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SUMMARY 

In mitochondria from brown adipose tissue no GTP-dependent oleate synthe- 
tase could be detected. The ATP-dependent acyl-CoA synthetase is probably the 
only enzyme involved in oleate oxidation. 

In the absence of added carnitine, oleate oxidation proceeds only in the presence 
of malate and of phosphate, and only for a few minutes. This is apparently due to 
the very low ATP/AMP ratio which is unfavourable for the synthetase activity. The 
substrate level phosphorylation supports continuous oleate oxidation by dramatically 
increasing the ATP/AMP ratio. This effect probably depends on the transphosphory- 
lation of GTP with AMP. 

In the presence of added carnitine, oleate oxidation is stimulated by phosphate 
and is inhibited by atractyloside. These effects are probably due to a direct action of 
these substances on the ATP-dependent synthetase. 

INTRODUCTION 

The main function of brown adipose tissue, which can be found in newborn 
animals, cold-adapted animals and hybernators, is heat production x, ~. Considerable 
data indicate that  lipids are the main fuel for this thermogenesis 1-s. However, the 
mechanism of fa t ty  acid oxidation in brown adipose mitochondria is very poorly 
understood. For instance, during maximal physiological activity, i .e .  during thermo- 
genesis, most of the energy is dissipated as heat 1, while ATP synthesis is very lim- 
ited 6,7. An unanswered question is how energy is supplied to maintain this high rate 
of fa t ty  acid oxidation, a process known to be ATP requiring. Also, since brown fat 
mitochondria are very  active in fa t ty  acid oxidation they can serve as a good model 
for studying the general mechanism of the organization and regulation of fa t ty  acid 
utilization. 

In the present paper the main characteristics of fa t ty  acid oxidation and the 
mechanism of its regulation are reported. 
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EXPERIMENTAL PROCEDURE 

Mitochondria were prepared from brown adipose tissue of 2o-3o-day-old Wistar 
strain albino rats by the procedure of SCHNEIDER AND HOGEBOOM in 0.25 M sucrose 8. 
The fa t ty  layer, which appeared after the first low-speed centrifngation, was removed 
by filtration through gauze. 

0 2 uptake was measured with a Clark oxygen electrode as described by KIELLEY 
AND BRONK 9. 

Acyl-CoA synthetase (acid:CoA ligase (AMP), EC 6.2.1.3) was assayed as pre- 
viously described 1°. Protein concentration was determined by the biuret reaction Ix. 
Potassium oleate was prepared as a fine emulsion at 60 ° and adjusted to pH 8.0. 
A 2o-mM suspension was found to be stable for several months. The concentrations of 
ATP, ADP, and AMP in mitochondria were measured enzymically. ATP was deter- 
mined fluorimetrically by using hexokinase (EC 2.7.1.1 ) and glucose-6-phosphate de- 
hydrogenase (EC 1.1.1.49 ) according to the method of STEINER AND WILLIAMS 12. 
ADP was determined by the pyruvate kinase (EC 2.7.1.4o ) and lactate dehydrogenase 
(EC 1.1.1.27)system previously described 13. AMP was determined under the same 
conditions as ADP except that  adenylate kinase (EC 2.7.4.3) was added. Reagents 
were analytical grade. The enzymes used for analysis were purchased from Boehringer. 
Uniformly labelled Ea4C]oleate was obtained from Radiochemical Centre, Amersham. 

Atractyloside was kindly given by Prof. Santi (University of Padova, Italy). 

RESULTS 

Preliminary experiments showed that  fa t ty  acid oxidation in brown adipose 
mitochondria, as in mitochondria of other tissues, occurs in the absence of added 
carnitine but that  it is stimulated by the addition of this substance. For convenience 
a "carnitine-independent" oxidation and a "carnitine-dependent" oxidation will be 
described separately. The rate of the"carni t ine-dependent" pathway was much higher 
(average, 15o natoms/min per mg protein) than the "carnitine-independent" path 
(average, 50 natoms/min per mg protein). Brown adipose mitochondria prepared by 
the procedure of SCHNEIDER AND HOGEBOOM s were in the uncoupled state, and it was 
not possible to obtain coupled preparations even if the mitochondria were isolated and 
incubated in the presence of defatted serum albumin. 

"Carnitine-independent" oleate oxidation 
Effect of phosphate. Mitochondria from brown adipose tissue exhibited a high 

rate of oleate oxidation in the presence of malate. Added ATP was not required, 
indicating that  endogenous ATP or GTP were being utilized for the oleate oxidation 
(Fig. I, Trace A). Omission of phosphate from the incubation mixture resulted in a 
large decrease of the respiratory rate (Fig. i ,  Trace B). The activating effect of phos- 
phate can be explained by its effect on the ATP-dependent mitochondrial acyl-CoA 
synthetase 10. Table I shows that  the rate of formation of aeyl-CoA in a solubilized 
preparation of brown adipose mitochondria was increased 2-fold by the addition of 
8 mM phosphate. Phosphate at 5o mM did not inhibit the rate of oleate oxidation in 
brown adipose mitochondria. This is in contrast with the inhibitory action of phos- 
phate at this concentration on oleate oxidation in uncoupled liver 14 and kidney t5 
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mitochondria. This difference could be explained by the absence of a GTP-dependent 
thiokinase in brown adipose mitochondria which has been shown to be inhibited by 
high phosphate concentrations in the kidney and liver mitochondria 15, le. Our at- 
tempts to show the presence of a GTP-dependent thiokinase in brown adipose tissue 
have proved unsuccessful. We conclude that the ATP-dependent thiokinase is prob- 
ably the only enzyme involved in oleate activation in brown adipose mitochondria. 

A B 

C 

Fig. I. R e q u i r e m e n t s  for oleate  ox ida t ion .  The  i ncuba t i on  s y s t e m  con ta ined  80 m M  KC1, x 5 m M  
Tr is -HC1 buffer  (pH 7.3), 6 m M  MgC1 v and  12 m M  sucrose.  A t  t he  po in t s  ind ica ted  b y  ar rows,  
2 m g  of mi tochondr i a l  p ro te in  (MITO), 3 m M  m a l a t e  (MAL.), o.x m M  olea te  (OLE.),  4 m M  ATP,  
0. 5 m M  ~-ke tog lu ta ra t e  (~-KETOG.) ,  20 m M  a r sena t e  (AsO4), a n d  3 ° m M  p h o s p h a t e  (Pl) were 
added .  To ta l  v o l u m e  of t he  reac t ion  m i x t u r e  was  2 ml.  The  t e m p e r a t u r e  was  25 °. I n  Traces  A 
a n d  C, 5 m M  p h o s p h a t e  was  p re sen t  in t he  m e d i u m .  

T A B L E  I 

A T P - D E P E N D E N T  A C Y L - C o A  FORMATION B Y  SOLUBILIZED MITOCHONDRIAL PROTEIN 

The  p repa ra t i on  of solubi l ized mi tochondr i a l  pro te in ,  t he  i ncuba t i on  s y s t e m  and  t he  m e t h o d  of 
ana lys i s  were pe r fo rmed  as p rev ious ly  descr ibed 10. T he  s u b s t r a t e  was  oleate. I n c u b a t i o n s  were 
carr ied  ou t  for 4 rain a t  3 8°. 

A ddition A cyl-CoA formed 
(~moles/mg protein per rain) 

None  3.7 
8 m M  p h o s p h a t e  7.8 

Effect of ~-ketoglutarate. Since mitochondria from brown adipose tissue are 
completely uncoupled the only process for the production of ATP, which is necessary 
for fatty acid oxidation, is substrate-level phosphorylation. Evidence in support of 
this assumption is the observation that arsenate inhibited oleate oxidation almost 
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c o m p l e t e l y :  t h e  r e s idua l  02  u p t a k e  w a s  p r e s u m a b l y  due  to  x - k e t o g l u t a r a t e  o x i d a t i o n  
(Fig. it, T r a c e  C). 

T h e  r a t e  of t h e  c a r n i t i n e - i n d e p e n d e n t  o l ea t e  o x i d a t i o n  d e c r e a s e d  g r a d u a l l y ,  

a n d  a f t e r  3 - 4  ra in  c o m p l e t e l y  s t o p p e d  (Fig.  I ,  T r a c e  C; Fig .  2). A d d e d  A T P  d i d  n o t  

1,4£0U~4 CONTAINING 5 mM 

MIT0 

1 
N.E, 
M~.ATE 

OL[. ÷ • - KETOG 

OL[. ÷ 1'4ALATE 

d-KETOG + MALAT[ 

° \ 

\ OL[. 4- d-KETIOG + I~LATE 

\ 

Fig. 2. Effect of ~-ketoglutarate on ole~te oxidation. Experimental conditions were the same as 
for Fig. I. Phosphate, 5 raM, was present in the medium. Additions of substrates to the incubation 
mixture are indicated on the right of the figure. The concentrations of the added substrates were 
the same as in Fig. I. 

TABLE II 

OXIDATION OF UNIFORMLY LABELLED [14C]OLEATE 

Experimental conditions as for Fig. I. Phosphate (5 raM) was present in the medium. Incubations 
were carried out in Warburg vessels at  3 °°  in the presence of 0.2/,mole of uniformly labelled 
[I4C] oleate (4" IO5 counts/rain). I4CO= was trapped by 0.2 ml of I M hyamine hydroxide. After 
15 rain of incubation the reaction was stopped by the addition of 0.2 ml of 20% HzSO 4 
(v/v). The shaking was continued for an additional 15 rain. After the addition of o.I ml of conc. 
HC104, both hyamine 14COI and~ the HCIOl-soluble activity were determined by liquid-scintil- 
lation counting. The acid-soluble activity represents the metabolites derived from the acid-in- 
soluble oleate. 

A dditions Counts/rain per rag per z 5 min 

x4C02 (A) Acid-soluble A + B 
activity (B) 

(A) Effect of malate and ot-ketoglutarate 
Oleate 7 ° 
Oleate + 3 mM malate 280 
Oleate + o. 5 mM ~-ketoglutarate IOO 
Oleate + 3 mM malate + 0. 5 mM ~-ketoglutarate 5io 

(B) Effea of camitine 
Oleate + 3 mM malate + i mM ATP 290 
Oleate + 3 mM malate + 3 mM carnitine 26o 
Oleate + 3 mM malate + I mM ATP + 3 raM 

earnitine 704 

800 870 
18 37 ° 18 650 
2 200 2 300 

29 77 ° 3 ° 280 

19 12o 19 41o 
17 8oo 18 o6o 

42 ooo 42 704 
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restore the original respiratory rate (Fig. i, Trace C). A constant respiratory rate could 
be maintained by the addition of small amounts (0.5 mM) of x-ketoglutarate 
(Fig. I, Trace C; Fig. 2). Evidence that  x-ketoglutarate activates oleate oxidation, 
and not merely serves as an oxidizable substrate, is shown by the results in Table II. 
When oleate oxidation was determined by the amount of 14COz and 14C-labeUed 
acid-soluble metabolites formed from uniformly labelled [14Cloleate it was found that  
~-ketoglutarate had a significant activating effect (Table II). The action of ~-keto- 
glutarate could be detected only in the presence of malate (Fig. 2) and could not be 
elicited by other oxidizable substrates such as succinate or ~-glycerophosphate. Since 
the stimulatory effect of x-ketoglutarate was completely abolished by arsenate (Fig. I, 
Trace C), the function of the substrate appears to be the promotion of substrate-level 
phosphorylation. 

The shift induced by x-ketoglutarate on the concentrations of intramitochondrial 
ATP and AMP can explain the activating effect evoked by this substrate on oleate 
oxidation. 

T A B L E  I I I  

CHANGES IN THE DISTRIBUTION OF " ENDOGENOUS '~ MITOCHONDRIAL NUCLEOTIDES 

The i n c u b a t i o n  cond i t ions  axe the  same  as those  r epor t ed  in  Fig.  I. Phospha te ,  5 raM, was present 
in  the  i n c u b a t i o n  so lu t ion .  R e s u l t s  are  expressed  as n m o l e s / i o  m g  prote in .  

Experimental conditions A T P  A D P  A M P  

No i n c u b a t i o n  5.5 22 44.o 
5 min  i n c u b a t i o n  w i t h  3 mM m a l a t e  and  

o . i  mM oleate  5.0 18 5I .o  
5 ra in  i n c u b a t i o n  w i t h  3 mM m a l a t e  and  

o. 5 mM a~-ketoglutarate 50.o 23 o.6 
5 min  i n c u b a t i o n  w i t h  3 mM mala t e ,  

o. I mM olea te  and  0. 5 mM ~- ke tog lu t a r a t e  40.0 23 3.o 
5 rain i n c u b a t i o n  w i t h  I mM ATP* i2 .o  2o 43.o 

* I n  th i s  e x p e r i m e n t  the  i n c u b a t i o n  m i x t u r e  was  d i l u t e d  x5-fold w i t h  ice-cold 0.25 M sucrose.  
The  endogenous  aden ine  nuc leo t ide  was  de t e rmined  in  t he  mi tochondr i a l  pe l le t s  recovered  a f t e r  
cen t r i fuga t ion  for 5 ra in  a t  2oooo × g. 

As shown in Table III,  in freshly isolated mitochondria over 60 % of the adenine 
nucleotide pool is in the form of AMP while less than 8 % is ATP. This ratio is un- 
favourable for the activity of the ATP-dependent thiokinase which is inhibited by 
AMp10,17. Incubation of the mitochondria with oleate and malate did not modify 
the unfavourable adenine nucleotide ratio (Table III). However, the addition of 
~-ketoglutarate dramatically changed the ATP/AMP ratio (Table III) resulting in 
a very favourable condition for oleate activation. Incubation of mitochondria with 
added ATP did not appreciably modify the original ATP/AMP ratio (Table III). 
This could explain why externally added ATP is unable to stimulate oleate oxidation 
(Fig. I, Trace C). 

"Carnitine-dependent" oleate oxidation 
In mitochondria from brown adipose tissue, as well as in liver and kidney mito- 

chondria, fa t ty  acid oxidation is stimulated by addition of ATP plus carnitine 15,1s-z1 
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(Fig. 3, Trace A). The "carnitine-dependent" process was also stimulated by 
5 mM phosphate 15, is but inhibited by I mM atractylate 15,18. The inhibitory effect of 
atractylate was almost complete in the absence of inorganic phosphate but reduced 
to about 30 % in the presence of 5 mM phosphate (not reported in the figures). In the 
presence of phosphate, added CoA restored the maximal rate of atractyloside-inhibited 
respiration (Fig. 4, Trace B). Similar results were obtained in the absence of phosphate. 

A . B 

OLE. 

34 ~TOM$ 0 

A B 

s ~  

Fig. 3. Fatty acid oxidation in the presence of added ATP and carnitine. Experimental conditions 
were the same as for Fig. L Phosphate, 5 raM, and malate, 3 re_M, were present in the medium. 
At the points indicated by arrows, 2 nag of mitoehondrial protein (MITO), x mM ATPI i mM 
carnitine (CAR.), and o.1 mM oleate (OLE.) were added. The system in Trace B contaitaed lO mg 
of bovine serum albumin. 

Fig. 4. Effect of atractyloside on oleate oxidation. Experimental conditfons were the same as 
for Fig. I. Phosphate, 5 raM, and malate, 3 raM, were present in the medium. At the points in- 
dicated by arrows, 2 mgof mitoehondrial protein (MITOL o.fmM o~eate (OLE. ~ i mM ATP, 
I mM carnitine (CAR.), 0.05 mM CoA, and I rnM atraetyloside (ATRA.) were'ad'ded. 

In the "carnitine-dependent" system the maximal rate of'respiration was ob- 
tained even in the absence of  added fat ty acid s°, ~x (Fig. 3, Trace A). Serum albumin 
completely abolished the endogenous respiration ~0, and subsequent additions of oleate 
induced a progressive increase in the respiratory rate (Fig. 3, Trace B). These results 
suggest that, in the carnitine-linked mechanism, brown adipose mitochondria oxidize 
the available endogenously-l.ree fat ty acids. 

DISCUSSION 

From the results reported' in this paper it appears that brown adipose mito- 
chondria actively oxidize free fat ty acids by a "carnitine-dependent" and a 7'carnitine- 
independent" mechanism. The existence of the two mechanisms implies, as in liver 
and kidney, the existence of two different sites of fat ty acid activation ao, 15, as, xg, 
one being external and the other internal to the so-called "carnitine barrier" (which 
could be localized in the inner membrane22). In liver and kidney mitochondria the 
"external" activation of fat ty acids is ATP-dependeut while the "internal" activation 
is both ATP- and GTP-dependentX', 15, indicating the existence in the internal site of 
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two distinct acyl-CoA synthetases, one ATP- and the other GTP-dependent. In brown 
adipose mitochondria, activation of fatty acid is probably only ATP-dependent. This 
means that, in the internal site as well as the external site, only the ATP acyl-CoA 
synthetase is operative. Since in isolated mitochondria ATP is present only in the 
"internal" site, the "external" thiokinase is not operative unless ATP, necessary for 
fatty acid activation, and carnitine, necessary for the translocation of acyl-CoA, are 
added together. In the presence of ATP and carnitine the external system becomes 
active and provides additional acyl groups for the oxidative enzymes located in the 
"internal" site. In other words while in the "carnitine-independent" pathway only 
internally activated acyl groups are oxidized, in the "carnitine-dependent" pathway 
the "externally" activated acyl groups are also oxidized. This situation is operative 
in brown adipose mitochondria where the "carnitine-dependent" process has a higher 
fatty acid oxidation rate than the "carnitine-independent" path. 

A remarkable observation is that fatty acid oxidation via the "carnitine-in- 
dependent" system proceeds for only a few minutes and then stops. This is apparently 
due to the very low ATP/AMP ratio which is unfavourable for acyl-CoA synthetase 
activity 1°. This interpretation is supported by the observation that small amounts 
of x-ketoglutarate dramatically increased the ATP/AMP ratio and supported conti- 
nuous fatty acid oxidation. Since brown adipose mit0chondria are uncoupled, it 
must be assumed that ATP produced upon x-ketoglutarate addition can only 
be derived from substrate.-level phosphorylation ~8. Added ATP, unlike =-keto- 
glutarate, is unable to stimulate fatty acid oxidation and to modify the ATP/AMP 
ratio. This observation can be explained by the previous observations that  the mito- 
chondrial adenylate kinase (EC 2-7.4-3) is located in the outer mitochondrial mem- 
brane z4-~s, while a specific transphosphorylation between GTP and AMP.takes place 
in the mitochondrial matrix 2e. The only way mitochondrial AMP', which is seques- 
tered within the inner membranel can be phosphorylated is by transphosphorylation 
with GTP 2e. The following sequence of nucleotide reactions is postulated to occur 
upon ~-ketoglutarate addition : 

G T P  + AMP ~ GDP + A D P  ~ (I) 

GTP + A D P  ~-~ G D P  + ATP ~ (2) 

2GTP + AMP ~ 2GDP + ATP 

This sequence of reactions is also in agreement with our observation that the level 
of mitochondrial ADP does not change upon the addition of a-ketoglutarate (Table 
III). 

The requirement of malate to obtain the activation of fatty acid oxidation by 
~-ketoglutarate can be explained by the previous observation that malate facilitates 
the permeation of ~-ketoglutarate through the inner mitochondrial membrane 27, 

The other pathway of fatty acid oxidation is the "carnitine-dependent path- 
way" which is studied in the presence of added ATP and carnitine. The stimulatory 
effect of phosphate and the inhibitory action of atractylate on this process can be 
explained by the action of these substances on the ATP-specific thiokinase 10. As 
discussed above, in mitochondria from brown adipose tissue the"carnitine-dependent" 
pathway is much higher than the "carnitine-independent" pathway. 
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Free fatty acids present in freshly isolated mitochondria, and which are easily 
absorbed by bovine serum albumin, are oxidized only through the "caruitine-de- 
pendent" pathway. This would suggest that these endogenous fatty acids are localized 
outside the "caruitine barrier". 

Finally, considering that the ATP necessary for the "carnitine-dependent" 
process must be available outside the carnitine barrier, it is very likely that physi- 
ologically this ATP is provided by glycolysis, a process which has been shown to 
be very efficient in brown adipose cells 1. 
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