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In>oducEon  

Long-chain fatty acids, after being activated to give acyl-CoA 
thioesters and being transferred into the mitochondrion by means of 
the carnitine shuttle, are good respiratory substrates whose oxidation 
is coupled to the phosphorylation of ADP to ATP [1, 2].  They also 
constitute the main endogenous respiratory substrate in isolated liver 
mitochondria [3].  On the other hand, however, uncoupling proper- 
ties of long-chain fatty acids have been observed for more than two 
decades. More recently, long-chain fatty acids and their CoA 
thioesters have been found to affect the transport of certain metabo- 
lites and ions across the mitochondrial membrane, thus throwing a 
new light on the mechanism of the interference by fatty acids in 
mitochondrial functioning and on their possible role in regulation of 
energy metabolism of the cell. 

The purpose of this article is to give an account of the present 
knowledge on the influence of fatty acids on the permeability of 
mitochondrial membranes, carrier-mediated transport processes, and 
energy-coupling reactions in isolated mitochondria. The extrapolation 
of these effects to in vivo conditions and possible importance for 
the regulation of cellular metabolism will also be briefly discussed. 

© 1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part 
of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form 
or by any means, electronic, mechanical, photocopying, microfilming, recording, or otherwise, 
without  written permission of the publisher. 
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Inhibition of  Carrier-Mediated Metabolite Transport 

Translocation of  Adenine Nucleotides 

Wojtczak et al. [4, 5] described an inhibition by fatty acids of the 
translocation of adenine nucleotides in liver mitochondria. This was 
confirmed by Pfaff and Klingenberg (quoted according to Weidemann et 
al. [6]) in heart mitochondria. According to Wojtczak et al. [5], this 
inhibition could explain, at least partly, several effects of long-chain 
fatty acids on mitochondrial energy-coupling reactions, such as lowering 
of the P/O ratio, inhibition of the ATP-Pi exchange reaction, and 
inhibition, at low concentrations of fatty acids, of the uncoupler- 
-stimulated mitochondrial ATPase. Subsequently, however, it was 
demonstrated [7-11] that CoA thioesters of long-chain fatty acids are 
very potent  inhibitors of the translocase, and it was suggested therefore 
that acyl-CoA thioesters rather than free fatty acids are responsible for 
the inhibition observed when fatty acids are added to mitochondrial 
suspensions. 

The inhibition of adenine nucleotide translocase by long-chain 
acyl-CoA is now well established [7-15] and the best documented 
among various effects of fatty acids and their CoA thioesters on 
mitochondria. It is of a competitive character [13, 14, 16] (Fig. 1) and 
strongly depends on the size and structure of the fatty acid moiety. 
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Figure 1. Competitive inhibition by palmitoyl-CoA of ADP translocation in rat-liver 
mitochondria.  Double reciprocal plots. Incubation media were (1) 250 mM sucrose, 
1 mM EDTA, 10 mM triethanolamine-HC1, pH 7.4 (empty circles, dashed lines); (2) 
110 mM KC1, 1 mM EDTA, 10 mM triethanolamine-HC1, pH 7.4 (full triangles, solid 
lines). K m values calculated from this experiment are 5.0 t2M and 6.6/IM, K i  values 
0.2 ~M and 0.9/IM in sucrose and KC1 media, respectively. From [ 16]. 
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Figure 2. Relation between chain length of acyl-CoA thioesters and the inhibition of 
adenine nucleotide translocation. From [ 13 ]. 

Among thioesters of saturated fatty acids the strongest inhibition is 
exerted by myristoyl(e~4:o)-eoA and palmitoyt(C16:o)-CoA [13, 14] 
(Fig. 2). Introduction of double bonds into the carbon atom chain of the 
fatty acid has variable effects on the inhibitory potency of acyl-CoA (or 
free fatty acid). In case of long-chain fatty acids, above C16, a single 
double bond of cis configuration potentiates the inhibition [13, 17], 
whereas in medium-chain fatty acids, below Cl4, unsaturation may 
decrease their inhibitory property [17].  Since double bonds of cis 
configuration produce a bending of the carbon atom chain and thus 
shorten the distance between the methyl and the carboxyl ends of the 
molecule, it may be supposed that this distance, the so-called hydro- 
dynamic length, rather than the number of carbon atoms or the degree 
of unsaturation, is important for the ability of acyl-CoA to inhibit the 
translocase. This speculation is supported by the observation that a 
double bond of trans configuration has little effect on the inhibitory 
potency and that linoleoyl(C18:2cis,cis)-CoA is less inhibitory than 
oleoyl(C18:lc~)-CoA[ 13]. It seems likely that a certain distance between 
the methyl and the carboxyl ends of the fatty acid chain is required to 
assure the optimum "fitness" of the molecule to the membrane- 
embedded translocase. This length should correspond to that of myristic 
(C14:0),  p a l m i t i c  (C16:0),  and oleic (Cls:xci,) acids. The hydrodynamic 
lenght of linoleic acid (C18:2~c~) is probably too low and that of elaidic 
acid (C18:X~ns) too high. 

Mitochondria can indeed bind long-chain acyl-CoA. The ratio of 
bound to free acyl-CoA remains practically constant over a wide 
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concentration range and amounts to 2 for oleoyl-CoA and to 1.2-1.4 for 
palmitoyl-CoA [13].  This ratio increases when Mg 2+ or other divalent 
cations are present in the medium [16].  It has also been shown that 
palmitoyl-CoA inhibits in a competitive way the binding of ADP to 
mitochondrial membrane fragments [14].  

Acyl-CoA thioesters are strongly surface-active agents, and it has been 
shown [18] that common anionic and nonionic detergents, like 
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Figure 3. Effect of palmitoyl-CoA and nonionic detergent Lubrol WX on ADP 
translocation in rat-liver mitochondria. Empty points represent samples to which 
palmitoyl-CoA or Lubrol were added after the translocation had been terminated by 
carboxyatractyloside (Gummfferin, abbreviated as Gumif.). These curves show that a 
passive, carboxyatractyloside-insensitive, outflow of [~C]ADP occurs at Lubrol 
concentrations above 20//g/mg mitochondrial protein and that there is practically no 
such outflow with palmitoyl-CoA up to at least 8 nmole/mg protein. Full points 
show the effect on the translocase with superimposed effect on the passive outflow. 
One hundredpercent  uptake indicates the rate of translocation (as measured by the 

1.+1 uptake of [ C]ADP) in the absence of palmitoyl-CoA and Lubrol. From [18], 
slightly modified. 
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deoxycholate, dodecylsulphate, and Lubrol WX, inhibit the translocase 
as well. However, effective concentrations of these detergents are one to 
two orders of magnitude higher than those of palmitoyl-CoA. Besides, 
the difference between the concentration producing an inhibition of the 
translocase and that inducing passive permeability of the membrane to 
adenine nucleotides (lytic effect) is much smaller in the case of the 
detergents than in the case of palmitoyl-CoA (Fig. 3). This indicates that 
the effect of acyl-CoA on the translocase is in a sense more specific and 
not only due to the surfactant activity. A cationic detergent, cetyltri- 
methylammonium bromide,  is not inhibitory in sublytic concentrations 
and, on the contrary, it can abolish the inhibitory effect of acyl-CoA 
[18]. This can be explained by assuming that the negatively charged 
polar group of acyl-CoA is involved in the inhibition. This conclusion is 
supported by the observation that the inhibition is weaker in saline than 
in sucrose media (Fig. 1, compare Ki values in sucrose and KC1 
solutions). 

The inhibition is diminished by Mg 2+ and other divalent metal cations 
[16] which are known to form complexes with adenosine phosphates. 
This again points to the importance of the adenosine phosphate group of 
the CoA moiety in the mechanism of the inhibition. The structural 
similarity of this group to ADP is obvious. 

The following mechanism of the inhibition of adenine nucleotide 
translocase may therefore be proposed [18, 19] (Fig. 4). Molecules of 
long-chain acyl-CoA become attached to the mitochondrial membrane 
by their hydrocarbon chains of fatty acid residues (Fig. 4C). This 
increases the local concentration of adenosine phosphate groups of 
acyl-CoA in the vicinity of the translocase (more properly, of the 
ADP-specific receptor site of the translocase) and facilitates a com- 
petitive binding (Fig. 4D). Cationic detergeht, cetyltrimethylammonium, 
electrically attracts acyl-CoA molecules and removes them from the 
receptor site of the translocase (Fig. 4F). Inhibition by anionic deter- 
gents is smaller because of a poorer structural fitness to the receptor site 
of the translocase (Fig. 4G). 

In experiments carried out so far only externally generated or added 
long-chain acyl-CoA has been used. Because of the well-known imper- 
meability of the inner mitochondrial membrane to CoA thioesters, the 
question still remains open whether the translocase can also be affected 
by intramitochondrial acyl-CoA, i.e., acting on the inner side of the 
inner membrane. 

Although much more attention has recently been paid to the action of 
acyl-CoA thioesters, it seems likely that free fatty acids have some 
inhibitory effect on the translocase as well. This is, however, difficult to 
demonstrate directly because of the formation of small amounts of 
acyl-CoA by intact mitochondria under the conditions of the assay. The 
inhibition by free fatty acids is likely because of their similarity to 
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the inhibition by long-chain acyl-CoA and anionic 
detergents of adenine nucleotide translocase. A--Free receptor site of the translocase; 
B--receptor site occupied by an ADP molecule; C--acyl-CoA bound to the membrane 
by the nonpoIar hydrocarbon chain of the fatty acid moiety; D--receptor site of the 
translocase occupied by the adenosine phosphate group of acyl-CoA; the translocase 
is immobilized and inactivated; E-cationic detergent, cetyltrimethylammonium, 
bound to the membrane by the nonpolar hydrocarbon chain; F--cetyltrimethyl- 
ammonium cations attract acyl-CoA molecules and remove them from the receptor 
site; the translocase becomes reactivated; G--molecules of an anionic detergent, e.g., 
dodecylsulphate or deoxycholate, bound to the membrane by nonpolar groups and 
blocking partially the receptor site by means of negatively charged polar groups. 
From [19]. 

anionic detergents .  Besides, it  has been  shown [20] tha t  oleate 
diminishes a t ractylos ide-sensi t ive  b ind ing  of  ATP to mi tochondr i a l  
membrane  fragments.  

Possible Regulatory Role of the Inhibition by Acyl-CoA of Adenine 
Nucleotide Translocation 

Long-chain acy l -CoA thioes ters  are thus na tura l ly  occurr ing  inhib i tors  of  
adenine nuc leo t ide  t rans loca t ion .  The ques t ion  is therefore  discussed 
whe the r  or n o t  t hey  p lay  a regula tory  role in the energy me tabo l i sm of  
the cell. In  i sola ted  m i t o c h o n d r i a  long-chain fa t ty  acids and acyl -CoA 
increase the ca rboxy l a t i on  of  pyruva te  [ 2 1 - 2 3 ]  and p r o p i o n y l - C o A  
[24] ,  processes which require  ATP and are inh ib i ted  b y  ADP. A 
regula tory  role of  acy l -CoA in ketogenesis  [25] and in the u t i l i za t ion  of  
fa t ty  acids for  ox ida t ion  and t r iglycer ide synthesis  [7] has also been 
p roposed .  In b r o w n  adipose tissue, acyl -CoA is bel ieved to con t ro l  the 
u t i l i za t ion  of  the  high-energy state o f  the  m i t o c h o n d r i o n  for  e i ther  ATP 
synthesis  or  hea t  p r o d u c t i o n  [26] .  The  mechan i sm b y  which  acyI-CoA 
interferes  in all these processes is p r o b a b l y  similar,  namely ,  the inh ib i t ion  
of  the A T P - A D P  exchange across the mi tochond r i a l  m e m b r a n e  leads to 
an increase of  the i n t r ami tochondr i a l  and a decrease of  the ex te rna l  
p h o s p h o r y l a t i o n  po ten t ia l .  



EFFECT OF FATTY ACIDS ON MITOCHONDRIA 299 

© 

AMP~--~I"~ CoA + FA \\ 

~ ATP¢ ~-- 

® 

~ Acyt-CoA 

y Oxidation 

Oxidation 
products 

Figure 5. Schematic representation of a hypothetical regulatory role of long-chain 
acyl-CoA on the transport of adenine nucleotides between mitochondria and the 
cytoplasm. Formation of acyl-CoA from CoA and long-chain fatty acids (FA) is 
controlled by the level of available ATP in the cytoplasmic compartment (C) of the 
cell. Acyl-GoA is subsequently transported by the carnitine shuttle (Carn. Sh.) into 
the inner mitochondrial compartment (M) where it is oxidized. Any excess of 
long-chain acyl-eoA on the external side of the inner mitochondrial membrane will 
result in a partial inhibition of adenine nucleotide translocation and will thus 
diminish ATP/ADP ratio in the cytoplasm. Presented at the 9th International 
Congress of Biochemistry [24]. 

At  equilibrium conditions,  mi tochondr ia  are able to maintain a much 
higher phosphoryla t ion  potential  in the surrounding medium than in 
their internal compar tmen t  [27, 28] .  This is due to a preference of  the 
translocase for the uptake of  external ADP in exchange for intramito- 
chondrial  ATP in coupled mi tochondr ia  [29] .  However,  when ATP 
generated in mi tochondr ia  is extensively utilized in the cytoplasmic 
compar tment ,  this high gradient o f  phosphoryla t ion  potentials may be 
diminished, since the translocase is assumed [30] to be, at least in liver, 
the rate-limiting step for oxidative phosphoryla t ion.  Therefore,  any 
change in the efficiency of  the translocation rate may result in a change 
of  intramitochondrial  and, especially, extramitochondria l  phosphory-  
lation potentials (Fig. 5). 

On the other  hand, however,  doubts  have also been expressed as to the 
regulatory role of  acyl-CoA in the cell. I t  has been calculated [11] that  
long-chain acyl-CoA amounts  to 0.8 nmole /mg protein in rat liver. 
Moreover, most  of  this acyl-CoA is thought  to be bound  to, or located 
in, mi tochondr ia  [31] .  I f  so and if the sensitivity of  the translocase in 
mi tochondr ia  in situ is equal or similar to that  in isolated particles 
[13, 18] one may wonder  how the t ransport  of  ADP and ATP between 
mi tochondr ia  and cytoplasm is ever possible. This difficulty may be 
explained, at least partly,  by  our  recent observations [16] that  the 
inhibitory effect of  acyl-CoA is modif ied by  the ionic composi t ion  o f  the 
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medium and especially by the presence of divalent cations. This suggests 
that under in vivo conditions the inhibition by long-chain acyl-CoA may 
be much smaller than assessed from in vitro experiments and is subject to 
a subtle secondary regulation by the ionic composition in the immediate 
vicinity of the inner mitochondrial membrane. In connection with this, 
the presence of large amounts of magnesium in the mitochondrial 
intermembrane compartment or loosely associated with the outer surface 
of the inner membrane [32] may be of particular importance. 

In order conclusively to prove or to disprove the assumption that 
acyl-CoA plays a regulatory role of this kind in the cell it should be 
necessary to show whether or not  an increase in cellular acyl-CoA 
produces a decrease of the cytoplasmic and an increase of the 
mitochondrial phosphorylation potentials and affects, in a positive or 
negative way, processes depending on ATP concentration in these two 
cellular compartments. Such an at tempt has recently been made using 
isolated hepatocytes in which a decrease of the cytoplasmic ATP/ADP 
ratio and of the rate of glucose synthesis and fructose phosphorylation 
proceeds along with the accumulation of long-chain acylCoA [31, 33].  
However, conclusive evidence for an in situ increase of the mitochondrial 
phosphorylation potential is still missing. 

Di- and Tricarboxylate  Transport  

Carriers for di- and tricarboxylate anions are also inhibited by long-chain 
acyl-CoA [34].  As in the case of the adenine nucleotide translocase, this 
inhibition is competitive and depends strongly on the chain length of the 
fatty acid moiety [ 13]. However, carboxylate transport is less sensitive 
to acyl-CoA than is ADP transport (Table I). 

The molecular mechanism of the inhibition is probably similar to that 
of the inhibition of adenine nucleotide translocase, namely, the 
negatively charged polar group of acyl-CoA interacts with the positively 
charged receptor site of the carrier while the nonpolar hydrocarbon 

TABLE I. K i values for palmitoyl-CoA of 
mitochondrial transport systems a 

Transport system K i (//M) 

Adenine nucleotide 0.10-0.25 (4) b 
Citrate 3.2-4.5 (2) 
Malate 7.1-9.5 (5) 
Phosphate 25 (1) 

aReproduced from [13]. 
b Number of experiments in parentheses. 
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chain of the fatty acid moiety attaches the whole molecule to the 
membrane. It may also, however, be supposed that acyl-CoA inhibits the 
transport by complexing membrane-bound metal ions which, as postu- 
lated [35], are essential for dicarboxylate transport. 

Doubts have been expressed [13] whether the inhibition of carboxy- 
late transport by long-chain acyl-CoA may have any physiological 
importance because of the relatively high Ki value. On the other hand, 
however, the concentration of some organic anions, e.g., citrate, in liver 
is about one order of magnitude lower than that of adenine nucleotides. 
Therefore, under physiological conditions, the inhibition of citrate 
transport and adenine nucleotide transport could be similar (for further 
discussion of this point see [36] ). 

Phosphate Transport 

Phosphate carrier is also inhibited by acyl-CoA thioesters [13]. The Ki 
value is, however, still higher than for di- and tricarboxylate transport 
(Table I). The inhibition depends on the chain length of the fatty acid 
moiety [13]. It is, however, interesting to note that this dependence is 
slightly different for phosphate, carboxylate, and adenine nucleotide 
carriers. For adenine nucleotides the highest inhibition is obtained with 
myristoyl(C14:0)-CoA and palmitoyl(C16:0)-CoA, while for citrate there 
is a sharp maximum with myristoyl-CoA only and for phosphate with 
lauroyl(C12:0)-CoA [13]. This may reflect a different spatial localization 
of these carriers in the lipid core of the membrane. 

Free fatty acids have also been found to inhibit phosphate transport 
and this effect is not due to formation of small amounts of acyl-CoA 
since it cannot be abolished by camitine [37]. The highest inhibition is 
obtained with lauric (C12:0), myristic (C14:0), and oleic (C18:1) acids. 
The effect of acyl-CoA and free fatty acids on the phosphate carrier can 
best be measured by following their effect on mitochondrial swelling in 
isotonic ammonium phosphate solution as described by Chappell and 
Crofts ]38]. By this method, a progressive inhibition of the swelling by 
increasing concentrations of palmitate can easily be observed (Fig. 6). On 
the other hand, however, it has also been found [37] that palmitate as 
well as palmitoyl-CoA partially release the inhibition produced by 
mersalyl, a specific inhibitor of phosphate carrier [39]. It can thus be 
concluded that acyl-CoA thioesters and long-chain free fatty acids block 
phosphate carrier in the mitochondrial inner membrane but, on the other 
hand, they also increase carrier-independent permeability of the mem- 
brane to phosphate. 

Preliminary experiments using 36C1 have shown (Wojtczak, unpub- 
lished) that long-chain fatty acids also increase mitochondrial per- 
meability to chloride anions. Increased permeability to C1- has been 
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Figure 6. Effect of palmitate and palmitoyl-CoA on swelling of rat liver mito- 
chondria in ammonium phosphate solution. The medium contained 100 mM 
ammonium phosphate (pH 7.4), 1 mM EDTA, and 5 gM rotenone. Swelling was 
monitored by measuring absorbance at 546 nm. A--Mitochondria were added to the 
medium, immediately followed by palmitate, as shown by the arrow (P). B--The 
medium contained in addition 0.3 mM mersalyl; palmitate (solid lines) or palmitoyl- 
CoA (dashed line) was added as indicated by the arrow (P). The numbers indicate the 
amounts of added palmitate or palmitoyl-eoA in nmole/mg mitochondrial protein. 
From [37]. 

observed previously  [40] in m i t o c h o n d r i a  i sola ted  f rom the b rown 
adipose  tissue and might  be re la ted  to a high con t en t  of  nones te r i f ied  
long-chain fa t ty  acids in these m i t o c h o n d r i a  [41, 4 2 ] .  

Inhibition of Nicotinamide Nucleotide Transhydrogenase 

I t  has been found  by  RydstriSm et al. [43] tha t  long-chain acyl-CoA 
thioes ters  are p o t e n t  inhib i tors  of  m i tochondr i a l  n i co t inamide  nuc leo t ide  
t ranshydrogenase .  Both ene rgy- independen t  and energy- l inked trans- 
h y d r o g e n a t i o n  processes are equal ly  inhibi ted .  The  inh ib i t ion  is 
compe t i t ive  wi th  respect  to NADP(H)  bu t  no t  with respect  to NAD(H).  
I t  s t rongly  depends  on the chain length  of  the  fa t ty  acid mo ie ty ,  the  
lowest  Ks value of  0.15/~M being found  for pa lmi toy l -CoA.  

I t  is assumed [43] tha t  the  inh ib i t ion  is due to the  in te rac t ion  o f  the 
adenos ine  phospha te  group of  the  CoA m o i e t y  wi th  the  NADP(H)-  
specific site of  the  enzyme.  The n o n p o l a r  h y d r o c a r b o n  chain of  the fa t ty  
acid mo ie ty  a t taches  the molecu le  to the  m e m b r a n e  and thus faci l i tates 
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this interaction. The molecular mechanism of the inhibition is therefore 
probably similar to that of the adenine nucleotide translocase inhibition 
[181. 

It has been speculated [43] that the inhibition of the transhydro- 
genase by acyl-CoA has a regulatory role in switching between the 
oxidative breakdown and the reductive synthesis of fatty acids. However, 
the problem is not clear. Since the inhibition by acyl-CoA has been 
demonstrated so far only on sonic submitochondrial particles and since 
the transhydrogenase seems to be located on the internal side of the 
inner mitochondrial membrane (which corresponds to the external side 
of the sonic particles), it is logical to assume that this enzymic system 
can be affected by the intramitochondrial pool of long-chain acyl-CoA 
only. Therefore, the inhibitory effect may be largely counteracted by a 
fairly high concentration of intramitocbondrial NADP(H). Furthermore, 
high intramitochondrial content of magnesium [321 may also partly 
abolish the inhibition. 

Changes in the Permeability to Cations 

First observations on increased outflow of intramitochondrial potassium 
as induced by fatty acids were made by" Pressman and Lardy [44, 45] 
and Berger [46]. Only recently, however, the ionophore effect of fatty 
acids and their CoA thioesters has been directly demonstrated [47]. 
These compounds do not only increase the outflow of mitochondrial K + 
but also promote an energy-dependent uptake of monovalent cations 
from the medium. Unlike valinomycin but similar to gramicidin 
[48-50],  fatty acids increase the permeability of the inner mitochon- 
drial membrane to all alkali metal cations, including Li + and Na +. The 
effect depends on the hydrodynamic chain length, being the highest for 
laurate (C12:0), myristate (C14:0), and oleate (C18:1 c#) [47]. 

Fatty-acid-induced uptake of cations is not that strongly dependent 
on the presence of penetrating anions, e.g., acetate or phosphate, as is 
the case with antiobiotic-induced cation uptake [38, 50]. This is 
probably due to the fact that fatty acids somewhat increase the 
permeability of the membrane to C1- as well (Wojtczak, unpublished). 
These findings provide a logical explanation for.the long-known effect of 
fatty acids on mitochondrial swelling in saline solutions [51-53].  In 
fact, the effect of chain length of the fatty acids on swelling [52, 54, 55] 
and on the permeability to cations [47] (see also chain-length 
dependence of ATPase stimulation by fatty acids [56], which process is 
also related to cation permeability, as will be discussed in the following 
section of this article) is identical. 

It is proposed [47] that fatty acids may function either as mobile 
carriers for monovalent cations or as channel-forming agents. The mobile 
carrier hypothesis is supported by the observation that fatty acids 



304 LECH WOJTCZAK 

promote the extraction of K + from water into a butanol-benzene phase 
[47]. On the other hand, however, acyl-CoA thioesters can act by the 
channel mechanism only, since it is well known that they do not 
penetrate across the inner mitochondrial membrane. The ionophore 
effect of fatty acids is further supported by observations (Wojtala and 
Wojtczak, unpublished) that they increase the permeability to cations of 
bimolecular phospholipid membranes. In mitochondrial membranes the 
increased permeability to cations is abolished by Mg z+. This effect can 
be interpreted as due to immobilization of fat ty acids in the membrane 
in the form of magnesium salts. It may also explain the increase by 
chelating agents of mitochondrial permeability to cations [57].  The 
latter effect might be due to endogenous mitochondrial fatty acids 
whose ionophore action is normally blocked by magnesium ions bound 
to the membrane. 

Besides fat ty acids and ionophore antibiotics a number of factors are 
known to increase the permeability of the inner mitochondrial mem- 
brane to cations, e.g., certain detergents, heavy metals, SH-blocking 
reagents, and chelating agents (for references see [47]).  Among them, 
however, only fatty acids and acyl-CoA thioesters are normal cellular 
constituents and, therefore, are good candidates for natural ionophores 
which can control monovalent cation movements across the mitochon- 
drial membrane in vivo. These movements, i.e., an uptake under 
high-energy conditions and release in low-energy states, are most likely 
responsible for the well-known configurational changes of mitochondria 
as observed both in vitro [58-62]  and in vivo (in situ) [59, 62, 63]. 

Possible consequences of the increased permeability to cations in 
energy-coupling processes of mitochondria will be discussed in the 
following section. 

Effect on Energy Coupling 

A TPase, A TP-Pi Exchange, P/O Ratio, and Energy State of Mitochondria 

First reports on the uncoupling effect of long-chain fatty acids came 
from Pressman and Lardy [44, 45, 56], who found a stimulation of 
mitochondrial ATPase. This was subsequently confirmed by other 
investigators [64-67] .  On the other hand, at low concentrations fatty 
acids have been reported to inhibit the uncoupler-stimulated ATPase 
[5, 66-71] .  The inhibitory effect of long-chain fatty acids on the 
ATP-Pi exchange reaction in mitochondria has also been observed 
[64-66,  72, 73]. Lowering by fatty acids of the P/O ratio has also been 
known for a long time [45, 51, 56, 64-66,  74]. However, at low 
concentrations and under conditions of active respiration (state 3), 
long-chain fatty acids increase intramitochondrial carboxylation of 
propionyl-CoA and pyruvate [21-24] ,  processes which are indicative of 
a high energy state of mitochondria. 
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These various and often opposite effects can now be reconciled in 
view of the present knowledge of the mechanisms by which fatty acids 
affect the inner mitochondrial membrane. The inhibition of mitochon- 
drial uncoupler-stimulated ATPase and of the ATP-Pi exchange reaction 
and lowering of the P/O ratio as measured with extramitochondrial 
phosphate acceptors can simply be explained by the inhibitory effect of 
fatty acids [4, 5] and/or acyl-CoA formed therefrom [7-11] on adenine 
nucleotide translocase. Suggestions have also been proposed [17, 71] 
that, apart from this, fatty acids can exhibit an oligomycinlike inhibitory 
effect on mitochondrial ATPase. 

The stimulation, at higher concentrations of fatty acids, of mito- 
chondrial ATPase [5, 44, 45, 56, 64-70] is of a more complex nature. It 
probably represents the sum of three different mechanisms: (1) the 
detergent effect on mitochondrial membranes (first postulated by 
Pressman and Lardy [561), (2) energy dissipation due to ion pumping 
[47], and (3) true uncoupling due to an increased permeability to 
protons. The first mechanism is supported by the observations that 
fatty-acid-stimulated ATPase is no longer sensitive to atractyloside [5] 
and, at very high concentrations of fatty acids, is insensitive to 
oligomycin [17]. It is, however, absolutely dependent on Mg 2+ [5, 17, 
71], probably because of enhanced leakage of intramitochondrial 
magnesium [5]. The second mechanism, i.e., the stimulation of the 
ATPase activity by increased cation movements, is supported by a 
striking similarity of the dependence of both processes on the chain 
length and the degree of unsaturation of fatty acids [17, 47, 52, 54-56, 
68]. Energy drain produced by cation pumping is further potentiated by 
an increased permeability of the mitochondrial membrane to CI-, as 
induced by fatty acids. This may also contribute to the stimulation of 
mitochondrial respiration by fatty acids under state 4 conditions. A 
similar explanation has been proposed [50] for the stimulation by 
valinomycin of mitochondrial respiration. The stimulation by fatty acids 
is, however, never as high as by uncouplers [5], thus confirming the 
assumption that mitochondria are not fully uncoupled. Fatty acids 
should therefore be thought of as producing a semi-uncoupled or 
"loosely coupled" state characterized by lack of respiratory control but 
preserved ability to synthesize ATP and to run other energy-dependent 
reactions, e.g., ion pumping. Such a state has been observed in isolated 
liver mitochondria under certain conditions (e.g., [75]). It is also 
observed in mit0chondria isolated from the brown adipose tissue [42] 
and is believed to represent the main factor controlling heat generation 
in this tissue (for review see [76] ). It should then be stressed that fatty 
acids at low concentration, e.g., for oleate below 50 nmole/mg mito- 
chondrial protein, do not uncouple the mitochondrial energy-generating 
system in the sense that they do not collapse the transmembrane 
electrochemical potential [77, 78]. This type of uncoupling may appear 
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at higher fatty acid concentrations only and be the result of increased 
permeability of the mitochondrial membrane to protons. 

Mitochondrial Respiration, Reverse Respiratory Control 

The effect of fat ty acids on mitochondrial respiration is bimodal. As 
already described, they increase substrate oxidation in state 4. Contrary 
to this, in state 3 and in uncoupled mitochondria,  they inhibit the 
oxidation of various substrates [5, 64, 79, 80].  The explanation of the 
latter effect is not quite clear. I t  may be partly due to an impaired 
transport of  respiratory substrates into the mitochondrion. But most 
likely it is mainly related to the increased permeability of the inner 
membrane to cations. It  has been observed [81] that high osmolarity o f  
the medium decreases oxidative processes in mitochondria.  The 
mechanism of this inhibition is probably somehow connected with the 
condensation and the dehydrat ion of the mitochondrial matrix. Mito- 
chondria of the brown adipose tissue, which are more permeable to 
cations than liver mitochondria,  exhibit a depressed oxidation even when 
placed in hypotonic  solutions of nonpenetrating solutes, e.g., sucrose, 
because they are unable to maintain their own internal tonicity in such 
media [82].  

Since long-chain fat ty acids increase the permeability of mitochondria 
to cations, it can be expected that they will produce an outflow of 
intramitochondrial potassium ions when added to mitochondria under 
low energy states, i.e., in the presence of an uncoupler or ADP. This 
outflow may lead to a decreased internal osmolarity and, consequently, 
to dehydration of the matrix. A similar situation may appear when ADP 
or an uncoupler is added to mitochondria whose permeability to cations 
has already been incrased by a previous addition or endogenous 
formation of fatty acids. An inhibition instead of an activation of the 
respiration may then occur. This has been repeatedly observed under 
various experimental conditions [80, 83-86]  and described as "reverse 
acceptor control"  [83, 84].  

In mitochondria from kidney cortex such reverse respiratory control 
in NaC1 medium has been correlated with an increased permeability of  
these mitochondria to Na + [87].  We have shown [88] that nonesterified 
long-chain fatty acids whose level is elevated in kidney mitochondria 
may, at. least partly, contribute to this increased permeability and 
therefore be responsible for the unusual behavior of these mitochondria 
towards phosphate acceptor and uncoupler. When kidney cortex 
mitochondria are isolated in the presence of serum albumin a normal 
("positive") respiratory control is observed, even in NaC1 medium. 
However, addition of small amounts of myristate to such mitochondria 
results in the appearance of reverse control with respect to ADP or an 
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Figure 7. Respiratory control in rat kidney cortex mitochondria. Respiration was 
measured amperometrically at 25°C in the following medium: 135 mM NaCI, 
2.5 mM EDTA, 10 mM triethanolamine-HC1, 5 mM phosphate (pH 7.2), 3.3 mM 
glutamate, 1.7 mM L-malate and mitochondria 0.8 mg protein/ml. In traces B and D 
the medium also contained bovine serum albumin 7 mg/ml. In traces C, D, and E 
mitochondria were isolated in the medium containing bovine serum albumin 
3 mg/ml. Additions: ADP, 0.175 mM; 2,4-dinitrophenol (DNP) 0.1 mM; myristate 
(Myr.), 88 nmoles/mg mitochondrial protein. From [881. 

uncoupler  (Fig. 7). Reversed respiratory control  has occasionally been 
observed by us in fat ty-acid-treated rat liver mi tochondr ia  (Zaluska and 
Wojtczak, unpublished results). 

I t  has once been postulated [89, 90] that  fa t ty  acids may  interact  
with high-energy intermediates of  oxidative phosphoryla t ion.  The 
c o m p o u n d  thus formed might  react either with CoA to give acyl-CoA or 
with H2 O, leading to a discharge o f  the energy. The latter process might  
account  for the uncoupl ing effect of  fat ty acids. This postulat ion was 
based on observations [89 -91 ]  that  long-chain fa t ty  acids could be 
activated and oxidized or esterified in mi tochondr ia  at very high 
concentrat ions,  resulting in a complete  uncoupling.  This hypothesis  was 
also compat ible  with the observation [92] that  mi tochondr ia  catalyze an 
exchange of  oxygen between water and the carboxylic group of  fat ty 
acids. I t  was, however,  subsequently shown by  van den Bergh and his 
coworkers [17, 71, 93, 94] that  the activation of  fat ty acids under  
uncoupled  condit ions could entirely be explained by substrate-level 
phosphoryla t ion.  

20 
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Conc lus ions  

The fo l lowing effects of  fa t ty  acids and acyl-CoA thioesters  on energy 
me tabo l i sm of  m i t o c h o n d r i a  can now be assumed:  

(1) Inh ib i t ion  of  adenine nuc leo t ide  t rans loca t ion .  This effect  may  
increase the energy state of  m i t o c h o n d r i a  respir ing under  state 3 
condi t ions  and decrease p h o s p h o r y l a t i o n  po ten t i a l  in the sur rounding  
med ium (the cy top lasm) .  

(2) Increased pe rmeab i l i t y  to monova len t  cat ions .  This may  lead to a 
par t ia l  energy diss ipat ion  due to a futi le recycl ing  o f  K + (or ano ther  
cat ion) ,  namely  an ene rgy-dependen t  up take  and a passive outf low.  

(3) True uncoup l ing  due to increased pe rmeab i l i t y  to p ro tons .  This 
effect  p r o b a b l y  occurs at  high concen t ra t ions  of  f a t ty  acids only.  

(4) Subs t ra te  effect .  F a t t y  acids in the form of  acyl -CoA are excel len t  
r esp i ra to ry  subst ra tes  for  m i t o c h o n d r i a  o f  mos t  tissues. Their  ox ida t ion  
is coup led  to the  genera t ion  of  high energy state of  the mi tochondr i a l  
m e m b r a n e  and,  consequen t ly ,  to  ATP synthesis .  
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