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Octanoate applied to rat liver mitochondria respiring with glutamate plus malate or succinate (plus rotenone)
under resting-state (State 4) conditions stimulates oxygen uptake and decreases the membrane potential,
both effects being sensitive to oligomycin but not to carboxyatractyloside. Octanoate also decreases the rate
of pyruvate carboxylation under the same conditions, this effect being correlated with the decrease of
intramitochondrial content of ATP and increase of AMP. The decrease of pyruvate carboxylation and the
change of mitochondrial adenine nucleotides are both reversed by 2-oxoglutarate. Fatty acids of shorter
chain length have similar effects, though at higher concentrations. Addition of octanoate in the presence of
fluoride (inhibitor of pyrophosphatase) produces intramitochondrial accumulation of pyrophosphate, even
under conditions when oxidation of octanoate is prevented by rotenone. In isolated hepatocytes incubated
with lactate plus pyruvate, octanoate also increases oxygen uptake and produces a shift in the profile of
adenine nucleotides similar to that observed in isolated mitochondria. It decreases the ‘efficiency’ of
gluconeogenesis, as expressed by the ratio between an increase of glucose production and an increase of
oxygen uptake upon addition of gluconeogenic substrates (lactate plus pyruvate), and increases the reduction
state of mitochondrial NAD. These effects taken together are not compatible with uncoupling, but point to
intramitochondrial hydrolysis of octanoyl-CoA and probably also shorter chain-length acyl-CoAs. This
mechanism probably functions as a ‘safety valve’ preventing a drastic decrease of intramitochondrial free
CoA under a large supply of medium- and short-chain fatty acids.

only partly due to fatty acids being good respira-
tory substrates for liver, since the increase of
respiration produced by fatty acids has also been
observed in the presence of excess of other sub-
strates, e.g., lactate or glucose, and can only partly
be abolished by phenylaklyl oxirane, inhibitor of
carnitine acyltransferase (EG 2.3.1.21) [4]. Al-
though the stimulation of liver respiration by
medium- and long-chain fatty acids is well estab-

Introductior

It has long been recognized that fatty acids
increase the rate of respiration of perfused liver
[1-5] and isolated hepatocytes [6—8]. This effect is
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lished, attempts to explain this effect are conflict-
ing.
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Since fatty acids are known to uncouple oxida-
tive phosphorylation (for review, see Ref. 9), it
seemed plausible to speculate that the increased
respiration is due to uncoupling of mitochondrial
energy-conserving machinery. This was, however,
incompatible with the observation [3] that the
stimulation by octanoate and oleate of the respira-
tion of perfused liver was abolished by oligomy-
cin, a known inhibitor of ATP synthesis in
mitochondria. It has been therefore proposed [3]
that the increased respiration is not evoked by
directly dissipating the mitochondrial energy
charge but rather by some processes utilizing ATP.
More recently, however, the uncoupling hypothe-
sis has been revived by Scholz and co-workers
[4,5], who even speculate about a possible physio-
logical role of the ‘uncoupling-like’ effect of oc-
tanoate and oleate.

‘Working on isolated hepatocytes, Berry et al.
[7] proposed that the increased respiration after
addition of fatty acids is due to dissipation of the
mitochondrial energy charge by reversal of elec-
tron transfer in the respiratory chain during keto-
genesis. However, the extra oxygen uptake was
found to be sensitive to oligomycin [10,11], as in
perfused liver [3]. This again argues against the
uncoupling or other ways of utilizing the
mitochondrial energy state without participation
of ATP. Plomp et al. [10] observed that the stimu-
latory effect of octanoate and oleate on hepato-
cyte respiration was inhibited 50-70% by
carboxyatractyloside and 50-60% by ouabain. On
that basis, they concluded that fatty acids stimu-
late extramitochondrial ATP-utilizing process(es)
of which the Na*/K*-ATPase is the main repre-
sentative. Brand and Nobes [11] found a complete
abolishment by carboxyatractyloside of the extra
oxygen uptake produced in isolated hepatocytes
by octanoate, thus further substantiating the pos-
tulate of extramitochondrial increase of ATP
turnover.

In view of these conflicting hypotheses and
results, we decided to re-investigate the problem
of the stimulatory effect of octanoate and other
medium- and short-chain fatty acids on oxygen
uptake, using both hepatocytes and isolated liver
mitochondria.

Preliminary results have been presented
elsewhere [12].
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Material and Methods

Mitochondria were isolated from livers of
female albino rats (150-200 g body weight) by a
standard procedure [13] and suspended in 250
mM sucrose/5 mM Tris-HCI (pH 7.4). The pro-
tein content of this stock suspension was measured
by the biuret method.

Hepatocytes were isolated from male rats
(250-300 g) of the Wistar strain, starved over-
night, according to the method of Berry and Friend
[14}, with the modification described by Geelen
and Gibson [15]. Viability of the cells was tested
with Trypan blue. Preparations containing more
than 90% of viable cells were used for experiment.
Cells (20-30 mg wet weight/ml) were incubated
in the Krebs-Henseleit [16] bicarbonate medium
containing 0.85 mM CaCl, and 1% defatted and
dialysed bovine serum albumin.

The standard incubation medium for mitochon-
dria comprised 110 mM sucrose, 60 mM KCl, 60
mM Tris-HCI (pH 7.4), 10 mM potassium phos-
phate (pH 7.4), 15 mM glucose, 5 mM MgCl, and
0.5 mM EDTA. Fatty acids were added as sodium
salts.

Oxygen uptake by mitochondria was measured
polarographically at 25° C using a Clark-type elec-
trode and recording either O, concentration (usual
arrangement) or the first derivative of the oxygen
concentration trace (a direct measure of the
oxygen-uptake rate). The respiration of isolated
hepatocytes was determined at 37°C in a Gilson
respirometer using the vessels and procedure de-
scribed by Krebs et al. [17].

The membrane potential was determined at
25°C using a DDA-sensitive electrode and calcu-
lated as described previously [18]. Because of the
interference of K* in DDA™* determination, the
medium for these experiments comprised 90 mM
sucrose, 60 mM Tricine-HCI, 60 mM Tris-HCI, 10
mM sodium phosphate, 15 mM glucose, 40 mM
nicotinamide, 5 mM MgCl,, 0.5 mM EDTA, 3.5
uM tetraphenylborone and 34.5 puM DDA bromide
added stepwise to calibrate the electrode.

Pyruvate carboxylation was determined by
measuring incorporation of H¥CO; into acid-
stable metabolites, as described previously [19].
Mitochondria were incubated at 25°C in the
standard medium containing, in addition, 20 mM
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KH"CO, (about 10° dpm/ml) and 10 mM
pyruvate. 1-ml aliquots were removed after 3, 6, 9
and 12 min, acidified with perchloric acid to 6%
final concentration and bubbled for 3 min with
CO,. '*C was determined by scintillation count-
ing.

ATP [20], ADP and AMP [21], acetoacetate [22]
and 3-hydroxybutyrate [23] were determined by
enzymatic spectrophotometric procedures and glu-
cose was measured colorimetrically with glucose
oxidase (EC 1.1.3.4) and peroxidase (EC 1.11.1.7)
[24], in neutralized perchloric extracts from whole
suspensions of mitochondria or cells.

The incubations in which intramitochondrial
pyrophosphate formation had to be measured were
carried out in the medium with phosphate content
reduced to 1 mM. The aliquots were subjected to
silicone oil gradient centrifugation with 0.25 M
perchloric acid as the bottom phase. Pyrophos-
phate was determined in the neutralized extracts
as described by Grindey and Nichol [25].

Results

Short- and medium-chain length fatty acids
under resting-state (State 4) conditions increased
mitochondrial respiration with NAD-linked
substrates (Table 1) and succinate plus rotenone
(not shown). The effect was dependent on the
chain length. Shorter fatty acids appeared less
effective, as more of them had to be added in
order to obtain the same increase of O, uptake.
Octanoylcarnitine, the readily oxidizable deriva-
tive of octanoate, had a negligible effect on
mitochondrial respiration. This stimulation of
oxygen uptake was not due to uncoupling as it
was prevented by oligomycin (Table I and Fig. 1).
It was, however, not prevented by carboxyatrac-
tyloside (Fig. 1). Another argument against the
uncoupling effect of octanoate was provided by
measuring its effect on the mitochondrial mem-
brane potential. Although this potential was de-
creased by octanoate, it was fully restored by
oligomycin (Fig. 1).

Octanoate and, to a lesser degree, butyrate and
acetate decreased the rate of pyruvate carboxyla-
tion in isolated mitochondria (Table II). Analysis
of intramitochondrial adenine nucleotides re-
vealed that this decrease was paralleled by a dras-

TABLE 1

EFFECT OF SHORT- AND MEDIUM.CHAIN FATTY
ACIDS ON MITOCHONDRIAL RESPIRATION AND ITS
REVERSAL BY OLIGOMYCIN

Rat liver mitochondria (1.5-2.0 mg protein/ml) were incubated
in the standard medium containing glutamate (5 mM) and
malate (5 mM) as substrates. Oligomycin was added to the
concentration of 5 pg/ml. Mean values+ S.D. for 3-6 differ-
ent mitochondrial preparations are shown. The significance
with respect to the control without added fatty acid, calculated
by the Student’s s-test, was P < 0.05 where indicated (*).

Fatty acid added Rate of oxygen uptake

(nmol O, /min per mg protein)

before after addition

oligomycin of oligomycin
None 83+0.9 68+14
Butyrate (5.0 mM) 120409 * 70408
Hexanoate (2.5 mM) 11.8+04 * 7.6+0.8
Octanoate (0.5 mM) 138410 * 8.2+0.6
L-Octanoylcarnitine (0.5 mM) 94+1.2 75+10
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Fig. 1. Effect of octanoate on the membrane potential and
respiration of rat liver mitochondria. The standard incubation
medium comprised 5 mM glutamate and 5 mM malate. Fur-
ther additions: dimethyldibenzylammonium chioride (DDA);
mitochondria (RLM), 1.4 mg protein/ml; carboxyatractyloside
(CAT), 1 uM; octanoate (OCT), 0.5 mM; oligomycin (OLIGO),
5 pg/ml. The upper trace shows the reading of the DDA-sensi-
tive electrode (proportional to the logarithm of DDA con-
centration). The numbers at the trace indicate the membrane
potential in mV. The lower trace shows the rate of oxygen
uptake.



TABLE II

EFFECT OF SHORT- AND MEDIUM-CHAIN LENGTH
FATTY ACIDS ON PYRUVATE CARBOXYLATION

Rat liver mitochondria (3—4 mg protein/ml) were incubated as
described under Materials and Methods. Sodium salts of the
fatty acids were added to the final concentration of 0.5 mM.
Mean values+ S.D. for 3-6 different mitochondrial prepara-
tions are shown.

Fatty acid added Rate of pyruvate carboxylation
(nmol/min per mg protein)
no other 0.5 mM L-octanoyl-
addition carnitine

None 147413 190119

Acetate 12.0+2.0 9.5+0.9

Butyrate 6.6+2.3 63116

Octanoate 31411 39404

tic decrease in the content of ATP and an increase
of AMP. 2-Oxoglutarate prevented these changes
(Table III) and abolished the inhibition of pyru-
vate carboxylation (not shown). Octanoylcarnitine
neither decreased the rate of pyruvate carboxyla-
tion (on the contrary, it somewhat activated it,
Table II) nor affected the level of intramitochon-
drial adenine nucleotides (not shown). Different
degrees of inhibition of pyruvate carboxylation by
acetate, butyrate and octanoate (Table II) were
directly correlated with the effect of these fatty
acids on the intramitochondrial content of ATP,
as illustrated in Fig. 2.

TABLE III

EFFECT OF OCTANOATE AND 2-OXOGLUTARATE ON
MITOCHONDRIAL ADENINE NUCLEOTIDE PATTERN

Mitochondria (3-4 mg protein/ml) were incubated in the
presence of 10 mM pyruvate with additions as indicated.
Assuming that the leakage of adenine nucleotides from
mitochondria was negligible, they were determined in the total
incubation mixture without separating the mitochondria. The
values are nmol/mg protein and represent means+S.D. for
four mitochondrial preparations.

Additions ATP ADP AMP

None 62+05 25+03 38406
.Octanoate (0.5 mM) 20+04 28406 86110
2-Oxoglutarate (5.0 mM) 6.4+04 22401 42406
Octanoate + oxoglutarate 5.1+0.7 221401 48+0.1
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Fig. 2. Correlation between the rate of pyruvate carboxylation
and the content of intramitochondrial ATP and ADP.
Mitochondria (3-4 mg protein/ml) were incubated in the
standard medium supplemented with 10 mM pyruvate and
KHCO;, as described under Material and Methods. Fatty
acids (sodium salts) were added to the final concentration of
0.5 mM. The symbols and the bars indicate the means+S.D.
for 3-6 mitochondrial preparations. Open symbols, correlation
with ADP; closed symbols, correlation with ATP; © @, no
fatty acid added; O @, acetate; a A, butyrate; O @, octanoate.

Octanoate added to respiring mitochondria, in
which pyrophosphatase (EC 3.6.1.1) was inhibited
by fluoride, produced the accumulation of pyro-
phosphate (Fig. 3). This accumulation was not
prevented by rotenone (if succinate was the re-
spiratory substrate, Fig. 3B), indicating that it was
not related to intramitochondrial oxidation of oc-
tanoate. On the other hand, however, pyrophos-
phate accumulation abolished, after a lag of a few
minutes, the increased respiration produced by
octanoate. This is shown in Fig. 4, where a steady
decrease of the respiration, to the level observed
before addition of octanoate, can be seen after
addition of fluoride. This effect was not due to
damage of the respiratory chain or of the coupling
mechanism by the fluoride anion, since fluoride
did not prevent a large burst of the respiration
after addition of ADP. The rate of pyrophosphate
accumulation, as shown in Fig. 3, amounted to
about 2 nmol /min per mg protein, which does not
fully account for the extra oxygen uptake pro-
duced by octanoate (5.5 nmol) O,/min per mg
protein, Table I), assuming the stoichiometry of
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Fig. 3. Effect of octanoate on the production of pyrophosphate
in liver mitochondria. Mitochondria (4-5 mg protein /ml) were
incubated in the standard medium containing 5 mM gluta-
mate, 5 mM malate and 20 mM KF without (triangles) or with
(circles) 0.5 mM octanoate. In B, the medium was additionally
supplemented with 10 mM succinate and 5 pM rotenone. The
symbols represent means for two different mitochondrial pre-
parations.

1 PP,=1 AMP=2 ADP and a P/O ratio of 3.
However, the values of Fig. 3 are underestimated,
because pyrophosphate was determined in
mitochondria separated from the medium by sili-
cone oil filtration (because of interference by in-
organic phosphate) and not in the whole incuba-
tion mixture. It has been recently suggested [26]
that intramitochondrial pyrophosphate can be ex-
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Fig. 4. Reversal of octanoate-induced stimulation of

mitochondrial respiration by fluoride. Mitochondria (RLM),

1.7 mg protein/ml, were added to the medium containing 5

mM glutamate and 5 mM malate. Octanoate (0.5 mM), KF (20

mM) and ADP (0.5 mM) were added where indicated. The
trace depicts the rate of oxygen uptake.

changed not only with external adenine nucleo-
tides (which were absent in our incubation
medium), but also with inorganic phosphate. The
discrepancy between an almost linear accumula-
tion of pyrophosphate for 15 min, shown in Fig. 3,
and the return of oxygen-uptake rate to the ‘nor-
mal’ value after 5 min following fluoride addition
(Fig. 4) can also be accounted for by different
experimental conditions.

Octanoate 1s rapidly oxidized by isolated
hepatocytes from starved animals. The rate of O,
uptake by hepatocytes was almost doubled by the
addition of 3 mM octanoate, whereas it was in-
creased only by about 50% by 1 mM oleate (Table
IV). Both octanoate and oleate strongly stimulated
glucose production from lactate plus pyruvate in
1solated hepatocytes. However, the A glucose/A
O, ratio was decreased by octanoate, whereas it
was unchanged by oleate (Table 1V).

In the presence of octanoate, but not of oleate,
the total ceilular ATP was decreased and AMP
increased (Table IV). From data of Table IV the
[ATP] X [AMP]/[ADP]? ratio can be calculated.
In the absence of the fatty acid and in the pres-
ence of oleate it amounts to about 2.5, which is
somewhat higher that the equilibrium attained in
the presence of adenylate kinase (EC 2.7.4.3).
Upon addition of octanoate, this ratio increases to
about 9, indicating that the disequilibrium shifted
towards ATP + AMP occurs in a compartment
not accessible to adenylate kinase, presumably the
mitochondrial matrix.

Discussion

Although the effects of octanoate on isolated
mitochondria, such as increase of the resting-state
respiration, decrease of the membrane potential
and inhibition of pyruvate carboxylation, are typi-
cal for uncoupling, the sensitivity of the former
two effects to oligomycin argues against true un-
coupling, i.e., direct dissipation of the elec-
trochemical proton gradient. All three effects can
be therefore interpreted as resulting from the de-
crease of the intramitochondrial ATP level (pyru-
vate carboxylation, see also Ref. 19) or of the
phosphorylating potential.

Although the stimulation of hepatic respiration
has been observed with both octanoate and oleate
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[1-8], the mechanism of this effect may not be the
same for medium- and long-chain fatty acids,
because they differ in two important aspects.
Firstly, medium-chain fatty acids are esterified to
corresponding acyl-CoA in the mitochondrial ma-
trix, whereas long-chain acids are activated pre-
dominantly in the outer mitochondrial membrane
and in the endoplasmic reticulum [27,28]. Sec-
ondly, medium-chain fatty acids (up to the chain
length of 8 carbon atoms), in contrast to long-chain
fatty acids (e.g., oleate), exert a small, uncoupling
effect, if any [9,29].

The observation (Table I and Fig. 1) that the
stimulation of oxygen uptake by isolated
mitochondria is sensitive to oligomycin but not to
carboxyatractyloside clearly points to the in-
tramitochondrial localization of the ATP-utilizing
process responsible for this stimulation. This is
incompatible with a complete inhibition by
carboxyatractyloside of the extra oxygen uptake in
isolated hepatocytes, as described by Brand and
Nobes [11]. However, Plomp et al. [10] observed
only a partial sensitivity to carboxyatractyloside
of the fatty acid-stimulated oxygen uptake in
hepatocytes, which can be interpreted as indicat-
ing that the ATP-utilizing processes stimulated by
fatty acids are located both in and outside
mitochondnia.

Because the oxidation of a fatty acid molecule
feeds electrons partly to NAD and partly directly
to the flavin component of the respiratory chain,
the resulting P/O ratio is about 2.5 [30,31]. In
addition, activation of fatty acids (synthesis of
acyl-CoA) consumes ATP and yields AMP, which
is equivalent to the utilization of two high-energy
phosphate bonds per molecule of fatty acid.
Therefore, oxidation of fatty acids is less efficient
than oxidation of NAD-linked substrates (for ex-
ample, glutamate plus malate in Table I) in com-
pensating the proton leak, which is regarded as the
main energy-dissipating process responsible for
the resting-state respiration {32]. This could, how-
ever, produce only a small increase of respiration
when a fatty acid replaces an NAD-linked sub-
strate, and not doubling the respiratory rate, as
observed in isolated mitochondria (Table I) and
hepatocytes (Table IV). Moreover, the potentia-
tion of mitochondrial respiration was also ob-
served when the substrate was succinate and the

oxidation of fatty acid was prevented (Ref. 3 and
this paper).

Stimulation of gluconeogenesis in isolated
hepatocytes by medium- and short-chain fatty
acids (Table IV) is difficult to reconcile with the
inhibition of pyruvate carboxylation in
mitochondria (Table II). It should, however, be
remembered that the inhibition of pyruvate
carboxylation can be observed only under State 4
conditions. In contrast to this, pyruvate carboxy-
lation in State 3 is stimulated by low concentra-
tions of fatty acids, including octanoate [19], al-
though the absolute values of the carboxylation
under these conditions are much lower. It is thus
clear that fatty acids can influence pyruvate
carboxylation by various mechanisms. One of these
could be the allosteric activation by acetyl-CoA,
which was probably responsible for the activatory
effect of octanoylcarnitine as shown in Table II.
For the purpose of the present paper it is, how-
ever, important to point out that under resting-
state conditions (in the absence of external ATP)
the rate of pyruvate carboxylation was correlated
with the intramitochondrial level of ATP (Fig. 2).

In isolated hepatocytes, in addition to increased
oxygen uptake also described by other authors
[6—8], we observed a decreased ‘efficiency’ of glu-
coneogenesis as expressed by a decrease of the
Aglucose /Aoxygen ratio (Table 1V). Although this
ratio represents a correlation and not necessarily a
causal relationship, its decrease may be interpre-
ted as indicating a partial dissipation of energy of
oxidative phosphorylation. However, the mito-
chondrial redox index was not lowered (in fact, it
was considerably increased) by octanoate or oleate,
arguing against the true uncoupling effect of these
fatty acids at the concentrations used.

All these facts, together with intramitochondrial
accumulation of AMP (which can, however, be
prevented by 2-oxoglutarate) and pyrophosphate
(see also Ref. 33), allow us to propose that the
utilization of intramitochondrial ATP, responsible
for the ‘uncoupling-like’ effect of medium-chain
fatty acids, is due to intramitochondrial hydrolysis
of acyl-AMP and acyl-CoA. Such an explanation
was already suggested by Debeer et al. [3], though
it has not been taken into due consideration sub-
sequently.

A rapid hydrolysis of hexanoyl-AMP by an



enzyme extracted from hog liver particulate frac-
tion (mitochondria) was already reported three
decades previously by Jencks and Lipmann [34]
and a highly active medium-chain acyl-CoA hy-
drolase (EC 3.1.2.?) was described by Osmundsen
and Sherratt [35] for rat liver mitochondria. A
rapid cycling of acetate and acetyl-CoA in rat
hepatocytes has been described more recently [36].
It can be therefore inferred that in the presence of
medium- or short-chain fatty acids, a futile cycle
is initiated in the mitochondrial matrix, consisting
of the formation of acyl-CoA by medium-chain-
specific acyl-CoA synthetase (EC 6.2.1.2), with
acyl-AMP as intermediate [37], and subsequent
hydrolysis of acyl-AMP and acyl-CoA. As a re-
sult, ATP is utilized and AMP accumulates. This
produces a decrease in the membrane potential
(because of a decrease in the intramitochondrial
phosphorylation potential) and, as a consequence,
an increase in the resting-state respiration. Inhibi-
tion of pyruvate carboxylation in mitochondria
and the decrease of the A glucose/A O, ratio in
intact hepatocytes are further consequences. ATP
can be regenerated by the following reactions:

GTP+ AMP = GDP+ ADP 1)

GDP + ATP = GTP+ ADP 2

followed by phosphorylation of ADP to ATP in
oxidative phosphorylation. HOwever, since reac-
tions (1) and (2) in the mitochondrial matrix are
rather slow [38], an increased steady-state level of
AMP is observed (Tables III and IV). This ex-
planation is also compatible with intramitochon-
drial accumulation of pyrophosphate when pyro-
phosphatase is inhibited (Fig. 3), and with inhibi-
tion of the extra oxygen uptake by accumulating
pyrophosphate (Fig. 4). In the latter case, forma-
tion of acyl-CoA is prevented.

One has to question immediately the possible
physiological importance of such a futile cycle
dissipating energy. A plausible explanation is that
operation of this cycle has been deduced from
experiments with abnormally high concentrations
of medium chain fatty acids, either in perfusates
or incubation media, which rarely occur in the
portal vein blood under normal feeding condi-
tions. The K of medium-chain acyl-CoA hydro-
lase for hexanoyl-CoA is 0.5 mM [35]. Free
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medium-chain acyl-AMP appears in substantial
amounts as an intermediate of fatty acid activa-
tion only in the presence of large excess of its
substrates [39]. It can be therefore concluded that
the futile hydrolysis of acyl-CoA and, possibly,
acyl-AMP becomes significant in liver
mitochondria in situ only under conditions of a
large supply of medium- or short-chain fatty acids.
Under such conditions this mechanism may play
an important role as a ‘safety valve’, preventing
intramitochondrial free CoA from -decreasing
drastically, thus enabling undisturbed operation of
the tricarboxylic acid cycle.
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