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Action of insulin and triiodothyronine on energy-controlled pathways of 
hydrogen 

Stimulation of biological oxidations by triiodothyronine has been shown by 
many  investigators 1-3 and formerly was deduced from uncoupling effects~, 5, but during 
recent years was formulated on the basis of alterations of mitochondrial enzyme 
patterns6,L However, as shown previously in our laboratory s, the respiratory capacity 
of liver mitochondria was also markedly increased by insulin t reatment  of rats. 
A concomitant increase of several mitochondrial enzymes was observed but no change 
of P/O ratios as reported elsewhere 9-12. The present report deals with major changes 
of mitochondrial contents of cytochromes and pyridine nucleotides produced by 
insulin or triiodothyronine. The contrary effects of both hormones on the respiratory 
system may  operate as a switch for energy-controlled hydrogen flux. 

Hyperthyreot ic  rats were obtained by daily t reatment  with IOO ~g triiodo- 
thyronine per lOO g body weight. Insulin was injected in doses of 2 × 2 to 2 × 4 I.U. 
per day. All animals were kept under standard conditions and sacrificed after 4 days. 
Liver mitochondria were prepared and incubated as described previously z3. Respi- 
ration, P/O ratios, and respiratory control were measured polarographically 14. En- 
zyme activities were measured according to standard methodslC-zL Mitochondrial 
pyridine nucleotides were determined enzymatically18, ~9 and cytochrome content was 
measured by  the method of KLINGENBERG 20,21, using a Phoenix dual-wavelength 
scanning spectrophotometer.  All results are given on a protein basis. 

As shown in Fig. i, respiration with various substrates is stimulated by triiodo- 
thyronine and insulin as well. Respiratory rates are increased unspecifically by triiodo- 
thyronine; whereas, insulin, with a group of substrates, produced an increase of respi- 
ration in constant proportions. The rate of oxidation of c~-glycerophosphate was not 
influenced by  insulin, but rose to the 3o-fold after triiodothyronine t reatment  ~2. 

The stimulation of respiratory capacity resembles increases of enzyme activities, 
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which in part also occur in constant proportions following insulin treatment (isocitrate 
dehydrogenase (EC I.I.I.4I), isocitrate dehydrogenase (NADP) (EC I.i.i.42), aspar- 
tate transaminase (EC 2.6.i.io), glutamate dehydrogenase (NAD(P)) (EC 1.4.I.3), 
hydroxybutyrate dehydrogenase (EC 1.1.1.3o)). 

In Figs. 2a, 2b these results are shown together with data obtained after simul- 
taneous treatment with insulin and triiodothyronine, which leads to additive effects 
in most cases. Neither insulin nor triiodothyronine cause any changes of P/O ratios, 

Fig. I. M a x i m u m  respiration of rat l iver mi tochondr ia  after a 4-day t rea tment  wi th  insul in or 
tr i iodothyronine.  Condi t ions  described in the  text .  Abbreviat ions:  ISOCIT,  isocitrate;  HOB, 
h y d r o x y b u t y r a t e ;  G L U T ,  g lutamate;  SUCC, succ inate;  ~-GP, ~-g lycerophosphate .  
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s. 2a and 2b. E n z y m e  activit ies  in rat l iver mitochondria  of normal,  tr i iodothyronine- ,  and 
insul in-treated rats. The activit ies  are given in international  units.  Abbreviat ions:  GPO ~ a- 
g lycerophosphate  dehydrogenase  ( E C I . I . 2 . I ) ,  GOT ~ aspartate  transaminase  ( E C 2 . 6 . I . I 5 ) ,  
M D H  = malate  dehydrogenase  (EC I . I . I . 3 7  ), G l u D H  = g lutamate  dehydrogenase  (EC 1.4.I .3) ,  
T - I D H  = isocitrate dehydrogenase  (NADP)  (EC I . I . I . 4 2  ), D - I D H  = isocitrate dehydrogenase  
(NAD) (EC i . I . i . ¢ i ) ,  H B D H  ~ f l -hydroxybutyrate  dehydrogenase  (EC i . I . i . 3o ) ,  S D H  ~ suc- 
c inate  dehydrogenase  (EC 1.3.99.1). 
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T A B L E  I 

RESPIRATORY CONTROL AND P / O  RATIOS OF LIVER MITOCHONDRIA FROM NORMAL, TRIIODO- 
THYRONINE- AND INSULIN-TREATED R A T S  

Al l  f i g u r e s  r e p r e s e n t  m e a n  v a l u e s  f r o m  1 5 - 2 o  m i t o c h o n d r i a l  p r e p a r a t i o n s  a n d  l O - 1 5  s i n g l e  m e a s -  
u r e m e n t s  w i t h  e a c h  p r e p a r a t i o n .  A v e r a g e  s t a n d a r d  d e v i a t i o n  ~ o .14 .  A n i m a l s  w e r e  t r e a t e d  w i t h  
t h e  h o r m o n e s  f o r  4 d a y s .  R . C .  = r e s p i r a t o r y  c o n t r o l .  

Particle state o~-Glycero- Succinate fl-Hydroxy- Glutamate Isocitrate 
phosphate butyrate 

R.C. P/O R.C. P/O R.C. P/O R.C. P/O R.C. P/O 

N o r m a l  - -  - -  5 .9  1.9 3 .7  2 .7  4 .4  2 .8  3 .6  2. 7 
T a 2 .9  1.9 3 .9  1.8 3 .4  2 .8  6. 4 2. 7 4 .6  2.8 
I n s u l i n  - -  - -  6 .6  1.9 5 .5  2 .9  4.3 2 .8  5.3 2 .6  

T A B L E  I I  

PYRIDINE NUCLEOTIDI~ AND CYTOCHROME CONTENTS OF LIVER MITOCHONDRIA FROM NORMAL, 
TRIIODOTHYRONINE-, AND INSULIN-TREAT]~D RATS 

All  d a t a  in  / ~ m o l e s / g  p r o t e i n  ~: s t a n d a r d  d e v i a t i o n .  A l l  f i g u r e s  r e p r e s e n t  m e a n s  of  1 5 - 2 o  e x p e r i -  
m e n t s  in  e a c h  g r o u p .  H o r m o n e  t r e a t m e n t  a s  d e s c r i b e d  in  T a b l e  I .  

Insulin Normal Triiodothyronine 

~ ' N A D  + + N A D H  3 .6o  ± o . I  3 . 86  i o .2  3 .1o  ~ o .o9  
~ T N A D P  + + N A D P H  4 .76  :J: o . I  4 . 84  :~ o .2  2 .89  ± o .o7  
~ N A D P / ~ ' N A D  1.32 1 .25 0 .93  
C y t o c h r o m e  c o .17  ~ 0 .02  0 .25  i o . o i  o .31 ~ o .o1 
C y t o c h r o m e  a o .16  ~ o . o i  0 .20  :j_ o . o i  0 .27  ~: o . o i  
~ ' N A D / c y t o c h r o m e  c 21 .2  15. 3 9 .9  
~ N A D P / c y t o c h r o m e  c 27 .6  19.3 9 .3  

i.e., of the basic efficiency of oxidative phosphorylation, as shown in Table I. There- 
fore, any uncoupling effects can be excluded. However, the kinetics of electron flux 
through the respiratory chain are influenced in an opposite manner. Respiratory 
control increases under insulin and decreases below normal under triiodothyronine. 
These findings may be explained by concomitant changes of cytochrome and pyridine 
nucleotide contents, which are demonstrated in Table II. Insulin causes minor changes 
of only mitochondrial pyridine nucleotides; whereas, triiodothyronine drastically di- 
minishes them. The ratio of total NADP/NAD clearly indicates a relative increase of 
NADP (the coenzyme of most synthetic pathways) by insulin and a decrease by 
triiodothyronine. The changes are consistent with the anabolic and catabolic roles of 
these hormones. Since contrary effects of insulin and triiodothyronine were observed 
on mitochondrial contents of cytochromes a and c, which are increased by triiodo- 
thyronine (as already shown by other investigators~3, 2a) and are decreased by insulin 
treatment,  two conclusions may be drawn: 

i. The respiratory rate under optimum conditions is limited by the activity of 
the dehydrogenases rather than by cytochromes. 

2. The ratio of pyridine nucleotides to cytochrome c is changed to above normal 
by insulin and to below normal by triiodothyronine, respectively (Table II). This 
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ratio can, to a certain extent, be taken as a measure of electron pressure put on the 
respiratory chain, if there is a maximum turnover of the respiratory chain-linked 
NAD. Thus, saturation of cytochromes with electrons (cytochrome turnover) is en- 
hanced in mitochondria from insulin-treated rats and diminished in those from triiodo- 
thyronine-treated rats, according to Table I I  

From the results outlined in Tables I, II, it is evident, that respiratory control 
is a function of the ratio of pyridine nucleotides to cytochromes. Further support is 
given to this statement by the results of MACLENNAN AND TZAGOLOFF eS, which demon- 
strate the loss of respiratory control by successive depletion of mitochondrial NAD. 
Therefore, our results may  allow more insight into the anabolic or catabolic actions 
of insulin or triiodothyronine by suggesting that both hormones switch the energy- 
controlled pathways of hydrogen, since the relative rates of energy-controlled hy- 
drogen flux from the flavoprotein region to NAD + or from N A D H  to NADP + may 
be enhanced by insulin and diminished by triiodothyronine in accordance with the 
degree of respiratory control. 
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