
Relevance of fatty acid oxidation in regulation of the outer mitochondrial
membrane permeability for ADP

Adolfas Toleikis*, Julius Liobikas, Sonata Trumbeckaite, Daiva Majiene
Institute for Biomedical Research, Kaunas University of Medicine, Eiveniu Str. 4, LT-3007 Kaunas, Lithuania

Received 7 August 2001; revised 2 November 2001; accepted 6 November 2001

First published online 20 November 2001

Edited by Vladimir Skulachev

Abstract The present study on saponin-treated rat heart muscle
fibers has revealed a new function of the fatty acid oxidation
system in the regulation of the outer mitochondrial membrane
(OMM) permeability for ADP. It is found that oxidation of
palmitoyl-CoA+carnitine, palmitoyl-L-carnitine and octanoyl-L-
carnitine (alone or in combination with pyruvate+malate)
dramatically decreased a very high value of apparent Km of
oxidative phosphorylation for ADP. Octanoyl-D-carnitine, as
well as palmitate, palmitoyl-CoA, and palmitoyl-L-carnitine were
not effective in this respect, when their oxidation was prevented
by the absence of necessary cofactors or blocked with rotenone.
Our data suggest that oxidation, but not transport of fatty acids
into mitochondria, induces an increase in the OMM permeability
for ADP. ß 2001 Published by Elsevier Science B.V. on be-
half of the Federation of European Biochemical Societies.
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1. Introduction

The last decade studies of permeabilized heart and skeletal
muscle ¢bers have led to the observation that outer mitochon-
drial membrane (OMM) played a crucial role in the mecha-
nism of regulation of mitochondrial respiration in vivo [1^3].
It was shown that, in contrast to isolated mitochondria,
OMM possessed a low permeability for ADP (high apparent
Km of oxidative phosphorylation for ADP (app. KADP

m )) in
saponin-permeabilized cardiac and slow-twitch skeletal muscle
¢bers.

Permeability of OMM for ADP seems to be regulated by
some speci¢c cytoskeleton-related proteins bound to porin
pores [2,3]. These proteins are lost during isolation of mito-
chondria [2,3]. Our studies [4,5] with saponin-permeabilized
cardiac ¢bers con¢rmed a high value of app. KADP

m in regu-
lation of oxidative phosphorylation, showing also a temper-
ature dependence of this parameter, namely: a decrease in
app. KADP

m value at the higher, physiological temperature
37³C if compared with 22³C [4]. The app. KADP

m values in
the above-mentioned studies were estimated by using gluta-

mate+malate, pyruvate+malate or succinate as a respiratory
substrate [1^7]. Meanwhile, it is well known that fatty acids
are the major, if not the sole, respiratory substrate in the
heart cell in many cases, such as fasting, high-fat diet, hiber-
nation, diabetes, post-ischemic reperfusion. On the other
hand, it was shown that fatty acids, and their CoA and
carnitine esters, as surfactants, in an appropriate concentra-
tion, might increase permeability of inner and outer mito-
chondrial membranes and other biological membranes [8^
10]. Moreover, it was shown [11] that fatty acids, palmito-
yl-CoA and other surface-active agents altered the surface
charge and the surface potential of mitochondria and other
biological membranes, causing changes in app. Km values for
substrates of several membrane-bound enzymes. The uncou-
pling e¡ect of non-esteri¢ed fatty acids was known for a long
time ([12], for review, see [8,13]). Recent investigations of the
mechanism of their action have elucidated the role of such
anion carriers as the ATP/ADP antiporter, the glutamate/
aspartate antiporter and the dicarboxylate carrier in the fat-
ty acid-induced uncoupling of oxidative phosphorylation
[13,14]. Noteworthy, it a¡ects the kinetics of oxidative phos-
phorylation in isolated mitochondria by increasing app.
KADP

m [15]. Under certain conditions, non-esteri¢ed long-
chain fatty acids promote an increase in non-selective mito-
chondrial permeability by opening a cyclosporin A-sensitive
[16] or cyclosporin A-insensitive [17] mitochondrial perme-
ability transition pore. This process correlates with an in-
crease in OMM permeability and a release of cytochrome c
from mitochondria [18].

A recent ¢nding [19] that a 22 kDa polyanion (a speci¢c
inhibitor of voltage-dependent anion channel, also called mi-
tochondrial porin) inhibits palmitate and palmitoyl-CoA oxi-
dation, but does not a¡ect oxidation of palmitoylcarnitine,
octanoate, glutamate and pyruvate in isolated mitochondria,
is also of interest. This, together with other data obtained (for
review, see [20]), suggests involvement of mitochondrial porin
in the long-chain acyl-CoA transport. On the basis of these
data, one may assume possibility of interaction between ADP
and the long-chain acyl-CoA transport through the porin
channel.

The aim of the present study was to investigate the in£u-
ence of palmitoyl-CoA, palmitoyl-L-carnitine and other fatty
acids on app. KADP

m in regulation of oxidative phosphoryla-
tion in the heart mitochondria in situ. Below, we present ex-
periments showing that a very high value of app. KADP

m , which
is characteristic of saponin-treated rat cardiac ¢bers respiring
on pyruvate+malate, drastically decreases in case of the fatty
acid oxidation.
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2. Materials and methods

Hearts of male Wistar rats weighing 250^300 g were excised and
rinsed in ice-cold 0.9% KCl solution. Bundles of the heart muscle
¢bers, approximately 0.2^0.3 mm in diameter, were prepared [5] and
transferred to cooled solution A containing 20 mM imidazole, 20 mM
taurine, 0.5 mM dithiothreitol, 7.1 mM MgCl2, 50 mM 2-[N-morpho-
lino]ethanesulfonic acid (MES), 5 mM ATP, 15 mM phosphocreatine,
2.6 mM CaK2EGTA and 7.4 mM K2EGTA (free Ca2� concentration
0.1 WM) (pH 7.0 adjusted with KOH at 2³C), supplemented with 50
Wg/ml saponin (from Gypsophila; sapogenin content 17%; Sigma) and
incubated for 30 min. Then the bundles were washed for 10 min in
solution B, containing 20 mM imidazole, 20 mM taurine, 0.5 mM
dithiothreitol, 1.6 mM MgCl2, 100 mM MES, 3 mM KH2PO4, 3.0
mM CaK2EGTA and 7.1 mM K2EGTA (free Ca2� concentration 0.1
WM) (pH 7.1 adjusted with KOH at 37³C).

Oxygen uptake rates were recorded at 37³C by means of the Clark-
type electrode system in solution B, supplemented with 2 mg/ml of
bovine serum albumin (Fraction V; A4503, Sigma). Solubility of oxy-
gen was taken to be 422 ngatoms/ml. Respiration rates were expressed
as ngatoms O/min/mg of dry weight ¢bers (dry weight = wet weight
before respiration measurement/4.85). The ADP regenerative system,
consisting of 1.2 IU/ml lyophilized yeast hexokinase (Type V; EC
2.7.1.1; Sigma) and 24 mM glucose (Sigma), was added to the cham-
ber before addition of heart muscle ¢bers. Titration was made by
di¡erent ADP concentrations in each separate probe. The concentra-
tions ranged from 5 to 2000 WM. vV was expressed as a di¡erence
between respiration rates in the presence and in the absence of added
ADP. App. KADP

m and vVmax were estimated from the least-squares ¢t
to the Michaelis^Menten equation (vV vs. ADP concentration) by
GraphPad Prism demo v3.0. The results are presented as means
þ S.E.M. Statistical analysis was performed using Student's t-test,
and P6 0.05 was taken as the level of signi¢cance. Octanoyl-L-carni-
tine and octanoyl-D-carnitine were obtained from Serva. Other bio-
chemicals were obtained from Sigma. Palmitoyl-L-carnitine was dis-
solved in 40% ethanol solution, and palmitate in 96% ethanol. The
¢nal ethanol concentration in the ¢ber respiration measurements did
not exceed 1% and did not a¡ect respiratory parameters.

3. Results

Fig. 1 shows the results of an experiment on saponin-
treated rat cardiac ¢bers when respiration rate with di¡erent
substrates is measured at di¡erent ADP concentrations. It is
seen (curve 1) that the maximal respiration rate with pyruva-
te+malate as a substrate is achieved at ADP concentration
higher than 1 mM. The calculated mean app. KADP

m value
was 236 þ 24 WM (Fig. 2, column 1). Noteworthy, in each

separate group of experiments (groups 1^6, see Table 1), es-
timation of app. KADP

m with pyruvate+malate was performed,
as a control, to exclude the in£uence of its possible variation
on the estimation of app. KADP

m di¡erences between pyruva-
te+malate and fatty substrates. Since no statistical di¡erences
were observed in KADP

m (not shown), they were combined to
calculate the overall mean (Fig. 2, column 1).

Thus, results of experiments with pyruvate+malate as a res-
piratory substrate are in line with those obtained by other
investigators [21], as well as with our own earlier ¢ndings
[4,5], and, therefore, con¢rm the observation that, in sapo-
nin-treated cardiac ¢bers, the app. KADP

m value is very high
compared with that of isolated mitochondria (23 WM; [5]).
This means that OMM permeability for ADP in situ is very
low and signi¢cantly lower than that in isolated mitochondria
[5,21]. Another situation was revealed when saponin-treated
rat cardiac ¢ber respiration with palmitoyl-L-carnitine (+ma-
late) was titrated with ADP (Fig. 1, curve 3 and Fig. 2, col-
umn 2). In this case, the maximal respiration rate was achieved
at a much lower ADP concentration (of about 100 WM), and
the mean app. KADP

m value (36 þ 8 WM) was much lower if
compared with that of pyruvate+malate oxidation. Similarly,
low value of app. KADP

m (31 þ 5 WM) was also obtained when
palmitoyl-CoA+L-carnitine, instead of palmitoyl-L-carnitine,
was used as a respiratory substrate (Fig. 2, column 3). Further

Fig. 1. Dependences of respiration rates of rat cardiac ¢bers on
ADP concentration. 1: 6 mM pyruvate+6 mM malate, 2: 6 mM py-
ruvate+6 mM malate+0.1 mM octanoyl-L-carnitine, 3: 9 WM palmi-
toyl-L-carnitine+0.24 mM malate.

Fig. 2. In£uence of respiratory substrates on the app. KADP
m of sap-

onin-treated rat cardiac ¢bers. 1: 6 mM pyruvate+6 mM malate
(n = 18), 2: 9 WM palmitoyl-L-carnitine+0.24 mM malate (n = 5), 3:
12.2 WM palmitoyl-CoA+2.41 mM L-carnitine+0.24 mM malate
(n = 7), 4: 0.36 mM octanoyl-L-carnitine+0.24 mM malate (n = 5), 5:
6 mM pyruvate+6 mM malate+0.1 mM octanoyl-L-carnitine (n = 3),
6: 6 mM pyruvate+6 mM malate+12.2 WM palmitoyl-CoA (n = 5),
7: 6 mM pyruvate+6 mM malate+2.5 WM palmitate (n = 3), 8: 6
mM pyruvate+6 mM malate, 9: 6 mM pyruvate+6 mM malate+9
WM palmitoyl-L-carnitine. *P6 0.05 vs. app. KADP

m with pyruvate+
malate (column 1). Note: in experiments 8 and 9, ¢bers were pre-
treated with 1.6 mg/ml of saponin for 2 min at 37³C, and the respi-
ration medium was supplemented with 33 WM cytochrome c. For
each measurement we used 3^5 mg (wet weight) of ¢bers.
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experiments showed that oxidation of the medium chain
length fatty acid, octanoyl-L-carnitine (0.36 mM; Fig. 2, col-
umn 4), also caused a dramatic decrease in app. KADP

m value in
saponin-treated cardiac ¢bers. This phenomenon was observed
with an even 3.6-fold lower concentration of octanoyl-L-carni-
tine (0.1 mM) used in combination with pyruvate+malate
(Fig. 1, curve 2 and Fig. 2, column 5). However, this phenom-
enon disappeared when ¢bers were pre-treated with high con-
centration saponin (1.6 mg/ml) in order to destroy the integ-
rity of OMM (con¢rmed by a considerable stimulation of
respiration by cytochrome c). In this case, the app. KADP

m value
was low (Fig. 2, column 8, pyruvate+malate), and it was not
a¡ected by palmitoylcarnitine (Fig. 2, column 9).

It is noteworthy that under conditions excluding the possi-
bility of oxidation of externally added fatty acid (palmitoyl-
CoA added into the medium devoid of carnitine), app. KADP

m
value in ¢bers respiring on pyruvate+malate remained high,
like in the case of pyruvate+malate alone (Fig. 2, column 6,
compare with column 1). Analogically, exogenous palmitate
(2.5 WM, see Fig. 2, column 7; identical data were obtained
also with 5.0 WM and 100 WM palmitate, which is not shown),
in the absence of CoA and L-carnitine, failed to a¡ect the app.
KADP

m value in the case of pyruvate+malate oxidation, and
palmitoyl-L-carnitine (9 WM) in the case of succinate+rote-
none oxidation (129 þ 10 and 105 þ 15 WM ADP in the ab-
sence and in the presence of palmitoyl-L-carnitine, respec-
tively; four paired experiments). Likewise, no changes of
this parameter were also observed when non-oxidizable D-iso-
mer of octanoylcarnitine was added to ¢bers respiring on
pyruvate+malate (app. KADP

m were 195 þ 27 and 170 þ 50 WM
ADP in the absence and in the presence of octanoyl-D-carni-
tine, respectively; three paired experiments).

Table 1 shows statistical values of the main respiratory
parameters (the basal respiration rate in the absence of exter-
nal ADP, the state 3 respiration rate and the cytochrome c
e¡ect on the state 3 respiration) that are characteristic of all
di¡erent experimental groups described above. It can be seen
that the state 3 (VADP) and the state 4 (Vo) respiration rates

with fatty substrates, palmitoyl-L-carnitine, palmitoyl-CoA+L-
carnitine and octanoyl-L-carnitine, were similar (experiment 5)
or slightly lower (experiment 2) than the respective rates of
pyruvate oxidation. Besides, neither palmitoyl-CoA (minus L-
carnitine) nor palmitoyl-L-carnitine (plus rotenone) nor palmi-
tate (2.5 and 5 WM), under conditions preventing their oxida-
tion, had any signi¢cant in£uence on the parameters of pyru-
vate or succinate oxidation. This is also true for a non-
oxidizable fatty acid derivative, octanoyl-D-carnitine. How-
ever, with concentration of 100 WM, palmitate induced a slight
uncoupling of oxidative phosphorylation (experiment 4). The
integrity of OMM, as estimated by the cytochrome c e¡ect on
the state 3 respiration, was good and similar for all experi-
mental groups.

4. Discussion

The above ¢ndings, for the ¢rst time, demonstrate that
oxidation of fatty acids, palmitoyl-CoA, palmitoyl-L-carnitine
and octanoyl-L-carnitine, in mitochondria located in the sap-
onin-treated rat cardiac ¢bers causes a dramatic (up to 10-
fold) decrease in app. KADP

m value, if compared with that of
the pyruvate+malate oxidation. A very high app. KADP

m , if
compared with that of isolated mitochondria, was found ear-
lier in several studies with respiratory substrates other than
fatty acids, namely the glutamate+malate, pyruvate+malate
and succinate [1^6].

This means that the fatty acid oxidation increases the
OMM permeability for ADP. However, the mechanism of
this phenomenon remains unclear. As demonstrated earlier
by other investigators and by our laboratory, permeability
of OMM for ADP increases when ¢bers are pre-treated
with proteases [1,2,4,5,7], or when the integrity of OMM is
injured by di¡erent factors, such as hypoosmotic shock [21] or
ischemia [6]. Furthermore, it is known that at an appropriate
concentration, palmitoyl-CoA and palmitoyl-L-carnitine, as
detergents, may disturb intactness of outer and inner mito-
chondrial membranes [8,9].

Table 1
Respiratory parameters of the saponin-permeabilized rat cardiac ¢bers with di¡erent substrates

Substrates n Vo VADP VADP�CYTC/VADP

1 Pyruvate+malate 5 35 þ 3.0 126 þ 17 1.06 þ 0.03
Pyruvate+malate+palmitoyl-CoA 5 36 þ 2.4 128 þ 14 1.01 þ 0.02

2 Pyruvate+malate 5 34 þ 3.5 105 þ 18 0.93 þ 0.01
Palmitoyl-L-carnitine+malate 5 24 þ 2.2* 75 þ 11 1.09 þ 0.1
Palmitoyl-CoA+malate+L-carnitine 7 23 þ 2.6* 75 þ 9 1.01 þ 0.04

3 Pyruvate+malate 4 42 þ 1.8 155 þ 8 1.02 þ 0.03
Pyruvate+malate+palmitate [2.5 WM] 3 43 þ 2.1 151 þ 4 1.04 þ 0.03
Pyruvate+malate+palmitate [5 WM] 4 48 þ 5.4 154 þ 17 1.03 þ 0.02

4 Pyruvate+malate 3 45 þ 2.0 153 þ 13 1.03 þ 0.02
Pyruvate+malate+palmitate [100 WM] 3 60 þ 4.0* 146 þ 15 1.02 þ 0.01

5 Pyruvate+malate 4 45 þ 0.5 161 þ 7 1.06 þ 0.1
Octanoyl-L-carnitine+malate 5 44 þ 1.0 144 þ 7 1.07 þ 0.03
Pyruvate+malate+octanoyl-L-carnitine [0.1 mM] 3 52 þ 5.0 136 þ 18 1.01 þ 0.1

6 Pyruvate+malate 3 44 þ 2 177 þ 17 1.04 þ 0.02
Pyruvate+malate+octanoyl-L-carnitine 3 55 þ 1.8* 169 þ 12 1.07 þ 0.03
Pyruvate+malate+octanoyl-D-carnitine 3 43 þ 4.4 166 þ 2.5 1.03 þ 0.03

7 Succinate (+rotenone) 4 99 þ 4 189 þ 11 1.13 þ 0.03
Succinate(+rotenone)+palmitoyl-L-carnitine 4 102 þ 2 184 þ 9 1.14 þ 0.04

Vo, respiration rate without ADP; VADP, respiration rate in the presence of 1 mM ADP; VADP�CYTC, respiration rate in the presence of 1 mM
ADP and 33 WM cytochrome c. Concentration of succinate was 12 mM (+5 WM rotenone); of the other substrates, as indicated in the legend
of Fig. 2. Concentration of octanoyl-D-carnitine was 0.36 mM. For each measurement we used 3^5 mg (wet weight) of ¢bers. *P6 0.05 vs. res-
piration rate with pyruvate+malate.
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However, as seen in Table 1, a stimulating e¡ect of the
exogenous cytochrome c on the state 3 mitochondrial respira-
tion was negligible or absent. It should be stressed that it was
similar with all respiratory substrates used in this study. This
¢nding clearly shows that OMM remained intact in all exper-
imental groups, and, therefore, its injury as the cause of in-
crease in permeability for ADP in case of the fatty acid oxi-
dation is denied. Concentrations of palmitoyl-CoA (12.2 WM)
and palmitoyl-L-carnitine (9 WM) used in this study have
clearly been too low to a¡ect the integrity of OMM. When
the OMM was injured by pre-treatment of ¢bers with high
concentration saponin, the app. KADP

m value considerably de-
creased (Fig. 2, column 8, when compared with column 1). In
this case, it was not in£uenced by palmitoyl-L-carnitine oxi-
dation (in the presence of pyruvate+malate; Fig. 2, column 9,
when compared with column 8).

The both respiratory substrates, palmitoyl-L-carnitine and
palmitoyl-CoA (+L-carnitine), were equally e¡ective in de-
creasing app. KADP

m , but (as suggested in [19]) only the latter
one is transported into mitochondria through the porin chan-
nel. Therefore, we may assume that the carnitine-dependent
palmitoyl-CoA transfer through the porin channel is not re-
sponsible for facilitation of the ADP di¡usion into mitochon-
dria.

App. KADP
m has remained high in experiments with pyruva-

te+malate+palmitoyl-CoA in the absence of carnitine (Fig. 2,
column 6), i.e. in conditions preventing transfer of the exog-
enous palmitoyl moiety into mitochondria, and, thus, its ox-
idation by the enzyme system of L-oxidation localized in the
matrix. Another experiment with the mixture of respiratory
substrates ^ palmitoyl-L-carnitine and succinate (+rotenone) ^
was designed to reveal whether internal palmitoyl-CoA can
a¡ect this parameter. In these conditions, palmitoyl-L-carni-
tine can be transported across the inner membrane into the
mitochondrial matrix, and can react with carnitine palmitoyl-
transferase II to be converted to palmitoyl-CoA. However,
oxidation of the latter compound is prevented by rotenone.
The app. KADP

m values were not di¡erent during succinate
(+rotenone) oxidation in the presence and in the absence of
palmitoyl-L-carnitine. Taken together, these data show that
neither the external nor the internal fatty acyl-CoA is active
as a regulator of OMM permeability for ADP (does not a¡ect
the app. KADP

m value). Increase in it becomes apparent exclu-
sively in cases when fatty acid derivatives, i.e. palmitoyl-CoA,
palmitoyl-L-carnitine and octanoyl-L-carnitine, are oxidized in
mitochondria. In line with the above conclusion, non-oxidiz-
able fatty acid derivative octanoyl-D-carnitine, when added to
the mitochondria oxidizing pyruvate+malate, did not change
the app. KADP

m value.
It should be stressed that both L- and D-isomers of palmi-

toylcarnitine are transported as cations into mitochondria,
and induce an energy-dependent swelling of the mitochondrial
matrix in similar rate and to a similar extent [22]. Thus, it may
be concluded that the swelling or any other fatty acid trans-
port-related structural changes of mitochondria per se are not
a su¤cient factor to induce changes in the OMM permeability
for ADP. Apparently, concerted action of both the fatty acid
transfer-induced swelling of mitochondria and the fatty acid
oxidation are necessary. Swelling of the matrix is known (i) to
decrease the intermembrane space and (ii) to increase the
number of contact sites between outer and inner membranes.
As to the fatty acid oxidation, it seems to induce unknown

changes in mitochondrial properties, which make porin more
permeable for ADP.

Recently, a doubt was expressed concerning correctness of
the high Michaelis constants of oxidative phosphorylation as
determined in saponin-permeabilized cells and ¢bers [23]. Au-
thors of this study assumed that app. KADP

m values may be
overestimated, i.e. erroneously too high, due to the complex
structure of these biological systems in which at least two
concentration gradients of ADP should exist ^ one across
OMM, and the other between the cytosolic space and the
bulk phase (incubation medium). This was suggested to ham-
per the di¡usion of ADP into mitochondria. On the basis of
our results, it seems unreasonable to assume a possibility of
alteration of intracellular membrane structures beyond mito-
chondria. Therefore, we think that the above speculations on
the unreliability of app. KADP

m values determined with sapo-
nin-treated cardiac ¢bers are doubtful. This conclusion is in
agreement with experimental and theoretical results of some
other investigators [24], showing no ADP gradients between
the bulk water phase inside the permeabilized cardiac ¢ber
and the incubation medium.

Taken together, the data presented in this paper for the ¢rst
time demonstrate the interaction of the fatty acid oxidation
system with the porin channel, and its relevance in the regu-
lation of the OMM permeability for ADP. The precise mech-
anism of this phenomenon, however, remains to be elucidated
in further experiments.
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