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Oxidative stress in skeletal muscle is a hallmark of various
pathophysiologic states that also feature increased reliance on
long-chain fatty acid (LCFA) substrate, such as insulin resis-
tance and exercise. However, little is known about the mecha-
nistic basis of the LCFA-induced reactive oxygen species (ROS)
burden in intact mitochondria, and elucidation of this mecha-
nistic basis was the goal of this study. Specific aims were to
determine the extent to which LCFA catabolism is associated
with ROS production and to gain mechanistic insights into
the associated ROS production. Because intermediates and by-
products of LCFA catabolism may interfere with antioxidant
mechanisms, we predicted that ROS formation during LCFA
catabolism reflects a complex process involvingmultiple sites of
ROS production as well as modified mitochondrial function.
Thus, we utilized several complementary approaches to probe
the underlying mechanism(s). Using skeletal muscle mitochon-
dria, our findings indicate that even a low supply of LCFA is
associated with ROS formation in excess of that generated by
NADH-linked substrates. Moreover, ROS production was evi-
dent across the physiologic range of membrane potential and
was relatively insensitive to membrane potential changes.
Determinations of topology and membrane potential as well as
use of inhibitors revealed complex III and the electron transfer
flavoprotein (ETF) and ETF-oxidoreductase, as likely sites of
ROS production. Finally, ROS production was sensitive to
matrix levels of LCFA catabolic intermediates, indicating that
mitochondrial export of LCFA catabolic intermediates can play
a role in determining ROS levels.

Reactive oxygen species (ROS)2 are generated in mitochon-
dria as a normal byproduct of aerobicmetabolism; 0.2–2%ofO2

consumption is estimated to be lost as superoxide under nor-
mal conditions (1, 2). Within the mitochondrial matrix, a suite
of enzymes manages the ROS load by converting ROS to less
toxic species or by mitigating their formation. Nevertheless,
mitochondria are significant sources of cellular ROS, and oxi-
dative stress is a hallmark of various physiological and patho-
logical states, including exercise, insulin resistance, and athero-
sclerosis (3–10).
Inhibitor studies in mitochondria utilizing NADH- or FADH2-

linked substrates suggest that complexes I and III of the electron
transport chain (ETC) are predominant sites of superoxide pro-
duction (11–13). Whether this is the case under physiologic con-
ditions is not well appreciated. ROS generation by the ETC is crit-
ically dependentuponETCredox state, such thatROSproduction
is lowuntil the innermembrane is significantly polarized and then
rises steeply with small increments in membrane potential (14).
However, amembrane potential-independent component of ROS
production has been observed in brain mitochondria (15–17).
Indeed, electronsmay escape from sites other than the respiratory
complexes, such as from the electron transfer flavoprotein (ETF)
and ETF-ubiquinone oxidoreductase (ETF-QO) (18) or the �-ke-
toglutarate dehydrogenase complex (19–21). Finally, the mito-
chondrial ROS load also depends upon the activity of antioxidant
processes. Thus, net mitochondrial ROS load is a complex func-
tion of several factors.
ROS production during catabolism of long-chain fatty acids

(LCFA; refer to the supplementary material for a list of non-
standard abbreviations) may reflect a particularly complex
process (Fig. 1). Compared with non-FA substrates, the gener-
ation of reducing equivalents is high during LCFA catabolism:
fatty acid oxidation (FAO) and yields both NADH and FADH2.
In addition, the dehydrogenases of �-oxidation can transfer
electrons to the ETF, which then reduces ETF-QO with the
possibility of electron leakage from both sites. Finally, LCFA
breakdown can generate intermediates and by-products that
can inhibit matrix enzymes that mitigate or detoxify ROS (22–
25). Intermediates can also inhibit the ETC to potentially aug-
ment ROS production (26–28). It is unknown which factor(s)
have the greatest influence on ROS formation during FAO.
This question is of interest because some pathophysiological
conditions that feature oxidative stress, such as insulin resist-
ance and type 2 diabetes, are also associated with altered FAO
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capacity, increased reliance on LCFA substrate, or increased
incomplete FAO (29–33), yet there has been little investigation
into the mechanistic basis of the LCFA-induced ROS. A major
limitation of studies that have attempted to address the mech-
anistic basis of ROS production during FAO is that they have
utilized high concentrations of FA substrate and relied exclu-
sively upon complex I and III inhibitors as tools (13, 34).
Thus, the aims of the present study were 1) to determine the

extent to which low, more physiologic [LCFA] can generate
ROS and 2) to characterize the associated mechanisms using
several complementary approaches (membrane potential
determinations, ETC inhibition, L-carnitine supplementation
to lower matrix acyl-CoA levels (see Fig. 1), and glutathione
depletion). Due to the association between ROS and insulin
resistance in skeletal muscle (4, 5), we focused onmitochondria
from this tissue. For comparative purposes, some experiments
were also performed in liver mitochondria. Our findings indi-
cate that even a low [LCFA] is associatedwithROS formation in
excess of that generated by oxidation of NADH-linked sub-
strates. Observations support complex III, not complex I, as an
important site of ROS formation during FAO. Moreover, we
identify amembrane potential-independent component, which
may be partially due to ROS generated at the ETF/ETF-QO.

Finally, we demonstrate that ROS
production is sensitive to levels of
matrix LCFA catabolic intermedi-
ates, indicating a role for the latter
in determining the LCFA-induced
ROS burden.

EXPERIMENTAL PROCEDURES

Reagents—[1-14C]Palmitoylcar-
nitine was purchased from Perkin-
Elmer Life Sciences. All other re-
agents were obtained from Sigma.
Reagents were dissolved in incuba-
tion medium (see below for compo-
sition) or distilled H2O, except for
oligomycin, rotenone, antimycin,
1-chloro-2,4-dinitrobenzene (CDNB),
and p-trifluoromethoxy carbonyl
cyanide phenyl hydrazone (FCCP),
which were dissolved in EtOH.
Stocks of palmitoylcarnitine (PCarn),
glutamate, and malate were stored
for up to 1 month at �20 or �80 °C
(PCarn). Pyruvate was prepared
immediately prior to use.
Animals—Male C57Bl/6J mice,

4–6 months of age, were obtained
from our colony and housed in our
facility at 23 °C (12 h/12 h light
cycle, lights on at 0700 h), with free
access to water and chow (6% fat/
weight;Harlan-Teklad-2018).Addi-
tional age-matched male C57Bl/6
mice were obtained from Charles
River and acclimated to our facility

for �3 weeks prior to experimentation. Animals were cared for
in accordance with the principles and guidelines of the Cana-
dian Council on Animal Care and the Institute of Laboratory
Animal Resources (National Research Council). This study was
approved by the Animal Care Committee of the University of
Ottawa.
Isolation of Mitochondria from Skeletal Muscle and Liver—

Muscle mitochondria were isolated essentially according to
Chappell and Perry (35), as described (36) (supplemental mate-
rial). Liver mitochondria were isolated using a standard proto-
col (37) (supplemental material). Protein concentration was
determined by a modified Lowry method using bovine serum
albumin as the standard.
All experiments were conducted in incubationmedium con-

taining 120mMKCl, 1 mM EGTA, 5mMKH2PO4, 5 mMMgCl2,
and 5 mM HEPES, pH 7.4, supplemented with 0.3% defatted
bovine serum albumin. Unless otherwise stated, determina-
tions were made in the presence of oligomycin (3 �g/ml) to
inhibit ATP synthesis, a condition used in previous studies of
the mechanisms of ROS formation in isolated mitochondria
and permeabilizedmuscle fibers (e.g. see Refs. 4, 13, 34, and 38).
Measurements in muscle and liver mitochondria were made in
parallel from mitochondria isolated from the same mouse.

FIGURE 1. Mitochondrial fatty acid handling and possible mechanisms of ROS generation during fatty
acid oxidation. LCFA are activated on the mitochondrial outer membrane (MOM) to acyl-CoA and then taken
up into mitochondria by the carnitine palmitoyltransferase (CPT) system, with conversion to acylcarnitine and
then back to acyl-CoA. Electrons enter the ETC via �-oxidation and the tricarboxylic acid cycle (TCA) or via the
ETF and ETF-QO. Possible sites of electron leakage and ROS formation are at complex I (at the flavin site or at the
quinone binding site via RET) (13, 44, 54), at complex III (13, 51, 53), and from the ETF and ETF-QO (18). ROS
generated at complex III can diffuse into the matrix and the intermembrane space (13, 51). If acyl-CoA supply
exceeds the downstream catabolic capacity, acyl-CoA esters can be converted to acylcarnitines via carnitine
acyltransferase (CrAT; with specificity for acetyl-CoA and short-chain acyl-CoA) and then exported from mito-
chondria via carnitine acylcarnitine transferase (CACT) (62). L-Carnitine supplementation increases acylcarni-
tine export (55–57). Because acyl-CoA esters can inhibit matrix ROS mitigating or detoxifying enzymes (22–25),
acylcarnitine export may lower ROS during FAO. Rotenone (Rot) inhibits complex I. Antimycin A (Anti) binds
cytochrome b to prevent electron flow to the ubiquinone binding site of complex III. Oligomycin (Oligo) inhibits
the ATP synthase. MIM, mitochondrial inner membrane.
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Hydrogen Peroxide Emission Rate—The H2O2 emission rate
was measured fluorimetrically using p-hydroxyphenylacetate
(PHPA; 167 �g/ml) and horseradish peroxidase (9 units/ml)
(37, 39) in mitochondria (0.2 mg/ml) suspended in incubation
medium. H2O2 emission was monitored for up to 30 min at
37 °C using a temperature-controlled fluorimeter (excitation at
320 nm, emission at 400 nm) (FLx800, BioTek). H2O2 rates
were calculated using a calibration curve constructed in the
presence of mitochondria (which quench the fluorescence).
Note that O2 consumption for each substrate used was mea-
surable under state 4 conditions for�30min. In the presence of
complex I or III inhibitors or with succinate alone, the H2O2
emission rate was biphasic, with an initial linear phase lasting
�10min, followed by a slower prolonged phase; only the initial
phase was analyzed. Although Amplex Red conversion to fluo-
rescent resorufin may be a more sensitive detector of H2O2
than PHPA, we have detected artifactual rates with Amplex
Red, possibly due to the generation of a resorufin signal by
reaction of Amplex Red with FA hydroperoxides (40). We thus
opted to use the PHPA method. Apparent reagent-only rates
of H2O2 have been reported with a similar assay utilizing
homovanillic acid (13).Wemonitored fluorescence for all com-
binations of reagents and substrates; no systematic changes
were detected. Catalase (100 units/ml) was used to confirm that
changes in fluorescence were due to H2O2.
Oxygen Consumption—Oxygen consumption was measured

in mitochondria (0.2 mg/ml) at 37 °C using a Clark-type O2
electrode (Hansatech, Norfolk, UK) and incubated in incuba-
tion medium assumed to contain 406 nmol of oxygen/ml at
37 °C (41). Details of the different incubation conditions are
provided under “Results.” Respiratory control ratios for muscle
and liver mitochondria are provided in supplemental Table 1.
Respiratory control ratios of �10 and �12 for muscle mito-
chondria oxidizing pyruvate/malate (P/M; 10/5 mM) and gluta-
mate/malate (G/M; 10/5 mM), respectively, and �12 for liver
mitochondria oxidizing G/M (10/5 mM) indicate that mito-
chondria from both tissues were well coupled. Predictably, res-
piratory control ratios were lower with PCarn oxidation (�5),
as was the respiratory control ratio of liver mitochondria oxi-
dizing P/M (�5).
Membrane Potential—Membrane potential (measured as

��, �m) was determined in mitochondria (0.2 mg/ml), incu-
bated in incubation medium at 37 °C, using a methyl-triphen-
yl-phosphonium (TPMP�)-selective electrode (37, 42) or fluo-
rimetrically using safranin O dye (5 �M; excitation at 485 nm
and emission at 580 nm) (43). The fluorimetric approach
enabled simultaneous measurement of replicates under several
conditions.
NAD(P)H/NAD(P)� Redox State—NAD(P)H autofluores-

cence (excitation at 365 nm, emission at 450 nm) was used
to determine mitochondrial NAD(P)H/NAD(P)� (44) under
incubation conditions identical to those used for H2O2 and
bioenergetic determinations.Maximal oxidation and reduction
were defined, respectively, as the fluorescence obtained in the
presence of FCCP (0.6 �m) and rotenone (5 �m).
Metabolites of FAO—Rates of 14C-labeled acid-soluble prod-

uct (ASP) formation and 14CO2 production were measured in
muscle and liver mitochondria oxidizing [1-14C]palmitoylcar-

nitine as described (36) (supplemental material). The reaction
was initiated by adding mitochondria (0.2 mg/ml), and termi-
nated by adding 70% perchloric acid. Half of the reaction vol-
ume was used to determine 14CO2 production. The other half
was removed by syringe from the sealed vessel into a 1.5-ml
tube, and mitochondria were pelleted at 12,000 � g for 5 min.
The buffer and mitochondrial fractions were analyzed for
[14C]ASP.
Data Analysis—All measurements were performed in dupli-

cate, and replicates were averaged. Data are presented as the
mean � S.E. A paired or unpaired t test or one-way or two-way
analysis of variance was performed as appropriate using
GraphPad Prism version 4 software (GraphPad Software, Inc.,
La Jolla, CA).

RESULTS

Low Concentrations of LCFA Substrate Generate ROS—Skel-
etal muscle and cardiac mitochondria supplied with high
[PCarn] (60 �M) were found to emit H2O2 at a greater rate than
when oxidizing P/M (13). However, greater H2O2 emission
during oxidation of high [PCarn] inmusclemitochondria is not
a consistent finding (34). We wondered whether these discrep-
ant results reflect the use of high [LCFA]. Indeed, [PCarn] as
low as 5 �M can inhibit ETC flux in skeletal muscle mitochon-
dria (26). In addition, high [LCFA] can stimulate permeability
transition (45, 46). Our first aim was to determine whether oxi-
dation of lower, more physiologic [LCFA] could generate ROS
at significant rates in skeletal muscle mitochondria.
H2O2 emission was clearly detectable with [PCarn] as low as

4.5 �M and rose steadily for [PCarn] up to 18 �M (Fig. 2A).
Similar rates were obtained with 36 �M as with 18 �M PCarn.
Interestingly, rates of H2O2 emission were lower with 72 �M

PCarn as compared with ratesmeasured with 18�M. The lower
H2O2 emission rate at high [PCarn] was not related to stimula-
tion of permeability transition because mitochondrial swelling
was not detectable with [PCarn] of �100 �M, as determined
spectrophotometrically at 540 nm (47) (not shown). It is well
known that FA can directly uncouple respiration. To determine
whether PCarn was uncoupling mitochondria, we preincu-
bated (5 min) mitochondria with 18 or 72 �M PCarn and then
measured H2O2 emission generated during reverse electron
transport (RET), which is steeply dependent upon �m (12, 48)
(supplemental Fig. 1); if PCarn uncouples mitochondria, then
PCarnwould lowerH2O2 emission during RET.H2O2 emission
was found to be similar in the presence and absence of 18 �M

PCarn but was slightly decreased by 72 �M PCarn (supplemen-
tal Fig. 1C). Thus, 18 �M PCarn does not have an uncoupling
effect, whereas 72 �M PCarn may induce slight uncoupling.
Thus, it is possible that the lower H2O2 emission with 72 �M

PCarn (Fig. 2A) is due to a slight degree of uncoupling.
In contrast to PCarn, H2O2 emissionwas undetectable with a

supply of saturating P/M or G/M (Fig. 2B). H2O2 emission was,
however, apparent with these substrates upon the addition of
the complex I inhibitor rotenone (see Fig. 4C), indicating the
capacity for oxidation of these substrates to yield ROS.

�m-independent Component of H2O2 Emission during
PCarn Oxidation—The mechanistic basis of ROS formation
during LCFA catabolism is poorly understood. Because ROS
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formation by the ETC is favored when the ETC complexes are
highly reduced (12, 14), we determined whether this might
explain the elevated ROS production with Pcarn. We assessed
ETC redox status by monitoring �m using a TPMP�-selective
electrode in muscle mitochondria supplied with either 18 �M

PCarn, P/M (10/5 mM), or 9 mM succinate. Oxygen consump-
tion was measured in parallel. Both �m and O2 consumption
were lower with a supply of 18 �M PCarn as compared with
saturating P/M or succinate (Fig. 3A). NAD(P)H/NAD(P)�
autofluorescence also revealed amore reducedmatrix environ-
ment with P/M than with PCarn oxidation (see supplemental
Fig. 3C). Thus, a highly reduced ETC may not be required for
FAO-induced ROS production.
To further characterize the relationship between �m and

ROS production during FAO,�mwas determined fluorimetri-
cally over a range of [PCarn]. �m increased linearly with
increasing [PCarn] from 0.5 to 2.5 �M and then leveled off such
that there was no change in �m from 4.5 to 18 �M PCarn (Fig.
3B), a range of [PCarn] over which the H2O2 emission rate was
found to increase (see Fig. 2A). Thus, PCarn-induced ROS pro-
duction shows little �m-dependence.
The�mdependence of PCarn-inducedROSproductionwas

further explored in GSH-depleted mitochondria supplied with
G/M (10/5mM) or 18�MPCarn plus 2mM L-carnitine (Fig. 3C).
FCCP was used to titrate �m in order to compare H2O2 emis-
sion at different �m. Depletion of GSH, using CDNB (49, 50),
enabled significant ROS generation with oxidation of an
NADH-linked substrate. L-Carnitine addition to mitochondria
oxidizing PCarn results in higher�mandO2 consumption (see
below) and thus allowed comparison of H2O2 emission over a
wider range of �m than could otherwise be achieved. As
expected (12, 14), lowering�minmitochondria oxidizingG/M
greatly decreased H2O2 emission rate (by �86%; Fig. 3C, cir-
cles). For a similar decrease in �m from a similar higher value,

a decrease inH2O2 emissionwas also apparent inmitochondria
supplied with PCarn plus L-carnitine; however, the rate was
decreased by only �45% (Fig. 3C, triangles). Thus, the �m
dependence of PCarn-induced ROS formation is substantially
lower than for an NADH-linked substrate.
Sites of Superoxide Production during PCarn Catabolism—

To further explore the mechanisms of ROS formation during
FAO, we assessed whether superoxide was released on the
matrix or the intermembrane space side of the inner mem-
brane. Topology was determined using acetylated cytochrome
c in the presence or absence of exogenous CuZn-superoxide
dismutase (SOD) (51). Acetylated cytochrome c scavenges
superoxide released into the intermembrane space, preventing
its conversion to H2O2 by endogenous CuZn-SOD localized to
the intermembrane space. The SOD that is subsequently added
competes with acetylated cytochrome c for superoxide.
Accordingly, exogenous SOD becomes a more sensitive probe
of intermembrane space superoxide.
With 18 �M PCarn as substrate, the addition of 200 units/ml

SOD approximately doubled the H2O2 emission rate (Fig. 4A),
indicating that some of the superoxide was released on the
intermembrane space side of the inner membrane. Because
some superoxide generated at complex III is released into the
intermembrane space (13, 51), we determined whether com-
plex III may be a site of superoxide formation during PCarn
oxidation. To this end, we repeated the H2O2 determinations
with or without SOD in the presence of the complex III inhib-
itor antimycin (1 �M) (Fig. 4B). Antimycin binds cytochrome b
(52), increasing the steady state levels of ubisemiquinone at the
ubiquinol binding site with subsequent superoxide formation
(53). The addition of SOD yielded a quantitatively similar
increase inH2O2 emission rate in the presence as in the absence
of antimycin (Fig. 4, compareA and B). This identifies complex

FIGURE 2. H2O2 emission rate as a function of substrate concentration and type in skeletal muscle mitochondria. A, H2O2 emission rate with increasing
supply of PCarn. Values are means � S.E., n 	 5 (n 	 2 for 36 �M PCarn). *, **, and ***, p � 0.05, p � 0.01, and p � 0.001, respectively, significantly different from
adjacent lower concentration; one-way analysis of variance (repeated measures), Bonferroni post-tests; analysis excludes 36 �M palmitoylcarnitine. B, raw
fluorescence signals showing H2O2 emission with 18 �M palmitoylcarnitine but not with a saturating concentration of NADH-linked substrate (pyruvate/
malate, 10/5 mM; glutamate/malate, 10/5 mM). H2O2 emission is indicated by an increase in the fluorescence signal. Inset, quantification (nmol H2O2/min/mg).
Open bar, pyruvate/malate; closed bar, PCarn. Values are means � S.E. (n 	 5).
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III as a possible site of superoxide formation during PCarn
oxidation.
To further probe the sites of ROS generation during FAO,we

compared H2O2 emission rates in mitochondria supplied with
18 �M PCarn or P/M, in the presence of antimycin plus SOD or
rotenone, which inhibits complex I (Fig. 4C). In the presence of
rotenone, emission rates were 1.5–2 times higher with P/M
than with PCarn. In contrast, emission rates in the presence of
antimycin plus SOD were �6 times greater with PCarn than
with P/M. These observations with inhibitors further support
the possibility that ROS formation at complex III contributes to
the greater ROS generation during PCarn oxidation as com-
pared with oxidation of NADH-linked substrates. However,
contribution from upstream sites, such as the ETF and ETF-

QO, are also possible. The ETF is
reduced by the dehydrogenases of
�-oxidation, and it has been sug-
gested that both the ETF and
ETF-QO can exist in a partially re-
duced state (18). The fact that
some of the ROS was released on
the matrix side of the inner mem-
brane and, significantly, that ROS is
relatively �m-independent support
ROS formation at the ETF and
ETF-QO.
It has been suggested that ROS

generation during LCFA oxidation
is due to backflow of electrons
through complex I (i.e. RET) (13,
54). Distinct sites of complex I gen-
erate the ROS formed during rote-
none inhibition and via RET (44). In
addition, ROS generated by RET
requires a high �m (12, 48). We
measured H2O2 emission with suc-
cinate in the absence of inhibitors
because this is known to generate
ROS by RET (44). Rates measured
with succinate (�0.8 nmol/min/
mg) were lower than those with 18
�M PCarn in the presence of anti-
mycin plus SOD (1.5–2 nmol/min/
mg) (Fig. 4C). This observation
together with the relatively low �m
generated during PCarn oxidation
argue against backflow of electrons
through complex I as an important
ROS-generating process during
PCarn oxidation.
Fatty Acid Catabolic Intermedi-

ates Contribute to the ROS Load—
LCFA catabolic intermediates and
by-products can inhibit the ETC
(26–28) aswell as the activity of sev-
eral matrix enzymes whose activity
can mitigate ROS formation (22–
25). Thus, matrix levels of these

intermediates may be important determinants of the ROS load
during PCarn oxidation. We tested this possibility by lowering
thematrix level of catabolic intermediates using free L-carnitine
(2 mM) (55–57). A subset of the intermediates formed during
PCarn oxidation can be measured as 14C recovered in the acid-
soluble product ([14C]ASP) of a lipid extraction following oxi-
dation of [1-14C]PCarn (32, 36). The [14C]ASP could thus
include organic acids, acetyl-carnitine, and short and medium
chain acylcarnitine species. Here, we used [14C]ASP as a mea-
sure of catabolic intermediate levels. To determine levels of
intermediates associated with mitochondria or effluxed from
mitochondria, subsequent to incubation with PCarn with or
without L-carnitine, mitochondria were fractionated, and the
[14C]ASP was measured in the pellet and buffer. To determine

FIGURE 3. Low energization of skeletal muscle mitochondria supplied with long-chain fatty acid sub-
strate and relative insensitivity of H2O2 to �m. A, parallel determinations of �m and O2 consumption in
mitochondria respiring on 18 �M PCarn, 10/5 mM P/M, or 9 mM succinate (n 	 2–5). Membrane potential was
measured using a TPMP�-selective electrode. Bar graphs, statistical comparisons between PCarn and P/M. *
and **, p � 0.03 and p � 0.01, respectively, paired t test. Values are means � S.E. B, �m determinations by
safranin fluorescence. Values are means � S.E., expressed as a fraction of the 18 �M PCarn value (n 	 3). C, �m
and H2O2 emission rate in skeletal muscle mitochondria supplied with 18 �M PCarn or G/M (10/5 mM). FCCP was
used to titrate the membrane potential (PCarn, 15 pM FCCP; G/M, 100 pM FCCP). Curve in C, the �m-H2O2
relationship with G/M was fit using the equation, y 	 0.06267e0.000183x (R2 	 0.988). Arrows in C, values used for
quantification in bar graphs. Bar graphs, average H2O2 emission rates at �m indicated by the arrows in C (n 	
4). * and ***, p � 0.05 or p � 0.005, respectively, paired t test, low versus high �m. Values are means � S.E.
Numbers above bars summarize the approximate percentage decrease in H2O2 emission rate when going from
lower to higher membrane potential.
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the generality of the L-carnitine effects, determinations were
made in muscle and liver mitochondria.
In the absence of L-carnitine, the overall level (mitochondrial

pellet plus buffer) of [14C]ASP was greater in liver than muscle
mitochondria. Distribution of the [14C]ASP also differed
between muscle and liver mitochondria (Fig. 5A). In muscle
mitochondria, �10% was recovered in the pellet fraction, and
�90%was recovered in the buffer fraction (i.e.was effluxed). In
liver mitochondria, only 1.3% was recovered in the pellet.
L-Carnitine increased the total recovered [14C]ASP in mito-
chondria (pellet plus buffer) from both muscle (p 	 0.004) and
liver (p 	 0.08; an increase was detected in four of four prepa-
rations). Importantly, L-carnitine lead to a redistribution of the
[14C]ASP from the pellet to the buffer fraction (Fig. 5A) inmito-
chondria from both tissues, with a greater shift in muscle mito-
chondria. 14CO2 production was low under the non-phosphor-
ylating conditions of the experiments (�3 and 1 nmol of CO2/
h/mg in muscle and liver mitochondria, respectively) and was
slightly lowered by L-carnitine in mitochondria from both tis-
sues (Fig. 5B). These changes in [14C]ASP distribution with

L-carnitine addition are consistent with a decrease in the
level of intermediates within the matrix of muscle and liver
mitochondria.
Although our observations indicate that ROS is less sensitive

to the ETC redox state when LCFA are oxidized, some �m
sensitivity remained (see Fig. 3C). Thus, to provide context for
the interpretation of the H2O2 data, changes in bioenergetic
parameters with L-carnitine are presented first. L-Carnitine
addition to muscle mitochondria catabolizing 18 �M PCarn led
to greater membrane polarization, greater O2 consumption,
and increased NAD(P)H/NAD(P)� (Fig. 5, C and D, and sup-
plemental Fig. 2). No such changes were observed with L-carni-
tine in liver mitochondria (Fig. 5, C and D, and supplemental
Fig. 2). The findings in muscle mitochondria with or without
carnitine are consistent with higher ETC flux enabled by a
decrease in an inhibitory intermediate(s). The fact that 14CO2
production did not increase in muscle mitochondria (but
instead decreased) argues against the possibility that higher O2
consumption and �m reflect greater availability of PCarn for
catabolism due to facilitation of its uptake by L-carnitine. The
specificity of L-carnitine for the reactions of �-oxidation was
confirmed by the absence of L-carnitine effects onO2 consump-
tion, �m, and NAD(P)H/NAD(P)� of muscle mitochondria
supplied with P/M or G/M (supplemental Fig. 3).
To test the possible effects of catabolic intermediates onROS

production, we next determined the H2O2 emission rate in the
absence and presence of L-carnitine. In muscle mitochondria,
the addition of L-carnitine resulted inminimal changes inH2O2
emission rate, whereas the H2O2 emission rate was lowered in
liver mitochondria (Fig. 5E). These observations support the
hypothesis that catabolic intermediates contribute to ROS pro-
duction in liver mitochondria. The interpretation of the H2O2
data in muscle mitochondria is complicated by the L-carnitine-
induced increase inO2 consumption and�m.On the one hand,
these increases would predict greater ROS generation (see Fig.
3C) (12, 14). However, we have observed that PCarn-induced
H2O2 emission is less dependent on �m as compared with an
NADH-linked substrate (Fig. 3C). Thus, the absence of a
change inH2O2 emissionwith L-carnitine could simply indicate
that LCFA catabolic intermediates have little effect on ROS in
muscle mitochondria.
To further investigate the role of LCFA catabolic intermedi-

ates in ROS production, we determined whether the glutathi-
one antioxidant system was impeded. CDNB was used to
deplete GSH inmuscle and livermitochondria (49, 50). If L-car-
nitine increases the capacity of the glutathione antioxidant
system (by relieving inhibition by catabolic intermediates), then
the addition of L-carnitine to GSH-depleted mitochondria
should produce a relative increase in H2O2 emission compared
with that measured in carnitine-treated mitochondria with
normal GSH levels. Predictably, GSH depletion greatly (�10
fold) increasedH2O2 emission inmitochondria frombothmus-
cle and liver. In GSH-depleted liver mitochondria, the addition
of L-carnitine still lowered the H2O2 emission rate, by �50%
(Fig. 5F). It is not clear that the L-carnitine addition to GSH-
depleted liver mitochondria produced less of a decrease in
H2O2 emission compared with that measured in GSH-intact
mitochondria. Thus, although higher levels of LCFA catabolic

FIGURE 4. Topology and sites of ROS production in skeletal muscle mito-
chondria oxidizing long-chain fatty acid substrate. A, H2O2 emission rate
of mitochondria oxidizing 18 �M PCarn in the absence or presence of added
Cu/Zn-SOD (200 units/ml). B, as in A, with the addition of antimycin A (1 �M) to
inhibit complex III. In A and B, the approximate percentage decrease increase
in H2O2 emission rate with SOD addition is given. Increased H2O2 emission
upon SOD addition indicates release of superoxide toward the intermem-
brane space. C, comparison of H2O2 emission rates in mitochondria supplied
with PCarn (18 �M) or P/M (10/5 mM), in the presence of rotenone (1 �M) to
inhibit complex I or antimycin plus SOD. The H2O2 emission rate was evalu-
ated with a supply of succinate alone, which generates ROS by reverse elec-
tron transport to complex I. All values are means � S.E. (n 	 3–5). *, p � 0.03,
paired t test, without SOD versus with SOD.
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intermediates are associated with greater ROS in liver mito-
chondria, this may not be due to interference of GSH antioxi-
dant pathways.
In contrast to what was observed in liver mitochondria, as

well as to what was observed with an intact glutathione anti-
oxidant system, L-carnitine increased the H2O2 emission rate
by �40% in GSH-depleted muscle mitochondria (Fig. 6B).

These observations are consistent
with an increase in the capacity of
the glutathione antioxidant system
in muscle mitochondria upon the
addition of L-carnitine and thus
support a role for LCFA catabolic
intermediates in ROS production in
muscle mitochondria.
CDNB had a slight uncoupling

effect in bothmuscle and livermito-
chondria (supplemental Fig. 4, mus-
cle mitochondria and liver mito-
chondria) (data not shown), the
extent of which was similar with or
without L-carnitine (not shown).
Thus, while it is generally accepted
that uncoupling mitigates ROS pro-
duction, the effect of any uncou-
pling on H2O2 emission would be
similar in livermitochondriawith or
without L-carnitine because L-carni-
tine had no effect on �m. Because
L-carnitine increased �m in muscle
mitochondria, the increase in the
H2O2 emission rate with the L-car-
nitine addition may be slightly
underestimated (by 0–15%, esti-
mated using the �m-H2O2 rela-
tionship for PCarn plus L-carnitine
from the data in Fig. 3C).
NNT (Nicotinamide Nucleotide

Transhydrogenase) Activity Is Not
Impeded during LCFA Catabolism—
We had initially thought that higher
ROS in mitochondria oxidizing
PCarnmight be due to a diminished
ability to regenerate NADPH via
NNT. NNT is localized to the
mitochondrial inner membrane,
where it catalyzes the transfer of a
hydride ion fromNADH toNADP�

coupled to H� transport into the
matrix. NNT is considered to be a
significant source of mitochondrial
NADPH required for regeneration
of GSH from its oxidized form (58).
We hypothesized that NNT activity
might be decreased, due either to
the relatively low state ofmembrane
energization during PCarn catabo-
lism (Fig. 3A) or to inhibition by

acyl-CoA species (24). However, C57Bl/6J mice can harbor a
spontaneous five-exon deletion in the Nnt gene, which is asso-
ciated with undetectable levels of enzyme activity and protein
(59–61). Genotyping of our mice, originally from Jackson Lab-
oratories, revealed that they carried this deletion (supplemental
Fig. 5). Thus, inhibition of NNT activity cannot be the cause of
L-carnitine effects on H2O2 emission.

FIGURE 5. L-Carnitine effects on bioenergetics and H2O2 emission rates of skeletal muscle and liver mito-
chondria. L-Carnitine (2 mM; Carn) was utilized to decrease levels of long-chain fatty acid catabolic intermedi-
ates within the mitochondrial matrix. Mitochondria (0.2 mg/ml) were supplied with 18 �M PCarn. A, in mito-
chondria supplied with PCarn plus [1-14C]palmitoylcarnitine, the [14C]acid-soluble product (14C-ASP) was used
as a measure of LCFA catabolic intermediate levels within the matrix (pellet) and effluxed from mitochondria
into the buffer (buffer). Above the bar in the muscle panel, a and b, p � 0.003 and p � 0.015 for buffer and pellet
fractions, respectively, paired t test, without L-carnitine versus with L-carnitine. Above the bar in the liver panel,
#, p 	 0.08, paired t test, [14C]ASP was increased in the buffer fraction in four of four preparations. B, rate of
14CO2 production. C–F, bioenergetic parameters (C and D) and H2O2 emission rates (E and F) were determined
under the same conditions as in A and B, using only cold PCarn. In F, CDNB was used to deplete mitochondria
of reduced glutathione. A–D, n 	 4; E and F, n 	 7– 8. In all panels, values are means � S.E. * and ***, p � 0.05 and
p � 0.005, respectively, paired t test.
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Because of the reported inhibitory effect of acyl-CoA species
on NNT activity (24), we wanted to test whether this inhibition
would impact ROS production in mitochondria oxidizing
PCarn. We compared H2O2 emission rates in muscle mito-
chondria from C57Bl/6J mice and from C57Bl/6 mice from
Charles River, which do not carry the NNT mutation (supple-
mental Fig. 5). L-Carnitine was used to lower the level of matrix
catabolic intermediates. If LCFA catabolic intermediates in-
hibit NNT, then the effect of L-carnitine on H2O2 emission
should be greater inmitochondria fromC57Bl/6mice. Inmito-
chondria oxidizing 18 �M PCarn, H2O2 emission was lower in
C57Bl/6 than in C57Bl/6J mitochondria (Fig. 6A). Moreover,
GSH depletion increased H2O2 emissionmore in C57Bl/6 than
in C57Bl/6J mitochondria (Fig. 6A). The latter observations are
consistent with a role forNNT inmitigating ROS production in
muscle mitochondria. However, L-carnitine had quantitatively
similar effects on H2O2 emission and on �m in C57Bl/6 and
C57Bl/6J mitochondria (Fig. 6,A and B). Thus, despite the abil-
ity of acyl-CoAs to inhibit NNT (24), such inhibition probably
does not play an important role in ROS formation during PCarn
catabolism.

DISCUSSION

In this study, we aimed 1) to determine whether lower, more
physiologic [LCFA] is associated with higher rates of ROS for-
mation than NADH-linked substrates and 2) to obtain insight
into mechanisms underlying ROS formation during LCFA
catabolism (see Fig. 1). We have made the novel observations
that ROS formation during LCFA catabolism can occur at low
[LCFA], can be substantial even when the inner membrane is
relatively depolarized, and exhibits relatively low dependence
on �m. ROS generation at the ETF and/or ETF-QO is a possi-
ble �m-independent mechanism. Our observations also indi-
cate that PCarn-induced ROS is generated at complex III,
whereas generation at complex Imay be less important. Finally,
we have also identified a novel link betweenH2O2 emission and
levels of LCFA intermediates inmuscle and livermitochondria.
Rotenone and antimycin are commonly used to investi-

gate the mechanisms of ROS production in mitochondria

(e.g. see Refs. 13, 17, and 34). At
saturating concentrations, these in-
hibitors maximally reduce com-
plexes I and III as well as upstream
redox centers. The superoxide that
is formed reflects the capability of
these sites to generate ROS but does
not necessarily indicate whether
generation at these sites occurs
under physiologic conditions. In
this study, we minimized the use of
these inhibitors and integrated
results from such determinations
with those from several complemen-
tary approaches (increasing [PCarn],
with or without L-carnitine, CDNB,
andNNT) toprovide amore compre-
hensive view of the possible mecha-
nisms of ROS production.

Relationship of H2O2 Emission with�m—Our findings dem-
onstrate that the catabolism of even low [LCFA] induces a sig-
nificant rate of H2O2 emission, whereas saturating concentra-
tions of NADH-linked substrates yield no discernable rates.
Yet, the highest H2O2 emission rate with PCarn was associated
with �m that was lower than �m generated by P/M, G/M, or
succinate. Our finding of relatively lower �m (�145 mV) dur-
ing PCarn oxidation qualitatively and quantitatively corrobo-
rates recent findings in rat skeletal muscle mitochondria oxi-
dizing FA and non-FA substrates under state 4 conditions (34).
These results support the notion that PCarn catabolism is asso-
ciated with significant ROS production that is not due to a rel-
ativelymore reduced state of the ETC. In addition, whereas�m
leveled off at 4.5 �M PCarn, the H2O2 emission rate continued
to rise with [PCarn] up to 18 �M (see Figs. 2A and 3B). More-
over, lower �m dependence was measured with PCarn plus
L-carnitine compared with G/M in GSH-depleted mitochon-
dria (Fig. 3C). Altogether, these findings suggest that ETC
redox state is not the only or possibly even the main determi-
nant of ROS formation during FAO. A �m-independent com-
ponent of ROS formationwas also observed in brainmitochon-
dria (15–17). The present study is, to our knowledge, the first to
report this phenomenon in muscle mitochondria.

�m-independent Mechanisms of H2O2 Emission during
PCarn Catabolism—Possible�m-independentmechanisms of
H2O2 emission during FAO can be categorized as those that
generate ROS and those that inhibit detoxifying mechanisms.
Strong candidates for the former are the ETF and ETF-QO.
Specifically, we propose that ETC inhibition by LCFA interme-
diates leads to increased escape of electrons from the ETF
and/or ETF-QO. This proposal is based on the following. First,
experiments conducted in the presence of rotenone and anti-
mycin indicate a role for complex III and upstream sites in
superoxide generation (e.g. ETF and ETF-QO (18)). Second,
�m did not increase further for [PCarn] 
 4.5 �M, whereas
H2O2 emission continued to rise with higher [PCarn], suggest-
ing that �-oxidation continued despite inhibited ETC flux.
Finally, we have found that ROS generated during FAO is rela-
tively insensitive to �m. A direct test of the contribution from

FIGURE 6. Impact of NNT deletion on carnitine effects on H2O2 emission in skeletal mitochondria from
C57Bl/6J and C57Bl/6 mice. Mitochondria were supplied with 18 �M palmitoylcarnitine. A, H2O2 emission
rates. B, �m. C57Bl6/J mice harbor a five-exon deletion in the Nnt gene (see supplemental Fig. 5). Nnt encodes
for NNT, which is thought to be largely responsible for NAD(P)H regeneration in mitochondria and thus to
contribute to the maintenance of glutathione antioxidant defense. Values are means � S.E., n 	 3. ** and ***,
p � 0.03 and p � 0.01, respectively, without carnitine versus with carnitine, two-way analysis of variance with
Bonferroni post hoc tests.
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the ETF and ETF-QO to ROS production is complicated by the
lack of reagents to specifically study these enzymes. St-Pierre et
al. (13) proposed the ETF and ETF-QO as sites for ROS pro-
duction based on differential H2O2 emission in the presence of
rotenone or antimycin. The present study integrates evidence
obtained using inhibitors with information about ETC redox
state and thus provides stronger evidence for a role for the ETF
and/or ETF-QO in ROS production.
Mitochondrial enzymes that directly or indirectly mitigate

ROS formation can be modified by LCFA catabolic interme-
diates or by-products. Specifically, NNT and ANT activity
can be inhibited by acyl-CoA species (22–24), and NADP�-
linked isocitrate dehydrogenase is partially inactivated by 4-hy-
droxynonenal (25). These observations suggest that intermedi-
ates of LCFA catabolism would modulate ROS formation. We
used L-carnitine to lower the matrix level of catabolic interme-
diates; indeed, L-carnitine addition was associated with
increased recovery of [14C]ASP in the buffer fraction of both
muscle and liver mitochondria. L-carnitine is well known as a
requirement for LCFA-CoA uptake into mitochondria by car-
nitine palmitoyltransferase-1. A less appreciated role for carni-
tine is in the regulation ofmatrix acyl-CoA/CoAby exchange of
cytosolic carnitine with matrix acylcarnitine, catalyzed by car-
nitine acylcarnitine transferase (62) (see Fig. 1). Previous stud-
ies have established that L-carnitine added to suspensions of
skeletal muscle, cardiac, or liver mitochondria leads to efflux of
acetyl-carnitine and longer chain acylcarnitine species (55–57).
This efflux occurs with minimal or no change in complete oxi-
dation to CO2 (36). L-Carnitine clearly lowered the H2O2 emis-
sion rate in livermitochondria, and this occurred in the absence
of bioenergetic changes. The fact that L-carnitine addition to
musclemitochondria increased�mandO2 consumption com-
plicates the interpretation of the L-carnitine effect on H2O2
emission rate. However, that L-carnitine increased H2O2 emis-
sion in GSH-depleted mitochondria but had little effect in
intactmitochondria supports a role for intermediates/by-prod-
ucts of LCFA catabolism in determining ROS levels in muscle
mitochondria. It is also noteworthy that H2O2 emission/O2
consumed was lower in the presence compared with the
absence of L-carnitine in muscle (no GSH depletion) and liver
mitochondria. Thus, our observations support a model in
which L-carnitine buffers the matrix levels of LCFA catabolic
intermediates, thereby decreasing the ROS associated with
LCFA catabolism. Our findings may in part explain observa-
tions that in vivo administration of L-carnitine lowers oxidative
stress in cardiac muscle (63, 64). Since insulin resistance has
been linked to oxidative stress (4, 5), our findings may also
explain the improved insulin-mediated glucose disposal inmice
supplemented with L-carnitine (65–67).
Experiments with GSH-depleted mitochondria suggest that

some components(s) of the glutathione antioxidant system of
muscle mitochondria are inhibited during LCFA catabolism,
such that L-carnitine addition leads to an expanded functional
capacity of this system. Our results, however, rule out NNT
inhibition as an underlying mechanism. Differently from mus-
cle mitochondria, GSH depletion of liver mitochondria had lit-
tle impact on the effect of L-carnitine to lowerH2O2 emission. It
is likely that the profile of accumulated metabolites differs in

muscle and liver mitochondria during PCarn catabolism, such
that a decrease in matrix intermediates impacts matrix path-
ways differently in mitochondria from the two tissues.
Interestingly, the L-carnitine-induced redistribution of

[14C]ASP from pellet to buffer wasmore pronounced inmuscle
than in livermitochondria. In fact, in the absence of L-carnitine,
recovery of [14C]ASP in the buffer fraction was higher in liver
than muscle mitochondria, suggesting that accumulation of
intermediates is lower in the former. L-Carnitine also had a
profound effect on O2 consumption and �m of muscle but not
liver mitochondria. It is also noteworthy that state 3 and 4 res-
piration rateswith PCarnwere similar in liver andmusclemito-
chondria (supplemental Table 1). Collectively, these observa-
tions suggest that an important difference between liver and
muscle mitochondria oxidizing LCFA is how intermediates are
handled. This difference could reflect higher flux through car-
nitine acyltransferase and carnitine acylcarnitine transferase in
liver mitochondria and could contribute to the lower PCarn-
induced ROS in liver compared with muscle mitochondria.
Peroxisomes also catabolize LCFA, especially in hepato-

cytes (68), and peroxisomal catabolism of acyl-CoA species
can yield significant H2O2 (69). However, peroxisomal �-oxi-
dation probably does not explain our observations because
PCarn (as opposed to palmitate or palmitoyl-CoA)was the sub-
strate used in these studies. Uptake into peroxisomes of PCarn
seems unlikely despite peroxisomal expression of carnitine
acyltransferases, because mouse carnitine acyltransferase has
no activity for �C16 substrates (70).
Topology of ROS Production and Role of the ETC—Our find-

ing that ROS formed during FAO can be released on the inter-
membrane space side of the mitochondrial inner membrane
differs from that of St-Pierre et al. (13), who observed similar
H2O2 emission rates with the addition of SOD to muscle mito-
chondria oxidizing 60 �M PCarn under state 4 conditions. It is
likely that use of acetylated cytochrome c in the present study
created amore sensitive detection system.Another explanation
for the discrepant findings is the use of higher [PCarn] by St-
Pierre et al. (13), which could have led to greater ETC inhibi-
tion. Increased H2O2 generation with SOD addition has been
attributed to superoxide formation at the ubiquinol binding site
of complex III and its subsequent release into the intermem-
brane space (13, 51). Another potential source of superoxide in
the intermembrane space is p66shc, which possesses oxi-
doreductase activity and can specifically oxidize cytochrome c
(71). However, the fact that the extent of the increase with an
SOD addition was similar in the presence and absence of com-
plex III inhibition points to complex III as a source of ROS
during FAO.
Observations presented in Fig. 4 do not support complex I,

via forward or reverse electron flow, as an important site for
ROS production during FAO, in contrast to earlier suggestions
(13, 54). Reverse electron flow is supported by a high �m (12,
48). The relatively depolarized �m of mitochondria oxidizing
PCarn provides an additional argument against ROS genera-
tion by RET.
Fatty acids and lipid peroxidation products, such as 4-hy-

droxynonenal, can activate uncoupling mechanisms mediated
by ANT and UCP3 (e.g. see Refs. 72 and 73), leading to lower
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ROS formation. In support, in a study in preparation, we have
found that ANT is activated with oxidation of 18 �M PCarn,
thereby lowering H2O2 emission; the effect of ANT activation
on H2O2 was similar at higher and lower �m. UCP3 was also
activated, thereby loweringH2O2 emission; likeANT, the effect
of UCP3 was similar at higher and lower �m. Notably, it is
despite the activation of ANT and UCP3 that PCarn oxidation
is associated with greater ROS formation. Because acyl-CoA
species can inhibit ANT (23), we also evaluated this possibility
and found it to be unlikely.
Study Limitations—The ASP fraction is a heterogeneous

mixture probably containing acetyl-carnitine and short- and
medium-chain acylcarnitines (55–57), small organic acids, and
also, in liver mitochondria, ketone bodies. However, the pres-
ent study leaves open the questions of the precise composition
of the ASP, particularly the differences between muscle and
liver mitochondria, and of how LCFA intermediates are linked
to ROS production. Thus, further investigation in this regard is
warranted.
Tools to reliably address in vivo mitochondrial ROS pro-

duction are currently lacking (54). Thus, isolated mitochon-
dria remain the best system for detailed mechanistic studies
of mitochondrial ROS production, the focus of this study.
However, extrapolation of observations from isolated mito-
chondria to the in vivo context cannot be made accurately
(54). Nevertheless, several studies have demonstrated a role
for mitochondrially derived H2O2, in the absence of ETC
inhibitors, in mediating cell function under steady state con-
ditions, including in whole animals in which FAO is higher
during the rest phase of the day (8–10). Thus, it seems rea-
sonable to infer that the low rates of mitochondrial H2O2
emission during PCarn oxidation that we report here could
impact steady state cell function.
Implications—The present study, along with others (4, 11),

demonstrates the capacity of LCFA to generate significant
mitochondrial ROS. Here we have shown that this capacity is
not confined to a narrow operational state of mitochondria,
namely high �m, or to an elevated supply of LCFA. Rather, it
is expressed across the physiologic span of �m and with low
LCFA supply, indicating a wide functional range over which
FAO-induced ROS can impact processes within mitochon-
dria and in other cellular compartments. Our finding that
ROS are released not only on the matrix side but also on the
cytosolic side of the inner membrane broadens the spatial
range over which FAO-induced ROS can have an impact on
mitochondrial and extramitochondrial processes. The fact
that LCFA intermediates play an important role in determin-
ing the ROS burden indicates that selective up-regulation of
mechanisms that enhance mitochondrial LCFA uptake and
�-oxidation may be associated with increased ROS forma-
tion. Conversely, up-regulation of mechanisms that increase
the clearance of LCFA intermediates from mitochondria
should lower the ROS load. More generally, our observations
suggest that the existence of processes to buffer the levels of
LCFA catabolic intermediates confers cellular protection
from excessive mitochondrial ROS generation with in-
creased provisioning of LCFA substrate as would occur with
exercise, fasting, or insulin resistance.
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