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Summary 

In rat liver mitochondria, membrane lipid unsaturation increases, the 
temperature limits of the membrane phase transition decrease and the E a of 
succinate oxidase increases following thyroidectomy.  All three parameters 
change in the opposite direction within 12 h after thyroxine treatment.  It is sug- 
gested that  many effects of thyroid hormones can be explained by changes in 
membrane structure and function. 

The interaction between membrane lipids and membrane function is 
clearly demonstrated by the increase in Arrhenius activation energy (Ea) of 
membrane-associated enzymes below the temperature limits of the membrane 
lipid phase transition [ 1]. Changes in membrane lipid composition alter mem- 
brane fluidity and also affect the E a of membrane-associated enzymes [ 1 ]. 
The phase transition for membranes from rats starts at about 23°C and finishes 
at approximately 8°C [2,3]. Above 23°C the membrane lipids are in a liquid 
crystalline (fluid) phase. Between 23°C and 8°C, the lipids are in a transition 
consisting of mixed liquid-crystalline and gel phases and below 8°C they are 
in a predominantly gel (solid) phase. 

Homeothermic (warm blooded) animals maintain their body temperature 
in the region where membrane lipids are fluid. Although hibernators reduce 
their body temperature during winter they also lower the upper temperature 
limit of the phase transition [4] by altering their membrane lipid composition 
[ 5], and thus maintain fluidity at low temperatures. It has been observed that  
thyroid hormone secretion in these hibernators stops just before the hibernat- 
ing season [6] and it was suggested that  this cessation of thyroid hormone 
secretion is responsible for the alteration of membrane composition and thus 
the maintenance of membrane fluidity and membrane function. 
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To determine the influence of thyroid hormones on membrane lipid 
structure and function we have investigated the effect of changes in thyroid 
status on the liver mitochondrial membrane of a non-hibernating mammal, the 
the rat. Liver mitochondrial membranes were chosen because it has been 
shown that with respect to the phase transition and the E a of associated en- 
zymes liver mitochondrial membranes are typical of mitochondria from kidney 
or heart and of the endoplasmic reticulum membranes from these tissues [2 ,7 ]  

Wistar rats {male 200--250 g) were divided into a hypothyroid group 
(n = 9) and a control group (n = 3). The hypothyroid rats were produced by 
surgical thyroidectomy and were maintained on rat pellets {Allied Feeds, Syd- 
ney) and a 1% calcium gluconate drinking solution ad libitum for up to 15 
weeks. None of the thyroidectomized rats showed a significant uptake of 131I 
in the region of the thyroid before being killed. Three rats were sacrificed at 
each of 7, 10 and 15 weeks after thyroidectomy and liver mitochondria 
isolated by methods previously described [8]. Succinate oxidase activity was 
measured polarographically [9] by the simultaneous use of five oxygen elec- 
trodes each operating at a different temperature. Electron spin resonance 
(ESR) spectroscopy of  the spin label 3-oxazolidinyloxy-2-butyl-2-pentyl-4,4- 
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F i g .  1 .  A r r h e n i n s  p l o t s  o f  s u c c i n a t e  o x i d a s e  ac t iv i ty  ( A  a n d  B) and  spin  labe l  m o t i o n  (C and  D)  for  
m i t o c h o n d r i a  f r o m  a c o n t r o l  rat and  a t h y r o i d e c t o m i z e d  rat as a f u n c t i o n  o f  t e m p a r a t u r e .  F o r  t h e  
o x i d a s e  p l o t s  the  n u m b e r  u n d e r l i n e d  b e s i d e  e a c h  l ine  is the  A r r h e n i u s  ac t i va t ion  e n e r g y  in k J  • m o l -  l .  

T h e  u p p e r  ( T f )  a n d  l o w e r  (Ts)  l imi t s  o f  the  p h a s e  trans i t ion ,  o b t a i n e d  f r o m  p l o t s  o f  sp in  label  m o t i o n  
w e r e  d e t e r m i n e d  b y  s tat i s t ica l  analys i s  for  d e t e r m i n i n g  the  c h a n g e  in s l o p e  o f  t h e  s tra ight  p o r t i o n s  o f  
the  graph.  T h e  t e m p e r a t u r e s  q u o t e d  have  an e s t i m a t e d  el-zor o f  +-0.7°C a n d  all t h e  c h a n g e s  in s l ope  are 
s igni f icant  at  a leve l  o f  P ~ 0 . 0 1 .  
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dimethyl (5N10), infused into mitochondrial membrane was carried out 
using a Varian E-4 spectrometer by the methods previously described [2]. 
Changes in the temperature responses of motion for spin labels infused into 
the lipid region of membranes have been used to indicate changes in molecular 
ordering of membrane lipids induced by changing temperature [ 10]. Fat ty  
acid composition of the membrane lipids was determined as described previ- 
ously [ 11 ]. 

Fig. 1 shows Arrhenius plots for both succinate oxidase and spin label 
motion with membranes of rat liver mitochondria. For the control rat (Figs. 
1 Aand C) changes in molecular ordering, indicated by the changes in the 
temperature coefficient of spin label motion (change in slope of the plot of 
log To against the reciprocal of absolute temperature) and the E a of succinate 
oxidase activity, occur at about 23 and 9°C as previously reported [2]. Results 
with thyroidectomized rats show that  their mitochondria differ from the con- 
trols in two respects. As shown in Figs. 1B and D the upper temperature limit 
of the transition (Tf) is reduced from 23 to 10°C and the lower limit from 9 to 
5°C, 15 weeks after thyroidectomy.  Furthermore, in the temperature zone 
above Tf, the E a of either state 3 or state 4 rates of succinate oxidation for 
the thyroidectomized rat was 54 kJ- mo1-1 (Fig. 1B) compared to 21 kJ- mo1-1 
for the control rat (Fig. 1A). 

Table I shows additional features of the changes in structure and function 
induced by thyroidectomy.  Firstly, the decrease in Tf, was clearly evident 
after 7 weeks and was progressive up to 15 weeks. Secondly, the decrease in 
Tf was related to an increase in unsaturation of membrane lipids from 65% 
at 7 weeks, to 71% after 15 weeks. Although the change in the relative unsat- 
uration of membrane lipids is small, it is sufficient to account for the large 
change in Tf [ 1]. The third important  feature of  Table I is the progressive 
increase in the E a of succinate oxidation, in the temperature zone above Tf, 
following thyroidectomy.  Such increases in E a are indicative of an alteration 

T A B L E  I 

C H A N G E S  I N  M E M B R A N E  F A T T Y  A C I D  C O M P O S I T I O N ,  T E M P E R A T U R E - I N D U C E D  P H A S E  
T R A N S I T I O N  A N D  T H E  A R R H E N I U S  A C T I V A T I O N  E N E R G Y  F O R  S U C C I N A T E  O X I D A S E  
A C T I V I T Y  I N  R A T  L I V E R  M I T O C H O N D R I A  F O L L O W I N G  T H Y R O I D E C T O M Y  

T i m e  a f t e r  U n s a t u r a t e d *  M e m b r a n e *  * S u c c i n a t e *  * * 
t h y r o i d e c t o m y  f a t t y  a c i d s  p h a s e  o x i d a s e  
( w e e k s )  (% o f  t o t a l  t r a n s i t i o n  E a a b o v e  T f  

f a t t y  a c i d s )  ( °C)  ( k J  • mo1-1 ) 

T f  T s 

C o n t r o l  

T h y r o i d e c t o m i z e d  

61 23  9 21  

7 6 5  19  9 3 0  
1 0  6 6  1 5  7 4 0  
15  71  1 0  5 54  

* T h e  t o t a l  o f  p a l m i t o l e i c  ( 1 6 : 1 ) ,  o l e i c  ( 1 8 : 1 ) ,  U n o l e i c  ( 1 8 :  2 ) ,  l i n o l e n i c  ( 1 8 :  3 ) ,  a r a c h i d o n i c  ( 2 0 : 4 ) ,  
as  w e l l  as  s m a l l  a m o u n t s  o f  2 0 : 5  a n d  2 2 : 6  a c i d s ,  e x p r e s s e d  as  a p e r c e n t a g e  o f  t o t a l  f a t t y  a c i d s .  T h e  
m a x i m u m  v a r i a t i o n  in  u n s a t u r a t e d  f a t t y  a c i d s  b e t w e e n  i n d i v i d u a l s  w i t h i n  a t r e a t m e n t  w a s  -+ 1 . 4 % .  

* * T f  a n d  T s f o r  e a c h  i n d i v i d u a l  c a n  b e  d e t e r m i n e d  t o  w i t h i n  -+0 .7°C.  T h e  m a x i m u m  v a r i a t i o n  in  T f  
a n d  T s b e t w e e n  i n d i v i d u a l s  w i t h i n  o n e  t r e a t m e n t  w a s  -+1°C o f  t h e  v a l u e  s h o w n  a b o v e .  

* * * A r r h e n i u s  a c t i v a t i o n  e n e r g y  f o r  e a c h  i n d i v i d u a l  c a n  b e  d e t e r m i n e d  t o  w i t h i n  a p p r o x i m a t e l y  -+ 2%. 
T h e  m a x i m u m  v a r i a t i o n  f o r  a n y  i n d i v i d u a l  w i t h i n  a t r e a t m e n t  w a s  -+4 k J  • m o l - i  o f  t h e  v a l u e  s h o w n  
a b o v e .  
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in the catalytic efficiency of oxidative activity and since this is coupled to 
phosphorylation, indicates an alteration in the efficiency of energy production. 

In a separate series of experiments all parameters were measured in liver 
mitochondria isolated from rats (n = 3) 12 h after the intraperitoneal injection 
of thyroxine (3 ug/g body weight, Sigma Chemicals). After the injection of 
thyroxine the changes in all parameters were in the opposite direction to 
those observed after thyroidectomy. Membrane fatty acid unsaturation de- 
creased 7%, the upper phase change temperature increased by 6°C and the E a 
of succinate oxidation above this temperature decreased by approximately 
12 kJ/mol. The oxidative activity of mitochondria from the thyroxine-treated 
animals is adversely affected by high temperatures. Since the phase change is 
elevated by thyroxine treatment determination of the E a of succinate oxida- 
tion was restricted to the temperature range of 28 to 33°C. Therefore the 
value for the E a change after thyroxine treatment could vary by +_10%. A 
significant decrease in the E a of succinate oxidation, compared to control 
rats, was however observed in all mitochondrial preparations from thyroxine- 
treated rats. 

The dramatic changes, in all parameters measured, only 12 h after 
thyroxine injection, indicate that  the action of this thyroid hormone on 
mitochondrial membranes is very rapid. This suggests a direct effect on mem- 
brane lipids especially in view of the relatively lengthy periods necessary for 
other thyroid hormone effects to become evident [ 12]. The difference 
between the time course for the changes induced by thyroidectomy and by 
thyroxine treatment,  suggests that  whereas the effect of thyroxine on the 
membrane lipids is relatively rapid, the change observed in the absence of 
thyroid hormones represents a considerably slower reversion to a more unsat- 
urated state, a state which is more typical of the membrsnes of poikilotherms 
[13]. It may be that  in the normal rat the thyroid hormones are responsible 
for maintenance of the "homeothermic"  (less unsaturated) nature of the 
membrane lipids. 

As well as influencing mitochondrial membrane lipids the thyroid hor- 
mones similarly affect the relative unsaturation of microsomal membrane 
lipids [14]. A direct relationship between changes in membrane structure and 
function on the one hand and thyroid activity on the other provides a rational 
explanation for a number of previously observed but apparently unconnected 
changes associated with thyroid hormones. In addition, it provides a new con- 
ceptual approach to the primary mechanism of action of the thyroid hormones. 
Many of the enzyme reactions known to be influenced by thyroid hormones, 
such as succinate dehydrogenase, cytochrome c oxidase [15], adenine nucleo- 
t: :le translocation [16], (Na ÷ + K÷)-ATPase [17] and protein synthesis [12, 
13] are membrane-associated enzyme systems. It is therefore likely that these 
enzyme systems are affected by changes in membrane fluidity. Such effects 
have been shown for the mitochondrial oxidative enzymes (Table I) adenine 
nucleotide translocation [19], (Na ÷ + K÷)-ATPase [7] and amino acid incor- 
poration [ 20,21]. Thus, by altering the lipid composition and hence fluidity 
of membranes, it is possible to alter the activity of a number of metabolic 
processes simultaneously. 
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An action of thyroxine on mitochondrial membrane structure might 
also explain the swelling of mitochondria that can be induced by thyroxine 
[22].  If, as we suggest, the thyroid hormones act on other cellular membranes 
then it is possible that the multiplicity of  metabolic and clinical changes at- 
tributed to thyroid hormones will come to be explained as secondary events, 
resulting from alterations in membrane function caused by thyroid-hormone 
induced changes in membrane structure. 

References 

l Raison,  J .K. (1973)  Bioenerget ics  4, 285 - -309 .  
2 Raison,  J .K.  and McMurchie ,  E.J.  ( 1974)  Biochim.  Biophys.  Ac ta  363,  135 - -140 .  
3 Shimshick ,  E.J. and McConnel l ,  H.M. (1973)  Biochemis t ry  12, 2 3 5 1 - - 2 3 6 0 .  
4 Raison,  J .K.  and Lyons ,  J.M. ( 1 9 7 1 )  Proc. Natl.  Acad.  Sci. U.S. 68, 2 0 9 2 - - 2 0 9 4 .  
5 Lerner ,  E., Shug, A.L.,  Elson, C. and Shrago,  E. (1972)  J. Biol. Chem.  247, 1 5 1 3 - -1 5 1 9 .  
6 Hulber t ,  A.J. and Hudson ,  J.W. (1976)  Am.  J. Physiol.  230,  1 2 1 1 - - 1 2 1 6 .  
7 McMurchie ,  E.J.,  Raison,  J .K. and  Cairncross,  K.D. (1973)  Comp.  Biochem.  Physiol.  44B, 1 0 1 7 - -  

1026.  
8 Lyons ,  J.M. and  Raison,  J .K.  (1970)  Comp .  Biochem.  Physiol.  37, 405 - -411 .  
9 Lyons ,  J .M.,  Raison,  J .K.  and  K u m a m o t o ,  J. (1974)  in Methods  in E n z y m o l o g y  (Fleischer,  S., 

Packer ,  L. and  Es tab rook ,  R., eds.),  Vol. 32, PaX B, pp. 258 - -262 ,  A c a d e m i c  Press, New York.  
10 Henry ,  S.A. and Kei th ,  A.D. (1971)  Chem.  Phys.  Lipids 7, 245 - -265 .  
11 McMurchie ,  E.J. and Raison,  J .K.  (1975)  J. T h e r m a l  Biol. 1, 113- -118 .  
12 Tata ,  J .R.  (1969)  Gen. Comp.  Endocr ino l .  Suppl .  2, 385 - -3 9 7 .  
13 Richardson ,  T. and  Tappel ,  A.L. ( 1 9 6 2 )  J. Cell Biol. 13, 43- -54 .  
14 Steffen,  D.G. and Platner ,  W.S. (1974)  Fed. Proc. 33, 407.  
15 Wolff, E,C. and Wolff, J. (1964)  in The  T h y r o i d  Gland (Pit t-Rivers,  R. and  Tro t tne r ,  W.R., eds.),  

Vol. 1, pp. 237 - -28 2 ,  Bu t t e rwor th s ,  L o n d o n .  
16 Babior, B.M., Creagan,  S., Ingbar ,  S.H. and  Kipnes,  R.S. (1973)  Proc. Natl.  Acad.  Sci. U.S. 70, 

98 - -102 .  
17 ismaili-Beigi,  F. and Ede lman ,  I.S. ( 1970)  Proc. Natl. Acad.  Sci. U.S. 67, 1 0 7 1 - - 1 0 7 8 .  
18 Sokolof f ,  L. (1970)  in H a n d b o o k  of  N e u r o c h e m i s t r y  (Laj tha ,  A., ed.) ,  Vol. B, 525 - -549 ,  P lenum 

Press, New York.  
19 Pfaff ,  E., Heldt ,  H.W. and  Kl ingenburg ,  M. (1969)  Eur.  J. Biochem.  10, 484 - -493 .  
20 Towers ,  N.R.,  Raison,  J .K. ,  KeBerman ,  G.M. and  Linnane ,  A.W. (1972)  Biochim. Biophys.  Ac ta  

287,  301 - -311 .  
21 Towers ,  N.R.,  Ke l le rman ,  G.M., Raison,  J .K.  and Linnane ,  A.W. (1973)  Biochim. Biophys.  Ac ta  

299,  153 - -161 .  
22 Lehninger ,  A.L. (1959)  J. Biol. Chem.  234,  2 1 8 7 - - 2 1 9 5 .  


