OXIDATIVE PHOSPHORYLATION IN MITOCHONDRIA
FROM MYOCARDIUM OF RABBITS
WITH ALLOXAN DIABETES
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The level of oxidative phosphorylation in mitochondria from the myocardium of rabbits
with alloxan diabetes is lowered (in the presence of added creatine) and is restored hy
the addition of a hexokinase system or by injection of insulin into the animal in vivo.
Uncoupling of the level of oxidative phosphorylation in mitochondria from the myocar-
dium of rabbits with alloxan diabetes is evidently secondary and ig due to a deficiency
of the acceptor thexokinase} system,

Uncoupling of phosphorylation and respiration has been discovered in mitochondria isolated from the
liver of rabbits with alloxan diabetes, and was prevented by the addition of excess of hexckinase to the
suspension of mitochondria [6]. ¥ the mitochondria of rats with alloxan diabetes are incubated with hexo-
kinase, uncoupling likewise is not observed [16], The lowering of the level of oxidative phosphorylation in
the liver of animals with diabetes is thus the secondary result of a decrease in hexokinase activity in its
cells or, more precisely, as more recent work has shown, the result of depression of synthesis of one of
the isoenzymes of hexokinase (type IV) or glucokinase {13, 22]. In the severest form of diabetes found in
depancreatized cats, uncoupling in mitochondria from their liver also occurred even after the addition of
hexokinase [21]. Uncoupling was present in liver mitochondria from animals with a particularly severe
form of alloxan diabetes when damage to structures and a decrease in the number of mitochondria were
observed in the liver cells [10, 11]. At the beginning of development of experimental diabetes, the decrease
in oxidative phosphorylation in the liver mitochondria is evidently due to a deficiency of the hexokinase
acceptor system, and subsequently, as the diabetes becomes more severe, the mitochondria are themselves
damaged, so that while they still remain capable of absorbing oxygen, they partially lose their coupling
function, A corresponding decrease in the level of oxidative phosphorylation in the liver has also been
found in biotin deficiency, when an insulin deficiency in the hody, a decrease in hexokinase activity,and,
in the late stages of hypovitaminosis, structural damage to the mitochondria are also observed [3]. What-
ever the case, ATP generation in the liver of an animal with diabetes is depressed not only as a result of
the slowing of reactions of the tricarboxylic acid cycle [2, 19, 20] and of glycolysis [9, 19, 23-25] in the
liver, but also as a result of uncoupling of phosphorylation and respiration.

The skeletal muscle and myocardium in diabetes are under more favorable conditions than the liver,
because the cells of these tissues can compensate for the slowing of glucose transport to them [14, 15]
while fatty acids and ketone bodies are more extensively utilized in their energy metabolism [4, 8, 12, 19].
Functional integrity of both tissues is completely preserved even in states characterized by prolonged and
complete insufficiency of insulin, such as in severe diabetic ketoacidosis [17]. However, it was shown as
long ago as in 1949 that phosphorylation of creatine is sharply inhibited in myocardial homogenates of rats
with alloxan diabetes, if succinate and malate are used as substrates [9]. Katzen {13] has recently found
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TABLE 1, Effect of Insulin in Vivo on Oxidative Phosphorylation in
Myocardial Mitochondria of Normal Rabbits and Rabbits with Alloxan
Diabetes (acceptor, creatine phosphate)

Insulin |0y ab- P-CP R
in vivo Sgg{},% P | (yatom) P10 il
Normal — 7,53 (15) 8,1 (15) 1,07
.r -+ 6,56 (6) | <0,056 | 11,1(6) | <0,001 1,70 < 0,001
Diabetes — 9,78 (9) | <0,05 3,3(9) | <0,00! 0,36 <0,001
. + 9,9 (5 12,3 (5) | <0,001 1,26 <0,00!

Note, Number of experiments shown in parentheses.

that the hexokinase activity (the second acceptor system) of the heart muscle is reduced by more than half
in diabetes, as a result of the virtually complete inhibition of one of the two hexokinase isoenzymes (type II).

In the present investigation the level of oxidative phosphorylation was compared in mitochondria from
the heart muscle of normal rabbits and of rabbits with alloxan diabetes.

EXPERIMENTAL METHOD

Experiments were carried out on male rabbits weighing 2.5-3 kg; diabetes was produced by a single
intravenous injection of alloxan in a dose of 130 mg/kg body weight. The blood sugar was determined by
the Hagedorn— Jensen method. The rabbits were used in the experiments one month after injection of
alloxan, when their blood sugar was not below 200 mg %. The mean blood sugar level of the animals with
alloxan diabetes was 352 mg%. Insulin (IZS-A) was injected in a daily dose of 2 units /kg body weight for
one month, and 1.5 h before sacrifice insulin of ordinary action was injected. Inorganic phosphorus was
determined by Sumner's method [18], and creatine phosphate was estimated as phosphorus after pre-
cipitation with CaCl, [5]. Hexokinase activity was estimated from the decrease in glucose, Mitochondria
were isolated by Rachev's method [7]. To the reaction mixture, 1 ml of suspension of mitochondria,
equivalent to 0,666 g fresh weight of tissue, was added. The composition of the reaction mixture was:
glutamic acid 30 pmoles, MgCl, - 6H,0 10 pmoles, ADP 3,5 pmoles, NaF 2,5 pmoles, phosphate buffer 40
pmoles (pH 7.4), cytochrome ¢ 0.022 pmole, glucose 35 pmoles, hexokinase 0.5 pmole, The samples were
incubated in a Warburg apparatus in an atmosphere of air at 26°, Absorption of Oy took place for 21 min,
after equalization of the temperature for 10 min., The values of oxygen absorption and decrease in inorganic
phosphorus were expressed in patoms per sample,

EXPERIMENTAL RESULTS

In the experiments of series I, the level of phosphorylation was determined from the increase in con-
tent of creatine phosphate when creatine was used as phosphate acceptor. It is clear from Table 1 that the
absorption of Oy by myocardial mitochondria of rabbits with alloxandiabetes was higher than that from
normal animals. An increase in the oxygen consumption of slices of liver, brain, kidney, and diaphragm
from rats with alloxan diabetes was previously observed by Batunina [1]. Phosphorylation was sharply
depressed in alloxan diabetes (8.1 patoms in the control, 3.3 patoms P in diabetes, Table 1). Under the
influence of insulin injected in vivo, the O, absorption in the control rabbits was reduced, but that in dia-
betes was unchanged, Creatine phosphate formation was increased very slightly in the control animals by
the action of insulin (from 8.1 to 11,1 patoms), but in rabbits with alloxan diabetes it was increased by
almost 4 times. Under the action of insulin in vivo, the P/O ratio increased correspondingly both in the
control rabbits and rabbits with alloxan diabetes.

In the experiments of series II, when a hexokinase system was used as phosphate acceptor, O, ab-
sorption by myocardial mitochondria of rabbits with alloxan diabetes also was slightly increased compared
with normal (conirol 6.92 patoms, experiment 9.9 patoms). The level of phosphorylation (from the decrease
in inorganic phosphorus) was indistinguishable from normal in the myocardial mitochondria of rabbits with
diabetes.

Addition of excess of hexokinase to the myocardial mitochondria of rabbits with alloxan diabetes pre-~
vented the lowering of their oxidative phosphorylation level. Consequently, the decrease in level of oxidative
phosphorylation in the myocardium during diabetes in the experiments of series I (with creatine) was evi-
dently due to depression of hexokinase activity. In fact, its activity in the myocardium of the rabbits with
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diabetes was reduced by more than half., Hence, a sharp dissociation of respiration and phosphorylation
took place in myocardial mitochondria using creatine as phosphate acceptor from ATP, although the resulis
of experiments in which the powerful hexokinase acceptor system was added to the mitochondria provided
evidence in favor of the secondary origin of this fall in the oxidative phosphorylation level. As was men~
tioned above, creatine phosphate synthesis in the myocardium of animals with alloxan diabetes is retarded
[9]. In diabetes both acceptor systems (creatine kinase and hexokinase) are evidently inhibited to a certain
degree on the myocardium and are insufficient for maintaining the normal level of oxidative phosphorylation
in mitochondria isolated from it, It is also evident that, just as in the liver [6], dissociation in the mito-
chondria from the myocardium of an animal with diabetes is secondary and is due to a deficiency of acceptor
systems and not to primary damage to the coupling system,
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