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Abstract-l.
Adenine nucleotide concentrations in normal and one day hy~rtrophi~
hearts of untreated,
erotic acid @A), uridine, uracil, dihydroorotate and reserpine pretreated rats were measured. OA treatment increased the ADP concentration S-fold in one day hypertrophied hearts. Neither uracil, uridine, dihydroorotate nor reserpine treatments changed ADP or total adenylate concentrations at one day of hypertrophy.
2. The adenine nucleotide ratio (ANR) at 0.263 x 10’ M-’ and the energy charge (0.66) were at their
lowest values in OA and in reserpine treated one day hy~rtrophying hearts. The temporal decline in the
indices of energy metabolism corresponded with the OA induced maximum stimulation of contractility
and maximum rates of protein, RNA and glycogen synthesis.
3. The phosphorylation state of the adenine nucleotides (PSAN) was both the most sensitive and the
best predictive index of the cellular energy status in normal and h~rtrophying
hearts. The pronounced
ability of OA treatment to energize myocyte cytoplasm was shown by the 9- and &fold greater values
of PSAN over ANR in one and three day hypertrophied hearts. The enhanced PSAN may be the key
factor in the mechanism of OA induced enhancement of contractile and synthetic functions of the heart
in compensatory hy~rtrophy.
4. The development of myocardial hy~~rophy in untreated rats resulted in a 36% reduction in the
cytoplasmic NAD/NADH ratio. In rats treated with OA this redox couple of the hypertrophying heart
was more oxidized and was increased by 30% to restore it to the value range of normal heart.
5. The regulatory status of the glycolytic pathway in untreated and OA treated hypertrophying hearts
was assessed by comparisons of the mass action ratio (MAR) and equilib~um constants for each of the
individu~ glycolytic reactions. There was an OA induced 2.7-fold increase in glycogen, UDP-glucose and
total uridine nucleotides in hypertrophied hearts. The concentrations of seven out of ten glycolytic
intermediates, including pyruvate and lactate were increased as a consequence of OA treated hypertrophy.
Glycolytic flux was not statled, rather the pathway was “more open” permitting greater throughput of
intermediates with individually increased levels of selected metabolites. OA stimulated hy~rtrophy did
not change the canonical control of glycolysis by the activities and individual MAR values of
phosphofructokinase and pyruvic kinase.
6. Elevated levels of Glu 6-P, Fru 6-P and DHAP can force glycolytic intermediate entry into the
non-oxidative reaction segment of the pentose pathway (PP), thereby elevating Rib 5-P concentration by
reversal of the conventional flux direction of PP. Rib 5-P is rate limiting for PRPP and nucleotide synthesis
and increases in its concentration in OA treated hypertrophying hearts can inter alia explain the elevation
in adenylate concentrations.
7. OA does not act directly on the isolated normal or hypertrophying heart neither as an inotropic agent
nor as a metabolic substrate. Its myocardiai action requires whole-body integration and its principal
metabolic fate involves the liver and the activation of the salvage pathway of pyrimidine biosynthesis.
Preformed bases and nucleosides, mostly as uridine, enter and enhance the domains of pyrimidine, purine
nucleotide and RNA metabolism in the OA stimulated hypertrophying myocardium.

*This paper is dedicated to Dr S. Ralph Reader who was Director of the National Heart Foundation of Australia
1961-1980.
Abbreviations: ANR, adenine nucieotide ratio; DHAP, dihydroxyacetone phosphate; DHO, dihydroorotic acid; EC, enzyme
commission; E.C, energy charge (Atkinson); Gap, giyceraldehyde 3-P, GaPDH, glyceraIdehyde 3-phosphate dehydrogenase; HPOi- , monohydrogen phosphate anion; K;, dissociation constant of inhibitor-enzyme complex; K,,
Michaelis-Menten constant; LDH, lactate dehydrogenase; PEP, phosphoenolpyruvate; PFK, phosphofructokinase;
3-PGK, 3-phosphoglycerate kinase; 3-PG, 3-phosphoglycerate; Pi, inorganic phosphate; P-P,, pyrophosphate; PK,
pyruvic kinase; PRPP, D-5-phosphoribosyl a-I-pyrophosphate;
PSAN, phosphorylation state of the adenine nucleotides; rr,,, Iinear correlation coefficient.
continued at the foot of p. 164
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Mechanical overload of the heart is associated with
increased energy utilization (Meerson, 1969). Increased energy requirements also result from the
acceleration of the rates of protein (Kolos et al.,
1974) nucleic acid (see this paper), glycogen
(Williams et al., 1976) and adenine nucleotide synthesis found in hearts with developing hypertrophy
and those hypertrophying hearts stimulated by erotic
acid (OA) treatment (Williams et aI., 1976; Donohoe,
1977).
This paper reports the results of an investigation of
the effects of OA on a variety of indices of the
regulation of the energy metabolism of the adenylates
and magnesium, of glucose and of glycogen during
the development of myocardial hypertrophy in the
rat. OA was shown to have specific and beneficial
effects on the development of hypertrophy (Donohoe
et al., 1974; Kolos et al., 1974). These improving
effects were consisent with the proposal of Meerson
(1969) that there may be a deficiency of cofactors, e.g.
OA, which limit the extent of the activation of protein
and nucleic acid synthesis during hypertrophy.
OA is remarkable for its effects in the animal body
during the development of myocardial hypertrophy
and for the improvement in the post-infarction functional performance of rat and dog hearts. Its beneficial effects during the development of hypertrophy
include enhancements in myocardial contractility,
rates of myocardial protein and RNA (but not DNA)
synthesis, increased syntheses of myocardial glycogen
and uridine nucleotides, increased activities of the
enzymes of the salvage pathway of pyrimidine
nucleotide biosynthesis in the heart and the liver and
maintenance of the activity of the calcium stimulated
myosin ATP-ase of cardiac muscle during hypertrophy. OA also restored the full recovery of the hydraulic work function of rat hearts with a 17% left
ventricular infarction following their exposure to a
60 min interval of hypothermic cardioplegic arrest
(Munsch et al., 1991). These results suggest that OA
may prove to be the most effective of the agents
proposed for the chemical support of the myocardium and allow speculation that its clinical use may
improve the outcome of urgent cardiac surgery in
patients with myocardial infarction. An energy theory of compensatory cardiac growth which proposed
an ultimate restoration of the energy status and stores
was treated by Opie (1991). The role of OA in cardiac
_____-

hypertrophy is considered
energy theory.
MATERIALS

in the context

of this

AND METHODS

Animals

Male Wistar albino rats (20&240 g) were

used

in all

experiments.
Rats were bred in the ANU Animal House and
were housed in temperature
controlled
rooms at 22°C.
Illumination
was provided for I2 hr daily. Animals were
kept in groups of four in sawdust lined plastic cages, they
were fed a ration of standard
rat cubes (Bunge Australia
P/L, Murrumburra,
NSW). Feed and water were available
at all times except for a 4 hr interval prior to killing animals
or removal of blood samples.
Left ventricular
hypertrophy
was induced
using the
method of Clark et al. (1972). OA 10 mg/kg per 24 hr was
administered
twice daily using the procedure described by
Munsch et al. (1991). Treatment
was commenced
immediately after the induction of hypertrophy.
To confirm absorption of OA, urine samples were collected and analysed
spectrophotometrically
by the method
of Stajner et 01.
(1968).
Measurements
glycogen

of adenylates,

glycolytic

intermediates

ond

Perchloric acid extracts of whole heart tissues were made
as follows. Normal sham-operated,
hypertrophying
and OA
treated hypertrophying
animals were placed on a 37 C
operating table and were anaesthetized
with nembutal and
artifically ventilated via a tracheostomy
tube. After 5 min,
the chest was opened and the heart was freeze-clamped
with
Wollenberger
tongs at -200°C.
The frozen heart was
rapidly weighed and was pulverized to a fine powder under
liquid N, using a stainless steel mortar and pestle. The
powder was deproteinized
by homogenizing
it in 5 vols of
0.6 M perchloric acid using a motor driven Potter-Elvehjem
glass homogenizer
(at 0°C). The homogenate
was centrifuged at 10,OOOg for IO min at 0 C. The supernatant
fluid
was neutralized
to pH6.7-7.0
with 0.5M KOH and the
potassium perchlorate
removed by centrifugation
as above.
The final volume of the acid soluble tissue extract was
7.5 ml, pH 7.0. ATP, ADP, AMP, glucose, glucose I-P.
glucose 6-P, fructose 6-P, fructose I, 6-P?, DHAP. glyceraldehyde 3-P, 3-phosphoglyceric
acid, 2-phosphoglycerate,
PEP, pyruvate, lactate and a-glycerol 3-P were all measured
using the specific enzymatic
procedures
described
in
Bergmeyer (1974). Inorganic phosphate
was determined by
the method of Martin and Doty (1949). Glycogen
was
determined using the powdered heart tissue described above.
The powder was homogenized
in 2 vols of hot 30% KOH
and glycogen was isolated using the method of Pfeiderer
described in Bergmeyer (1965). After acid hydrolysis
the
glycogen was enzymically determined
as glucose.

Footnore continued
Enzymes: Adenylate kinase (EC 2.7.4.3); glyceraldehyde
3-phosphate
dehydrogenase
(EC I .2. I. 12); phosphoglycerate
kinase
(EC 2.7.2.3); lactate dehydrogenase
(EC 1.1.1.27); a-glycerol 3-phosphate
dehydrogenase
(EC 2.7.7.9); hexokinase (EC
2.7.1. I); pyrophosphate
phosphohydrolase
(EC 3.6. I. I); UDP-glucose
pyrophosphorylase
(EC 3.6. I. I); 6-phosphofructokinase (EC 2.7. I. I I); phosphoglucose
isomerase (EC 5.3. I .9); triosephosphate
isomerase (EC 5.3. I. I); phosphoglyceromutase
(EC 2.7.5.3); enolase (EC 4.2.1.1 I); pyruvate kinase (EC 2.7.1.40); uridine kinase (EC 2.7.1.48); uridine
phosphorylase
(EC 2.4.2.3); aldolase (EC 4. I .2.13); glucose 6-phosphate
dehydrogenase
(EC 1. I. I .49).
Nore: All equilibrium
data reported in this paper are expressed in accordance with the recommendations
of the Interunion
Commission
on Biothermodynamics
(“Recommendations
for Measurement
and Presentation
of Biochemical
Equilibrium Data” (1977) Biochem. J. 163, l-7.
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Table 1. Effect of OA on cardiac adenylates, measured phospho~lation state (ANR) and the energy charge in h~~oph~

Period of

Period of hypertrophy

Metabolite or
metabolite ratio
ATP
ADP
AMP
HPO:-

rat hearts

hypertrophy and OA treatment

Sham
Normal

operated

One day

Two day

Three dav

One dav

Two dav

Three dav

5087+409
1041 -f:209
218 -f:88
2573 rt 65

5260+712
836+ 169
199It.27
2593 -I 139

5687f181
1366+78
566+46
2903 f 120

4868kll5
IS46k497
1012 + 80
2885 ?I I18

6449k152
1563+82
648_+30
2845 f 92

5142k163
6637 f 616
1123 f 103
2948 + 73

5369f128
1216 + 122
695 + 88
2692 + 164

6154~181
1755 fi 263
826 rt 99
2867 f 43

1899

2426

1434

1091

1450

1640

1223

0.884

0.902

0.836

0.759

0.837

0.656

0.820

0.805

6436

6295

7619

7426

8660

12.902

7280

8735

[A-WMW
IHPO:- I( x IO’)
ATP 4 0.3 ADti
ATP f ADP f AMP
Total adenvlates

263

Treatment of animals and the assay of metaboiites were as described in Materials and Methods. Results are expressed as nmol/g wet wt.
and the con~ntratioos of metaboiites are given as mean * SEM. The conantration of [HPO-] was takm to be 64% of the inorganic
phosphate concentration. The adenylate nucleotide ratio ~ATP]/[ADPJ [HPO- ] is expressed as g wt/moI.

~~iraeellu~armagnesium
Powdered cardiac tissue (prepared as above) was dried for
12 hr at 70°C digested for 24 hr in 3.0 ml of a 1: 2 (v/v)
mixture of 60% perchloric acid and 30% H,O, and the
volume finally adjusted to 200 ml with water. One millilitre
of 0.64 M KC1 was added to 4 ml of the digest and the total
Mg2+ in the solution was estimated by atomic absorption
spectroscopy (Varian Techtron Spectrometer, model 1200).
This procedure measured the total Mg’+ bound to the
intracellular metabolites together with the free intracellular
Mg2+.
All results given in this paper are mean values + SEM or
SD (as indicated) for not less than five animals.
Administrafion of reserpine
Reserpine (3,4,5-trimethoxybenzoyl
methyl reserpate,
Ciba Pty Ltd, Australia) was injected i.m. (5 mg/kg body wt)
at I2 hr intervals. The reserpine used was a lyophilized
preparation of reserpine phosphate, containing 20mg of
ascorbic acid and 12 mg of lactose for each 10 mg of base.
RESULTS

The effect
adenylates

of hypertrophy and UA on myocardial

An increase in the turnover of ATP and of oxygen
consumption in heart muscfe accompanies the increased ventricular pressure developed as a consequence of the high resistance that is surgically
imposed by the narrowing of the aortic outflow in
these experiments (Morgan et al., 1965). The hypertrophic response to this imposed overload further
increased the energy requirements by accelerating
protein, RNA and other cellular synthetic processes
(Williams et al., 1976). The changes in the myocardial
energy stores during the first 3 days of morphologic
and metabolic adaption of the heart to overload are
shown in Tables I and 2 and Fig. 1. The data of Table
1 show that ATP levels were normal during the first
2 days of hy~rtrophy
(compared to sham-operated
animals, P -z O.i), and the ATP had significantly

*The ANR is used exclusively for the quotient value of the
following expression using the experimentally determined levels of the equation components listed in
Tables 1 and 2.
IATPI
ANR = [ADP][HPO:- j

increased by 22% 3 days after the onset of hypertrophy. The concentration
of total
adenylates
(ATP + ADP + AMP) was increased by 18% during
the first 2 days of hypertrophy (Table 1, Fig. 2). This
was due to net increases in ADP and AMP concentrations and was reflected in the decreased energy
charge value, the decreased adenine nucleotide ratio
(ANR)* and the decreased values of the adenylate
kinase mass action ratio (Newsholme and Leech,
1983) (Table 3). The relative increases in the ADP
and AMP levels may be attributed to the enhanced
anabolic activities of the hy~rtrophying
heart and
the energetic demands by contractile function.
Animals treated with OA during developing hypertrophy (Table 1) had the same myocardial ATP
concentration as sham-operated animals during the
first 2 days, which then also increased (by 15%)
during the 3rd day. A notable effect of OA treatment
was the 386% increase in ADP one day after the
onset of hypertrophy (Fig. 1). This increase cannot be
attributed to the lack of specificity in the enzymic
method for measuring ADP (Adam, 1965) which also
measures contributions
of IDP, GDP and UDP
concentrations. Control corrections for these other
nucfeotide diphosphates showed the absence of IDP
and levels of UDP of 54 nmol/g wet wt and GDP of
0.18 pmolfg wet wt. These low values when compared
with the ADP concentration
of the one day OA
treated hypertrophying
heart make it unlikely that
these assay contaminants
could be responsible for the

near S-fold increase in the measured cardiac ADP
concentration.
The data of Table 2 show that the administration
of the pyrimidines uracil, uridine and dihydroorotate
to hypertrophying animals did not cause notable
increases in ADP or total adenylates after one day of
hy~rtrophy.
The administration of dihydroorotate,
the immediate precursor of OA in the de novo pyrimidine synthetic pathway led to a 53% increase in ADP
and only induced a 14% increase in total adenylates.
Indices of energy metabolism of the hypertrophying
heart

The literature of myocardial biochemistry is replete
with data on the measured values and importance of
adenine nucleotides and inorganic phosphate in the
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Table 2. Effect of OA, uridine, uracil and dihydroorotate

on adcnylates, ANR and energy charge in hypertropied hearts

Treatment of one day hypertrophied
_-..._.
Metabolite or
metabolite ratio

Untreated

Orotic
acid

ATP
ADP
AMP
[HPO:- ]

5687 k 181
1366&78
366f46
2903 f 120

5142& 163
6637 2 616
1123 i 103
2948 & 73

[ATPl/WPl

1434

IHPO:-I( x 10’1

ATP i- 6.i ADP’

Uridine
4768 *
1572 +
805 i
2992 +

274
144
68

258

Reserpine
pretreated animals

hearts

Uracil
6554 +
1679 k
465 +
2830 f

323
174
105
275

Dihydroerotic acid

Normal
hearts

5903 & 514
2080 + 199
703 + 29
2955 i: 127

5268 It
1385 *
437 +
2937 2

One day
hvuertroohied
SObb+345
5745 * 97
592 f 5
2416 f 358

341
72
68

220

263

1014

1379

960

1286

Normal
animals
treated
with OA
62.322204

993+69
bb7+56

2580 + 146

365

2448

ATP + ADP + AMP

0.836

0.656

0.777

0.850

0.799

0.845

0.696

0.853

Total adenvlates

7619

12.902

7145

8698

8686

7100

11.403

7932

Treatment of animals and the assay of metabolites were as described in Materials and Methods. Results are expressed as nmol/g wet wt.
and the concentrations of metabolites are given as mean + SEM. The concentration of [HPO:“] was taken to be 64% of the inorganic
phosphate concentration. The adenylate nucleotide ratio [ATP]/(ADP] [HPO:-] is expressed as g wt/mol.

regulation of cellular metabolism. The energy status
of ceils is frequently assessed by the value of the
adenine nucleotide ratio (ANR), see footnote, p. 163,
for definition; the Atkinson energy charge (Atkinson,
1971, 1977) or the calculated cytoplasmic and mitochondrial phosphorylation
state of the adenine
nucleotides (PSAN) (Krebs and Veech, 1969).
The adenylate energy charge hypothesis is based on
the premise that the utilization of adenine nucleotides
as energy coupling agents permits them to direct
metabolic sequences. The hypothesis is sustained for
any tissue by the catalytic capacity and the ability of
the adenylate kinase reaction to maintain an equilibrium status for the following reaction
ATP + AMP$2ADP.

day hypertrophying hearts where, in the case of OA
treatment, contractility and rates of protein, RNA
and glycogen biosynthesis (Figs 4 and 5) are maximally stimulated. This corresponds to the temporal
interval where the greatest demand on the energy
metabolism of the hy~rtrophying
heart occurs and
where the maximum levels of ADP and total adenylates are found (Fig. 5).
The relationship of the energy charge with the
cellular free energy change (AC’) of ATP conversion
to ADP and HP@- and the ANR is illustrated in
Fig. 3. The value of AC’ was calculated using the
following equation and the standard Gibbs function
change (AC’) of -7.3 kcal mol-’ for ATP dissimilation and synthesis
(Lehninger,
1982) and the

[ATPI + :[ADP]
energy charge = [ATP] + [ADP] + [AMP] ’
The energy charge thus represents the degree of
pyrophosphorylation
of the adenine nucleotides on a
scale of O-l, representing the total fraction of adenine
nucleotides present as AMP or ATP, respectively.
Maximum regulatory activity is empirically fixed
when the “filling” of the total adenylate system by
“high energy” adenylate compounds has a value
within the range 0.85-0.95.
It is of note that the energy charge does not include
inorganic phosphate or the magnesium chelation of
the adenylates. On the other hand, both the ANR and
the energy charge feature a contribution
of the
ATP/ADP ratio which undoubtedly accounts for the
correlation of the data plotted in Fig. 3. The data of
Tables i and 2 (see also Fig. 2) contrast the values of
the energy charge and the ANR for normal, hypertrophied and OA treated hypertrophied animals. Untreated and treated hypertrophy is associated with
decreased values of these parameters. The ANR and
the energy charge are at their lowest values in the OA
and reserpine treated (catecholamine depleted) one

r

I

The three component
of the adenylate regulatory
system are related by the following equation, which
defines the mole fraction available as ATP, i.e. the
fully charged form of adenine nucleotide

R

7

6

ATP
(~mol/g)

5

ADP

AMP
1

3

2

Time

sham
operated

normal
+ erotic
acid

(days)

-

Orotic

---

Untreated

acid treated

Fig. 1. Shows the 3 day time-course changes in ATP, ADP
and AMP in OA treated and untreated hy~~rophying rat
hearts.
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0.9
0.8
0.7
0.6
0.5

T
Orotic

acid

Time
The effect of pyrimidines
on the energy
charge and level of total adenylates in 1
day hypertrophied
hearts.

(days)

The effect of erotic acid on the energy
charge and level of total adenylates in 1,
2 and 3 day hypertrophied
hearts.

Fig. 2. Shows time-course changes in the energy charge and total adenylates in OA, DHO, uridine and
uracil treated and untreated hypertrophying rat hearts.
various molar adenylate and phosphate
trations shown in Tables 1 and 2

concen-

[ATPI

AG’ = 7300 - 1360 log [ADPIIHPO:_ l
The equation shows that the components of the ANR
are the variable that determines the cellular free
energy change associated with ATP synthesis and dissimilation.
The energy charge and the myocardial free energy
changes associated with ATP conversion to ADP and
HPO:- are highly correlated (correlation rvX= 0.96)
for the experimental data shown in Tables 1 and 2.
The relative agreement of these parameters is a
Table 3. Magnesium concentrations

measure inter ah of the effective maintenance of the
equilibrium status of the adenylate kinase reaction in
the normal and variously treated hypertrophying
hearts. Figure 3 also shows that, for all of the
adenylate data of Tables 1 and 2, the AG’ ATP values
ranged from 10.6 to 11.6 kcal mol-‘, which is inside
the functional physiological range for ATP synthesis
in oivo. These values correspond with the average free
energy changes for the first two adenylate phosphorylation sites of the electron transport chain
(Wilson et al., 1974), suggesting that for all of the
cases studied here, there is maintenance of the ANR
equilibrium and the redox potential across at least
the first two mitochondrial
phosphorylation
sites
(Erecinska and Wilson, 1978).

in normal and OA treated hypertrophied

One day

Three day

One day

Three day

Normal
animals
treated
with A0

16.45 + 1.23
10.75 f 0.54

15.37 * 1.07
-

16.07 f 0.95
9.76 + 0.46

18.35 f 0.69
-

16.07 k 0.95
9.90 k 0.29

16.32 f 0.95
-

15.38 f 1.00
-

0.86
0.987

0.668

0.37
0.580

0.584

0.16
7.624

0.606

1,229

Period of hypertrophy
Metabolite or
metabolite ratio
Total magnesium (mM)
Total magnesium bound to
metabolites (mM)
Free magnesium (mM)
Adenylate kinase mass
action ratio*
Adenylate kinase mass
action ratiot

hearts

Normal

0.190

Sham
operated

-

0.115

-

Period of hypertrophy
and OA treatment

I .43

-

-

The treatment of the animals and the assay of metabolites were as described in Methods. The free magnesium concentrations were calculated
as described by Veloso ef al. (1973). The adenylate kinase mass action ratios were calculated as l
[ADP]*/[ATP][AMP] and
t@fgADP] [ADP’-]/[MgATp-][AMP2-].
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I

0.75

0.80

Energy

I
0.85
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charge

Fig 3. Shows the relationship between the energy charge,
the ANR and the free energy of hydrolysis of ATP. Each
symbol represents one of the various groups of treated and
untreated, normal and hypertrophied heart studies, using
the adenylate and phosphate data given in Tables I and 2.
The solid line represents a regression analysis of these data.
The free energy of hydrolysis of ATP, AGkrr was calculated
using the equation:
AG’ATP fkcal) = AC&, - RT In ANR
= AG irr, - RT In

[ATPI
[ADPxHPa-

j

See the results for other details.

The values of [HPO:-] used in the above calculations (Tables 1 and 2) were calculated from the
experimentally determined total inorganic phosphate
concentration as follows:
Pi = [HPOi-] + [MgHPOi] + [CaHPO:]

et al.

to carry out ATP dependent processes. The ANR is
a more satisfactory the~odynamic
measure of energy status than the energy charge (E.C) since E.C
does not consider the [HPOi-] concentration which
is an essential component of cytoplasmic and mitochondrial phosphorylations.
As shown in Tables 1
and 2, the ANR of normal untreated hearts is
1.89 x lo3 M-‘--this value was depressed during the
first 3 days of hypertrophy (1.4 x 103M-‘). In the
OA treated, hypertrophied hearts the ANR was
further depressed. One day after the induction of
hypertrophy it was decreased to 0.26 x lo3 M-’ but
had returned towards normal by days 2 and 3. The
decrease in ANR was not due to an effect of OA per
se, for in normal animals treated with OA, the ANR
was 2.45 x lo3 M-l. The observed decreases in ANR
during OA treated and untreated hypertrophy
were consistent with an enhanced rate of energy
utilization as a result of the accelerated rates of
biosynthesis of intracellular components and in the
case of OA treatment enhanced contractility (Kolos
et al., 1974).
Investigations
of cellular energy metabolism
should provide information about the thermodynamically relevant ratios of the free adenylate reactants
in the cellular compartment which is dominantly
involved in biosynthetic reactions (cytosol), i.e.
PSAN (Krebs and Veech, 1969). Several lines of
evidence have previously shown that the whole
cell measured ANR was less than the cytoplasmic
PSAN (Kashwagura et al., 1984). Therefore a search
for the most beneficial effect of OA on hypertrophy
and the solid evidence supporting its improving
effect on the pump functions of infarcted rat and
dog hearts (Newman et al., 1989; Munsch et al.,
1991) directed that we investigate the cytoplasmic
PSAN in untreated and OA treated hypertrophying
hearts.

+ [H, PO; - ]
so that
Pi=[HPOj-]

Mg*+
1 +K+K+K
W’

Cal+
CaP

H+
HP

1

I

,

where K,,,
KC-r and Knr are the dissociation constants (at 25°C and 0.2 ionic strength) of the three
respective phosphate complexes. The values of these
constants are given by Smith and Alberty (1956).
Using the measured values of [Mg*+] (Table 3), an
intracellular pH of 7.20 for the hypertrophying heart
(Roos and Boron, 1981) and Ca2+ at 1 pM (Lee et al.,
1987), the ~n~ntration
of [HPO$-] was found to
be 0.64 times the total measured phosphate in normal, hypertrophied and OA treated hypertrophied
hearts.
The ANR is a measure of the energy status of cells
which in the absence of an energy input has a value
of 5 PM-’ at 25°C (Lehninger, 1975). The extent to
which this value is exceeded by the measured ANR
is taken to be a measure of the potential of the cell

-

Orotic

---

Untreated

acid

treated

20

I

I

I

1

2

3

Time

I

sham
operated

(days)

Fig. 4. Shows the effect of OA treatment on the levels of
myocardial glycogen during the first 3 days of hypertrophy.
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Fig. 5. Shows the time-course of changes in the rate and extent of myocardial protein synthesis and total
adenine nucleotide concentrations. The figure details the time-course of the percentage increase over
normal of [4,S-3H]leucine uptake (0, l ) and the total adenine nucleotide con~ntration (II, m) in
hypertrophi~ hearts (----) and hy~rtrophi~
hearts treated with OA (--).
Each value represents the
mean 2 SEM value for five or six animals.

In the cytoplasm of heart cells the following two
glycolytic reactions are linked and have thermodynamic equilibrium status
(glyceraldehyde

3-phosphate dehydrogenase)

[ATPI
[ADP][HPO:-]

GaP + HPOfi- + NAD+
+1,3-diphosphogiycerate
(phospho~ycerate

of glyceraldehyde 3-P (Gap) and 3-phosphoglycerate
(3-PG) concentrations and the equilibrium constants
of both of the reactions
[NAD+
=--[NADH]

+ NADH + H+
xELxK
[3-PG]

kinase)

1,3-diphosphogIycerate

GaPD.H.x K,PGK.

f ADP i- H’

s3phosphoglycerate

+ ATP.

The sum reaction of these two equations gives the
following expression in which the PSAN is equivalent
to the products of the NAD+ redox state, the ratio
Table 4. Effect of OA on the concentrations

The cytoplasmic ~AD+]/~ADH]
ratio is accessed
and estimated from the [pyruvate]/[lactate] ratio (see
data in Table 4) which is maintained by the abundant
activity of the equilibrium enzyme lactate dehydrogenase.
of cardiac glycogen and glycolytic intermediates
Period of hypertrophy

and OA treatment

Period of hypertrophy
Metaboiite
Glycogen
Glucose I-P
GIucose 6-P
Fructose 6-P
Fructose 1,6-P,
Glycerol 3-P
Dihydroxyacetone P
Glyceraldehyde 3-P
3-Phosphoglycerate
2-Phosphoglycerate
Phosphoenolpyruvate
Pyruvate
Lactate

Normal

Sham
operated

One day

Two day

36.4 $6. I
18f6
184446
30 2 8
76 rf: 22
135k8
51 rf.5
2.9 * 4.0
32 k 6
5+6
6k9
30* 18
418 If: 151

38.4 & 6.6
28 + 5
353 f 68
39 * 3
72 Jo 6
101 + 6
22 f 4
8.3 + 1.6
66 k 24
IO&I4
4*3
2s 2 5
327k31

49.8 2 7.6
76+ 19
276 + 46
48*s
27 * 5
81 k8
9+2
I .7 f 2. I
96 f 22
34 f 7
6*4
25 f 3
538 f 107

47.6 5 6.8
32 + 2
318+20
42 c 2
73 4 2
65 ~fr2
Ilk2
3.01 1.1
101 + 6
33 f 5
17 + 6
31*2
680 4 48

Three day
40.1 2 6.8
52i 10
397 * 2s
57 2 5
99 & 3
49 f 6
IOk I
5.8 4 1.0
92_ir 17
38 f 4
7k3
25 + 2
719 * 31

One day

Two day

Three day

98.2+ 10.5

99.7 k 9.5
38 + 5
273 + 77
66*4

89.4 + 9.0
43&4
320 + 29
71 k-2
845 16
74&4
1715
15.64 f 4.7
974 13
354 II
29 & 7
55 f 4
854 & 133

59* 13
374 + 36
39 + 5
136*

19

93 f 8
25 t 6
5.5 k 1.6
107 + 22
22 * 3
14*4
37 f 5
535 * 99

79*

19

85 * 7
20 & 5
20.9 k 6.3
145 f 18
39k IO
394 10
47 4 9
503 k 56

The treatment of animals and the assay of metabolites were given in Methods. Results are expressed as nmol/g wet wt, except for glycogen,
which was determined as glucose equivalents and expressed as pmol/g wet wt. The concentrations are given as the mean f SD.
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Table 5. The effect of OA treatment on the estimates of the cytoplasmic PSAN and cardiac pyrophosphate concentration during hypertrophy

Normal
[ATP]/[ADP] [HPO:-]
Calculated (Mm’) (cyto)
Experimental (Mm’) (total)
[MgATP2-]/[MgADP] [HPO:-]
(Mm’) (total)
Free cytoplasmic inorganic pyroposphate
(nmolie wet wt)

3.45 x IO’
1.35 X IO’

Normal
animals
treated
with OA

One day

Three day

One day

Three day

31.8 x IO’
1.79 x IO’

0.37 X 10’
1.05 x IO’

1.88 x IO’
1.06 x IO’

1.88 x IO’
0.20 X 101

5.49 x IO’
0.91 x IO’

1.27 x IO3
3.40

Period of hypertrophy

-

0.98 x IO’

5.40

12.96

Period of hypertrophy
and OA treatment

0.18 x IO’
9.28

10.53

7.26

The cytoplasmic phosphorylation state of the adenylates was calculated according to the method of Veech er al. (1970). The experimentally
determined values of the phosphorylation state of the total adenylates were calculated using the data in Table I and 2. The concentrations
of free cytoplasmic inorganic pyrophospate were calculated according to the method of Guynn er al. (1974).

The above equation may then be re-expressed in
the final form of the PSAN equation

[ATPI
[ADP][HPO:-]

[pyruvate]
= [lactate]

[GaPI KGaPDH
x GPGK
X[3_PGlX
K LDH
’
Various values for PSAN for normal and hypertrophied animals treated and untreated with OA are
shown in Table 5. These data are also accompanied
by the experimentally determined ANR values and
ANR values calculated using the magnesium adenylates.
Table 5 shows that the PSAN of the normal heart
is 2.5 times greater than the ANR, while OA treatment of the normal animal elevated the myocardial
PSAN to 17 times the value for the untreated animal.
This effect of OA treatment was also noted for the
one and three day hypertrophied hearts, where at day
1 the PSAN was 9-fold greater than the ANR and at
day 3 it was still 6-fold greater. These differences were
not found with untreated hypertrophy. The application of Mg ATP and Mg ADP values for the
calculation of ANR did not alter the ANR value.
Kashwagura et al. (1984) showed evidence indicating
that the measured total [ATP] and [ADP] in the ANR
provided a quotient which was less than the thermodynamically relevant PSAN ratio of the free reactants

in the cytoplasm. The data of Table 5 show that OA
treatment notably facilitated the same phenomena in
hypertrophying heart, thereby illustrating its specific
capacity to energize myocyte cytoplasm. The value of
the PSAN is thus the key index of its biochemical
action in enhancing the contractile and synthetic
functions of the stressed heart. These data confirm
the proposal of Kammermeier (1987) and the data of
Olsson and Bunger (1987) that the most appropriate
expression measuring myocardial energy metabolism
is the cytoplasmic PSAN. They are also consistent
with the energy theory of cardiac hypertrophy (Opie,
1991).
It is also of interest to apply the analytical data of
Table 6 to the PSAN formula and calculate the
cytoplasmic energy status of one day hypertrophying
hearts of animals which had received uridine, uracil
or dihydroorotate
in place of OA. For contrast
the PSAN for OA treated animal hearts was
1.88 x lo3 M-‘;
uridine,
0.70 x lo3 M-‘;
uracil,
2.49 x 10’ M-r and dihydroorotate, 5.39 x lo3 M-‘.
The ANR
for one day hypertrophy
was
1.05 x lo3 M-’ (see Table 5). These results show that
dihydroorotate was a treatment agent that was as
effective as OA in energizing the cytoplasm of hypertrophying myocytes. Regrettably there are no data
concerning the effects of dihydroorotate on contractility, glycogen, protein or nucleic acid synthesis

Table 6. Etkct of treatements with OA, uridine, uracil, reserpine and dihydroorotate on the concentrations
of the glycolytic pathway in hypertrophied hearts
Treatment of one day hypertrophied

Metabolite
Glycogen
Glucose 1-P
Glucose 6-P
Fructose 6-P
Fructose I ,6-P,
Glycerol 3-P
Dihydroxyacetone P
Glyceraldehyde 3-P
3-Phosphoglycerate
2-Phosphoglycerate
Phosphoenolpyruvate
Pyruvate
Lactate

Untreated
49.8 f 7.6
76+ I9
276 + 46
48 k 8
27 + 5
81 f8
922
1.9+0.21
96 f 22
34 + 7
6+4
25 k 3
638 + 107

Orotic
acid
98.2 f 10.5
59+ I3
374 + 36
39 f 5
136 f I9
93 k 8
25 + 6
5.5 f 1.6
107 * 22
22 f 3
14+3
37 + 5
535 Yk99

Uridine
69k I3
288 + 29
73 f 5
93 + 8
96 f 7
28 + 3
9.3 f 1.9
103 + 27
22 + 8
14+9
25 + 22
1715 + 379

Reserpine pretreated animals

hearts

Uracil
46+ I2
368 rt 69
94* I5
97k I6
84 + 5
38f I2
8.5 + 2.9
139+ I9
21*4
20 * 9
79+ I2
1029 +- 351

of glycogen and intermediates

Dihydroerotic acid
53 * 5
263 rt 25
90 + 8
84 + 9
109+5
20 + 6
I I.2 + 5.2
85+_ I5
21 + IO
26 + 4
64*4
831 + 99

Normal
hearts
45.6 + 2.1
35 + 8
260 + 34
84 + 20
ll7*21
lOO+l6
32 f 5
I21 k 26
57 f 9
27 +_5
I31 f 25
1831 + 99

One day
hypertrophied
21 +2
260 f IO
84 k 20
II756
I31 f6
30 * 2
232 f 6
58 f 2
21 i I
40*4
1809 + I48

Normal
animals
treated
with OA
34* 13
317 k I6
81 k3
147 k 24
124*8
60 k 5
50 + 9
103 f 27
36 k 7
40*9
115+ I7
932 f 122

The treatment of animals and the assay of metabolites were given in the experimental section. Results are expressed as nmol/g wet wt, except
glycogen, which was determined as glucose equivalents and expressed as pmol/g wet wt. The concentrations are reported as the
mean f SD.
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during the development of hy~rtrophy.
Kolos et af.
(1974) showed that uridine treatment had no effect on
the contractility of hypertrophying myocardium.

Redox and adenylate ratios are characteristic and
regulatory parameters of all living cells. The ratio of
the concentration of free NAD+ to NADH is of
importance, since it determines the metabolic behaviour of oxidizable and reducible substrates and
has the potential to drive either anabolic or catabolic
processes. The redox state may be calculated from the
following equation:
[reduced substrate]

[NAD(P)]

= K,

where K represents the equilibrium constant for the
particular enzyme system. In cardiac myocyte cytoplasm there are two enzyme systems which may be
used in the calculation of the cytoplasmic [NAD+]r/
[NADH]r ratio (the subscript f stands forfree reacting
concentration), these are lactate dehydrogenase and
a-glycerophosphate
dehydrogenase. The validity of
the equation and its applicability to the calculation of
the cardiac cytoplasmic redox ratio is dependent on
the selected pyridine nucleotide linked dehydrogenase
being able to catalyse an equilibrium reaction. It is
also essential that the carbon substrates and products
of the reaction are able to be precisely determined.
The a-glycerophosphate
dehydrogenase
system
used in these calculations suffers from the disadvantage that the activity of the enzyme is low in cardiac
tissue. Thus, the lactate dehydrogenase method may
be the more reliable, for lactate dehydrogenase has a
higher activity and is confined entirely to the cytoplasm (Crabtree and Newsholme, 1972).
Cytoplasmic PAD+ Jr/~NADHJr ratios, calculated
using both the lactate and ~-~lycerophosphate dehydrogenase equilibrium
constants,
are given in
Table 7. Though the two methods of calculation yield

Table 7. Effects of OA treatment on the cvtokwnic

Redox ratio
[NAD+],/INADHj,(lactate
dehydrogenase)
~AD~lr/[NADHlr
(a-Gly~rophosphate
dehydrogenase)

Normal
647
2960
(6)
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quantitatively different values for the cytoplasmic
~AD+]r/[NADH]r
ratio, both indicate that it was
maintained in hypertrophied hearts, treated with
pyrimidine compounds, but that it became more
reduced in the untreated hypertrophied hearts.
The intracellular NADH levels tend to reflect the
availability of hydrogen acceptors such as dihydroxyacetone phosphate and pyruvate, and the rapidity
with which the cell can release a build up of reduced
products (electrons). Interventions
into cardiac
metabolism which aim at improving glycolytic flux
should perhaps be directed towards accelerating the
release of lactate or the provision of other hydrogen
acceptors for the reoxidation
of NADI-I. For
example, if glucose is supplied to the tissue when the
reoxidation of NADH does not occur, the glucose
may be toxic since ATP may be consumed for the
production of glucose 6-phosphate and fructose 1,6diphosphate without ever achieving glycolytically
generated ATP synthesis. The ability of OA and other
pyrimidines to maintain the redox state of the cytoplasm at a more positive potential should, therefore,
exert a most favourable effect on the course of
hypertrophy and the survival of the subject.
The results in Table 7 indicate that the [NAD+ Jr/
[NADI-I], ratio became more reduced in the untreated
hy~rtrophied
hearts, thereby placing the heart at
risk, for excessive reduction may inhibit such enzymes
as glyceraldehyde-3P dehydrogenase or divert too
much material to a-glycerophosphate
and lactate.
The decrease in cardiac pH during hypertrophy [Albers (1977) estimated that the intracellular cardiac
pH decreased from pH 7.2 in the normal heart to
pH 6.99 in the hypertrophied heart] may be partly
responsible for the more reduced state of the hypertrophied heart by driving the [NADH][H + ]/[NAD+]
equilibria towards NADH. In contrast to the untreated animals with hypertrophied hearts, those
animals treated with py~midines appeared to have a
normal [NAD+]r/[NADH]r ratio which should exert
a favourable effect on the course of hypertrophy.

The effect of UA and hypertrophy on the cytoplasmic
[NAD+],/[NADH],
ratio

[oxidized substrate] wAD(P)H]

hypertrophy

INAD’ I,/MADHIV redox ratio during cardiac hypertrophy

Period of hypertrophy
~One day
Three day
Two day
353
854
(6)

313
785
(6)

411
1302
(6)

Period of hypertrophy
and OA treatment
One day

Two day

623
2068
(6)

841
1809
(6)

Three day
580

I768
(6)

03)
Treatment of one day
hypertrophied hearts
Redox ratio
[NAD+ ],/[NADH],(lactate dehydrogenase)
[NAD+ l,/WDW,
(a-Glycerophosphate
dehydrogenase)

Sham
operated

Uridine

Uracil

Dihydroerotic acid

Reserpine pretreated
animals
Normal
hearts

One day
hypertrophied

Normal
animals
treated
with OA

645
1112
685
202
567
692
694
1676
3721
2243
1411
3497
;
0
(6)
(6)
(6)
(6)
(6)
Ratios were calculated from the mean concentrations of the oxidants and reductants of the lactate dehydrogenase and the c+glycerophosphate
dehydrogensase systems (Tables 4 and 6) as described in Methods. The numbers in parentheses indicate the number of animals studied
in each group.
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of glycogen,

UDPG

al.

and uridine

nucleotides

Hypertrophied
Normal
Normal
hearts

Metabolite
Glycogen
UDP-glucose
UTP
UDP
UMP
Total uridine nucleotides
(UTP + UDP + UMP + UDP-glucose)

36.4
51.0
43.8
31.4
10.2
136.4

--__-___
One day

i 2.5
i 4.8
+ 3.6
5 5.4
It: 0.2
i 14.0

49.8
45.6
35.4
40.8
18.6
140.4

*
k
i
f
*
k

diet
Three day

3.1
5.0
3.8
7.4
5.0
18.2

40.1 + 2.8
37.6 k 3.0
30.8 k 2.8
37.8 k 3.4
23.4 f 2.4
129.6+11.6

in the hypertrophied

rat heart

hearts
OA diet

__-..
One day
98.2
167.4
68.0
54.0
19.6
377.0

i_ 4.3
k 6.6
i 2.6
k 2.4
i I.6
i 13.2

Three day
89.4+
162.8 2
125.0 i
Sl.O+
IS.2 +
354.0 +

3.7
7.6
2.6
1.8
3.6
IS.6

OA
treated
normal
animals
-

1SO.8 k

6.0
110.6il2.6
51.0 + 1.0
17.2* 1.0
329.6 + 20.6

The treatment of animals and the assay of metabolites were given in Methods. Results are expressed as nmol/g wet wt, of cardiac tissue,
except for glycogen, which was determined as glucose and is expressed as rmol of glucose/g wet wt of tissue. The concentrations
are
expressed as the mean + SEM

Any breakdown of creatine phosphate, in muscle
fibres that contain mitochondria, will make the oxidation of cytoplasmic NADH more difficult because
of the reduction of the permitochondrial ANR (Ottway and Mowbray, 1977). The results in Table 7
would therefore be consistent with less large-scale
breakdown of creatine phosphate in the OA treated
hypertrophied animals than in the untreated hypertrophied animals.
Effect of OA treatment on pyrophosphate
tration

concen-

Pyrophosphate (PP,) (a high energy compound) is
formed in a large number of cellular reactions involving catalysis by many enzyme commission division
6-ligase
(synthetases) and division 2-transferase
enzymes. Examples which may be pertinent to the
results of this paper are activations of fatty acids (for
oxidation) and of amino acids (for protein synthesis),
in DNA and RNA synthesis and of UDP glucose
pyrophosphorylase for glycogen synthesis, as well as
the reaction catalysed by inorganic pyrophosphatase.
Guynn et al. (1974) estimated the concentration of
free PP, in cytoplasm using an approach similar to
that previously adopted for the determination of the
PSAN (Veech et al., 1970). The enzyme UDP-glucose
pyrophosphorylase
is found only in the cytoplasm
and catalyses the following reversible reaction:
UTP + a-D-glucose

1-phosphate
$UDP-glucose

+ PP, .

This enzyme catalyses an equilibrium reaction and it
is therefore possible to calculate the cytoplasmic free
[PP,] (Table 5) by measuring the concentrations of
LJTP, glucose 1-P and UDP-glucose in the freezeclamped heart (see Tables 4, 6 and 8 and the following equation)
Free [PP,]
[glucose 1-phosphate][UTP]
= [UDP-glucoselKUDP-glucose pyrophosphorylase’
This approach has been used to measure free [PP,] in
cardiac tissue (3.4 nmol/g wet wt in normal hearts,
12.96 nmol/g wet wt in one day hypertrophied hearts
and 10.53 nmol/g wet wt in one day hypertrophied

and OA treated hearts) (Table 5), using the thermodynamic equilibrium constant for the UDP-glucose
pyrophosphorylase
reaction of 4.55 (Guynn et al.,
1974). The 4-fold increase in the pyrophosphate
concentration of the cytoplasm of hypertrophying
heart was suggestive inter alia of enhanced fatty acid
activation and oxidation. This suggestion is supported by the findings of Donohoe et al. (1974) whose
EM ultrastructural studies showed that lipid droplets,
normally seen in the myocardium of the rat, disappeared from the cells of four day hypertrophied and
OA treated hypertrophied myocardium.
Regulation of glycolysis in hypertrophied and OA
treated myocardium

Glucose enters the glycolytic pathway as glucose
6-P in the reaction catalysed by hexokinase. Under
physiological conditions, the reaction is essentially
irreversible and is regulated (in cardiac muscle) by a
number of metabolites including ATP (K,,, 0.5 mM),
ADP (K, 0.68 mM) and AMP (Ki 0.37 mM) (England
and Randle, 1967). Although the concentrations of
ATP, in all of the groups of hearts studied, were at
least 10 times the K,,, (0.5 mM) for ATP (Tables 1 and
2) the activity of hexokinase can be expected to be
restricted because of the inhibition of the enzyme by
glucose 6-phosphate, ADP and AMP. The Ki for
glucose 6-phosphate was 0.16 mM (glucose 6-P concentration was at least 0.27 mM in hypertrophied and
hypertrophied and OA treated hearts, Table 4). The
K, for ADP with respect to ATP was 0.68 mM for the
soluble enzyme (ADP concentration
was at least
1.2 mM in the various groups of hearts studied) and
the K, for AMP with respect to ATP activation was
0.37 mM for the soluble enzyme (the AMP concentration was 0.5-1.1 mM in the hypertrophied hearts).
Although ATP and Pi may modify the degree of
inhibition of hexokinase by glucose 6-phosphate
(Rose et al., 1964), the data in these reports suggest
that the effect of ATP and P, at the concentrations
found in the heart would be marginal. Thus, in the
normal, hypertrophied and hypertrophied and OA
treated hearts, the activity of hexokinase will be
considerably restricted, owing to the high tissue concentrations, relative to their respective K,s, of glucose
6-phosphate, ADP and AMP. However, the intra-
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cellular level of glucose 6-phosphate is more dependent on the activity of phosphofructokinase
rather
than that of hexokinase.
The mass action ratio and the apparent equilibrium
constant of phosphoglucoisomerase
were equal in
hypertrophied hearts, hypertrophied hearts treated
with OA and in normal hearts treated with either OA
or reserpine [Fig. 6(a)], which suggests that the
enzyme catalysed reaction is at equilibrium in all of
these conditions and the phosphoglucoisomerase
catalysed reaction is not an important rate controlling step in cardiac myocyte glycolysis.
The next site of regulation is the reaction catalysed
by phosphofructokinase.
Allosteric control of phosphofructokinase
through homotropic and heterotropic modifiers, phosphorylation and dephosphorylation and sensitivity to pH is extensive (Bock and
Frieden, 1976). Intracellular pH appears to have a
large effect on phosphofructokinase
activity. The
purified enzyme is particularly sensitive to allosteric
control over the range pH 6.8-7.3 (Mansour, 1972).
though the effect of this pH dependence in the heart
in k>o is not clear, as the intracellular pH has been
variously reported as pH 6.5 and pH 7.04 (Henderson
et al., 1969). Phosphofructokinase
is inhibited by
both ATPe4 and MgATPm2, though by different
mechanisms (Kemp and Krebs, 1967) and by citrate
(Mansour, 1972) while ADP, AMP (Trivedi and
Danforth, 1966) and CAMP (Mansour, 1972) activate
the enzyme. Shen ef al. (1968) experimentally demonstrated that the phosphofructokinase
activity was
inversely proportional to the energy charge. Factors
accounting for the activation of phosphofructokinase
in hearts exposed to increasing ventricular enddiastolic pressures are subject to some controversy:
Opie et al. (197 I ) reported a reduction in ATP and an
increase in ADP, AMP and P,, leading to the activation of phosphofructokinase,
whereas Neely et al.
(1972) did not observe these changes. The results
reported here suggest that it is the overall energy
charge or phosphorylation
state of the adenylates
which determines the activity of phosphofructokinase, as reflected in the mass action ratio of the
enzyme (Fig. 71, the correlation between the log of the
mass action ratio and the energy charge, r?,,. being
0.8 I. (The correlation coefficient being a measure of
the “strength” of the linear relationship between two
variables.)
In all the groups of hearts studied, the log (mass
action ratio/K,,,) of phosphofructokinase was < - 2,
indicating that the enzyme catalyses a major control
point in the glycolytic sequence. This tightening of
control at phosphofiuctokinase
was mainly achieved
by the high intracellular ATP concentration (at least
7 mM in the groups of hearts studied), which was
many-fold greater than the Ki for ATP [0.08-0.3 mM
over the physiological range of fructose-6P (Neely
and Morgan, 1974)]. In the one day hy~~rophied,
OA treated hearts or reserpine pretreated, hypertrophied hearts, there was a relaxation of control due to
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high concentrations of activators of phosphofructokinase present. These activators are ADP [8.9 and
7.8 mM in the OA and reserpine pretreated hearts,
respectively, K,,,
0.5PM (Kemp and Krebs, 1967)],
AMP [1.51 mM in the OA treated hypertrophied
hearts and Km 1.8 pM (Kemp and Krebs, 1967)] and
fructose 1,6-diphosphate [ 183 and 160 ~1M in the OA
treated and reserpine pretreated hearts, respectively,
&, 1 PM (Mansour,
1972)]. Thus, the reaction
catalysed by phosphofructokinase is a major control
point in glycolysis. Control was not decreased during
hypertrophy, although one day after the induction of
hypertrophy, there was a temporary relaxation of
control in those animals treated with OA [Fig. 6(b)];
this was not the case when other pyrimidines were
used.
The next reaction of the pathway is catalysed by
aldolase and involves the conversion of fructose
1,6-diphosphate to dihydroxyacetone phosphate and
glyceraldehyde 3-phosphate. The mass action ratios
of the products and substrates of aldolase catalysis,
in all the groups of hearts studied, were displaced
from equilibrium [Fig. 6(a)]. This deviation from
equilibrium may be due to the binding of dihydroxyacetone phosphate to the enzyme rather than restraint on flux at this point (Williamson, 1965).
Similarly, the isomerization of the triose phosphates
by triosephosphate isomerase is not thought to represent an important regulatory reaction in glycolysis.
On the other hand, the ratio of dihydroxyacetone
phosphate concentration to glyceraldehyde 3-phosphate concentration in the heart does not reach the
thermodynamic equilibrium ratio of 22 (17 in normal
hearts, 5 in hypertrophied hearts and 5 in one day OA
treated, hypertrophied hearts) (Table 4).
Experimentally, the determination of the content
of l,3-diphosphoglycerate was difficult because it was
present only at low concentrations. It is, therefore,
convenient to combine the thermodynamic properties
of the enzymes that catalyse reactions which utilize
and form this compound. These enzymes are glyceraldehyde-3P dehydrogenase and phosphoglycerate
kinase. The calculation of the mass action ratio may
still involve large errors because of the low concentrations of glyceraldehyde 3-phosphate and 3-phosphoglycerate.
Although
the glyceraldehyde-3P
dehydrogenase reaction has been proposed to control
the glycolytic rate in perfused hearts under anoxic or
ischaemic conditions (Kiibler and Spieckermann,
1972; Mockizuki and Neely, 1979), there is little
evidence from the experiments presented here that the
dehydrogenase may be rate limiting. The activity of
the glyceraldehyde 3-phosphate dehydrogenase enzyme in cardiac tissue is high, relative to the concentrations of its substrates or products (Knox, 1972).
The results tend to indicate that one could consider
that the enzyme may catalyse an equilib~um reaction. However, this proposition may he disqualified
because the pH optimum of the enzyme is approximately 2 pH units above the intracellular
pH.
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and dihydroorotic acid treated hypertrophied hearts.
The reaction was maintained at equilibrium in the
sham-operated and untreated hypertrophied hearts,
suggesting a possible relaxation of control in glycolysis in the reactions catalysed by these enzymes.
The mass action ratio and the apparent equilibrium
constant of the reaction catalysed by phosphoglyceromutase were the same in all the groups of hearts
studied (Tables 9, 10 and 1l), suggesting the enzyme
does not catalyse an important rate controlling step
in glycolysis.
The mass action ratio and the apparent equilibrium
constant of the reaction catalysed by enolase were the
same in normal hearts, OA treated normal hearts and
pyrimidine treated, hypertrophied hearts, data which
are consistent with the proposal that the enzyme does
not catalyse an important rate controlling step in
glycolysis. Wood (1964) showed that the maximum
catalytic activity of enolase occurred when the free
magnesium concentration was 1 mM; however, the
high cardiac activity of the enzyme (11.6 nmol/min/g;

Moreover, the enzyme is inhibited by increasing
concentrations of ATP (Francis et al., 1971). Phosphoglycerate kinase is sensitive to changes in the
concentration of ADP3-, which appears to act by
binding to the MgADP- site (Melchior, 1965). In the
one day OA treated hypertrophied hearts, in which
there was a high free ADP3- concentration, there was
a decrease in the mass action ratio of phosphoglycerate kinase [Fig. 6(b)], compared with either untreated
hypertrophied hearts [Fig. 6(a)] or the two and three
day OA treated hypertrophied hearts [Fig. 6(b)].
Although the combined mass action ratio of glyceraldehyde-3P dehydrogenase and phosphoglycerate
kinase was displaced one order of magnitude from
the apparent thermodynamic equilibrium of the enzymes in the one day OA treated, hypertrophied
hearts (due to the high pH optimum of glyceraldehyde-3P dehydrogenase and the high ATP concentration in the heart), the mass action ratio was
displaced towards normal in the two and three day
OA treated hypertrophied hearts and uridine, uracil

’
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Fig. 6. (a) and (b) show plots of the mass action relationships of individual glycolytic enzymes during the
timecourse of cardiac hypertrophy and treatments with OA and other pyrimidine compounds. Glycolytic
enzymes are plotted along the abscissa (phosphoglucomutase PG; glucose phosphate isomerase PGI;
phosphofructokinase PFK; aldolase ALD; glyceraldehyde 3-phosphate dehydrogenase x phosphoglycerate kinase PGK x GAPDH; phosphoglycerate mutase PGM; enolase ENOL; pyruvate kinase PK), the
log (mass action ratio/apparent equilibrium constant) is plotted along the ordinate. Data have been taken
from Tables 9, 10 and Il. The treatment of animals and the assay of metabolites were as described in
Methods.

Knox, 1972) compared to the concentrations of its
substrates and products make it unlikely that the
enzyme is rate limiting at the lower free Mg2+ concentrations occurring in the hypertrophied hearts (0.37
and 0.16 mM Mg2+ in the one day hypertrophied and
one day hypertrophied, OA treated hearts, respectively) (Table 3). The data of Wood (1964) suggests
that the catalytic activity of enolase is 88% of maximum at 0.37mM Mg2+ and 65% of maximum at
0.16mM Mg2+. The reaction catalysed by pyruvate
kinase has been proposed as a regulatory site in
glycolysis in the isolated, perfused rat heart
(Williamson, 1965). Pyruvate kinase may act as a

determinant of glycolytic activity by competing with
the enzymes involved in oxidative phosphorylation
for available ADP. The finding that the mass action
ratio of the products and substrates of the pyruvate
kinase reaction (Tables 9 and lo), in the groups of
hearts studied, was displaced from equilibrium values
by three orders of magnitude [Fig. 6(a,b)] strongly
indicates that pyruvate kinase may act to restrict the
glycolytic flux in uioo.
Muscle pyruvate kinase is inhibited by ADP3and MgATP2-, both of which compete at the
MgADP- binding site (Melchior, 1965). The K, for
ATP is 0.14mM (Boyer, 1969); the cardiac ATP
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2.3

Energy

charge

Fig. 7. Shows the relationship between energy charge and
the mass action ratio of pyruvate kinase and phosphofructokinase. Each point represents one of the various groups of
treated and untreated, hypertrophied and normal hearts
studied, using the data from Tables 1, 2, 9, IO and 11.The
log (mass action ratio/apparent equilibrium constant) for
pyruvate kinase (A) and phosphofructokinase
(a) was
plotted against the energy charge of the hearts of the
particular group of animals studied. The lines represent the
results of regression analysis of the data (solid line for
phosphofructokinase,
correlation coefficient 0.81; dashed
line for pyruvate kinase, correlation coefficient 0.89).
concentration
was at least 6.7 mM in the groups of
hearts studied suggesting that the enzyme was considerably displaced from equilibrium.
In the hypertrophied
hearts, the activity of pyruvate kinase may be further restricted, i.e. the mass
action ratio of the enzyme was reduced, because of
the increasing
concentrations
of ADP3- (Fig. 1).
Inhibition of pyruvate kinase resulted in the accumulation of metabolites preceding the reaction catalysed
by pyruvate
kinase. The accumulated
metabolites
would be expected to include 1,3-diphosphoglycerate
Table 9. Etfects of OA treatment

al.

(the cardiac concentration
of 1,3-diphosphoglycerate
was too small to be accurately determined), a powerful inhibitor
of glyceraldehyde-3P
dehydrogenase.
The effects of cardiac adenylates on the mass action
ratio of pyruvate kinase are shown in Fig. 7; statistical analysis of the results gave a correlation of 0.89
between the Atkinson energy charge (and the phosphorylation
ratio of the adenine nucleotides) and the
mass action ratio of the reaction catalysed by pyruvate kinase. These results suggest a strong correlation
between the energy status of the cell and the contribution to this energy status by the poise of the
pyruvate kinase reaction in ciao.
In summary, the greater the concentration
of ATP
relative to the concentrations
of other adenylates, the
less restricted was the carbon flux through the reaction catalysed by pyruvate kinase [Fig. 6(a,b)]. The
inverse of this generalization
(that is, the greater the
concentration
of ATP relative to the concentrations
of other adenylate nucleotides,
the more restricted
was the carbon flux) was found to occur with the
reaction catalysed by phosphofructokinase
(see also
Bosch and Corredor,
1984).

DISCUSSION

Discussion of the results of this paper is predicated
on the view that there is a common connection
between the cellular signal/s which initiate hypertrophy and the transmission
which both informs and is
the attribute of the stress imposed by developing and
chronic myocardial ischaemia. Thus one can reasonably equate the conclusions
of this study of the
beneficial effects of OA on developing hypertrophy
and the demonstrated
improvements
by OA treatment on infarcted myocardial
functional
performances (Newman er al., 1989; Munsch et al., 1991). The
basis of the above opinion rests inrer ah on what
may be an optimization
by OA of the cytoplasmic
PSAN and its resultant role in propitiating
the energetics of protein, nucleic acid and glycogen biosyntheses. In this regard
the propinquity
of high
adenylate
concentrations
and protein
synthesis

on the mass action ratio of enzymes of the glycolytic
hypertrophy

pathway

and of adenylate

kinase during myocardlal

Period of hypertrophy
and OA treatment

Period of hypertrophy
Normal

Sham
operated

One day

Two day

Three day

One day

Two day

Three day

Phosphoglucomutase
Phosphoglucoismerase
Phosphofructokinase
Aldolase ( x IO’) M
Glyceraldehyde
3-phosphate

10.2
0.16
0.52
22.4
28.5

12.6
0.1 I
0.38
20.8
250

3.63
0.17
0.13
2.60
612

9.94
0.13
0.55
I.53
322

7.64
0.14
0.42
I .43
453

6.34
0.10
4.50
3.84
25.2

7.11
0.24
0 21
I I .90
I18

1.44
0.22
0.37
7.1
107

Dehydrogenase
x phosphoglycerate
kinase Mm’
Phosphoglycerate
mutase
Enolase
Pyruvate kinase
Adenylate kinase

0. I56
I .20
24.4
0.99

0.35
0.18
17.3
0.58

0.33
0.52
5.74
0.49

0.41
0.18
14.7
0.59

0.21
0.64
2.05
7.63

0.27
I .oo
5.32
0.34

0.36
0.83
6.65
0.60

Reaction

catalysed

by

0.152
0.40
39.3
0.67

The values of the mass action ratios were calculated from the data in Tables I, 2. 4 and 6, after first converting the units from molig wet
wt to molarity. The values for the apparent equilibrium constants of the above reactions are given in Table I I.

Orotic acid in cardiac hypertrophy
Table IO. Effects of OA, uridine,

uracil, dihydroorotate
and reserpine on the mass action ratios of enzymes of the glycolytic
adenylate kinase in hypetrophied
rat hearts
Treatment

Reaction

catalysed

by
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of the one day hypertrophied

hearts

Reserpine

pretreated

Orotic
acid

Uridine

Uracil

3.63
0.17
0.13
2.6
612

6.34
0.10
4.50
3.84
25.2

8.0
0.25
0.42
6.51
83.9

4.17
0.25
0.26
12.5
102

4.96
0.34
0.41
6.51
64.2

7.54
0.32
0.37
8.71
29.8

9.0
0.22
3.22
12.53
43.8

9.32
0.25
0.65
4. I7
16.7

0.35
0.18
17.34
0.58

0.20
0.64
2.05
7.63

0.16
I .25
16.40
0.64

0.15
1.57
9.34
0.92

0.25
1.71
7.0
1.04

0.47
0.47
18.3
0.85

0.25
0.35
1.74
II.1

0.35
I.1
9.1
0.94

Phosphoglucomutase
Phosphoglucoismerase
Phosphofructokinase
Aldolase ( x IO’) M
Glyceraldehyde
3-phosphate
Dehydrogenase
x phosphoglycerate
kinase Mm’
Pho3phoglycerate
mutase
Enolase
Pyruvate kinase
Adenvlate kinase

and

Normal
animals
treated
with OA

Untreated

Dihydroorotate

Normal
hearts

pathway

Hypertrophied
hearts

The values of the mass action ratios were calculated from the data in Tables I, 2, 4 and 6, after first converting the units from mol/g wet
wt to molarity. The values for the apparent equilibrium constants of the above reactions are given in Table I I.

(Fig. 5) with optimal enhancement of myocardial
contractility (Williams et al., 1976) is notable.
The uridine and cytidine nucleotide derivatives of
OA in the pyrimidine pathway serve as coenzymes in
the processes of(i) the transformation of one monosaccharide sugar to another and in transglycosidation
reactions (e.g. polysaccharide and glycolipid synthesis) and (ii) cytidine nucleotides which are involved
in CTP-transferase reactions for the formation of
phospholipids. Regrettably there are no data concerning the effects of orotate treatment on the phospholipid and membrane biochemistry of the hypertrophying heart. However, the data of Table 8 vividly
illustrated that OA enhanced by 2.7-fold the levels of
myocardial glycogen and total uridine nucleotides in
both normal and hypertrophying myocardium. These
OA induced extra reserves of glycogen will ensure
added protection, by way of a rapidly mobilizable
energy substrate for enhanced glycolysis if the heart
encounters an anoxic or ischaemic episode (Kiibler
and Spieckermann, 1970).
In spite of sixty years of study and the identification of a notable array of valuable factors and
Table

I I.

Reactions

The apparent

catalysed

equilibrium

constants

Phosphoglucomutase
Phosphoglucoismerase
Phosphofructokinase
Aldolase M*
Glyceraldehyde
“hosohoalvcerate
Phosihog<ycerate
Enolase
Pyruvate kinase
Adenylate kinase

3-phosphate
kinase M-It
mutase

of the reactions catalysed
adenvlate kinase
Mass action

by

dehydrogenase

conditions which appear to contribute to the control
of glycolytic flux, it is still fair to claim that there is
no completely unifying explanation of the regulation
of the pathway (e.g. see Ottway and Mowbray, 1977;
Brooks and Storey, 1991). The effects of OA on
glycolytic behaviour in the hypertrophying
heart
[Tables 4, 6, 10, 11; Fig. 6(a,b)] provide one more
instance of the astonishing flexibility of myocyte
glycolysis and its response to cellular need. OA
treatment caused glycogen to accumulate and its
action also resulted in increased levels of seven out of
ten glycolytic pathway intermediates. The increase
was extended to the concentrations of the pyruvate
and lactate products of the pathway, thereby dismissing the possibility that the expansion of intermediate
concentrations was caused by a compound pile-up
indicative of stalled flux. Moreover, OA treatment
also normalized the NADI/NADH, cytoplasmic redox ratio and by that means confirmed that the more
open glycolytic pathway did not generate a physiological imbalance in pyruvate and lactate concentrations. While OA treatment implemented the above
changes in glycolysis and its intimately associated
by the enzymes of the glycolytic

Apparent equilibrium
constant K’

ratio

[G-bP]/[G- I -P]
[F-6-P]/[G-6-P]
[ADP] (FDP]/[ATP] [F-6-P]
22ltriose uhosohate12/1FDP123*
i3[3-tiGAl’[%ADti]
ATP]
[Triose phosphate]

sequence and

[ADP] [HPO:-]

[2-PGA]/[3-PGA]
[PEP]/[Z-PGA]

F’Y~I IATPl/l~E~l[ADPI
[ADP12/[ATP] [AMP]

171
0.3CO.47$
0.9%1.2x 10’9
6.X-13.0 x IO
[NAD+]

0.2-1.5 x IO’M

‘ME
‘5

O.ILO.2f
2.84%
2.20 x IO’@
I .23Y!

‘The equilibrium position of the two triose phosphates, GAP and DHAP, is 22: I in favour of DHAP and the intracellular
content of GAP is too small to measure accurately. Therefore, the mass action ratio for the aldolase reaction has
been calculated assuming that triose phosphate isomerase catalyses a reaction which is at thermodynamic
equilibrium
(Newsholme and Start 1973).
tExperimentally
the determination
of the content of 1,3-diphosphoglycerate
in tissues is difficult because of its low
concentration.
The ratio of [NADH]/(NAD+
1was calculated from the [lactate]/[pyruvate] ratio.
:From Naijar (1992).
@From Newsholme and Start (1973).
l!From Reed (1976).
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pathways, the glycolytic sequence still remained inside the domain of the canonical controls
of the
hexokinase, phosphofructokinase
and pyruvic kinase
enzyme activities [Fig. 6(a,b)].
In the context of the above, the authors suggest
that there is a connection between the expanded concentrations of glycolytic intermediates
and a question
which is central to all of the data presented in this
paper. Namely, how does treatment with OA, a pyrimidine nucleotide
precursor,
cause a profound
elevation in the myocardial purine (adenylate) nucleotides (Tables 1 and 2)? It was the contribution
of the
adenylates to the cytoplasmic PSAN which provided
the metabolic energy potential
for the sequelae of
macromolecular
syntheses and enhanced contractility
(Kolos et al., 1974) that characterized
OA treated
myocardial
hypertrophy.
It has been obvious for
some time that enhanced
adenine nucleotide
and
protein synthesis may represent the earliest metabolic
alterations in myocardial hypertrophy
(Norman and
Coers, 1960; Rubin et al., 1983) and OA treatment
significantly acted to magnify that enhancement.
The answer advanced for the above question involves the recognition
of a different mechanism
for
the provision
of 5-phosphoribosyl
a-l-pyrophosphate (PRPP) (via ribose 5-P). The concentration
of
PRPP in the heart regulates the de nova and salvage
pathways
for
adenine
nucleotide
biosynthesis
(Zimmer and Gerlach, 1978). Both the administration
of ribose (Zimmer et al., 1989) or the activation of the
pentose pathway
for intracellular
ribose 5-P formation act to increase myocyte adenylate nucleotide
synthesis via elevated PRPP levels (Zimmer et al.,
1990). Ribose 5-P is only made by reactions in the
pentose pathway. Williams et al. (1987) measured the
activity of the F-type classical pentose pathway in the
normoxic
non-working
(Langendorff)
perfused rat
heart and showed that this pathway only made a
negligible contribution
(< 1% of the total glucose
utilized) to metabolism.
This finding was confirmed
by Pfeifer et al. (1986) who were unable to detect
substrate flux through the oxidative segment of the
F-type PC in rat heart.
An alternate, very active L-type (liver-type), pentose pathway was identified and accounted for 75%
of the glucose utilized in normoxic heart (Williams
et al., 1987) [glucose utilization in working rat heart
supplied with 5 mM glucose is 2.4~molmin-’
gg’
wet wt; Taegtmeyer
et al. (1980)]. Williams et al.
(1987) also found that the oxidative reactions of both
the F-type and L-type pentose pathways were very
small in comparison
with glucose utilization by the
heart. These workers concluded that ribose 5-P for
PRPP synthesis by the following reaction was formed
by the reversal of the non-oxidative
pentose pathway
reactions of the L-type pathway. See the following
equations
ribose

5-P + ATP-+

5-phosphoribosyl-cc-I-pyrophosphate

+ AMP

al.

glucose

6-P + fructose

6-P

+ dihydroxyacetone-P$3

ribose 5-P.

The driving force for the formation of ribose 5-P
by the reversal of the non-oxidative
L-type pentose
pathway sequence is the OA induced high (expanded)
concentrations
of the hexose and triose phosphate
glycolytic intermediates
(Table 6). Eigenbrodt
et al.
(1985) also proposed
this mechanism
for the formation of ribose 5-P and PRPP in rapidly proliferating and neoplastic
cells. Arora
et al. (1987)
demonstrated
and measured the large contribution
of
the above reaction sequence connecting
glycolytic
and pentose pathway intermediates
in liver and a
number of growing neoplasms including the Morris
hepatoma 5 123C.
Zimmer and Gerlach (1978) reported that accelerated synthesis of adenine nucleotides was an important factor among those metabolic
processes that
determine the degree of protein synthesis in hypertrophying myocardium.
Zimmer et al. (1990) also used
an indirect method to conclude that agents which
enhanced myocyte glucose 6-phosphate
dehydrogenase activity (for the pentose pathway) or alternatively
the 24 hr, whole body, administration
of ribose,
increased the levels of myocyte PRPP and adenine
nucleotides. We have completed work (not yet published) showing that OA feeding powerfully stimulated pyrimidine nucleotide synthesis in the kidney
and the liver (much less so in heart) of normal rats.
Moreover, OA treatment significantly increased the
activities of all enzymes of the de noz:o pyrimidine
pathway in one and four day hypertrophied
hearts.
The following two enzymes of the pyrimidine salvage
pathway were elevated in hypertrophying
rat heart by
OA treatment.
The activities of uridine kinase and
uridine phosphorylase
were increased by 20 and 26%,
respectively, at 1 and 4 days of hypertrophy.
It is of
importance
to note that neither of these enzymes
which catalyse
reactions
leading
to pyrimidine
nucleotide
formation
require PRPP for their reactions. In summary we showed that OA stimulated the
synthesis of pyrimidine bases in the liver and kidney.
The data are consistent
with the proposition
that
these bases, mostly if not exclusively as uridine, were
transported
by salvage pathway mechanisms from the
liver and kidney to the hypertrophying
heart where
their conversion
to nucleotides
(and nucleic acids,
particularly
RNA) by the above enzymes of the
salvage pathway of the hypertrophying
heart were
transacted.
The use of the pyrimidine salvage pathway in the heart and the OA enhanced activity of
organs distant from the heart for pyrimidine base and
nucleoside synthesis thus spares myocardial
PRPP
for the more dominant de now adenine nucleotide
synthetic activity.
This paper is completed with the suggestion that
the above metabolic
mechanism
may provide an
explanation for the whole-body inter-organ relationships which facilitate the energy metabolism
and

Orotic acid in cardiac hypertrophy

notable OA enhancements
functions (see Fig. 8).

of stressed myocardial

CONCLUSION

This paper reports in part an investigation of the
Energy Theory of cardiac hypertrophy (treated in
Opie, 1991). It also reports the effects of feeding OA,
IOmg kg-‘24 hr’ to rats for 3 days following the
induction of hypertrophy. It is shown that the maintenance and enhancement of the myocyte cytoplasmic
phosphorylation
state of the adenine nucleotides
(PSAN) by OA treatment for 3 days during the
development of compensatory hypertrophy coincided
with the enhanced and optimized rates of synthesis of
protein (Kolos et al., 1974), RNA, adenine nucleotides, glycogen and of heart (papillary muscle) contractility (Donohoe et nl., 1974). These are the
necessary factors which contribute the provision of
morphologic and metabolic substrates for the support of hypertrophic growth.
The selection of the cytoplasmic PSAN as the best
index of the status of the energy metabolism of the
hypertrophying heart was based on the results of an
accompanying comparative study of two other wellused energy metabolic indices, namely: the energy
charge and the adenylate nucleotide ratio.
The elevation and preservation of the cytoplasmic
PSAN is dependent on both the maintenance and the
enhancement of adenylate concentrations and synthesis. The apparent enigma of this situation is
resolved by engaging the proposition that the feeding
of a pyrimidine nucleotide precursor (OA) to animals
undergoing
cardiac hypertrophy
permits purine
nucleotide concentration enhancement. The connection of these otherwise separate metabolic pathways
of pyrimidine and purine nucleotide synthesis is made
likely by their common involvement with the metabolism of PRPP.
Using the theory of metabolic control (Newsholme
and Start, 1974) and values of the mass action ratio
for all of the reactions of glycolysis, it is shown that
OA treatment during hypertrophy induced a more
open glycolytic network, enhanced pathway flux
and the levels of selected metabolites. The regulated
order of the pathway was preserved by the maintenance of control by the allosteric enzymes PFK,
and PK (enzymes which are adenine nucleotide substrate dependent). Given the pentose pathway (PP)
enzymic composition of the heart (the max catalytic
capacities of all enzymes of the L-type PP in heart
exceed the max flux of the non-oxidative segments
of the PP when Rib S-P is substrate, J.F.W., unpublished results), the specific elevations of hexose
and triose phosphates have the chemical potential
to drive the synthesis by reversal of the nonoxidative pentose pathway reactions. The elevation
of Rib 5-P concentration (the rate limiting substrate)
by mass action may then increase the synthesis of
PRPP.
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OA has neither an inotropic effect (Munsch et al.,
1991) nor a direct metabolic effect on the isolated rat
heart since its uptake into the myocardium is negligible. Its profound physiological effect on hypertrophying heart function involves a whole body action
with specific tissue uptakes and metabolism being
centred on the liver, brain and the kidney where, at
the OA dosage used in these experiments, it powerfully stimulated the formation of uridine and executed its excretion from liver for delivery to the heart
via the salvage pathway of pyrimidine biosynthesis.
In the hypertrophying heart, the OA feeding induced and liver generated uridine is converted to
uridylic acid by two salvage pathway enzymes,
uridine kinase and uridine phosphorylase which are
both increased in activity by OA stimulated hypertrophy. The reactions catalysed by these enzymes are
independent of the need for PRPP which may be thus
compartmentally reserved for cardiac de nova purine
(adenine) nucleotide synthesis. This whole body
mechanism allows PRPP dependent and independent
nucleotide pathways together with glycolysis and
pentose pathway to be connected for an improved
energy metabolism during OA stimulated hypertrophy. Thus the experimental data in this paper and the
theoretical propositions summarized in Fig. 8 support the energy theory of cardiac hypertrophy (Opie,
1991).

SUMMARY

The energy and glucose metabolism of the OA
induced improvement of contractile quality during
development of cardiac hypertrophy was investigated. OA was fed to rats for 3 days at a dose of
IO mg kg-’ 24 hr-’ immediately following the surgical induction of hypertrophy by aortic constriction.
The study featured inter afia an enquiry into the
Energy Theory of cardiac hypertrophy. A comparative study of the effects of OA, and of a number of
other intermediates and products of the pathway of
pyrimidine synthesis, during 1 and 3 days of hypertrophy showed that OA selectively increased the
metabolite levels of protein, RNA (but not DNA)
glycogen, UDPG, ADP and total adenylates in the
heart. Comparisons of the energy and adenylate
metabolism of normal and OA (and other pyrimidine) treated rats showed that the above listed
increases in metabolites coincided with transient decreases in the ANR and energy charge. However, the
cytoplasmic phosphorylation
state of the adenine
nucleotides (PSAN), which is a thermodynamic index
measuring the equilibrium relationship of the redox
couple and the adenylate potential of the cytoplasmic
compartment was notably increased. The changing
PSAN values showed that OA treatment energized
the cytoplasm for the conduct of the many biosynthetic reaction processes which sustain compensatory
myocardial hypertrophy.
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The results of this paper are consistent with the
proposition that OA treatment stages a network of
specific metabolic pathway connections that involve
changes to the control status, flux and metabolite
levels in the glycolytic and non-oxidative pentose
pathways of glucose metabolism. This results in an
increased concentration of Rib 5-P (a rate limiting
substrate) that by mass action will change PRPP
levels for nucleotide metabolism. The increased
PRPP concentration
temporarily coincided with a
selective sparing of its need by the salvage pathway
of pyrimidine synthesis and its enhanced introduction
into an amplified activity of the myocardial de nouo
purine (adenine) nucleotide pathway. This was
achieved by OA directed specific changes in the
activities of the salvage and de nouo pathway enzymes
of pyrimidine metabolism in hypertrophying heart,
the liver and the kidney. These changed nucleotide
metabolic activities in the heart installed the foundation and maintained the interconnected conditions
for the elevated cytoplasmic PSAN which is central
to the increased protein (specific enzymes, regulatory
and structural proteins), RNA and glycogen that are
the morphologic and metabolic substrates for myocardial growth in hypertrophy.
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