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Inhibition of b-oxidation is not a valid
therapeutic tool for reducing oxidative
stress in conditions of neurodegeneration

Peter Schönfeld1 and Georg Reiser2

Abstract

According to recent reports, systemic treatment of rats with methylpalmoxirate (carnitine palmitoyltransferase-1 inhibi-

tor) decreased peroxidation of polyunsaturated fatty acids in brain tissue. This was taken as evidence of mitochondrial b-

oxidation in brain, thereby contradicting long-standing paradigms of cerebral metabolism, which claim that b-oxidation of

activated fatty acids has minor importance for brain energy homeostasis. We addressed this controversy. Our experi-

ments are the first direct experimental analysis of this question. We fueled isolated brain mitochondria or rat brain

astrocytes with octanoic acid, but octanoic acid does not enhance formation of reactive oxygen species, neither in

isolated brain mitochondria nor in astrocytes, even at limited hydrogen delivery to mitochondria. Thus, octanoic acid or

l-octanoylcarnitine does not stimulate H2O2 release from brain mitochondria fueled with malate, in contrast to liver

mitochondria (2.25-fold rise). This does obviously not support the possible occurrence of b-oxidation of the fatty acid

octanoate in the brain. We conclude that a proposed inhibition of b-oxidation does not seem to be a helpful strategy for

therapies aiming at lowering oxidative stress in cerebral tissue. This question is important, since oxidative stress is the

cause of neurodegeneration in numerous neurodegenerative or inflammatory disease situations.
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Introduction

According to the commonly held paradigm, the mam-
malian brain does not really use long-chain fatty acids
(LCFA, C12–C18) as fuel in the energy metabolism (for
reviews1–3). The only exceptions known so far are spe-
cialized mammalian hypothalamic neurons.4 Moreover,
neuronal mitochondria have been hypothesized to oxi-
dize fatty acids, when these fatty acids are applied in
mixtures together with other substrates.5 Moreover,
LCFA exert harmful effects on brain mitochondria,
mostly known as depolarization of the electrochemical
proton gradient and inhibition of the electron transport
chain.3 The latter stimulates the generation of reactive
oxygen species (ROS).6 In conclusion, oxidative deg-
radation of glucose is believed to be the main source
of the cerebral energy supply, even during short-term
starvation.

Nevertheless, we have to state that the minimal use
of fatty acids as cerebral fuel is surprising, since LCFA
are most rich as hydrogen donors and, in addition,

other tissues with high oxygen consumption compar-
able with the brain, such as liver, heart, and kidney,
extensively oxidize LCFA.7 In addition, both isoforms
of the carnitine palmitoyltransferase enzymes (CPT1
and CPT2), which are necessary for entry and utiliza-
tion of cytosolic LCFA-CoA by mitochondria have
been detected in the adult rat brain and, patients with
CTP2 deficiency show brain defects.8–10 Carnitine pal-
mitoyltransferase-2 (CPT2) catalyzes the formation of
LCFA-CoA from LCFA-carnitine inside the
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mitochondria. Moreover, from the analysis of the
metabolite pattern in the intact rat brain supplied
with octanoic acid (Oct) by 13C-NMR spectroscopy,
it has been postulated that this fatty acid may contrib-
ute approximately to 20% of the total cerebral energy
generation.11 Surprisingly, removal of the CTP2 in fruit
fly Drosophila results in a triglyceride accumulation in
the adult brain, a process absent in wild-type fruit fly.12

This finding supports the hypothetical view, according
to which the adult brain is able to catabolize LCFA for
energy production.

However, mitochondrial b-oxidation is a most
prominent source for the generation of ROS.6,13

Generation of superoxide (O��2 ) can take place at the
complex I, the acyl-CoA-dehydrogenase, the electron
transfer flavoprotein (ETF), the ETF-ubiquinone oxi-
doreductase, and the complex III. This fact, together
with the high content of peroxidizeable polyunsatur-
ated fatty acids and a weak anti-oxidative capacity of
the brain tissue (for review see14 and references therein),
suggests that mitochondrial b-oxidation of LCFA is a
dangerous energy-delivering process in the brain.

Curiously, it has been reported that the systemic
application of CPT1-inhibitor methyl palmoxirate
(MPL) to rats, decreased the level of non-enzymatically
formed oxidized metabolites from polyunsaturated
fatty acids.15

Challenged by these claims, conjectures and
hypotheses, we revisited this question by studies of
brain mitochondria and astrocytes isolated from rat
brain. Here we carried out the first study in this dir-
ection. We wanted to examine the question of whether
fatty acids could stimulate the b-oxidation-associated
generation of ROS in brain. To minimize an increase
in ROS production by detrimental activities of non-
esterified LCFA, we applied octanoic acid as substrate
of the b-oxidation. Compared with LCFA, this
medium-chain length fatty acid has even in the high
micromolar concentration range only a negligible
uncoupling activity, a minimal inhibitory effect on
the electron transport within the respiratory chain,
and octanoic acid does not attack biological mem-
branes by lytic activity.16–20 The use of octanoic acid
is advantageous because it rapidly permeates in the
non-esterified form the membranes of cells and mito-
chondria. Consequently, it is not possible that octa-
noic acid could stimulate the ROS generation by
mechanisms that are independent of b-oxidation (e.g.
inhibition of the electron transport).

We state that the ROS measurements presented and
discussed here with the usage of isolated mitochondria
or rat brain astrocytes do not support recently pro-
posed therapeutic concepts,15 which resulted in the
claim that inhibition of b-oxidation in the mammalian
brain diminished oxidative stress.

Materials and methods

Reagents

Pyruvate, glutamate, malate, Oct, palmitic acid (Pal),
ADP, antimycin A (AA), paraquat (PQ), horseradish
peroxidase, and fatty acid-free bovine serum albumin
were from Sigma-Aldrich Chemie GmbH (Sternheim,
Germany). l-Octanoylcarnitine (OctC) and l-palmitoyl-
carnitine (PalC) were from Larodan Fine Chemicals
(Malmö, Sweden). Amplex Red and MitoSOX Red
were from Invitrogen (Eugene, OR, USA).

Preparation of astrocytes in culture and brain
mitochondria

In vivo experiments with animals were not done. For
that reason, ARRIVE guidelines (guidelines for Animal
Research: Reporting in Vivo Experiments) are not
applicable for this work. Primary astrocytes-enriched
cell cultures from rats were obtained according to a
previously published method.21 All animal procedures
have been approved by the ethics committee of the
State Sachsen-Anhalt (Germany) and are in accordance
with the European Communities Council Directive (86/
609/EEC). We used rats WU (Wistar; Unilever) from
Charles River Laboratories.

Newborn animals (female or male) were used for the
preparation of astrocytes. All efforts were made to min-
imize the number of animal used. For cellular experi-
ments, the cells were used between day 10 and 13 in
culture. Afterward, the cells were plated in 96-well
plates at various densities per well. Three days after
plating, astrocytes were treated with substrates or effec-
tors and, after a further 15-min incubation time period,
MitoSOX Red-related fluorescence was monitored as
described below. The Hanks Balanced Salt Solution
(HBSS) incubation buffer (145mM NaCl, 5.4mM
KCl, 1mM MgCl2, 1.8mM CaCl2, 20mM HEPES,
and 25mM glucose, pH 7.4) was supplemented with
octanoic acid (0.2mM).

Mitochondria were prepared from the brain and
liver tissues of rats as recently described.22 Rats were
fed ad libitum, had free access to water, and were kept
on a 12: 12 h light: dark cycle, routinely at normal
house temperature (24�C). Adult female rats (8–12
weeks old) were routinely used for the preparation of
brain mitochondria. Protein concentrations in the mito-
chondrial stock suspension were determined by the
biuret method using bovine serum albumin as standard.

Monitoring superoxide and H2O2

O��2 was monitored with MitoSOX Red, which reacts
with matrix-released O��2 to 2-hydroxyethidium.23

Briefly, MitoSOX Red (5 mM) was added to the wells
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and, thereafter the fluorescence was measured at
510 nm excitation and 579 nm emission wavelengths.
Time-dependent monitoring of the MitoSOX Red-
related fluorescence was done using a microplate
reader fluorimeter (Tecan Austria GmbH, Salzburg,
Austria) at 25�C. With astrocytes, the MitoSOX
Red-related fluorescence was strictly linear during the
monitoring time of 60min. For quantification, the
fluorescence increase per 30min was used. With brain
mitochondria, the increase of the MitoSOX Red-
related fluorescence did show a saturation kinetics
increase during the monitoring time of 25min. Thus,
the initial rates were used for quantification.

In addition, ROS generation was measured as
release of H2O2 from isolated mitochondria, using the
oxidation of non-fluorescent Amplex Red to the fluor-
escent resorufin. Fluorescence was monitored by the
Perkin-Elmer Luminescence spectrometer LS-50B
(excitation at 560 nm, emission wavelengths at
590 nm) in 1ml cuvette. The cuvette-holder was
thermostated (37�C) and connected with a stirring
device. Mitochondria (0.4mg/ml) were kept in incuba-
tion buffer (110mM mannitol, 60mM KCl, 60mM
Tris-HCl, 10mM KH2PO4, 0.5mM EGTA, pH 7.4),
supplemented with substrates or effectors, and
Amplex Red (5 mM), horseradish peroxidase (2 U/ml),
and superoxide dismutase (10 U/ml). The fluorescence
signal of resorufin was calibrated by sequential add-
itions of known amounts of H2O2.

Oxygen consumption

Oxygen consumption of mitochondria was measured
using an Oxygraph� from Oroboros Instruments
(Innsbruck, Austria) at 37�C. For this purpose, isolated
mitochondria (0.5mg of protein per ml) were suspended
in the incubation buffer supplemented with 5mMmalate,
in the absence and or in the presence of 0.2mM
octanoic acid or l-octanoylcarnitine. Phosphorylating
respiration was adjusted by addition of 1mM ADP.

Statistical analysis

All data are represented as mean� S.D. of three to five
different experiments and preparations. Statistical sig-
nificance of mean differences was tested by the paired
Students t-test as specified in the figure legend using
SigmaPlot 11.0 software. The sample size was using
three to five separate preparations of mitochondria or
astrocytes per incubation condition. No randomization
was appropriate. Statistically significant differences are
set at #P< 0.05 or 0.03, ##P< 0.01, §P< 0.03,
§§P< 0.001, and &P< 0.005. Sample size analysis was
done using the GPower software.24 Power of all statis-
tical calculations was higher than 0.8.

Results

We estimated first the ROS generation by isolated rat
brain mitochondria (RBM) respiring in resting state
using the dye MitoSOX Red. This dye monitors intra-
mitochondrial O��2 . At the beginning, O��2 generation
by isolated RBM, which were supplied with pyruvate,
glutamate plus malate (control), was measured in the
absence or presence of octanoic acid or l-octanoylcar-
nitine (Figure 1(a)). Importantly, octanoic acid or
l-octanoylcarnitine did not enhance the MitoSOX
Red-linked fluorescence. Similarly, the MitoSOX Red-
linked fluorescence did also not respond to the addition
of the long-chain palmitic acid or its carnitine-
derivative, in contrast to the complex III inhibitor
AA, which caused a five-fold stimulation.

In addition, mitochondrial ROS generation was also
measured as release of H2O2 from RBM, using the
Amplex Red/horseradish peroxidase assay. In contrast
to MitoSOX Red, the H2O2-sensitive non-fluorescent
Amplex Red is extramitochondrially oxidized.
Figure 1(b) shows that, irrespective of the absence or
presence of octanoic acid or l-octanoylcarnitine, the
release of H2O2 is not different from the control
value. Next, when RBM were supplied only with the
poorly hydrogen-delivering substrate malate (M), the
release of H2O2 was only about 50% of that seen in
control. More importantly, even with malate, l-octa-
noylcarnitine did not significantly enhance the release
of H2O2 by resting (M + OctC) or actively phosphor-
ylating (M + ADP + OctC) RBM.

In contrast to RBM, rat liver mitochondria (RLM)
responded under the same incubation conditions clearly
to octanoic acid or l-octanoylcarnitine, particularly
when l-octanoylcarnitine was applied (Figure 1(c)).
With malate, the addition of octanoic acid or l-octa-
noylcarnitine increased the H2O2 release to 130% or
225%, respectively. Interestingly, l-octanoylcarnitine
stimulates a stronger release of H2O2 release than octa-
noic acid. There is good reason to attribute this differ-
ence to the necessary activation of octanoic acid within
the inner mitochondrial compartment. This process is
associated with ATP wastage, most likely due to a futile
cycle.20 In conclusion, in contrast to l-octanoylcarni-
tine, octanoic acid converted ATP to AMP in a signifi-
cant portion in the mitochondrial matrix, thereby
limiting the availability of ATP for the activation of
octanoic acid to octanoyl-CoA and thus, diminishing
the concentration of octanoyl-CoA for degradation by
the b-oxidation pathway.

A possible effect of octanoic acid on mitochondrial
ROS generation was also examined under in situ con-
ditions using astrocytes (Figure 1(d)). While glucose is
known to be the preferred oxidizable substrate for
neural cells, astrocytes were provided with
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glucose-supplemented HBSS medium (control) without
and with octanoic acid. In addition, the astrocytes were
exposed to AA or PQ. Similar to isolated RBM, AA
stimulates O��2 generation in astrocytes supplied with

glucose or deprived of glucose. Furthermore, a clear
stimulation of O��2 generation by PQ was found with
astrocytes supplied with glucose. The latter stimulation
has been attributed to the PQ-mediated

Figure 1. ROS generation by mitochondria (a–c) and astrocytes (d) from brain with octanoate as b-oxidation substrate. (a) RBM

(0.1 mg/ml) were suspended in incubation medium (25�C) consisting of 10 mM KH2PO4, 0.5 mM EGTA, 60 mM TRIS, 60 mM KCl,

110 mM mannitol pH 7.4, supplemented with substrates pyruvate, glutamate, and malate (5 mM each). Additions were Oct (0.2 mM),

OctC (0.2 mM), Pal (30 nmol/mg), PalC (30 nmol/mg), or AA (5mM). The initial rates of the increase of the MitoSOX Red-linked

fluorescence. Autoxidation of MitoSOX Red was negligible during the incubation period (not shown). The mean values� SD shown in

(a) were obtained from five incubations. #P< 0.05, compared with control (P/G/M). (b,c) In one incubation series, RBM (0.1 mg/ml) or

RLM (0.4 mg/ml) were suspended in incubation medium (thermostated to 37�C) and supplied with Oct or OctC, which is comparable

with the conditions used in (a). In a second incubation series, mitochondria were suspended in M-containing incubation medium

without and with ADP (1 mM). Shown data (mean values� SD) of the H2O2 release expressed in percent of the control incubation

were normalized to 100%. Rates of the H2O2 release measured in the control incubation was 66� 14 for RBM and 50� 6 pmol/min/

mg protein for RLM, respectively. Data obtained under resting conditions (without ADP) were from 5 (b,c), or in active conditions

(with ADP) were from 3 (b) and 4 (c) mitochondrial preparations, respectively. (c) #P< 0.03, compared with control (P/G/M),
§P< 0.03 as well as §§P< 0.001, compared with control (M), &P< 0.005, compared with control (MþADP). (d) Astrocytes (1� 104

cells/well) supplemented with glucose (25 mM)-containing HBSS buffer or glucose-free HBSS buffer, were treated with Oct (0.2 mM),

AA (10mM), or PQ (20 mM). Shown data are the mean values� SD of 5 (with glucose) or 4 (without glucose) astrocyte preparations,

reflecting the increase of the MitoSOX Red-associated fluorescence during a 30-min incubation period. Both controls, obtained either

with glucose-containing (control) or glucose-free (control*) medium correspond to 7794� 1844 a.u. per 30 min or to 4703� 903 a.u.

per 30 min, respectively. #P< 0.03, compared with glucose; ##P< 0.01, compared with control.

ROS: reactive oxygen species; Oct: octanoic acid; OctC: l-octanoylcarnitine; AA: Antimycin A; PQ: paraquat; Pal: palmitic acid; PalC: l-

palmitoylcarnitine; RBM: rat brain mitochondria; RLM: rat liver mitochondria; HBSS: Hanks Balanced Salt Solution; M, malate.
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electron-transfer from complex III to O2.
25 Finally, a

possible effect of octanoic acid on the mitochondrial
ROS generation was also examined with astrocytes in
the absence of glucose supplementation (control*).
Remarkably, even with these ‘‘starved’’ astrocytes,
octanoic acid did not enhance the fluorescence of
MitoSOX Red. Similar results were seen with incuba-
tions containing higher concentrations of octanoic acid
(0.5 and 1mM; data not shown). In contrast to octa-
noic acid, AA stimulates MitoSOX Red-related fluor-
escence in the absence of glucose.

From the data obtained (Figure 1(d)), we conclude
that octanoic acid was without any effect on mitochon-
drial ROS generation in astrocytes, even then, when
they were depleted from oxidizable glucose.

Discussion

Oxidative stress is generally considered to be a major
risk factor for the development of neurodegenerative
diseases. One striking paradigmatic example is that it
has been postulated that oxidative stress underlies the
axonal degeneration in adrenoleukodystrophy.14 The
major source of oxidative stress is the induction of mito-
chondrial ROS generation by accumulation of fatty
acids within cells, resulting in an impairment of the
electron transport in the respiratory chain and/or
enhanced degradation of fatty acids by the b-oxidation.

The results obtained in our present study clearly
exclude the possibility that supplying isolated brain
mitochondria or astrocytes with octanoic acid enhanced
the mitochondrial ROS generation. Thus, the data
shown in Figure 1 clearly reveal that octanoic acid or
l-octanoylcarnitine does not enhance the formation of
the oxidized forms of MitoSOX Red (Figure 1(a)) or
that of Amplex Red (Figure 1(b)), indicating that the
mitochondrial O��2 generation or the mitochondrial
release of H2O2 were not stimulated. Even when we
used ‘‘starved’’ brain mitochondria (supplemented with
only malate or malate plus ADP), octanoic acid or l-
octanoylcarnitine does not induce the release of H2O2

from RBM. Similarly, addition of octanoic acid or l-
octanoylcarnitine to RBM supplemented with malate
and ADP did not stimulate phosphorylating respiration,
indicating that octanoic acid or l-octanoylcarnitine did
not enhance the supply of b-oxidation-linked reducing
equivalents to the respiratory chain (data not shown).
Consistent results on the ROS generation were found
with astrocytes, which were either ‘‘fed’’ with glucose
or were ‘‘starved’’ (Figure 1(d)). First, these findings
contradict the view, according to that b-oxidation con-
tributes to a significant extent to the cellular ROS gen-
eration.15 However, our findings are in line with the
reported low mitochondrial enzymatic capacity of the
b-oxidation in brain mitochondria.26

In our study, octanoic and palmitic acid were
applied (Figure 1(a)). Furthermore, the cytosolic acyl-
CoA synthetase has significant specificity only for
LCFA, such as palmitic acid.27 This explains why
non-esterified octanoic acid permeates the inner mito-
chondrial membrane and, becomes subsequently acti-
vated by matrix-localized acyl-CoA synthetase. The
cytosolic palmitoyl-CoA is unable to enter mitochon-
dria. Before being b-oxidized, palmitoyl-CoA has to be
converted into the acyl-carnitine ester (PalC) by the
CPT1, and after its transmembrane transport via the
acylcarnitine/carnitine shuttle, PalC is reconverted
into the palmitoyl-CoA thioester inside the
mitochondria.

In addition, there is a certain activity in brain to
degrade palmitic acid by peroxisomal b-oxidation.28

Finally, LCFA (such as palmitic acid) can exert in the
non-esterified form a mild-uncoupling effect, whereas
octanoic acid does not exhibit such activity.16,20 Mild-
uncoupling might potentially modulate mitochondrial
ROS generation. Thus, as mentioned above, we applied
octanoic acid as substrate for examining the b-oxida-
tion as enhancer of ROS generation in brain
mitochondria.

It could be discussed that a low octanoic acid
activation inside the mitochondria limits the b-oxida-
tion-linkedROS generation. Therefore, in separate incu-
bations using RLM, the concentration of octanoic acid
was estimated by oxygen uptake measurements, which is
sufficient to support a stationary maximal rate of phos-
phorylation (data not shown). This concentration was
0.2mM, which was throughout applied in our incuba-
tion experiments. In addition, we obtained also with
RLM and l-octanoylcarnitine or l-palmitoylcarnitine
comparable rates of ROS generation (Figure 1(c)).

It has been reported that brain-specific carnitine
palmitoyltransferase-1 (CPT1c) is not able to catalyze
the acyl transfer from acyl-CoAs to carnitine and
thus, CPT1c should not be involved in the b-oxidation
of LCFA.29 Notably, a CPT1c-knockout mouse has
reduced body mass and food intake. These findings
suggest a role of CPT1c in the regulation of whole-
body energy homeostasis. In addition, hypothalamic
neurons might be able to degrade to some extent
LCFA by b-oxidation. Treatment of primary hypo-
thalamic neurons with palmitate and the compound
C75 (trans-tetrahydro-4-methylene-2-octyl-5-oxo-3-
furancarboxylic acid), an inhibitor of the fatty acid
synthase and stimulator of CPT1, results in a signifi-
cant ROS generation.4 This ROS generation could
stem either from an enhanced mitochondrial b-oxida-
tion and (or) peroxisomal b-oxidation of endogenous
LCFA.

What might be a tentative explanation for the dis-
crepancy between the finding reporting that a systemic
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treatment of rats with the b-oxidation inhibitor MPL
decreased lipid peroxidation in brain tissue,15 and our
observation that fueling the b-oxidation by octanoic
acid in brain mitochondria or astrocytes does not
enhance the mitochondrial ROS generation? As a gen-
eral answer, we refer to our previous comprehensive
analysis, where we summarized the experimental litera-
ture data suggesting that in brain tissue b-oxidation is
only a poor source for the delivery of reducing equiva-
lents to mitochondria.3

More specifically, it can be estimated that an injec-
tion of MPL into rats (10mg/kg body mass) as done,15

results in a MPL concentration in the body water of
about 20 mM (body mass 300 g; water content 60%).
MPL, a lipophilic derivative of palmitic acid, enriches
mostly in the lipid phase of membranes. Furthermore,
MPL has a highly reactive oxiran ring, which under-
goes reactions with nucleophiles. Thereby, most likely
MLP competes with the double-bonds of polyunsatur-
ated fatty acids for reaction with ROS. For that reason,
there is a sound basis to hypothesize that MPL reacts
with ROS and thus exerts a substantial antioxidative
activity per se.
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