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The objective of the present study was to investigate the in vitro effects of octanoic acid, which
accumulates in medium-chain acyl-CoA dehydrogenase (MCAD) deficiency and in Reye syn-
drome, on key enzyme activities of energy metabolism in the cerebral cortex of young rats. The
activities of the respiratory chain complexes I–IV, creatine kinase, and Na�,K�-ATPase were
evaluated. Octanoic acid did not alter the electron transport chain and creatine kinase activities,
but, in contrast, significantly inhibited Na�,K�-ATPase activity both in synaptic plasma mem-
branes and in homogenates prepared from cerebral cortex. Furthermore, decanoic acid, which is
also increased in MCAD deficiency, and oleic acid strongly reduced Na�,K�-ATPase activity,
whereas palmitic acid had no effect. We also examined the effects of incubating glutathione and
trolox (�-tocopherol) alone or with octanoic acid on Na�,K�-ATPase activity. Tested com-
pounds did not affect Na�,K�-ATPase activity by itself, but prevented the inhibitory effect of
octanoic acid. These results suggest that inhibition of Na�,K�-ATPase activity by octanoic acid
is possibly mediated by oxidation of essential groups of the enzyme. Considering that Na�,K�-
ATPase is critical for normal brain function, it is feasible that the significant inhibition of this
enzyme activity by octanoate and also by decanoate may be related to the neurological dysfunction
found in patients affected by MCAD deficiency and Reye syndrome.

KEY WORDS: Octanoic acid; decanoic acid; antioxidants; Na�,K�-ATPase; MCAD deficiency; Reye
syndrome.
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and seizures, which are associated to hypoglycemia,
hyperammonemia, and fatty acid accumulation in liver.
These symptoms are thought to be associated with the
high tissue concentrations of medium-chain fatty acids,
especially octanoic acid (OA) (2,3). In this context, a
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INTRODUCTION

Reye syndrome is an acute metabolic encephalopa-
thy associated with fatty infiltration of the viscera, which
occurs primarily in children (1). Patients with Reye syn-
drome usually present a hepatic encephalopathy, with
vomiting progressing rapidly to coma, hyperventilation,
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rodent model of Reye’s syndrome in rabbits was devel-
oped by intraparenteral infusion of OA, and reproduced
the major clinical, biochemical, and pathological pat-
terns observed in this syndrome (3,4). The serum and
brain OA concentrations achieved in this model were
high; this is not surprising, because OA easily cross the
brain-blood barrier by a specific carrier system (5,6).

Fatty acid oxidation (FAO) is the main source of
energy in humans, playing a crucial role in energy pro-
duction, especially during fasting. Inborn errors of
FAO represent an important and rapidly expanding
group of metabolic disorders, being so far constituted
of more than 20 biochemically well-characterized dis-
orders (7). Medium-chain acyl-CoA dehydrogenase
(MCAD) deficiency has drawn considerable attention
because of its high frequency, which is similar to that
of phenylketonuria, unpredictable clinical presenta-
tion, and high mortality, especially in childhood but
also later in adult life. The symptoms of MCAD defi-
ciency are variable, but affected patients typically
present with attacks of Reye-like syndrome consisting
of intolerance to fasting, episodic vomiting, lethargy,
and coma, which are accompanied by hypoketotic
hypoglycemia, hyperammonemia, and medium-chain
dicarboxyluria. Microvesicular fatty accumulation in
liver is also frequently found in this disorder. In a
considerable number of patients the fatal episodes of
metabolic decompensation, usually occurring after a
minor illness, progresses so quickly that these patients
are originally misclassified as victims of the sudden
infant death syndrome. Analyses of plasma organic
acid in these patients have shown high concentrations
of free OA and also decanoic (DA) and cis-4-decenoic
acids, but at lower levels (8). The concentrations of
these compounds dramatically increase during crises,
possibly reflecting their potent toxic properties (7).

Na�,K�-ATPase is a crucial enzyme responsible
for the generation of the membrane potential through
the active transport of sodium and potassium ions in
the nervous system necessary to maintain neuronal
excitability. It is present at high concentrations in brain,
consuming about 40%–50% of the ATP generated in
this tissue (9). It has been reported that the activity of
this enzyme is inhibited in various neurodegenerative
disorders (10), in cerebral ischemia (11), and in
epilepsy (12). More recently it has been shown that
antioxidants protect the reduction of Na�,K�-ATPase
activity induced by a free radical–forming system
(13), indicating that free radicals are inhibitory toward
this enzyme activity.

It has been demonstrated that OA moderately
uncouples oxidative phosphorylation in rat liver and

brain mitochondria (14,15) and, at high doses, inhibits
Na�,K�-ATPase activity and reduces the ATP content
in primary cultured astrocytes in vitro (16). Brain
Na�,K�-ATPase activity was also shown to be inhib-
ited in various cerebral structures by continuous infu-
sion of high doses of OA in vivo (17). In addition, a
selective effect of OA on energy metabolism in the
reticular formation reflected by the reduction of ATP
and phosphocreatine levels was also reported (18).
However, other studies found that OA does not alter
brain energy metabolism. In this context, the adenylate
charge was similar in encephalopatic animals injected
with high doses of OA, compared to control animals
injected with saline (15).

Considering that mitochondrial �-oxidation is
linked to the respiratory chain, which is responsible
for most ATP generated in the body (19) and that there
is a controversy on the effects of OA on energy me-
tabolism, in the present study we investigated the
effects of OA on three important parameters of energy
production and utilization, namely the activities of the
respiratory chain complexes I to IV, creatine kinase,
and Na�,K�-ATPase from cerebral cortex of young
rats. We also tested the influence of other fatty acids
on Na�,K�-ATPase activity and of antioxidants on the
effects produced by OA on this activity to clarify its
mechanism of action.

EXPERIMENTAL PROCEDURE

Subjects and Reagents. Thirty-day-old Wistar rats were used in
the assays. The dams had free access to water and a 20% (w/w) pro-
tein comercial chow (Germani, Porto Alegre, RS, Brazil) and were
kept in a room with a 12-h light/dark cycle. Temperature was main-
tained at 24 � 1°C. All chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Octanoic acid sodium salt
(OA) and decanoic acid sodium salt (DA) were dissolved in the spe-
cific buffer used for each enzyme technique. Concentrated solutions
of oleic and palmitic acids were prepared by dissolving the free fatty
acids in methanol, so that the final concentration of methanol in the
incubation medium was always lower than 3% (v/v). This concen-
tration of methanol did not influence the Na�,K�-ATPase activity
and was always used as a control.

Tissue Preparation. The animals were sacrificed by decapita-
tion; the brain was rapidly removed; the pons, medulla, and cere-
bellum were discarded; and the cerebral cortex was dissected and
homogenized using an ice-chilled glass homogenizing vessel at
900 rpm (10 strokes).

Respiratory Chain Enzyme Activity. Brain cortex was homo-
genized (1:20, w/v) in SETH buffer, pH 7.4 (250 mM sucrose,
2.0 mM EDTA, 10 mM Trizma base, and 50 IU/ml heparin). The
homogenates were centrifuged at 800 � g for 10 min and the super-
natants kept at �70°C used for enzyme activity determination. The
maximal period between homogenate preparation and enzyme
analysis was always less than 5 days. Respiratory chain activities
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were determined in the presence of various concentrations of OA
(1.0 and 3.0 mM) according to standard methods. Control groups did
not contain any acid in the incubation medium.

The activities of succinate:DCIP-oxireductase (complex II) and
succinate: cytochrome c oxireductase (complex II � CoQ � complex
III) were determined according to the method of Fischer et al. (20)
and the activity of succinate: phenazine oxireductase (soluble succi-
nate dehydrogenase-SDH) according to Sorensen and Mahler (6).

Complex II (succinate-DCIP-oxireductase) activity was meas-
ured by following the decrease in absorbance resulting from the re-
duction of 2,6-dichloroindophenol (DCIP) at 600 nm with 700 nm
as reference wavelength (� � 19.1 mM�1 � cm�1). The reaction mix-
ture consisting of 40 mM potassium phosphate, pH 7.4, 16 mM suc-
cinate, and 8.0 �M DCIP was preincubated with 40–80 �g
homogenate protein at 30°C for 20 min. Subsequently, 4.0 mM
sodium azide and 7.0 �M rotenone were added, and the reaction was
initiated by addition of 40 �M DCIP and monitored for 5 min.

The activity of succinate: phenazine oxireductase (soluble suc-
cinate dehydrogenase-SDH) was measured following the decrease
in absorbance resulting from the reduction of DCIP at 600 nm with
700 nm as reference wavelength (� � 19.1 mM�1 � cm�1) in the
presence of phenazine methasulphate (PMS). The reaction mixture
consisting of 40 mM potassium phosphate, pH 7.4, 16 mM succi-
nate, and 8.0 �M DCIP was preincubated with 40–80 �g mitochon-
drial protein at 30°C for 20 min. Subsequently, 4 mM sodium azide,
7.0 �M rotenone, and 40 �M DCIP were added, and the reaction
was initiated by addition of 1.0 mM PMS and monitored for 5 min.

Complex II � III activity was measured by following the in-
crease in absorbance resulting from the reduction of cytochrome c
at 550 nm with 580 nm as the reference wavelength (� � 19.1 mM�1 �

cm�1). The reaction mixture consisting of 40 mM potassium phos-
phate, pH 7.4, 16 mM succinate was preincubated with 40–80 �g
homogenate protein at 30°C for 30 min. Subsequently, 4.0 mM
sodium azide and 7.0 �M rotenone were added, and the reaction was
initiated by the addition of 0.6 �g/ml cytochrome c and monitored
for 5 min.

The activity of cytochrome c oxidase (complex IV) was meas-
ured by the method of Rustin et al. (21), whereas the activity of
NADH: cytochrome c oxireductase (complex I � CoQ � complex
III) was assayed according to the method described by Schapira
et al. (22). Complex IV activity was measured by following the de-
crease in absorbance resulting from oxidation of previously reduced
cytochrome c at 550 nm with 580 nm as reference wavelength (� �

19.1 mM�1 � cm�1). The reaction buffer contained 10 mM potassium
phosphate, pH 7.0, 0.6 mM N-dodecyl-�-D-maltoside, and 2–4 �g
homogenate protein, and the reaction was initiated with addition of
0.7 �g reduced cytochrome c. The activity of complex IV was meas-
ured at 25°C for 10 min.

Complex I�CoQ�III activity was measured by following the
increase in absorbance resulting from reduction of cytochrome c at
550 nm with 580 nm as reference wavelength (� � 19.1 mM�1 �

cm�1). The reaction buffer contained 20 mM potassium phosphate,
pH 8.0, 2 mM KCN, 10 �M EDTA, 50 �M cytochrome c, and 10–
25 �g homogenate protein. The reaction was initiated by addition of
25 �M NADH and was monitored at 30°C for 3 min before addition
of 10 �M rotenone, after which the activity was measured for an
additional 3 min. Complex I�CoQ�III activity was the rotenone-
sensitive NADH: cytochrome c reductase activity.

The activity of ubiquinol: cytochrome c oxireductase (complex
III) was determined according to Birch-Machin et al. (23) by moni-
toring the reduction of cytochrome c at 550 nm with 580 nm as
the reference wavelength (� � 19.1 mM�1 � cm�1). The reaction

buffer contained 35 mM potassium phosphate, pH 7.5, 5.0 mM
MgCl2, 2.5 mg/ml bovine serum albumin, 60 �M decylubiquinol,
1.8 mM KCN, 50 �M rotenone, and 20–40 �g homogenate protein,
and the reaction was initiated by the addition of 125 �M cytochrome
c. The activity of complex III was measured for 3 min before addi-
tion of 3.0 �g/ml antimycin A, after which the activity was meas-
ured for an additional 3 min. Complex III activity was the
antimycin-sensitive ubiquinol: cytochrome c reductase activity.

Creatine Kinase Activity. Creatine kinase (CK) activity was
assayed in the cerebral cortex homogenates (1:1000, w/v) prepared
in isosmotic saline solution. The reaction mixture consisted of 50 mM
Tris-HCl buffer, pH 7.5 containing 7.0 mM phosphocreatine, 7.5 mM
MgSO4, and approximately 10 ng protein/ml in a final volume of
0.1 ml. OA at 1.0 and 3.0 mM concentrations was also supplemented
to the medium, whereas controls did not contain the metabolite.
After 15 min of preincubation at 37°C, the reaction was started
by addition of 4.0 mM ADP plus 1.60 mM glutathione. The re-
action was stopped after 10 min by addition of 0.02 ml of 50 mM
p-hydroxymercuribenzoate. The creatine formed was estimated
according to the colorimetric method of Hughes (24). The color was
developed by the addition of 0.1 ml 20% �-naphtol and 0.1 ml 20%
diacetyl in a final volume of 1.0 ml and read after 20 min at 540 nm.

Preparation of Synaptic Plasma Membrane from Cerebral Cor-
tex. Cerebral cortex was homogenized in 10 vol of 0.32 mM sucrose
solution containing 5.0 mM HEPES and 1.0 mM EDTA. Membranes
were prepared according to the method of Jones and Matus (25)
using a discontinuous sucrose density gradient consisting of succes-
sive layers of 0.3, 0.8, and 1.0 mM. After centrifugation at 69,000 �
g for 2 h, the fraction at the 0.8–1.0 mM sucrose interface was taken
as the membrane enzyme preparation.

Na�,K�-ATPase Activity Assay in Synaptic Membrane.
Na�,K�-ATPase activity was assayed according to Streck et al.
(26,27). Briefly, the reaction mixture for the Na�, K�-APTase assay
contained 5.0 mM MgCl2, 80 mM NaCl, 20 mM KCl, and 40 mM
Tris-HCl buffer, pH 7.4, in a final volume of 200 �l. Total ATPase
activity was measured at 37°C. The reaction was initiated by the ad-
dition of ATP (disodium salt, vanadium free) to a final concentration
of 3.0 mM and was stopped after 5 min incubation by the addition of
200 �l of 10% trichoroacetic acid. Mg2�-ATPase, ouabain-insensitive,
was assayed under the same conditions, with the addition of 1.0 mM
ouabain. Na�, K�-ATPase activity was calculated by the difference
between the two assays. Released inorganic phosphate (Pi) was
measured by the method of Chan et al. (28).

Na�,K�-ATPase Activity Assay in Cerebral Cortex Homogenate.
Rat cerebrum was rapidly removed and thoroughly washed in isotonic
saline; cerebral cortex was dissected and homogenized in 10 vol ice-
cold medium containing 50 mM Tris (hydroxymethyl) aminomethane-
HCl (Tris-Hcl), pH 7.4 and 300 mM sucrose. Then the homogenate
was centrifuged at 1000 � g for 10 min to remove nuclei and debris.
Total ATPase activity was assayed at 37°C in an incubation medium
consisting of 50 mM Tris-HCl, pH 7.4, 120 mM NaCl, 20 mM KCl,
4.0 mM MgCl2, 240 mM sucrose, 1.0 mM ethylenediamine
tetraacetic acid potassium salt (K�-EDTA), 3.0 mM disodium ATP,
and 80–100 �g protein of the homogenate, in a final volume of 1.0 ml.
Ouabain (1.0 mM) was added to determine the activity of the
Mg2�-dependent ATPase. The reaction was started by adding ATP
and was stopped after a 20-min incubation period by the addition of
2.0 ml of a mixture of 1.0% lubrol and 1.0% ammonium molybdate
in 0.9 M H2SO4 (13). The yellow color that developed was read at
390 nm. Na�,K�-ATPase activity was calculated as the difference
between total ATPase activity (Na�-K�-Mg2�-dependent) and Mg2�-
dependent ATPase activity (13).
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Protein Determination. Protein was measured by the method
of Lowry et al. (29) using bovine serum albumin as standard. The
protein concentration in the supernatants varied from 2.0–5.0 mg
protein/ml in all experiments.

Statistical Analysis. Unless otherwise stated, results are pre-
sented as mean � SD. All assays were performed in duplicate, and
the mean was used for statistical analysis. Data from the activities
of the respiratory chain enzyme complexes, creatine kinase and
Na�,K�-ATPase were analyzed using the one-way ANOVA fol-
lowed by the post-hoc Duncan multiple range test when F was sig-
nificant. For analysis of dose-dependent effects, linear regression
was used. The Student’s t test for paired samples was also used for
comparison of two means in some experiments. Differences between
the groups were rated significant at P � .05.

RESULTS

We first examined the influence of OA on the activ-
ities of the respiratory chain enzyme complexes I � III, II
� III, II, soluble SDH, III, and IV in rat brain cortex ho-
mogenates. Mean values (n � 4–6) for these activities in
controls were similar to those described previously
(complex I � III � 10.47 � 2.88 nmol/min/mg protein;
complex II � III � 29.07 � 3.30 nmol/min/mg pro-
tein; complex II � 8.57 � 1.59 nmol/min/mg protein;
SDH � 19.49 � 3.70 nmol/min/mg protein; complex
III � 130.17 � 29 nmol/min/mg protein, and complex
IV � 337 � 34.66 nmol/min/mg protein) (30). We ob-
served that the presence of 1.0 and 3.0 mM of OA in the
incubation medium did not influence any of these activ-
ities (complex I � III [F(2,13) � 0.056, P 	 .05]; com-
plex II�III [F(2,19) � 0.187, P 	 .05]; SDH [F(2,17) �
.021, P 	 .05]; complex II [F(2,17) � .333; P 	 .05];
complex III [F(2,15) � .045; P 	 .05]; complex IV
[F(2,11) � 0.913; P 	 .05]).

The effect of OA on creatine kinase activity in
homogenates from cerebral cortex was also tested. OA,
at concentrations of 1.0 and 3.0 mM concentrations,
had no influence on the activity of creatine kinase
from cerebral cortex homogenates [F(2,14) � 0.592;
P 	 .05] (controls � 3.74 � 0.75 �M creatine/min/mg
protein, n � 5).

Next we examined the effect of 1.0 and 3.0 mM
OA on the activity of isolated synaptic plasma mem-
brane-bound Na�,K�-ATPase from rat cerebral cortex.
DA, a fatty acid of similar size of that of OA, was also
tested. Fig. 1A shows that OA significantly inhibited
(35%–40% inhibition) Na�,K�-ATPase activity at 1.0
and 3.0 mM concentrations [F(2,17) � 4.229, P �
.05]. DA also inhibited this activity at 3.0 mM con-
centration with an apparently stronger effect (60%
inhibition) [t(6) � 4.241, P � .01] (Fig. 1B). Mg2�-

ATPase activity was not influenced by OA and DA
(results not shown).

We also tested the action of OA and DA at 0.5 to
3.0 mM concentration on Na�,K�-ATPase from cere-
bral cortex homogenates to verify whether the inhibitory
activity of these metabolites could also be detected in
whole homogenates. We can observe in Fig. 2 that OA
(A) [F(3,19) � 4.547; P � .05] and DA (B) [F(3,19) �
11.910; P � .001] significantly suppressed (30%–40%)
Na�, K�-ATPase activity in a dose-dependent manner
(OA: [F(1,18) � 13.943; � � �0.660; P � .01]; DA:
[F(1,18) � 29.8429; � � �0.7897; P � .0001]) con-
firming our findings using isolated synaptic plasma
membranes. Mg2�-ATPase activity was not affected
by OA and DA (results not shown).

We further evaluated whether OA inhibitory ac-
tivity could be mediated by free radical attack on crit-
ical groups on the enzyme, by preincubating synaptic
plasma membrane preparations and homogenates from
cerebral cortex in the presence of antioxidants. Synap-
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Fig. 1. Effect of octanoic (A) and decanoic (B) acids on Na�,K�-
ATPase activity in the synaptic plasma membrane from rat cerebral
cortex. Synaptic plasma membrane preparations were preincubated
at 37°C for 10 min with octanoic or decanoic acids and the enzyme
activity was determined afterward. Data are means � SD for six in-
dependent experiments (animals). *P � .05 compared to control
(Duncan’s multiple range test); **P � .01 compared to control (Stu-
dent’s t test for paired samples).
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tic membranes and homogenates were preincubated
with 1.0 mM reduced glutathione (GSH) or 1.0 mM
trolox (the active hydrophilic form of �-tocopherol),
alone or combined with 3.0 mM OA, and the activity
of Na�,K�-ATPase activity determined afterward. We
observed that GSH and trolox by itself had no effect
on the enzyme activity (data not shown), in contrast to
OA, which significantly suppressed Na�,K�-ATPase
activity. However, when GSH or trolox were incu-
bated in the presence of OA, GSH significantly atten-
uated, whereas trolox fully prevented the inhibition of
Na�,K�-ATPase activity elicited by OA in isolated
synaptic membrane preparations [F(5,24) � 2.863,
P � .05] (Fig. 3A) and in whole cerebral cortex
homogenates [F(5,29) � 2.933, P � .05] (Fig. 3B).
These results indicate that free radicals are probably
involved in the mechanism by which OA inhibits
Na�,K�-ATPase activity and antioxidants protect this
activity. Our findings agree with those described by
other investigators showing that free radicals strongly
inhibit Na�,K�-ATPase activity and that this effect
can be prevented by antioxidants (13).

To gain more information about the mechanisms
involved in the inhibitory effect of OA on the enzyme
and compare this effect with that of other saturated
and unsaturated fatty acids, palmitate and oleate were
chosen and tested at 3.0 mM concentration on the
Na�,K�-ATPase in homogenates from cerebral cortex
of rats (Fig. 4A). Palmitic acid did not alter Na�,K�-
ATPase activity, whereas oleate completely inhibited
this activity [F(2,14) � 82.779; P � .0001]. Then we
tested various concentrations of oleic acid to obtain
more data on the degree of inhibition that the acid
provokes on Na�,K�-ATPase activity. It can be seen
that oleic acid reduced the enzyme activity [F(3,19) �
28.676; P � .001] in a dose-dependent manner
[F(1,18) � 43.409; P � .0001; � � �0.84; P � .0001]
being inhibitory at very low concentrations (Fig. 4B).
Mg2�-ATPase activity was not affected by both acids.
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Fig. 2. Effect of octanoic (A) and decanoic (B) acids on Na�,K�-
ATPase activity in homogenates from rat cerebral cortex. Cortical
homogenates were preincubated at 37°C for 10 min with octanoic
acid or decanoic acid and the enzyme activity was determined after-
ward. Data are means � SD for six independent experiments (ani-
mals). **P � .01, ***P � .001 compared to control (Duncan’s
multiple range test).

Fig. 3. Effect of octanoic acid on Na�,K�-ATPase activity in
synaptic plasma membrane (A) and homogenates (B) from rat cere-
bral cortex in the presence or absence of glutathione or trolox. Cor-
tical synaptic membranes or homogenates were preincubated at
37°C for 10 min with 3.0 mM OA, 1.0 mM GSH, 3.0 mM OA plus
1.0 mM GSH, 1.0 mM trolox, or 3.0 mM OA plus 1.0 mM trolox,
and the enzyme activity was determined afterward. Data are means
� SD for four to six independent experiments (animals) and are
expressed as percentage of controls (100%). *P � .05 compared to
control (Duncan’s multiple range test). OA, octanoic acid; GSH,
reduced glutathione.
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DISCUSSION

MCAD-deficient patients accumulate in their tis-
sues predominantly OA and have a clinical presentation
and many of the routine laboratory findings indistin-
guishable from those in Reye syndrome (2,8). OA
administered to rabbits produces many of the patho-
logical findings of Reye syndrome (4); thus it is
conceivable that the encephalopathy, cerebral edema,
and liver steatosis observed in MCAD deficiency may
result from similar mechanisms (31). Therefore it has
been proposed that the neurological symptoms are
more likely the result of the toxic effects of accumu-
lated medium-chain fatty acids (octanoic, decanoic,
and cis-4-decenoic acids) or their metabolites (8).

Regarding OA, although there is considerable
evidence showing that the metabolite is neurotoxic
(15–18), the mechanisms responsible for its neurotox-
icity are still poorly known.

In the present study, we investigated the in vitro
effects of OA on the enzyme activities of the electron

transport chain, as well as on creatine kinase and
Na�,K�-ATPase activities in cerebral cortex of young
rats. Maintenance of these activities is critical for nor-
mal brain function, and reduction of any of them may
lead to selective neuron damage in the brain (10,32–34).
We observed that the presence of OA in the incubation
medium significantly reduced Na�,K�-ATPase ac-
tivity both in the synaptic plasma membrane and in
homogenates from cerebral cortex. In contrast, OA did
not affect the activities of creatine kinase and of the
respiratory chain complexes I–IV, a fact that might
explain why MCAD-deficient patients present only
mild increase of lactic acid, whereas patients affected
by long-chain fatty acid �-oxidation disorders present
much higher plasma levels of lactic acid, which are
thought to be related to the inhibition of the respiratory
chain by the long-chain fatty acids accumulating in
these defects (35,36). The lack of effect of OA on cre-
atine kinase and the electron transport chain activities
is in accord with the observations of normal adenylate
charge and phosphocreatine levels found in the cerebral
cortex of octanoate-treated rats (15).

These findings thus indicate that the inhibitory
action of OA on the energetic metabolism of cerebral
cortex is selective for Na�,K�-ATPase activity. On the
other hand, DA, which is also increased in MCAD defi-
ciency, significantly inhibited Na�,K�-ATPase activity
at a higher degree than OA. These results are in agree-
ment with other studies showing moderate inhibition of
Na�,K�-ATPase activity caused by OA and stronger in-
hibitory effects of oleic acid and other unsaturated fatty
acids toward this enzyme activity, with no inhibition of
palmitic acid and other long-chain fatty acids in brain
homogenates (37,38). Unfortunately, we did not test the
effect of cis-4-decenoic acid, which is the third charac-
teristic compound accumulating in MCAD deficiency,
on Na�,K�-ATPase activity because this product is not
commercially available. It should be pointed that to our
knowledge the inhibitory property of DA toward brain
Na�,K�-ATPase activity had not been reported before.

Our present data show that the inhibitory action of
OA on Na�,K�-ATPase activity previously demon-
strated in the whole cerebral homogenates (13) also
occurs in the synaptic plasma membrane, which is
closely linked to neurotransmission. Furthermore, the
inhibitory effect detected was more pronounced in the
synaptic membrane (OA inhibited at 1.0 and 3.0 mM
concentration) as compared to the brain homogenates
(inhibition occurred only at 3.0 mM concentration),
suggesting that other Na�,K�-ATPase activities pres-
ent in cortical homogenates are possibly less suscepti-
ble to OA action than the synaptic Na�,K�-ATPase.

1260 de Assis et al.

Fig. 4. Effect of oleic and palmitic acids on Na�,K�-ATPase activ-
ity in brain homogenates from rat cerebral cortex. Cortical homo-
genates were incubated at 37°C for 20 min with oleic (3.0 mM)
or palmitic acids (3.0 mM) and the enzyme activity was determined
(A). Cortical homogenates were also incubated with various con-
centrations of oleic acid (B). Data are means � SD for six inde-
pendent experiments (animals). **P � 0.01, *** P � 0.001
compared to control (Duncan’s multiple range test).
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Alternatively, we cannot exclude that factors present
in the cortical homogenates may interfere with the
suppressive effect of the acid.

Considering that fatty acids are present in highly
purified Na�,K�-ATPase preparations (39), it has been
proposed that these compounds may act as physiological
regulators of Na�,K�-ATPase (40). If this assumption is
correct, marked modifications in tissue concentrations of
fatty acids may have clinical implications. In unsaturated
fatty acids, it has been demonstrated that purified
Na�,K�-ATPase is able to bind oleic acid to very high
amounts, and the binding was shown to be linear with
oleic acid concentration (37). It is thought that because
of its double bond (fluidity), the acid can be either
incorporated into the lipid bilayer or absorbed to the
enzyme protein (Na�,K�-ATPase). Furthermore, it was
demonstrated that not only the double bond but also the
carboxyl group is important for the inhibitory effect of
oleic acid on the enzyme activity because this inhibition
is abolished by methylation, leading to removal of the
negative charge (37). Therefore, because OA and DA are
lipophilic, we may presume that they also could be in-
corporated into the membrane lipid bilayer or be ab-
sorbed by the enzyme and then provoke their inhibition.
In this context, the potent inhibitory activity of various
substances on Na�,K�-ATPase were thought to be due
to their property of penetrating into the hydrophobic
interior of the membrane, disturbing the interactions of
ionic and hydrophobic groups on the enzyme necessary
for its normal function (41). The binding of such com-
pounds to biomembranes can alter fluidity, ion per-
meability, and the phospholipid interactions (42–44).
Therefore it may be speculated that marked elevations of
OA in MCAD deficiency and in Reye syndrome may
disrupt the activity of Na�,K�-ATPase by interfering
with the membrane environment where the enzyme
protein is embedded.

On the other hand, it has been shown that Na�,K�-
ATPase activity is decreased by lipid peroxidation
(45,46) and that -SH groups of cell proteins are highly
susceptible to oxidative stress (47). In the present
study, we verified that GSH, which acts directly as a
thiol-reducing agent (48), significantly attenuated the
inhibitory role of OA on Na�,K�-ATPase activity,
indicating that this inhibition may be mediated by oxida-
tion of thiol or other groups on the enzyme. Moreover,
trolox, which is an excellent trapping agent for peroxyl
radicals (ROO�) (49), fully prevented the inhibition of
Na�,K�-ATPase activity provoked by OA, thus indi-
cating that OA-induced peroxidation of membrane
lipids is very likely. Taken together, these findings are
indicative that OA may act through oxidation of criti-

cal thiol or other groups present on the enzyme and
sensitive to free radicals. Because Na�,K�-ATPase is
a lipid-membrane-embedded enzyme, we cannot rule
out that �-tocopherol protects the enzyme from free
radicals causing lipid peroxidation. Furthermore, it has
been described that OA increases O2 consumption in
rat brain mitochondria (14) and perfused rat liver (50),
suggesting a higher activity of the electron transfer
chain, which is the main system responsible for free
radical production in the cell.

At this point it should be emphasized that the
brain has low cerebral antioxidant defenses compared
to other tissues (51), a fact that makes this tissue more
vulnerable to increases in the levels of reactive oxygen
species. In fact, an increasing number of pathological
situations involving the CNS have been associated
with oxidative stress (52,53).

Regarding the doses of OA used in the present
study and that provoked significant inhibition of
Na�,K�-ATPase activity in the synaptic plasma mem-
brane (1–3 mM), it is known that plasma OA concen-
trations may rise to 1 mM after an oral load of
medium-chain triglycerides to MCAD-deficient patients,
whereas decanoate rises to 30 �M and cis-4-decenoate
to 10–20 �M. However, considering that the levels of
cis-4-decenoate during metabolic decompensation in
MCAD patients who died suddenly can reach 160 �M,
it is presumed that octanoate tissue levels can reach
even higher concentrations under these conditions (54).
Furthermore, because the metabolites accumulating in
inherited metabolic disorders are formed intracellularly,
it has been proposed that their intracellular levels may
be much higher than in the circulation (55).

In conclusion, we have demonstrated that OA
significantly reduced the activity of Na�,K�-ATPase
in homogenates and in synaptic plasma membranes
isolated from cerebral cortex possibly by oxidation of
fundamental thiol groups on the enzyme necessary to
its function. Decanoic acid was also inhibitory toward
Na�,K�-ATPase activity. This study does not give a
definitive answer to the question as to whether the
increased tissue concentrations of OA are involved
in the pathogenesis of MCAD-deficient patients.
However, this may be the case because there is some
evidence that OA can also inhibit Na�,K�-ATPase
activity in the in vivo situation (18).
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