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Abstract

Previous studies have shown that muscle atrophy is associated with mitochondrial dysfunction and
an increased rate of mitochondrial reactive oxygen species production. We recently demonstrated
that fatty acid hydroperoxides (FA-OOH) are significantly elevated in mitochondria isolated from
atrophied muscles. The purpose of the current study is to determine whether FA-OOH can alter
skeletal muscle mitochondrial function. We found that FA-OOH (at low micromolar
concentrations) induces mitochondrial dysfunction assessed by decrease in the rate of ATP
production, oxygen consumption and activity of respiratory chain complexes I and I11. Using
methods to distinguish superoxide release towards the matrix and inter-membrane space, we
demonstrate that FA-OOH significantly elevates oxidative stress in the mitochondrial matrix (and
not the inter-membrane space) with complex | as the major site of superoxide production (most
likely from a site upstream of the ubiquinone binding site but downstream from the flavin binding
site-the iron sulfur clusters). Our results are the first to indicate that FA-OOH’s are important
modulators of mitochondrial function and oxidative stress in skeletal muscle mitochondria and
may play an important role in muscle atrophies that are associated with increased generation of
FA-OOH’s, e.g., denervation-induced muscle atrophy.
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INTRODUCTION

Studies from our group and others suggest that mitochondrial oxidative stress and
mitochondrial dysfunction may be key mechanisms involved in the loss of muscle mass
during aging and in neurodegenerative diseases [1-4]. Enzymatic activity of respiratory
chain complexes, the respiratory control ratio (RCR, state 3/state 4) and the rate of
mitochondrial ATP production are each significantly decreased in mitochondria isolated
from skeletal muscle in old mice, data that indicate age-related mitochondrial dysfunction
[4-6]. In addition, the rate of mitochondrial reactive oxygen species (ROS) production is
significantly elevated by mitochondria isolated from skeletal muscle in aging rats and mice
[2, 7]. Although the studies mentioned above indicate a strong association between ROS
production, mitochondrial dysfunction and muscle atrophy, little is known about the
pathways or mediators that are responsible.

Previous studies using isolated mitochondria suggest that fatty acids and fatty acid
hydroperoxides (FA-OOH’s) are important modulators of mitochondrial function and ROS
production [8-12]. It has been proposed that fatty acids exert these effects by 1) acting as
protonophoric uncouplers, 2) by interfering with specific components of the electron
transport chain, and 3) by inhibiting adenine nucleotide translocase [8-10, 13, 14]. Under
normal conditions, tissues contain small amounts of fatty acids bound to proteins and
membranes [15]. However, in pathological conditions including ischemia, fatty acids and
their hydroperoxides are known to accumulate in target tissues [16-18]. Our recent study
showed that FA-OOH’s are significantly elevated in mitochondria isolated from atrophic
skeletal muscles [19]. We further showed that attenuation of muscle atrophy in calorie-
restricted and glutathione peroxidase 4 transgenic mice is associated with decrease in FA-
OOH’s in skeletal muscle mitochondria [19]. Based on these preliminary studies, we
hypothesized that FA-OOH are important modulators of mitochondrial function and ROS
production in skeletal muscle mitochondria, which may have a causative role in muscle
atrophy.

Therefore, the purpose of this study was 1) to determine whether FA-OOH’s alter
mitochondrial function (rate of ATP production, RCR and enzymatic activity of respiratory
chain complexes) in skeletal muscle mitochondria and 2) to determine the effect of FA-OOH
on the topology and sites of superoxide production, using methodologies that can distinguish
between superoxide released towards the matrix and towards the intermembrane space. We
demonstrate for the first time that low micromolar concentrations of FA-OOH decreases the
rate of mitochondrial ATP production, RCR and the enzymatic activity of respiratory chain
complexes | and 111 in skeletal muscle mitochondria. Additionally, using methodologies that
distinguish between superoxide generation towards the matrix and intermembrane space, we
demonstrate that in skeletal muscle mitochondria, FA-OOH (but not FA-OH) significantly
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increases the rate of mitochondrial ROS production directed towards the matrix (and not the
intermembrane space) with complex | as the major site of ROS production.

EXPERIMENTAL PROCEDURES

Reagents

All reagents were obtained from Sigma (St. Louis, MO). Amplex Red was obtained from
Molecular Probes (Eugene, OR). 15-hydroxyeicosatetraenoic acid (hereafter referred to as
FA-OH) and 15-hydroxyperoxyeicosatetraenoic acid (hereafter referred to as FA-OOH)
were from Cayman Chemicals (Ann Arbor, MI). Reagents were dissolved in either
incubation buffer or ethanol as appropriate.

Experimental animals

All experiments were performed using 6- to 8-month-old wild-type C57BL/6J mice. The
mice were maintained under specific pathogen-free conditions and housed 3-4/cage on a
12:12 (light:dark) cycle at 22 + 2°C and 50 £ 10% relative humidity. Mice were euthanized
using a CO, chamber followed by cervical dislocation. Lower hind limb skeletal muscle was
then collected. All procedures were approved by the Institutional Animal Care and Use
Committee at the University of Texas Health Science Center at San Antonio and the Audie
L. Murphy Veterans Hospital.

Isolation of skeletal muscle mitochondria

Mitochondria were purified from lower hind limb skeletal muscle according to Chappell and
Perry, as described previously [2, 19]. Briefly, hind limb skeletal muscle was excised,
weighed, bathed in 150 mM KCI and placed in Chappell-Perry buffer with the protease
nagarse. The minced skeletal muscle was homogenized, and the homogenate was
centrifuged for 10 min at 600 x g; the supernatant was then passed through cheesecloth and
centrifuged at 14,000 x g for 10 min. The mitochondrial pellet was washed in modified
Chappell-Perry buffer with 0.5% bovine serum albumin (BSA) and centrifuged at 7,000 x g
for 10 min. The pellet was further washed twice in modified Chappell-Perry buffer without
BSA, centrifuging each time at 3,500 x g for 10 min. Isolated mitochondria were used
immediately. Protein concentration was measured with the Bradford method.

Experimental design

To test our hypothesis that fatty acid hydroperoxides are important modulators of
mitochondrial function and ROS production, we performed the following experiments. To
determine mitochondrial function, we measured 1) oxygen consumption (state 3/state 4
respiration) 2) the rate of mitochondrial ATP production and 3) enzymatic activity of
respiratory chain complexes I-1V in isolated skeletal muscle mitochondria treated with FA-
OOH (or the corresponding FA-OH). To determine the role of FA-OOH on mitochondrial
ROS production, we measured the following variables - 1) Amplex Red fluorescence to
determine the rate of mitochondrial H,O, release 2) aconitase activity to measure
superoxide production directed towards the matrix and 3) electron paramagnetic resonance
to measure extra-mitochondrial superoxide production. In addition, we also determined
mitochondrial membrane potential by fluorescence quenching of safranin O dye. All these
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measures were performed in the presence of substrates/inhibitors specific for the respiratory
chain complexes.

Mitochondrial respiration

The rate of mitochondrial oxygen consumption was measured using a Clark electrode
(Oxytherm, Oxygen electrode system from PP System, Hansatech Instruments Ltd.) as
originally described by Estabrook [20]. Mitochondrial preparation (500 pg/ml) was
suspended in respiratory buffer consisting of 125 mM KCI, 10 mM HEPES, 5 mM MgCl,, 2
mM KyHPOy, pH 7.44; with 0.3% BSA. Glutamate/malate (G/M, 5 mM) was added as the
respiratory substrate. FA-OH or FA-OOH were added at the final concentration of 0.75 uM.
State 3 respiration was induced with the addition of 0.3 mM ADP.

Mitochondrial ATP production

Aliquots of the mitochondrial suspension were used for the measurement of the rate of
mitochondrial ATP production with use of a luciferin—luciferase ATP-monitoring reagent
(Roche, Indianapolis, IN). The reaction mixture (in mM: 124 KCI, 5 MgCl,, 2 KoHPO,4, and
10 HEPES at pH 7.44) included luciferin—luciferase, respiratory substrate (5 mM G/M) or 5
mM succinate plus 10 uM rotenone (S/R), and 30ug of mitochondrial protein (in 200 pl total
volume). FA-OH and FA-OOH were added the final concentration of 0.75 puM. Reaction
was initiated by the addition of ADP (final concentration 75 pM). The rate of ATP
production was expressed as nmoles ATP/min/mg protein. The assay was calibrated with the
addition of an ATP standard.

Measurement of electron transport complex activity

Mitochondria isolated from skeletal muscle were treated with either FA-OH or FA-OOH
(final concentration 0.75 pM) for 15 min followed by treatment with 10% (w/v) lauryl
maltoside in extraction buffer containing 0.75 M aminocaproic acid, 0.05 M Bis—Tris.
NADH-ubiquinone oxidoreductase (complex 1) activity was assayed [21] by following the
rotenone-sensitive rate of NADH oxidation at 340 nm using decylubiquinone as electron
acceptor in the presence of 2,6-dichlorophenolindophenol (DCPIP). The reaction mixture
contained 100 pM NADH, 2 uM antimycin A, malonate (5 uM) and 2 mM KCN. The
reaction was initiated by adding 50 uM decylubiquinone and 20 pg of mitochondrial protein.
Succinate-ubiquinone oxidoreductase (complex Il) activity was measured by following the
malonate-sensitive succinate-dependent reduction of DCPIP at 600 nm [22]. The reaction
mixture contained 200 uM rotenone, 2 UM antimycin A, 2 mM KCN, 50 uM DCPIP, and 20
mM succinate. The reaction was initiated by adding 50 UM decylubiquinone and 20 pg of
mitochondrial protein. Ubiquinol-cytochrome c oxidoreductase (complex Il1) activity was
determined by measuring antimycin A-sensitive cytochrome c reduction upon addition of
100 pM reduced decylubiquinone at 550 nm [23]. The reaction medium for complex 11
activity contained 2 mM KCN, 200 puM rotenone, 2 uM antimycin A, malonate (5 pM), 100
UM ferricytochrome c and 5 pg of mitochondrial protein. Cytochrome c oxidase (complex
IV) activity was determined by measuring the KCN-sensitive rate of ferrocytochrome ¢
oxidation at 550 nm [24]. The reaction mixture was supplemented with 40 uM
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ferrocytocrome c, 2 UM antimycin A, 200 uM rotenone, malonate (5 uM) and 5 ug of
mitochondrial protein.

Measurement of the membrane potential with Safranin O

Membrane potential was monitored by fluorescence quenching of the positively charged dye
Safranin O, as described by Votyakova and Reynolds [25]. Safranin O fluorescence was
followed at a Agy Of 485 nm, a Aoy, of 590 nm using a Fluroskan-FL Ascent Type 374 multi-
well plate reader (Labsystems, Finland). 30 pug of mitochondrial protein in 200 pL of
reaction buffer (125 mM KCI, 10 mM HEPES, 5 mM MgCl, and 2 mM KyHPO, (pH 7.44)
in 96-well black plates were pre-incubated with FA-OH or FA-OOH (final concentration
0.75 uM) for 10 min followed by the addition of safranin O (final concentration 5 pM). G/M
and S/R were added at concentrations similar to that used for measuring the rate of ATP
production. Safranin O fluorescence quenching was determined in the presence of
respiratory chain substrates and inhibitors. The relative decrease in safranin O fluorescence
was taken as measure of mitochondrial membrane potential and the results are expressed as
change in fluorescence.

Mitochondrial H,O, release

The rate of mitochondrial H,O, production was measured by the amplex red (AR,
Molecular Probes, Eugene, OR) horseradish peroxidase (HRP) method [26]. HRP (2
Units/mL) catalyzes the H,O»-dependent oxidation of the non-fluorescent AR (80 uM) to
the fluorescent resorufin [2]. Amplex red buffer containing 125 mM KCI, 10 mM HEPES, 5
mM MgCly, 2 mM KyHPOy, pH 7.44 (ROS buffer) was prepared with + 30 Units/mL of
CuzZnSOD. Skeletal muscle mitochondria (30 pg, in amplex red buffer) were pre-incubated
with increasing doses of FA-OH or FA-OOH (0.375 uM - 2.25 uM) for 10 mins before the
addition of respiratory chain substrates/inhibitors (at concentrations similar to that used for
measuring the rate of ATP production). All the assays were performed in black 96-well
plates at 37°C and fluorescence was followed at an excitation wavelength of 545 nm and an
emission wavelength of 590 nm using a Fluoroskan Ascent type 374 multi-well plate reader
(Labsystems, Helsinki, Finland). The slope of the increase in fluorescence was converted to
the rate of H,O, production with use of a H,O, standard curve. Additional experiments
were performed in the presence of catalase to determine the specificity of assay for H,O».

Electron paramagnetic spectroscopy (EPR)

Extra-mitochondrial superoxide release was measured by EPR using the spin trap, 5-
Diisopropoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DIPPMPO, Alexis Biochemicals).
DIPPMPO forms an adduct with superoxide, resulting in the generation of DIPPMPO-OOH,
which decays to the DIPPMPO-OH adduct by the action of glutathione peroxidases. EPR
measurements were performed using an X-band MS200 spectrometer (Magnetech, Berlin,
Germany). Mitochondria (20 ug) were pre-incubated with 0.75 uM FA-OH or FA-OOH for
10 min followed by incubation with substrates (24 mM G/M or succinate), inhibitor (2.4 uM
rotenone) and DIPPMPO (50 mM) in 125 mM KCI, 10 mM MOPS, 2 mM DTPA, 5 mM
MgCly,, 2 MM KoHPOy, pH 7.44 for 10 min at 37°C. Catalase (10 U/mL) was added
because it prevented the appearance of small additional and unidentified spectral peaks after
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extended incubation. Forty pL of sample was transferred to a 50 pL capillary tube, and EPR
spectra were measured at room temperature with the following settings: receiver gain,
5x10°; microwave power, 20 mW; microwave frequency, 9.55 GHz; modulation amplitude,
2G; scan time, 40 s; and scan width, 100 G, with an accumulation of 10 scans [19].
Experiments were performed in the presence or absence of exogenously added CuZnSOD to
confirm the presence of superoxide released from the mitochondria.

Aconitase activity

Statistics

RESULTS

Aconitase activity was assayed (in detergent-dispersed samples) by measuring the reduction
of NADP™ in the presence of citrate and isocitrate dehydrogenase (IDH, Sigma, St. Louis,
MO), the conversion of citrate to isocitrate by aconitase being the rate-limiting step [27]. We
used a fluorometric method (excitation at 355 nm and emission at 460 nm) to quantify the
reduction of NADP*. Mitochondria (20 pg) were resuspended in buffer containing 125 mM
KCI, 10 mM HEPES, 5 mM MgCl,, 2 mM KoHPOy, pH 7.44, aliquoted (40 pL) into a 96-
well plate and incubated at 30°C up to 10 min with either FA-OH or FA-OOH. Substrates (5
mM succinate or 5 mM G/M) and inhibitor (10 uM rotenone) were added thereafter.
Aconitase activity measurements were begun by the addition of 160 pL of 50 mM Tris, 0.6
mM MnCl,, 60 mM citrate, 0.2% Triton X-100, 100 uM NADP*, and 1 Unit of IDH.
Fluorometric measurements were then started immediately (Fluoroskan-FL Ascent type 374
microplate reader). The “blank”, used to measure aconitase-independent NADP* reduction,
consisted of the same buffer except with IDH omitted. The slope of the increase in NADPH
fluorescence is proportional to aconitase activity [28]. Results were expressed as percentage
relative to control (untreated mitochondria).

Data are expressed as mean + SEM. Statistical analysis was performed using Prism 3.0
software (GraphPad Software, San Diego, CA). Significance was examined by either
Student’s t-test (when comparing two averages) or by one-way ANOVA with Newman
Keul’s multiple comparison test. A p-value of p < 0.05 was considered statistically
significant.

FA-OOH decreases skeletal muscle mitochondrial function

To determine the effect of FA-OOH (and the corresponding FA-OH) on mitochondrial
function, we measured the rate of mitochondrial oxygen consumption, the rate of
mitochondrial ATP production and enzymatic activity of electron transport respiratory
complexes I-1V. The rate of mitochondrial oxygen consumption was measured in
mitochondria isolated from skeletal muscle respiring on the complex | substrate, G/M, in the
presence (State 3) and absence (State 4) of ADP. FA-OOH (0.75 uM) significantly
decreased RCR (State 3/State 4, ~ 20%) but there was no effect of FA-OH at the same
concentration (Figure 1A). This decrease in RCR is attributed to decrease in State 3
respiration as there was no change in State 4 respiration (data not shown).
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We next measured the effect of FA-OH and FA-OOH on the rate of mitochondrial ATP
production by mitochondria isolated from skeletal muscle respiring on either G/M or S/R.
FA-OOH (0.75 pM) significantly decreased the rate of mitochondrial ATP production in
mitochondria respiring on G/M (~ 40%, Figure 1B) and S/R (~ 25%, Figure 1C), whereas
FA-OH had no effect at a similar concentration.

We also measured the enzymatic activity of respiratory chain complexes I-1V as index of
mitochondrial function. While FA-OOH (0.75 pM) significantly decreased the activity of
complexes | (~ 40%; Figure 1D) and 111 (~ 25%; Figure 1E) there was no effect on
complexes Il or 1V (data not shown), whereas FA-OH had no effect on the activity of
complex I-1V activity at a similar concentration.

FA-OOH increases the rate of skeletal muscle mitochondrial ROS production

In this study, we used three different methods to detect ROS production in isolated
mitochondria, namely EPR, amplex red fluorescence and aconitase activity. Each of these
methods detects mitochondrial ROS production in a different manner and in combination,
allows for the comparison of superoxide release directed towards the matrix versus
superoxide release directed towards the intermembrane space [27, 29-31]. The amplex red
probe detects superoxide indirectly after its conversion to H,O» in the presence of matrix
manganese SOD (MnSOD) and both inter-membrane space and exogenously added
CuZnSOD. The size of horseradish peroxidase (HRP, 40 kDa) used in the amplex red assay
prohibits its entry into the mitochondria. Therefore, use of the amplex red system detects
H»0, that has been released from the mitochondria [26]. H,O, diffuses out of the
mitochondria and in the presence of horseradish peroxidase, converts the non-fluorescent
amplex red to the fluorescent resorufin.

The amplex red assay was used to measure the rate of mitochondrial H,O, production by
mitochondria isolated from skeletal muscle in the presence of substrates specific for
complex I (G/M) and Il (S/R), and, either FA-OOH or FA-OH. While the G/M-supported
rate of mitochondrial H,O, production is derived through forward electron transfer (FET),
the succinate-supported rate of mitochondrial HoO, production is mainly derived through
reverse electron transfer (RET) from ubiquinol to complex | [32]. FA-OOH increased the
rate of mitochondrial H,O, production by mitochondria respiring on G/M in a dose-
dependent manner, whereas FA-OH had no effect at the same concentration (Figure 2A).
FA-OOH (but not FA-OH) also increased the rate of mitochondrial HoO5 production by
mitochondria respiring on succinate in a dose-dependent manner, when RET was inhibited
with rotenone (Figure 2B). In contrast, the lowest concentrations of both FA-OH and FA-
OOH (0.375 puM) significantly inhibited (> 50%) the rate of mitochondrial HoO5 production
when mitochondria respired on succinate alone (Figure 2C).

We also compared the effect of FA-OH and FA-OOH on the rate of mitochondrial H,O,
production in resting (State 4) versus phosphorylating (State 3) mitochondria. FA-OOH
(0.75 uM) increased the rate of mitochondrial H,O, production in the presence of substrates
specific for complex | and 11 (G/M, left panel, ~ 6 fold, Figure 2D) and S/R (right panel; ~
5-6 fold, Figure 2E) under both State 4 and State 3 conditions, relative to untreated
mitochondria.
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FA-OH and FA-OOH both decrease mitochondrial membrane potential during RET

Masini et al. (1994) reported that fatty acid hydroperoxides decrease mitochondrial
membrane potential in liver mitochondria (during succinate oxidation) only when
mitochondrial glutathione content is depleted and not during control conditions [33, 34].
Fatty acid hydroxides, on the other hand, did not affect mitochondrial membrane potential in
either of the experimental conditions [34]. The effect of FA-OOH on mitochondrial
membrane potential in skeletal muscle mitochondria has not been previously investigated.
We measured the effect of FA-OH and FA-OOH on mitochondrial membrane potential in
skeletal muscle mitochondria respiring on complex | or Il linked substrates. As shown in
Table 1, membrane potential was unaffected by FA-OH or FA-OOH (0.75 uM) during
forward electron transfer (G/M and S/R). Interestingly, during succinate oxidation, both FA-
OH and FA-OOH decreased the membrane potential by ~ 40%, relative to untreated
mitochondria.

FA-OOH does not increase extra-mitochondrial superoxide release in the presence of
substrates specific for complex I or Il

EPR with use of the spin-trap DIPPMPO detects superoxide released from the mitochondria
[35, 36]. Superoxide and DIPPMPO form the DIPPMPO/-OOH adduct, which rapidly
decays to DIPPMPO/-OH and can be quantitatively determined using EPR. Superoxide
generated in this manner largely derives from the Q cycle of complex Il [37]. Although
DIPPMPO is membrane permeable [35], the rate constants for the spontaneous dismutation
of superoxide (~108) or, for the reaction of superoxide with MnSOD and CuzZnSOD (~109),
far exceeds the rate constant for the DIPPMPO-superoxide reaction (~10). Thus, DIPPMPO
will be outcompeted by MnSOD and CuZnSOD in the mitochondrial matrix and
intermembrane space, respectively, and will detect only the superoxide that has been
released from the mitochondria. We measured the effect of FA-OH and FA-OOH on the
mitochondrial release of superoxide in the presence of respiratory substrates specific for
complex I or Il. As shown in Table 2, FA-OH or FA-OOH (0.75 uM) did not increase the
DIPPMPO/-OH signal when compared with mitochondria respiring on substrates specific for
complex I or Il. The possibility that the DIPPMPQO/-OH signal could originate from
hydroxyl radical and not from the spontaneous decay of the DIPPMPO/-OOH adduct was
tested using exogenously added, membrane impermeable CuZnSOD [31]. Addition of
CuzZnSOD abolished the DIPPMPO/-OH signal (data not shown), demonstrating the
specificity of the assay for measuring extra-mitochondrially released superoxide.

We next measured the rate of mitochondrial H,O, production by the amplex red assay in the
presence or absence of exogenously added CuZnSOD to indirectly detect mitochondrial
superoxide release. Since exogenously added CuzZnSOD is membrane impermeable, the
difference in the rate of mitochondrial H,O, production in the absence and presence of
exogenous CuZnSOD indicates extra-mitochondrial superoxide release arising from the
cytoplasmic side of the inner mitochondrial membrane [38]. FA-OOH (but not FA-OH)
increased the rate of mitochondrial ROS production (~ 3-4 fold) using amplex red buffer
without CuZnSOD in the presence of substrates specific for complex | (G/M, Figure 3A)
and Il (S/R, Figure 3B). However, the addition of CuZnSOD did not further increase ROS
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production in FA-OOH- treated mitochondria, further indicating that FA-OOH does not
increase the extra-mitochondrial release of superoxide.

FA-OOH inhibits aconitase activity in mitochondria during forward electron transfer

We measured aconitase activity as an indicator of superoxide generation directed toward the
mitochondrial matrix [39, 40]. Aconitase is a Krebs cycle enzyme present within the
mitochondrial matrix and catalyzes the reversible isomerization of citrate to isocitrate.
Aconitase has been shown to be sensitive to inactivation by superoxide. At the active site of
aconitase is a cubane [4Fe-4S]2* cluster, in which only three of the four irons are ligated to
cysteine residues. The fourth iron is exposed to the aqueous media of the mitochondrial
matrix and is open to attack from superoxide. Superoxide causes a one-electron oxidation of
the iron-sulfur cluster, releasing the exposed iron in the ferrous state and inactivating the
enzyme [28, 41]. In skeletal muscle, aconitase is present exclusively in the mitochondrial
matrix so the measure of the activity of this enzyme is a sensitive measure of superoxide
content inside the matrix. FA-OOH (0.75 uM) significantly decreased aconitase activity
((G/M, ~ 15% Figure 4A) and (S/R, ~ 40% Figure 4B)) compared to mitochondria respiring
on G/M and S/R alone. The addition of FA-OH had no effect on aconitase activity under the
same experimental conditions. Aconitase activity was strongly inhibited in the presence of
succinate (~ 80%, mostly due to superoxide production by RET originating from complex I)
when compared with aconitase activity in untreated mitochondria. The decrease in aconitase
activity in mitochondria respiring on succinate alone was significantly inhibited in the
presence of both FA-OH and FA-OOH (Figure 4C).

FA-OOH increases mitochondrial H,O, production and inhibits aconitase activity during
rotenone inhibition of complex |

To determine potential binding sites and sources of superoxide production in the presence of
oxidized fatty acids, we tested the effect of FA-OH and FA-OOH on superoxide originating
from complex | in mitochondria respiring on G/M and inhibited by rotenone. Under these
experimental conditions, mitochondrial ROS production is directed exclusively towards the
matrix [27]. FA-OOH (0.75 uM) dramatically increased the rate of mitochondrial H,0,
production (~3 fold, Figure 5A) and significantly inhibited aconitase activity (~ 30%; Figure
5B), whereas FA-OH had no effect. These data suggest that FA-OOH stimulates superoxide
production from a site upstream of the rotenone binding site of complex I.

The FMN binding site of complex | has been shown to produce superoxide [42-44]. To
address whether the FMN binding site of complex | was responsible for superoxide
production in the presence of FA-OOH, we added diphenyleneiodonium (DPI), an inhibitor
shown to be specific for FMN [45]. Addition of 25 uM DPI to mitochondria respiring on
G/M and in the presence of rotenone inhibited the rate of mitochondrial H,O, production by
~65% both in the presence and absence of FA-OOH (Figure 5C). If the DPI binding site was
responsible for the increased rate of mitochondrial H,O» production in the presence of FA-
OOH, we would expect to see a greater decrease in the rate of mitochondrial H,O,
production in FA-OOH-treated mitochondria, relative to untreated mitochondria. From these
data, we propose that FA-OOH does not stimulate superoxide production from the DPI
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binding site of complex | but from a site downstream of the flavin site, most likely the iron-
sulfur clusters.

Vitamin E does not inhibit FA-OOH induced increase in the rate of mitochondrial ROS

production

Finally, we wanted to determine if oxidized fatty acids increase the rate of mitochondrial
ROS production by the propagation of lipid peroxidation reaction using the amplex red
assay in the presence of vitamin E (vit E). Skeletal muscle mitochondria were incubated
with FA-OH and FA-OOH (0.75 uM) for 15 mins. Thereafter, substrates specific for
complex | (G/M, Figure 6A) and complex Il (S/R, Figure 6B) were added followed by the
addition of vit E (25 pM) after 5 mins and the rate of mitochondrial ROS production was
measured. This concentration of vit E has been shown to decrease ROS production in
mitochondria isolated from hepatocytes [46]. FA-OOH induced increase in the rate of
mitochondrial H,O, production was not affected by the presence of vit E in the reaction
mixture suggesting that the effect of FA-OOH on mitochondrial ROS production is unlikely
to be related to the propagation of lipid peroxidation reaction.

DISCUSSION

Previous studies by our group and others have shown that muscle atrophy is associated with
an increase in mitochondrial oxidative stress and dysfunction [2, 7, 47, 48]. Our recent study
showed that mitochondria isolated from atrophied muscles generate significant levels of
lipid hydroperoxides [19]. However, no studies thus far have investigated the role of fatty
acid hydroperoxides in the modulation of mitochondrial oxidative stress and dysfunction in
skeletal muscle mitochondria. Therefore, the aims of the present study were 1) to determine
whether FA-OOH alters skeletal muscle mitochondrial function and 2) to determine whether
FA-OOH increases mitochondrial oxidative stress. We show that FA-OOH (but not the
corresponding FA-OH) at low micromolar concentration decreases the rate of mitochondrial
ATP production, RCR and enzymatic activity of respiratory chain complexes | and 1l in
skeletal muscle mitochondria. We further show that 1) FA-OOH (but not the corresponding
FA-OH) significantly increases the rate of mitochondrial ROS production during forward
electron transfer; 2) FA-OOH-induced superoxide production is directed mainly towards the
matrix suggesting an increase in oxidative stress in the mitochondrial matrix and 3) FA-
OOH induced increase in mitochondrial oxidative stress originates mainly from complex I.

FA-OOH induces mitochondrial dysfunction in skeletal muscle mitochondria

The fatty acid hydroperoxide, linoleate hydroperoxide has been previously shown to
increase state 4 respiration and inhibit oxidative phosphorylation in rat heart mitochondria
[12]. Imagawa et al. (1982) later showed that the autoxidation product of methyl linoleate,
methyl 9-hydroperoxy-12, 13-epoxy-10-octadecenoate, decreases state 3 respiration in heart
and liver mitochondria respiring on the complex I-linked substrate, G/M but not in
mitochondria respiring on the complex I1-linked substrate, succinate [11]. Other studies in
heart, brain and liver mitochondria also indicate that fatty acids and fatty acid
hydroperoxides are important modulators of mitochondrial respiration and ATP production
[8, 11, 12, 49, 50]. However, the effect of fatty acid hydroperoxides on mitochondrial
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function in skeletal muscle mitochondria has not been studied. In agreement with previous
studies, our results demonstrate that FA-OOH decreases RCR and ATP production in
skeletal muscle mitochondria indicating a decline in mitochondrial function.

FA-OOH induces superoxide production from site(s) upstream of the rotenone binding site
on complex | during NADH oxidation

Complex | is one of the major sites of superoxide production from the ETC. The ubiquinone
reduction site, the iron-sulfur clusters and the flavin binding site have each been proposed as
plausible sites of superoxide release from complex | [44, 51-54]. In mitochondria respiring
on NADH-linked substrates, the rate of mitochondrial HoO, production is low, because the
redox centers on complex | are relatively oxidized. However, inhibition of the ubiquinone
acceptor site of complex | with rotenone leads to the reduction of redox centers located
upstream and is associated with significant increase in the rate of mitochondrial H,0,
production [27, 55-57]. In this study, FA-OOH increased the rate of mitochondrial ROS
production in mitochondria respiring on NADH-linked substrate, which increased further
during rotenone inhibition. Previous studies have suggested that long-chain fatty acids
increase the rate of complex | derived ROS production by a rotenone-like action [8, 9].
However, based on our finding, we propose that the FA-OOH induced increase in the rate of
mitochondrial ROS production from complex | (during FET) is likely due to its interaction
with a site different from the rotenone binding site. Addition of DPI, an inhibitor specific for
the flavin binding site of complex | decreased the rate of mitochondrial ROS production to a
similar extent in the presence or absence of FA-OOH, in mitochondria respiring on G/M (in
the presence of rotenone). These data suggest that FA-OOH probably does not stimulate
superoxide production from the flavin binding site of complex I. Rotenone acting at
complex I has been hypothesized to induce a conformational change in the enzyme,
allowing for potential electron leakage from the N2-lron-Sulfur cluster to oxygen [58]. It is
possible that FA-OOH stimulates superoxide production from this site in mitochondria
respiring on G/M, in the presence of rotenone. The hypothesis that FA-OOH stimulates
superoxide production from complex | at a site upstream of the rotenone binding site is
further supported by our data involving aconitase activity. We found that FA-OOH
decreased aconitase activity in mitochondria respiring on G/M, in the presence of rotenone.
This data suggests that FA-OOH stimulates superoxide production from a site different from
the rotenone binding site on complex I. Our future experiments will investigate the
possibility of the N2-Iron-Sulfur cluster as a plausible site of FA-OOH-mediated superoxide
release by complex | by determining the effect of stigmatellin, which has been proposed to
bind to this site when complex | is inhibited with rotenone [58].

FA-OOH induces matrix directed superoxide production from complex lll during succinate
oxidation (in the presence of rotenone)

Mitochondrial ROS production in the presence of succinate (when RET is inhibited with
rotenone) is generally low, with values produced that are similar to mitochondria respiring
on NADH-linked substrates [37, 59]. Under these experimental conditions (S/R), ROS
production is thought to be entirely confined to complex 111 of the ETC [60, 61] as
superoxide is released towards both sides of the mitochondrial inner membrane [27].
Superoxide generated at the Q, site is released towards the intermembrane space, whereas
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superoxide generated at the Q; site is directed towards the matrix [27]. In this study, FA-
OOH (but not FA-OH) increased the rate of mitochondrial ROS production in mitochondria
respiring on S/R. The addition of CuZnSOD to mitochondria under the same experimental
conditions failed to increase the rate of mitochondrial H,O, production. Furthermore, FA-
OOH did not increase the EPR-derived superoxide signal in mitochondria respiring on S/R.
These findings suggest that FA-OOH does not stimulate mitochondrial superoxide release
from the Q, site of complex I11. As mentioned earlier, complex Il has been shown to release
superoxide on both sides of the inner mitochondrial membrane [27, 31]. FA-OOH increased
the rate of mitochondrial ROS production and decreased aconitase activity in mitochondria
respiring on S/R. These data suggest that FA-OOH stimulates superoxide production from
complex 111 but that is only directed exclusively towards the mitochondrial matrix.

Mitochondrial superoxide production during succinate oxidation suggests a rotenone-like
effect of FA-OH and FA-OOH

Mitochondria respiring on the complex |1 substrate succinate (in the absence of rotenone)
exhibit high rates of mitochondrial ROS production [44, 62]. The addition of rotenone
decreases the high rate of mitochondrial ROS production during succinate oxidation,
suggesting that the majority of this ROS is derived by RET from ubiquinol to complex I [53,
63]. The inhibition of aconitase activity (~80%) in mitochondria respiring on succinate in
the present study supports this finding. EPR-based superoxide measurements showing no
difference in extra-mitochondrial superoxide release in mitochondria respiring on succinate
or S/R further suggest that majority of the ROS production during succinate oxidation is
derived from complex I. The rate of mitochondrial ROS production during succinate
oxidation was strongly inhibited by both FA-OH and FA-OOH, decreasing ~50% even with
the lowest concentration tested. This finding was further supported by the observation that
both FA-OH and FA-OOH inhibited the decline in aconitase activity during succinate
oxidation. The high rate of mitochondrial ROS production during RET has been shown to be
extremely sensitive to changes in membrane potential [64] with decrease in membrane
potential associated with decline in the rate of mitochondrial ROS production [65]. In the
present study, both FA-OH and FA-OOH decreased the mitochondrial membrane potential
during succinate oxidation. Thus, the inhibition of the high rate of mitochondrial ROS
production during RET by both FA-OH and FA-OOH may be attributed to depolarization of
the inner mitochondrial membrane, or a rotenone-like effect for these fatty acid metabolites,
under these experimental conditions [8]. Interestingly, previous studies in liver and heart
mitochondria have shown that fatty acid hydroperoxides (but not fatty acid hydroxides)
decrease membrane potential but only during conditions that inhibit mitochondrial
glutathione content [33, 34].

FA-OOH induced increase in mitochondrial ROS production is associated with decrease in
the activity of respiratory chain complexes | and Il

The inhibition of ETC complexes has been proposed as one of the likely mechanisms for the
effect of fatty acids on mitochondrial dysfunction and ROS production [8, 50]. In particular,
complexes | and 111 have been shown to be partially inactivated in the presence of
unsaturated fatty acids [8, 13, 50, 66]. In agreement with earlier findings, we found that FA-
OOH partially inactivates respiratory chain complexes | and 111 which, in part, may explain
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its effect on mitochondrial dysfunction and ROS production. It is likely that the
hydroperoxide group on FA-OOH’s interact with specific proteins on respiratory chain
complexes | and 111, thereby altering their function and leading to decline in activity of
complexes | and I11.

Decrease in mitochondrial content of reduced glutathione (GSH) could be one of the likely
mechanisms by which FA-OOH may increase mitochondrial H,O, release. Matrix GSH
provides the reducing equivalents necessary for glutathione peroxidase to convert
mitochondrial H,O5 to H,0 plus O,. Depletion of GSH is associated with an increase in
mitochondrial H,O5, release [44, 67]. Moreover, it has been shown that the branched chain
fatty acid; phytanic acid decreases the ratio of reduced to oxidized glutathione and increases
mitochondrial H,O5 release in isolated brain mitochondria [8]. We found that depletion of
glutathione with 1-chloro-2,4-dinitrobenzene increased mitochondrial H,O, release which
increased further in the presence of FA-OOH (data not shown). This observation suggests
that FA-OOH’s probably do not increase mitochondrial H,O, release by this mechanism.
We plan to examine this in detail in future experiments using skeletal muscle mitochondria
isolated from glutathione peroxidase 1 knockout mice.

In conclusion, we describe an important finding that at low micromolar concentrations, FA-
OOH (but not FA-OH) induces skeletal muscle mitochondrial dysfunction. Moreover, using
methods that can distinguish between superoxide released towards the matrix or towards the
intermembrane space, we demonstrate that FA-OOH significantly increases oxidative stress
in the mitochondrial matrix, with complex | as the major site of superoxide production (most
likely from a site upstream of the ubiquinone binding site but downstream from the flavin
binding site). These findings are of particular interest in conditions that exhibit an increased
generation of fatty acid hydroperoxides by skeletal muscle mitochondria, e.g., denervation-
induced muscle atrophy.
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LIST OF ABBREVIATIONS

The abbreviations used are:

FA-OH fatty acid hydroxide

FA-OOH fatty acid hydroperoxide

ETC electron transport chain

RCR respiratory control ratio

RET reverse electron transfer

FET forward electron transfer

EPR electron paramagnetic resonance

ROS reactive oxygen species

DIPPMPO 5-diisopropoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide
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Figure 1. FA-OOH decreases skeletal muscle mitochondrial function
Oxygen consumption as a measure of mitochondrial function was determined in actively

phosphorylating (State 3) and resting (State 4) mitochondria respiring on 5 mM glutamate/
malate (G/M). The respiratory control ratio (RCR) was determined as the ratio of State 3 to
State 4 (A). The rate of mitochondrial ATP production was measured using a luciferase
based assay as described under ‘Experimental Procedures’ in mitochondria respiring on (B)
G/M (5 mM) and (C) succinate (5 mM) + rotenone (0.5 pM) (S/R). Activities of NADH-
ubiquinone oxidoreductase (complex I, D) and Ubiquinol-cytochrome c oxidoreductase
(complex 111, E) were measured as described under ‘Experimental Procedures’. FA-OH and
FA-OOH were added at a final concentration of 0.75 uM. Results shown represent means +
S.E.M. for 5-6 individual mitochondrial preparations. Statistical significance was assessed
by one-way ANOVA with Newman Keul’s multiple comparison test (*p < 0.01, *p < 0.05
vs untreated mitochondria).
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Figure 2. FA-OOH increases the rate of mitochondrial ROS production during forward electron
transfer

Amplex red was used to measure H,O, production in the presence of respiratory substrates
specific for complex | and complex 11 and complex I inhibitor, rotenone - (A) glutamate/
malate (G/M), 5 mM; (B) succinate (5 mM) + rotenone (0.5 uM) (S/R) and (C) succinate, 5
mM. FA-OH or FA-OOH was added at the concentrations indicated. The amplex red assay
was performed in the absence/presence of 2 mM ADP to determine the effect of FA-OH or
FA-OOH (0.75 pM) on ROS production in resting vs phosphorylating mitochondria in the
presence of (D) G/M (5 mM) and (E) succinate (5 mM) + rotenone (0.5 uM). The results
represent means = S.E.M. for 6-7 individual mitochondrial preparations. Statistical
significance was assessed by one-way ANOVA with Newman Keul’s multiple comparison
test (*p < 0.0001 vs. untreated mitochondria (State 4), #p < 0.001 vs. untreated mitochondria
(State 3).
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Figure 3. FA-OOH does not affect extra-mitochondrial superoxide release during forward
electron transfer

Amplex red was used to measure H,O5, production in the presence of substrates specific for
complex I or Il and complex | inhibitor, rotenone - (A) glutamate/malate, 5 mM and (B)
succinate, 5 mM + rotenone, 0.5 pM. The amplex red buffer was prepared with + 30
Units/mL of CuzZnSOD. FA-OH or FA-OOH was added at a final concentration of 0.75 uM.
Statistical significance was assessed by one-way ANOVA with Newman Keul’s multiple
comparison test (* p < 0.0001 vs. untreated mitochondria). The results shown represent
means + S.E.M. for 5-6 individual mitochondrial preparations.
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Figure 4. FA-OOH inhibits aconitase activity during forward electron transfer
Muscle mitochondria (0.5 mg of protein/ml; final concentration 0.1 mg/ml) were incubated

with EGTA-free incubation buffer (with or without isocitrate dehydrogenase), and aconitase
activity was measured via fluorescence at 355 nm (excitation) and 460 nm (emission). The
difference in the fluorescence reading in the presence/absence of isocitrate dehydrogenase
was taken as a measure of aconitase activity. FA-OH or FA-OOH was added at a final
concentration of 0.75 uM per assay. The assays were performed with respiratory substrates
specific for complex | or complex Il and complex | inhibitor, rotenone - (A) glutamate/
malate (G/M, 5 mM); (B) succinate (S, 5 mM) + rotenone (R, 0.5 uM) and (C) succinate
(Succ, 5 mM). Statistical significance was assessed by one-way ANOVA with Newman
Keul’s multiple comparison test (* p < 0.05; #p < 0.001; ® p < 0.0001 vs. untreated
mitochondria). The results shown represent means + S.E.M. for 8-10 individual
mitochondrial preparations.
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Figure 5. FA-OOH increases the rate of mitochondrial ROS production and inhibits aconitase
activity in rotenone inhibited mitochondria

(A) Amplex red assay to measure H,O, production and (B) aconitase assay were performed
in the presence of 5 mM glutamate/malate (G/M) + 0.5 uM rotenone (R). FA-OH or FA-
OOH was added at a final concentration of 0.75 uM. The effect of DPI (final concentration
25 uM) on the rate of mitochondrial ROS production was measured using amplex red in the
presence of 5 mM G/M + 0.5 UM R. Statistical significance was assessed by one-way
ANOVA with Newman Keul’s multiple comparison test (* p < 0.0001; $p < 0.001 vs.
untreated mitochondria The results shown represent means + S.E.M. for 7-8 (amplex red
assay) and 8-10 (aconitase activity) individual mitochondrial preparations.
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Figure 6. The addition of vitamin E does not inhibit FA-OOH induced increase in the rate of
mitochondrial ROS production

Skeletal muscle mitochondria were incubated with FA-OH or FA-OOH (final concentration
0.75 uM) for 10 mins followed by the addition of 25 pM vitamin E (vit E). The rate of
mitochondria H,O5 production was measured using amplex red in the presence of substrates
specific for complex I or 1l and complex | inhibitor, rotenone - (A) glutamate/malate, 5 mM
and (B) succinate, 5 mM + rotenone, 0.5 pM. Statistical significance was assessed by one-
way ANOVA with Newman Keul’s multiple comparison test (* p < 0.0001 vs. untreated
mitochondria). The results shown represent means + S.E.M. for 3-4 individual mitochondrial
preparations.
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Table 1

FA-OH and FA-OOH decrease mitochondrial membrane potential during reverse electron transfer.

Subs/Inhibit Untreated FA-OH FA-OOH

G/IM 738.83+44.33  704.65+39.55  711.48+37.08
SIR 721.88+45.27  702.68+44.63  692.90+45.93
S 507.73£38.08  326.23+45.27"  309.83+25.34"

Mitochondrial membrane potential was measured using Safranin O (5 pM) in the presence of substrates specific for complex I or 1l (glutamate/
malate (G/M), 5 mM; succinate (S), 5 mM) and inhibitor (rotenone (R), 0.5 pM). FA-OH or FA-OOH was added at a final concentration of 0.75
UM per assay. Fluorescence was measured at excitation/emission wavelengths set at 485 nm/590 nm. Results are expressed as change in
fluorescence. The results shown represent means + S.E.M. for 4 individual mitochondrial preparations. Statistical significance was assessed by one-
way ANOVA with Newman Keul’s multiple comparison test

*

(p < 0.0001 vs. untreated mitochondria).

Subs/Inhibit = substrates/inhibitors.
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Table 2

Extra-mitochondrial superoxide release by isolated skeletal muscle mitochondria respiring on complex | and
I1-linked substrates (measured by electron paramagnetic resonance).

Subs/Inhibit  Untreated FA-OH FA-OOH

G/M 423.44%25.7 394.38+22.7 454.06%27.5
SIR 498.75+57.0 473.75+42.8 425.00+55.8
S 536.67+27.6 501.88+21.6 503.44+10.3

Skeletal muscle mitochondria (20 pg) were incubated with substrates (24 mM glutamate/malate (G/M) or succinate (S)), inhibitor (2.4 uM rotenone
(R)) and DIPPMPO (50 mM) for 10 min at 37°C. Fatty acid hydroxide (FA-OH), or fatty acid hydroperoxide (FA-OOH) were added at the final
concentration of 0.75 uM. Units are in relative intensity/20 ug protein. Values are in mean + S.E.M. Statistical significance was assessed by one-
way ANOVA with Newman Keul’s multiple comparison test (n = 6). Subs/Inhibit = substrates/inhibitors.
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