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The level  of oxidative phosphoryta t ion  in mi tochondr ia  f r o m  the myoca rd ium of rabbi t s  
with al loxan diabetes  is  lowered  (in the p r e s e n c e  of added ereat ine)  and is r e s t o r e d  by 
the addition of a hexokinase  s y s t e m  or by injection of insulin into the animal  in v ivo .  
Uncoupling of the level  of oxidative phosphoryla t ion  in mi tochondr ia  f r o m  the m y o c a r -  
dium of rabb i t s  with al loxan diabetes  is evidently secondary  and is due to a deficiency 
of the aecep to r  (hexokinase) s y s t e m .  

Uncoupling of phosphoryla t ion  and r e sp i r a t i on  has been d i scovered  in mi tochondr ia  i so la ted  f r o m  the 
l i v e r  of rabbi t s  with alloxan diabetes ,  and was p reven ted  by the addition of excess  of hexokinase  to the 
suspens ion  of mi tochondr ia  [6]. K the mi tochondr ia  of r a t s  with al loxan diabetes  a re  incubated with hexo-  
k inase ,  uncoupling l ikewise  is  not obse rved  [16]o The lower ing  of the level  of oxidative phosphoryla t ion  in 
the l i v e r  of an imals  with diabetes  is thus the secondary  r e su l t  of a dec r ea se  in hexokinase act ivi ty  in i ts  
cel ls  or ,  m o r e  p rec i se ly ,  as more  r ecen t  work  has  shown, the r e s u l t  of depress ion  of synthes is  of one of 
the i soenzymes  of hexokinase (type IV) or  glucokinase [13, 22]. In the s e v e r e s t  f o rm of diabetes found in 
depancrea t i zed  cats ,  uncoupling in mi tochondr ia  f rom thei r  l i ve r  also o c c u r r e d  even a f t e r  the addition of 
hexokinase  [21]o Uncoupling was p r e s e n t  in l i ve r  mi tochondr ia  f rom an ima l s  with a pa r t i cu l a r ly  s e v e r e  
f o r m  of alloxan diabetes  when damage  to s t r uc tu r e s  and a dec rea se  in the number  of mi tochondr ia  we re  
obse rved  in the l i v e r  cel ls  [10, 11]. At the beginning of development  of expe r imen ta l  d iabetes ,  the d e c r e a s e  
in oxidative phosphoryla t ion  in the l i ve r  mi tochondr ia  is evidently due to a deficiency of the hexokinase 
accep to r  s y s t e m ,  and subsequent ly ,  as the diabetes  b e c o m e s  m o r e  s e v e r e ,  themi tochondr ia  a re  t h e m s e l v e s  
damaged,  so that  while they st i l l  r e m a i n  capable  of absorbing  oxygen, they par t i a l ly  lose  the i r  coupling 
function.  A cor responding  dec r ea s e  in the level  of oxidative phosphoryla t ion in the l i v e r  has  a lso  been  
found in biotin deficiency, when an insulin deficiency in the body, 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 triearboxylic 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] 
whil~ 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 ereatine 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 Phosphoryla t ion in 
Myocardial  Mitochondria of Normal  Rabbits  and Rabbits with Alloxan 
Diabetes  

Normal 

Diabetes 
n 

Note o 

(accepter ,  c rea t ine  phosphate) 

IIn~,lin I c e , b - I  / P-cP 
�9 �9 sorption P 

+ 6,56 (6) <0,05 11,1 (6) [ <0,001 
9,78 (9) <0,05 3,3 (9) [ <0,00! 

T 9,9 (5) 12,3 (5) / <0,001 

Number  of exper imen t s  shown in pa r en these s .  

PtO P 

1,07 
1,70 <0,001 
0,36 <0,001 
1,26 <0,00! 

that the hexokinase act ivi ty  (the second aecep tor  sys tem)  of the hear t  musc le  is reduced by m o r e  than half  
in d iabetes ,  as a resu l t  of the v i r tua l ly  comple te  inhibition of one of the two hexokinase i soenzymes  (type II)~ 

In the p r e s en t  invest igat ion the level  of oxidative phosphoryla t ion was compared  in mitochondria  f r o m  
the hea r t  musc le  of normal  rabbi t s  and of rabbi ts  with alloxan d iabe tes .  

E X P E R I M E N T A L  M E T H O D  

Exper imen t s  were  c a r r i e d  out on male  rabbi ts  weighing 2.5-3 kg; diabetes  was produced by a single 
intravenous inject ion of alloxan in a dose of 130 mg /kg  body weight.  The blood sugar  was de te rmined  by 
the H a g e d o r n - J e n s e n  method.  The rabbi t s  were  used in the exper iments  one month a f t e r  injection of 
alloxan, when the i r  blood suga r  was not below 200 mg %. The mean  blood suga r  level  of the animals  with 
alloxan diabetes was 352 rag%. Insulin (IZS-A) was injected in a daily dose of 2 un i t s /kg  body weight for  
one month, and 1.5 h before  sac r i f i ce  insulin of o r d i n a r y  act ion was injected.  Inorganic  phosphorus was 
de te rmined  by Sumner ' s  method [18], and c rea t ine  phosphate was e s t ima ted  as phosphorus af ter  p r e -  
cipitation with CaC12 [5]. Hexokinase act ivi ty  was e s t ima ted  f rom the dec r ea se  in glucose.  Mitoehondria 
we re  isolated by Rachev ' s  method [7]. To the react ion  mix ture ,  1 ml of suspens ion of mi tochondr ia ,  
equivalent  to 0.666 g f r e sh  weight  of t i ssue ,  was added. The composi t ion of the reac t ion  mix ture  was: 
g lu tamic  acid 30 pmoles ,  MgC12 "6H20 10 pmoles ,  ADP 3.5 pmoles ,  NaF 2.5 pmoles ,  phosphate buffer  40 
pmoles  (pH 7.4), cy tochrome c 0.022 pmole,  glucose 35 pmoles ,  hexokinase 0.5 pmole .  The samples  were  
incubated in a Warburg  appara tus  in an a tmosphe re  of a i r  at 26 ~ Absorpt ion of O2 took place for  21 rain, 
a f t e r  equalization of the t e m p e r a t u r e  for  10 rain. The values  of oxygen absorpt ion  and dec rea se  in inorganic 
phosphorus  were  e x p r e s s e d  in patoms p e r  sample .  

E X P E R I M E N T A L  R E S U L T S  

In the expe r imen t s  of s e r i e s  I, the level  of phosphorylat ion was de te rmined  f rom the inc rease  in con-  
tent  of c rea t ine  phosphate when erea t ine  was used as phosphate  accep to r .  It  is c l ea r  f r o m  Table 1 that the 
absorp t ion  of O2 by myocard ia l  mi tochendr ia  of rabbi t s  with al loxan diabetes  was higher  than that  f rom 
normal  an imals .  An inc rease  in the oxygen consumption of s l i ces  of l ive r ,  b ra in ,  kidney, and diaphragm 
f rom ra t s  with al loxan diabetes  was prev ious ly  obse rved  by Batunina [1]. Phosphoryla t ion was sharp ly  
d e p r e s s e d  in alloxan diabetes  (8.1 patoms in the control ,  3.3 ~atoms P in diabetes ,  Table  1). Under the 
influence of insulin injected in vivo, the O2 absorpt ion  in the control rabbi t s  was reduced,  but that  in d ia -  
be tes  was unchanged. Creatine phosphate fo rmat ion  was inc reased  v e r y  sl ightly in the control an imals  by 
the act ion of insulin (from 8.1 to 11.1 patoms) ,  but in rabbi t s  with a l loxandiabe tes  it  was inc reased  by 
a lmos t  4 t imes .  Under  the act ion of insulin in vivo, the P / O  ra t io  i nc reased  cor respondingly  both in the 
control rabbi t s  and rabbi ts  with al loxan diabetes .  

In the expe r imen t s  of s e r i e s  II, when a hexokinase s y s t e m  was used  as phosphate accep tor ,  O 2 ab -  
sorpt ion  by myoeard ia l  mi techondr ia  of rabbi t s  with al loxan diabetes  also was  sl ightly i nc rea sed  compared  
with normal  (control 6.92 pa toms,  expe r imen t  9.9 patoms) .  The level  of phosphoryla t ion (from the dec rea se  
in inorganic  phosphorus)  was indist inguishable f rom normal  in the myocard ia l  mi tochondr ia  of rabbi t s  with 
d iabetes .  

Addition of excess  of hexokinase to the myocard ia l  mi tochondr ia  of rabbi t s  with alloxan diabetes p r e -  
vented the lowering of the i r  oxidative phosphoryla t ion leve l .  Consequently, the dec rease  in level  of oxidative 
phosphoryla t ion in the myocard ium during diabetes  in the exper iments  of s e r i e s  I (with creat ine)  was e v i -  
dently due to depress ion  of hexokinase  ac t iv i ty .  In fact ,  i ts  act ivi ty  in the myocard ium of the rabbi ts  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 results 
of experiments in which the powerful hexokinase accepter 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 myoeardium 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 myoeardium of an animal with diabetes is secondary and is due to a deficiency of aceeptor 
systems and not to primary damage to the coupling system. 
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