearts in the present experiments developed a peak
left-ventricular pressure of about 180cmH,0. Hence
variations in the perfusion system allowed peak left-
ventricular pressures of about 45, 65 and 100cmH,0 in
the Langendorff perfused hearts, and about 180cmH,0
in the atrially perfused hearts. The term ‘non-working’ is
applied to Langendorff perfused hearts, and ‘working’ to
atrially perfused hearts performing external work. Never-
theless it must be emphasized that all contracting hearts
are working (Opie, 1968) and that the work performed is
related to the peak left-ventricular systolic pressure.

Ozxygen uptake. This was obtained by passing samples
of perfusate entering and leaving the heart through
jacketed glass holders containing Beckmann macro-elec-
trodes (see Chain et al. 1969). The calculated O, content
of the perfusate was related to the coronary flow rate.
Measurements were usually made at the beginning, the
middle and the end of the perfusion periods; the mean
of these three values was the O, uptake (ul/min per g)
for that heart.

Mechanical measurements. Heart rate, coronary flow
rate, aortic flow rate and aortic pressure were monitored as
described by Chain ef al. (1969). Judged by these criteria,
and by O, uptake, our working heart preparation was
stable for over 90 min. ’

Perfusion medium. The perfusion medium was a Krebs—
Henseleit bicarbonate buffer medium (Krebs & Henseleit,
1932) at 37°C, equilibrated with 0,+CO, (95:5). Glucose
(11.1mmM) was the usual substrate, unless otherwise
indicated. [*H]Sorbitol (5.5mm) was used to determine
the extracellular space (Morgan et al. 1961a) and the
exact volume of the perfusion medium. Insulin (2munits/
ml) was added in some experiments.

Tissue analyses. At the end of the perfusion period
hearts were freeze-clamped in aluminium tongs chilled in
liquid N, (Wollenberger, Ristau & Schoffa, 1960). To
obtain consistent dry-weight/wet-weight ratios and sor-
bitol spaces, it was essential to remove carefully (i) the
frozen perfusate around the edges of the clamped heart,
and (ii) the major part of the atrium. This was done by
placing the heart on a block of solid CO, and gently prising
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off the unwanted parts with the sharp tip of scissors
chilled in liquid N,. The remainder of the heart was very
rapidly weighed on a torsion balance, powdered in a
percussion mortar, chilled by liquid N, and deproteinized
in a frozen HClO4—acetone~EDTA mixture (Opie & News-
holme, 1967). However, valuesreported in Table 7and those
on ketone-body-perfused hearts were on hearts deprotein-
ized in 79 (v/v) HCIO,4 only.

After neutralization of the supernatant fluid, ADP and
AMP were measured immediately by the method of Adam
(1963). ATP and creatine phosphate were measured the
next morning (after storage of the tissue extract below
'—20°C overnight) by the method of Lamprecht &
Trautschold (1963) for ATP; creatine phosphate was then
determined in the same cuvette by addition of ADP and
excess of a solution of creatine phosphokinase (5mg of
enzyme/ml of bovine serum albumin, 100mg/100ml of
water). P; was measured the same evening (Table 1)
or the next morning (Table 5) by a modification of the
method of Berenblum & Chain (1938). The methods
used for the determination of the other metabolites were:
lactate, malate, glycerol 3-phosphate, dihydroxyacetone
phosphate and pyruvate by the methods of Hohorst,
Kreutz & Biicher (1959); glucose, glucose 6-phosphate
and fructose 6-phosphate by the use of glucose 6-phosphate
dehydrogenase (Hohorst, 1963); fructose 1,6-diphosphate
by the method of Biicher & Hohorst (1963); citrate by
the citrate lyase method of Moellering & Gruber (1966).
A separate portion of powdered extract was used for
glycogen assay by the method of Good, Kramer &
Somogyi (1933). Pyruvate, dihydroxyacetone phosphate
and fructose 1,6-diphosphate were measured immediately
after the neutralization procedure, and the other com-
pounds within a few days after storage at —20°C.

Alternative assay method for hexose monophosphates.
In experiments in which assay of hexose phosphates but
not of tissue glucose was required, hexose monophosphates
could be assayed by conversion into fructose 1,6-diphos-
phate and then further conversion into triose phosphates
and glycerol 3-phosphate. The assay system was: tris—-HCl
buffer, pH8.0, 50mm; ATP, 0.lmm; MgCl,, 5mwm;
cysteine hydrochloride, 3mm; bovine serum albumin,
3mg/100ml; NADH, 0.25my. Subsequently cysteine and
albumin were omitted. Fructose 1,6-diphosphate was
determined by addition of aldolase to a cuvette con-
taining the above assay medium and excess of triose
phosphate isomerase and glycerol 3-phosphate dehydro-
genase; then fructose 6-phosphate was determined by
addition of excess (5ul of 10mg/ml) of fructose 6-
phosphate kinase (phosphofructokinase); and glucose
6-phosphate was then assayed by addition of phospho-
glucose isomerase. The advantages of this assay are (i)
combined assay of glucose 6-phosphate, fructose 6-
phosphate and fructose 1,6-diphosphate is possible in
one cuvette; (ii) because of the action of aldolase, two
molecules of NADH are converted for each molecule of
hexose monophosphate in the assay cuvette, thereby
doubling the sensitivity of the hexose monophosphate
assay; (iii) the use of expensive enzymes and coenzymes
required for glucose 6-phosphate assay by the glucose
6-phosphate dehydrogenase method is avoided.

Chromatographic analysis of radioactive metabolites.
Powdered frozen tissue was suspended in 609 (v/v)
ethanol, the residue was resuspended, the combined
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supernatants were evaporated to a small volume and
chromatograms were run in a descending solvent before
detection by an automatic radioactive chromatogram
scanner with computerized quantitative determination
(see Chain et al. 1969).

Perfusion-fluid analyses. Methods for the determination
of glucose, lactate, pyruvate, ['4Clglucose, ['*CJlactate
and [*H]sorbitol were as described elsewhere (Opie, Shipp,
Evans & Leboeuf, 1962; Chain et al. 1969; Opie &
Mansford, 1971). Production of !*CO, was measured as
described by Chain et al. (1969). Acetoacetate and 8-
hydroxybutyrate were measured by the method of
Williamson, Mellanby & Krebs (1962).

Measurement of glycolytic flux rate. The glycolytic flux
in recirculation experiments was assessed in two ways.
First, the rate of entry of Cy units into glycolysis was the
sum of the glucose uptake and the net glycogen change;
the latter was taken to be the difference between the
glycogen value at the end of the perfusion and the mean
glycogen value on another series of hearts analysed at
the start of the recirculation perfusion. Secondly, the
rate of exit from the glycolytic pathway was assessed by
the sum of '“CO, formation from [!4Clglucose and rates
of formation of pyruvate and lactate in the perfusion
medium.

Expression of results. A portion of the powdered frozen
tissue was dried to constant weight. The weight of the
frozen tissue was corrected by the appropriate factor to
express all results in terms of fresh weight (dry-weight/
fresh-weight ratio 209%). In accordance with the pro-
posals of Hohorst et al. (1959) the metabolite content is
taken as the amount of that metabolite/g of fresh tissue,
in contrast with the metabolite concentration which is the
molarity of that metabolite as a solution in the water of
a given cell compartment. Net glycogen changes in the
heart tissue, and perfusate values of lactate and pyruvate,
were expressed as pmol of glucose equivalent/perfusion
period per g fresh wt.

RESULTS

Effect of increasing contractile activity on the
oxygen uptake, glycolytic intermediates and adenine
nucleotides (Table 1). A wide range of contractile
activity of the heart was induced in a non-recircul-
ation system by (1) a preparation that was virtually
non-contracting, obtained by a high-K* medium
(K* concentration 12 mequiv./l) and a low perfusion
pressure; (2) increasing systolic-pressure develop-
ment, associated with increased aortic perfusion
pressure; (3) external work associated with atrial
perfusion. The heart rate increased as did the
coronary flow rate. Heart work, although not
measured, must have increased (Neely et al. 1967a).
The coronary-venous-effluent O, partial pressure
was relatively constant; hence the O, uptake
increased by about the same amount as did the
coronary flow, which is a characteristic of the
isolated perfused rat heart (Opie, 1965). During
increasing heart work there were decreased tissue
contents of hexose monophosphates, glycogen and
creatine phosphate. Lactate output rose. On com-
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parison of working hearts with hearts perfused at
65cmH,0, the values of P;, ADP and AMP were
increased ; the values for ATP and for the ATP/ADP
and ATP/AMP content ratios decreased. These
changes did not occur on comparison of high-K+
hearts with the hearts perfused at 656 cmH,0, but
the citrate content was much higher in the high-K*
hearts.

In view of the low contractile activity, the high
fructose 1,6-diphosphate content and the high lact-
ate/pyruvate content ratio in hearts perfused at
45cmH,0 with a normal-K* buffer, hypoxia was
suspected, and 65 cmmH,0 was chosen as the lowest
desirable perfusion pressure and hence the control
situation to give the lowest left-ventricular work-
load in beating hearts in subsequent experiments.
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In 32 hearts perfused at 65cmH,0 pressure,
tissue values of hexose phosphates were closely
similar whether assayed by the glucose 6-phosphate
dehydrogenase procedure or by the fructose 6-
phosphate kinase procedure (see the Methods
section). Similar values for O, uptake and for
hexose phosphates were obtained in 14 hearts when
Nembutal anaesthesia (15mg intraperitoneally)
was used instead of ether; the latter was found more
convenient and used in all subsequent experiments.

Effects of increased heart work on the contribution
of glucose uptake and glycogen breakdown to respir-
ation and on glycolytic flux (T'ables 2 and 3). Studies
in & non-recirculation system did not permit assess-
ment of the contribution of glucose uptake to
respiration. Further studies were therefore carried

Table 2. Effect of heart work on oxygen uptake and contribution of glucose uptake and glycogen breakdown
to respiration in perfused rat heart

All hearts were perfused for 30 min (unless otherwise stated) in the recirculation system. Langendorff
hearts were perfused via the aorta at 65 or 100cmH,0 hydrostatic pressure and developed corresponding
peak left-ventricular systolic pressures; working hearts were perfused by the atrium and developed peak
left-ventricular systolic pressure of about 180cmH,0. The initial perfusate contained glucose (11.1 mm) and
(in group 6) acetoacetate (3.7mm) and r-B-hydroxybutyrate (2.0mm). The ‘+ insulin’ groups indicate
insulin (2 munits/ml) added to the perfusate. Results are given as ul of O,/min per g fresh wt. (mean+s.E.u.,
for the numbers of hearts indicated in parentheses). Glucose contribution to respiration is calculated as the
percentage of respiration accounted for by 4CO, formation from 11.1 mm-[U-'4Clglucose (see Chain et al.
1969). However, for hearts perfused with glucose for 60min or with glucose and ketone bodies the rate of
entry into glycolysis was assumed to be (glucose uptake+glycogen breakdown) and the rate of oxidation
was (entry into glycolysis—formation of lactate, pyruvate and glycogen).

Glucose Maximum glycogen
contribution contribution
0, uptake to respiration to respiration
Perfusion conditions (u1/min per g) (%) (%)
(1) Normal rat hearts
Langendorff, 656 cmH,0 72416 (7) 4144 (7) 0
Langendorff, 100cmH,0 157419 (7) 38+4 (7) 5
Work, 30 min 343+14 (30) 4613 (10) 7
Work, 60 min 334428 (17) 83+11 (5) 5
(2) Normal rat hearts+insulin
Langendorff, 100cmH,0 146148 (6) 69+6 (6) 0
Work 373+20 (7) 7145 (12) 0
(3) Hearts from chronically streptozotocin-
diabetic rats
Langendorff, 100cmH,0 14447 (12) 20+ 8 (8) 0
Work 338121 (20) 4445 (12) 1
(4) Hearts from chronically streptozotocin-
diabetic rats+insulin
Langendorff, 100cmH,0 13646 (7) 2614 (7) - 0
Work 338+23 (11) 604 (7) 1
(5) Hearts from acute alloxan-diabetic hearts
Langendorff, 100cmH,0 143 +14 (4) 643 (4) 25
‘Work 374423 (5) 8+1(5) 16
Work +insulin 435457 (8) 2516 (6) 1
(6) Normal rat hearts+ketone bodies in
perfusate
Langendorff, 65¢cmH,0 114+2 (3) 0 (11 0
Work, 30 min 31046 (4) 20410 (11) 8
‘Work, 60 min 296  (2) 2747 (7) 1
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out in a recirculation system, with a high glucose
concentration (11.1mm) to achieve high rates of
glucose uptake. The effects of increased heart work
on respiration and on glycolysis were compared with
the effects of the following conditions: the diabetic
state (acute alloxan-diabetes or chronic strepto-
zotocin-diabetes), the addition of insulin to the
perfusate, or the presence of ketone bodies as
alternative substrate.

In hearts perfused in the recirculation system
with a high-K* medium, and glucose (11.1mm) as
substrate at 100 cmH,0 perfusion pressure, the rate
of glucose uptake was less than 6 umol/30 min per g
(four hearts) and the rate of 4CQ, formation from
[4Clglucose was 1.840.3 umol of glucose equival-
ent/30 min per g (eight hearts). Because the glucose
uptake was too low to be measured accurately, no
further experiments on this were carried out. A
decreased rate of glycolytic flux in these hearts
was also supported by the low O, uptake and
the low rate of lactate output shown.in Table 1,
and is in keeping with the finding by Neely,
Liebermeister & Morgan (1967b) that over 909, of
glucose uptake was regulated by mechanical activity
of the isolated rat heart.

The contribution of glucose to respiration was
about 40-509, during increased heart work over
30 min (Table 2). The contribution was increased
to 709% by the addition of insulin, both to non-
working and to working hearts, whereas the con-
tribution was decreased by the diabetic states or by
the addition of ketone bodies. In hearts from
streptozotocin-diabetic rats external work increased
the glucose contribution to respiration to within
the normal range in the absence of insulin, and to
about 859, of the normal value in the presence of
insulin. Thus external work stimulated glucose
uptake and oxidation in the chronic diabetic animal
to restore the defect caused by the deficiency of
insulin. However, in acute alloxan-diabetes ex-
ternal work did not restore the defect. In all
hearts values for entry into glycolysis were similar
to those obtained for total products of glycolytic
flux, and accumulation of 14C-labelled tissue inter-
mediates waslow except in hearts with added insulin
(Table 3). Output of [1*C]lactate was similar to that
of unlabelled lactate. Because the rates of entry
into glycolysis usually equalled the rates of form-
ation of products of glycolysis, and, because the
glycogen change was usually small in relation to the
glucose uptake, it follows that (i) the major adjust-
ments in the glycolytic flux rate in the conditions
studied was achieved by altered rates of glucose
uptake, and (ii) glucose oxidation was approxi-
mately equivalent to glucose uptake less lactate
and pyruvate formation. An exception to this
conclusion was that in hearts from alloxan-diabetic
rats (in the absence of added insulin) there was
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appreciable breakdown of glycogen, which con-
tributed nearly as much as did glucose uptake to
the glycolytic flux. The high pyruvate/lactate
content ratios in hearts from diabetic rats con-
firmed the findings of Garland, Newsholme &
Randle (1964), and are fully discussed in another
paper (Opie & Mansford, 1971).

Tissue contents of glycolytic intermediates and of
adenine nucleotides during variations of glycolytic
fluzx in hearts perfused in the recirculation system
for 30 or 60min (T'able 4). To help elucidate the
mechanisms underlying the large alterations in
glycolytic flux, tissue contents of glucose, hexose
phosphates, citrate and (in selected situations)
adenine nucleotides were measured (Table 4).
When glycolytic flux was increased by increasing
the perfusion pressure (from 65 to 100cmH,0),
hexose monophosphate values fell, fructose di-
phosphate values rose and citrate values fell; no
intracellular glucose was detected. When glycolytic
flux was decreased by the chronic diabetic state (in
non-working hearts, perfusion pressure 100 cmH,0),
the tissue contents of hexose phosphates and of
citrate decreased. These tissue changes were more
striking in the presence of added insulin. In hearts
from rats with acute diabetes (also perfused at
100emH, 0 pressure), the citrate content increased
and mean values for hexose monophosphates rose
(but not significantly). This contrasts with the
significant increase in hexose monophosphates in
similar hearts when insulin is added (Newsholme
& Randle, 1964 ; Mansford & Opie, 1968).

In working hearts, the chronic diabetic state was
associated with an unaltered glycolytic flux rate
and decreased content of citrate when compared
with normals. When insulin was added to the
perfusion medium, the values for glycolytic flux
and for the tissue contents of glucose 6-phosphate
and fructose 6-phosphate and of citrate were signi-
ficantly decreased (comparing chronically diabetic
hearts plus insulin with normal hearts plus insulin).
In working hearts from acutely diabetic rats, there
was no increase in the tissue contents of citrate or
of fructose 6-phosphate, although the glycolytic
flux rate was decreased when compared with
normal. In the presence of added insulin, hexose
monophosphate contents were unchanged, that of
citrate was increased and glycolytic flux was also
decreased.

Changes in adenine nucleotide contents were a
decreased ATP value during external work (when
compared with perfusions of non-working hearts,
perfusion pressure 65cmH,0) and a decreased
value of creatine phosphate. ADP and AMP values
were unchanged ; there was a loss of total adenine
nucleotides. In diabetic hearts adenine nucleotide
values were similar to those in working hearts,
except that in the absence of insulin in hearts

Bioch. 1971, 124
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from rats with acute alloxan-diabetes AMP and
ADP increased, whereas in the presence of added
insulin in hearts from rats with chronic diabetes
AMP increased.

The addition of ketone bodies to the working
heart decreased the glucose contribution to re-
spiration from over 809, to 309 or less and
decreased the glucose contribution in non-working
hearts to zero. Increased work increased glycolytic
flux in ketone-body-perfused hearts, but, in spite
of very large decreases in tissue content of citrate,
the hexose phosphate values were unchanged.

Effects of acute increases in heart work on
mechanical performance and contents of adenine
nucleotides and glycolytic intermediates (T'ables 5-17).
In view of the decreased ATP values after
15-60 min of heart work (Tables 1 and 4), further
short-term studies (0—15 min) were required to define
how quickly the ATP value fell. When heart work
was acutely increased by the transition from a low
workload (aortic perfusion pressure 65cmH,0)
to a working perfusion, the peak systolic pressure
rose within 1-2s (Fig. 1) to reach a plateau value
about threefold higher (Table 5). The coronary
flow had increased at 5s but not as much as at
15s. Because the venous-effluent O, partial
pressure is fairly constant in the perfused rat heart
(Opie, 1965), the O, uptake is proportional to the
coronary flow, and it can be assumed that the O,
uptake increased by the same amount as the
coronary flow at 5s and at 15s. Therefore the
O, uptake at 5s was less than at 15s, even though
the work done by the heart was already the same at
5s as at 15s. There was probably a short period
of relatively inadequate O, delivery at the com-
mencement of increased heart work by the atrial
perfusion system.

The peak systolic pressure after 5s of increased
heart work could be varied by altering the angle of
the atrial cannula relative to aortic cannula, pre-
sumably by altering the rate of atrial filling. More
marked metabolic changes were found in hearts
developing the highest systolic pressures, which
were used in subsequent experiments (‘high-
pressure’ hearts; Tables 5 and 6).

Changes after 5s of increased work at the higher
systolic pressure were (Table 5): increased con-
tents of ADP and AMP, a decreased content of
creatine phosphate, and decreased ATP/ADP and
ATP/AMP content ratios. ATP underwent only
small decreases at 30s and 2min of increased heart
work and then recovered to the control value.
There were rapid rises in AMP and ADP values
at the start of heart work, but at 10min only ADP
was significantly increased. It is concluded that,
during increasing duration of increased heart work,
ATP undergoes a small and transient initial de-
crease, to recover after 5 and 10min, and after that
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Start of working perfusion

200 -

Aortic pressure (cmH,0)
8

A
Ss

Working system

Langendorff
non-working system

Fig. 1. Aortio-pressure tracings during the transition
from the Langendorff perfused ‘non-working’ system to
the ‘working’ atrial perfusion system (see the Methods
section). There were considerable rises in systolic and
diastolic pressures within 1s. The brief rise in aortic
pressure before the actual onset of the working perfusion
is caused by the change from the non-recirculation to the
recirculation system (see the Methods section).

ATP again starts to fall in value with a decrease
at 15min and an obvious decrease at 30 or 60min.
The ATP/ADP content ratio stayed low throughout
the period of increased heart work. Creatine
phosphate values fell throughout the period of
increased heart work.

After 5s of increased heart work at high systolic-
pressure values (Table 6), glucose 6-phosphate and
fructose 6-phosphate contents fell; the increases
in values of fructose 1,6-diphosphate, dihydroxy-
acetone phosphate and pyruvate corresponded to an
increase in glycolytic flux of 27umol of glucose
equivalent/30min per g. After 15s of increased
heart work the content of fructose 6-phosphate fell,
and the increased values of fructose 1,6-diphosphate,
dihydroxyacetone phosphate, pyruvate and malate
corresponded to an increase in glycolytic flux of
21pmol of glucose equivalent/30min per g. At 30s
the content of glucose 6-phosphate fell; the rise in
fructose 1,6-diphosphate and lactate values cor-
responded to an increase in glycolytic flux of 41umol
of glucose equivalent/30min per g. At 2min of
increased heart work, total hexose monophosphate
values fell, whereas the contents of fructose
1,6-diphosphate and glycerol phosphate rose.

In the presence of added insulin (Table 7), aortic
flow values in the acutely working heart were
similar to those obtained without added insulin
(Table 5). Changes in the values for adenine
nucleotides and creatine phosphate were : decreased
contents of ATP and creatine phosphate (30s—
2min) and increased contents of AMP (30s—1min)
and of ADP (30s—1min). Glycolytic flux increased,
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] 5 but tissue values of hexose monophosphates did
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Fig. 2. Effect of adrenaline (1.2 um) on O, uptake ([J), coronary flow (@) and effluent O, partial pressure (O)
in the perfused working rat heart. There was an increased O, uptake, a decreased effluent O, partial pressure
and an increased coronary flow rate within 1 min of adrenaline addition.

The latter event appears to be an unphysiological
situation resulting from the absence of free fatty
acid from the perfusate (Crass et al. 1969). The
contribution of palmitate (1.0mm; bound to
albumin 3g/100ml) as sole exogenous substrate to
respiration of the working heart can also be
substantial, increasing from 279%, at 30 min to 759,
at 60min perfusions (calculated from data of Crass
et al. 1970). The above findings can be explained
by supposing that increased heart work (i) stimu-
lates equally the rate of oxidation of endogenous
fuel and any one exogenous fuel and (ii) does not
prevent the inhibition of glucose oxidation by free
fatty acids or ketone bodies found in the
Langendorff ‘non-working’ heart (Shipp et al. 1961;
Newsholme & Randle, 1964). However, ketone
bodies in the concentration used in this study
inhibited glucose oxidation less in working than in
non-working hearts.

Adequacy of oxygenation. Glucose uptake, glyco-
lysis and glycogenolysis are accelerated by both
anoxia and heart work in the isolated rat heart.
The question of adequacy of oxygenation of the
working heart preparation is therefore raised.
Arguments for adequacy of oxygenation are: (1)
the O, uptake at any given peak systolic pressure
is similar when the isolated rat heart is perfused with
blood or with oxygenated Krebs-Henseleit buffer
and this relationship is similar to that found in
the blood-perfused dog heart (Gamble, Conn,
Kumar, Plenge & Monroe, 1970); (2) when the
isolated heart is perfused at 20 cnH,O left-atrial
pressure, as in the present work, there are values
for stroke volume and cardiac output (see Neely
et al. 1967a) similar to those found in the rat heart

in situ (Beznak, 1959); (3) the venous O, partial
pressure of the isolated working rat heart exceeds
160mmHg, which indicates adequate oxygenation
in the absence of arteriovenous shunting (Huhmann,
Niesel & Grote, 1967); (4) during the addition of
adrenaline to the isolated working heart coronary
flow can increase further at the same time that
venous O, partial pressure falls (Fig. 2), which
indicates that in the absence of added adrenaline
the heart is not extracting all the O, it can from
the perfusate; (5) net glycogen synthesis can be
achieved in the working rat heart during perfusions
with both glucose and palmitate as substrate (Crass
et al. 1970); (8) the calculated mitochondrial free
NAD*/NADH content ratio in working hearts is
about 8.0 (Opie & Mansford, 1971), which is similar
to the value in resting well-oxygenated rat liver
(Williamson, Lund & Krebs, 1967); (7) increased
heart work increases the percentage of the glucose
uptake oxidized and decreases the percentage
forming lactate (Table 3; Opie, 1965; Crass et al.
1969); (8) the perfusate lactate/pyruvate concen-
tration ratio stays unchanged at the onset of acute
heart work, whereas the heart tissue value may rise
(Opie & Mansford, 1971) or fall (Table 1) depending
on perfusion conditions. Although lactate pro-
duction can increase markedly during increased
heart work (Neely et al. 1967b), no such increase
was found in the present recirculation experiments
(Table 3). In view of the above arguments, lactate
production by the isolated heart is held not to
indicate hypoxia, but rather to result from the
combination of perfusion conditions in which glu-
cose is the sole substrate and lactate is initially
absent from the perfusate.
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Effects of increased heart work on glycolysis. The
rate of membrane transport is a major limiting
step in glucose uptake by both Langendorff per-
fused (‘non-working’) and by working hearts
(Morgan et al. 1961a; Neely et al. 1967b). In the
present experiments intracellular glucose did not
accumulate in measurable amounts during increased
heart work in the absence of insulin (Tables 1
and 4), as in the ‘non-working’ heart (Morgan
et al. 1961a). Glucose transport into the heart cell
can therefore be classified as a non-equilibrium
reaction. During increased heart work glucose
transport was stimulated by factors other than the
concentration of its substrate (which fell), which
allows identification of glucose transport as a
regulatory process (see Newsholme, 1970). The
argument applies even more forcefully to the data
of Neely et al. (1967b), in which no intracellular
glucose was found in the working rat heart in spite
of a perfusate glucose concentration of 14-15mm.
Our results show that increased heart work stimu-
lates glucose transport in normal heart with or
without added insulin, in hearts from rats with
acute and chronic diabetes, and in hearts perfused
with ketone bodies ; in each case transport appears to
be a regulatory process. The absence of appreci-
able glucose accumulation in working hearts shows
that glucose phosphorylation is not rate-limiting
in hearts from normal and diabetic rats in the
absence of added insulin. In the presence of added
insulin the accumulation of intracellular glucose
indicates that the rate of glucose phosphorylation
becomes a limiting process for glucose uptake as in
the ‘non-working’ heart (Morgan et al. 196la).
The enzyme phosphofructokinase catalyses a non-
equilibrium reaction in heart muscle (Williamson,
1965) and is regulated by factors other than its
substrate concentration (Newsholme & Randle,
1961). On the basis of the properties of this enzyme
a theory of metabolic control has been proposed
suggesting that its activity can be regulated by
adenine nucleotides, fructose 6-phosphate, fructose
1,6-diphosphate, P; and citrate (Mansour, 1963;
Parmeggiani & Bowman, 1963; Newsholme &
Randle, 1964; Regen, Davis, Morgan & Park,
1964 ; Pogson & Randle, 1966; Randle, Denton &
England, 1968; Newsholme, 1970).

During increased heart work and increased glyco-
lysis the reaction catalysed by phosphofructo-
kinase remains non-equilibrium, and factors other
than the substrate concentration appear to regulate
its activity because the substrate concentration
may fall. These observations show altered regul-
ation of glycolysis at the level of phosphofructo-
kinase activity. Increased heart work appears to
adjust the rate of glycolysis by altering phospho-
fructokinase activity. At the same time increased
rates of transport and of phosphorylation of glucose
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suggest that increased heart work stimulates all
these steps in a co-ordinated fashion without any
major accumulation of intermediates.

Evidence for role of citrate in controlling phospho-
Jructokinase activity during increased heart work.
The citrate content of the heart fell, at the same time
that the hexose monophosphate values fell and the
rate of glycolysis increased, in the following con-
ditions: (1) during increased heart work for 15 min
(Table 1); (2) increasing the perfusion pressure
(and hence the peak systolic pressure) in the
Langendorff perfused heart from 65 to 100 cmH,0;
(3) during increased heart work by hearts from rats
with chronic streptozotocin-diabetes with insulin
added to the perfusate; (4) during increased heart
work by hearts from rats with acute alloxan-
diabetes.

Could the increased phosphofructokinase activity
be mediated by citrate changes? The possible
intracellular citrate concentration, calculated
according to the principles of Newsholme & Randle
(1961), fell from about 1.1mm in hearts perfused
with a high-K+ medium, to 0.28mm in Langendorff
perfused hearts perfused at 65cmH,0 aortic pres-
sure, to 0.21mmM in working hearts (see Table 1).
A citrate concentration as low as 0.1mMm can sub-
stantially inhibit the activity of partially purified
rat heart phosphofructokinase (Pogson & Randle,
1966) albeit at a much higher concentration of
fructose 6-phosphate and a much lower concentra-
tion of ATP than normally found in the heart. A
decreased citrate concentration may therefore de-
inhibit phosphofructokinase activity during 15min
or more of increased heart work. Changes in
adenine nucleotide contents may also play an im-
portant role in accelerating phosphofructokinase
activity during increased heart work. However,
in the transition from the non-contractile to the
contractile state (comparing Langendorff perfused
hearts virtually arrested by a high-K* medium
with normally contracting hearts; see Table 1)
there were large changes in the citrate content but
not in adenine nucleotide values.

In normal hearts perfused with both glucose

. and ketone bodies the very high citrate content of

the ‘non-working’ hearts was decreased by increased
heart work (Table 4), but hexose monophosphates
did not decrease although glycolytic flux increased.
Altered regulation at the level of phosphofructo-
kinase cannot be excluded, because an increased
rate of glucose transport could obscure any de-
crease in the hexose monophosphate content
(Biicher & Riissman, 1964).

Evidence for the role of adenine nucleotides in
controlling phosphofructokinase activity during in-
creased heart work. During very acutely increased
heart work (5-15s8) the contents of ADP and AMP
rose and the ATP/ADP and ATP/AMP content
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ratios fell; ATP content fell during the period from
58 to 2min and that of P; rose at 2min. Similar
changes have been held to regulate glycolysis by
altering phosphofructokinase activity when the
extent of contractility is altered by changing the
Ca?* or K* concentration in the perfusate (Regen,
Young, Davis, Jack & Park, 1964). The ATP/AMP
content ratio may play an important part in the
regulation of phosphofructokinase activity, and our
results on acutely increased heart work are com-
patible with the suggestion that an increased
intracellular AMP concentration acts as an ampli-
fication signal to magnify the consequences of very
small degrees of ATP breakdown (Krebs, 1964;
Newsholme, 1970). During short periods of heart
work (less than 15min) accelerated phosphofructo-
kinase activity and glycolysis could be explained
by changes in adenine nucleotide contents but not
by changes in citrate content.

During longer periods of heart work increased
ADP and AMP contents were found at 15min but
not at 30 or 60min (Tables 1, 4 and 5). The
failure to find increased ADP and AMP values
during prolonged perfusions may be attributed to
the loss of total adenine nucleotides and to the
effect of the adenylate kinase equilibrium, as found
by Kiibler, Grebe, Orellano, Spieckermann &
Bretschneider (1968) in the isolated working dog
heart. At the latter times (30 and 60min) ATP
values were decreased and altered regulation at
the site of phosphofructokinase could perhaps be
explained by decreased inhibition of the enzyme
by ATP. ATP compartmentation in the heart
(Gudbjarnason, Mathes & Ravens, 1970) could
allow a greater decrease in an ATP compartment
available to inhibit the enzyme. Other factors alter-
ing phosphofructokinase activity during prolonged
perfusions may be (i) an increased P; content, as
suggested by the decrease in creatine phosphate and
(ii) a decreased citrate value.

Criticisms of the approach used. A major criticism
of studies relating overall tissue contents of meta-
bolites to activity of any enzyme is the problem of
compartmentation of metabolites. The simplest
assumption is that metabolites are evenly distri-
buted and that the mean tissue content is related
to the actual concentration available to the enzyme
unless there is evidence to the contrary (Hohorst
et al. 1959; Krebs & Veech, 1970), as in the case
of adenine nucleotides. A specific criticism of the
conclusions concerning the measurements of the
intracellular glucose concentration is the use of
sorbitol as an extracellular marker; the exact
distribution of sorbitol within the heart is not
known, and the extracellular space is larger in
vitro than in vivo (Lossnitzer, 1970). However, as
the final perfusate glucose concentration in our
experiments was about 9-10mm, any marked
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intracellular accumulation of glucose should have
been detected (see Morgan et al. 1961b).

Another criticism relates to the magnitude of
work load imposed on the heart to achieve the
metabolic changes; further, the base-line for com-
parison was the Langendorff perfused ‘non-working’
heart, which is an unphysiological preparation.
The isolated perfused rat heart is abnormal in
several ways, including the rate of oedema formation
and the high coronary flow rate (Opie, 1965). The
decreasing value of total adenine nucleotides during
30min and 60min perfusions suggests a failing pre-
paration. In hearts perfused with high potassium
concentrations, the situation is even more un-
physiological.

Thus the results presented here do not necessarily
delineate patterns of regulation to be found during
physiological increases of heart work in situ.
Nevertheless we have described experimental con-
ditions in which there is strong evidence for altered
regulation of glucose transport and of phospho-
fructokinase activity during increased heart
work.
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