
Denervation Induces Cytosolic Phospholipase A2-mediated
Fatty Acid Hydroperoxide Generation by Muscle Mitochondria*

Received for publication, August 14, 2008, and in revised form, October 22, 2008 Published, JBC Papers in Press, November 10, 2008, DOI 10.1074/jbc.M806311200

Arunabh Bhattacharya‡§, Florian L. Muller‡, Yuhong Liu‡§, Marian Sabia¶, Hanyu Liang‡§, Wook Song§1,
Youngmok C. Jang‡, Qitao Ran‡§¶, and Holly Van Remmen‡§¶2

From the ‡Department of Cellular and Structural Biology and the §Barshop Institute for Longevity and Aging Studies, University of
Texas Health Science Center at San Antonio, San Antonio, Texas 78229-3900 and the ¶South Texas Veterans Health Care System,
San Antonio, Texas 78284-7762

Previously, we demonstrated that mitochondria from dener-
vated muscle exhibited dramatically higher Amplex Red depend-
ent fluorescence (thought tobehighly specific for hydrogenperox-
ide) compared with control muscle mitochondria. We now
demonstrate that catalase only partially inhibits the Amplex Red
signal in mitochondria from denervated muscle. In contrast,
ebselen (a glutathione peroxidase mimetic and inhibitor of fatty
acid hydroperoxides) significantly inhibits the Amplex Red signal.
This suggests that the majority of the Amplex Red signal in mito-
chondria from denervated muscle is not derived from hydrogen
peroxide. Because Amplex Red cannot react with substrates in the
lipid environment, we hypothesize that lipid hydroperoxides
formed within themitochondrial lipid bilayer are released as fatty
acidhydroperoxidesandreactwiththeAmplexRedprobe.Wealso
suggest that the release of fatty acid hydroperoxides from dener-
vated muscle mitochondria may be an important determinant of
muscle atrophy. In support of this,muscle atrophyand theAmplex
Red signal are inhibited in caloric restrictedmice and in transgenic
mice that overexpress the lipidhydroperoxide-detoxifying enzyme
glutathione peroxidase 4. Finally, we propose that cytosolic phos-
pholipase A2may be a potential source of these hydroperoxides.

Aprogressive loss ofmusclemass leading to a decline in both
strength and function is a normal consequence of biological
aging (1, 2). Although several mechanisms have been impli-
cated in age-related muscle atrophy (2–5), the loss of motor
neurons or innervation may be one of the most important fac-
tors responsible for muscle atrophy observed during aging and
in neurodegenerative diseases like amyotrophic lateral sclerosis
(ALS)3 (6–8). The sciatic nerve transection model of skeletal

muscle denervation leads to rapid decline in muscle mass and
has been extensively used to investigate the mechanisms of
muscle atrophy following the loss of innervation (9–11). Recent
studies using this denervation model in rodents point to a role
of mitochondrial oxidative stress in the mechanism of muscle
atrophy (11, 12).
Studies from our laboratory and others point to oxidative

stress and mitochondrial dysfunction as key players in the
mechanisms underlying loss of muscle mass during aging and
in neurodegenerative diseases, which are characterized by the
loss of muscle mass (12–17).We recently reported a significant
elevation in mitochondrial production of reactive oxygen spe-
cies (ROS) using the Amplex Red probe in various mousemod-
els that exhibit muscle atrophy associated with loss of innerva-
tion aging, copper-zinc superoxide dismutase knockout
(Sod1�/� ) mice, and the G93A Sod1 mutant mouse model of
ALS (13). In addition, we demonstrated that ROS were signifi-
cantly elevated in muscle mitochondria isolated from mice 7
days after surgical sciatic nerve transection (13). ROS produc-
tion was positively correlated with the extent of muscle atro-
phy, indicating that mitochondrial oxidative stress may have a
major role in muscle atrophy associated with loss of innerva-
tion. Reports from other laboratories have also demonstrated
that mitochondrial ROS production is significantly elevated in
atrophied muscles from aging rats and in rats that underwent
denervation surgery (11, 18).
In the present study, we investigated the nature of the radical

species released from isolatedmitochondria following denerva-
tion by sciatic nerve transection. We propose that the majority
of ROS production from muscle mitochondria post-denerva-
tion surgery may be due to fatty acid hydroperoxides rather
than hydrogen peroxide/superoxide. We also hypothesize that
the release of fatty acid hydroperoxides from denervated mus-
clemitochondriamay bemediated by calcium-dependent cyto-
solic phospholipase A2 (cPLA2). Finally, our data suggest that
fatty acid hydroperoxides may be of pathophysiological rele-
vance because interventions that minimize oxidative stress in
general (caloric restriction) as well as lipid hydroperoxides spe-
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cifically (glutathione peroxidase 4 (Gpx4)) inhibited denerva-
tion-induced muscle atrophy.

EXPERIMENTAL PROCEDURES

Experimental Animals—All of the denervation experi-
ments in this study were performed in 3–9-month-old
C57BL/6 female mice. The mice were maintained under spe-
cific pathogen-free conditions, housed 3–4/cage, main-
tained in a 12:12 (light:dark) cycle at 22 � 2 °C and 50 � 10%
relative humidity. The mice were fed either ad libitum (AL)
or calorie-restricted (CR, 40% fewer calories than AL) diets.
Sod1�/� and G93A mice are described in an earlier publica-
tion (12). To harvest skeletal muscle, the mice were eutha-
nized using a CO2 chamber followed by cervical dislocation.
All of the 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. Mur-
phy Veterans Hospital.
Denervation Surgery—Surgical sciatic nerve transection was

performed using constant flow isoflurane inhalation anesthe-
sia. In each hindlimb (at the level of femur), a small incision was
made, and the sciatic nerve was isolated. In the left leg, the
sciatic nerve was severed and a 5-mm section of nerve was
removed. The ends of the nerve were folded back and closed
with reabsorbable sutures to prevent nerve regrowth. The skin
incisions were closed with wound clips. The contralateral limb
served as the intra-animal control. All of the experiments were
performed inmuscle isolated 7 days post-denervation. The gas-
trocnemius, soleus, and tibialis (the muscles innervated by the
sciatic nerve) were collected and used for analysis (12).
Chemicals—All of the chemicals were obtained from Sigma-

Aldrich unless specified otherwise.
Isolation of Skeletal Muscle Mitochondria—Mitochondria

were purified from lower hind limb skeletal muscle accord-
ing to Chappell and Perry, as described previously (19).
Briefly, hind limb skeletal muscle was excised, weighed,
bathed in 150 mM KCl, 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 � g; supernatant was passed through cheesecloth
and centrifuged at 14,000 � g for 10 min. The mitochondrial
pellet was washed in modified Chappell-Perry buffer with
0.5% bovine serum albumin and centrifuged at 7,000 � g for
10 min. The pellet was further washed twice in modified
Chappell-Perry buffer without bovine serum albumin centri-
fuging each time at 3,500 � g for 10 min. Isolated mitochon-
dria were used immediately. Protein concentration was
measured with the Bradford method.
Mitochondrial H2O2 Release—Mitochondrial H2O2 produc-

tion was measured by the Amplex Red-horseradish peroxidase
method (Molecular Probes, Eugene, OR). Horseradish peroxi-
dase (2 units/ml) catalyzes the H2O2-dependent oxidation of
nonfluorescent Amplex Red (80 �M) to fluorescent resorufin
red (20). Fluorescencewas followed at an excitationwavelength
of 545 nm and an emission wavelength of 590 nm using a Fluo-
roskan Ascent type 374 multi-well plate reader (Labsystems,
Helsinki, Finland). The slope of the increase in fluorescence is
converted to the rate of H2O2 productionwith a standard curve

(21). All of the assays were performed at 37 °C, in black 96-well
plates in the presence or absence of respiratory substrates and
inhibitors. The reaction buffer consisted of 125mMKCl, 10mM
HEPES, 5mMMgCl2, 2mMK2HPO4, pH7.44. For theH2O2 and
hydroperoxide inhibition experiments, catalase (�4 units) and
ebselen (10 �M), respectively, were added to the reaction mix
prior to the addition of substrates/inhibitors.
Measurements of Superoxide Production—We measured

superoxide production by three methods: EPR, the chemilumi-
nescent probe MCLA (2-methyl-6-(p-methoxyphenyl)-3,7-
dihydroimidazo[1,2-�]-pyrazin-3-one), and mitochondrial
aconitase activity.
EPR—Extramitochondrial superoxide release was measured

by EPR using the spin trap, 5-diisopropoxyphosphoryl)-5-
methyl-1-pyrroline-N-oxide (DIPPMPO, Alexis Biochemi-
cals). DIPPMPO forms an adduct with superoxide, resulting in
the generation of DIPPMPO-OOH, which decays to the DIP-
PMPO-OH adduct by the action of glutathione peroxidases
(22). EPR measurements were performed using an X-band
MS200 spectrometer (Magnetech, Berlin). Mitochondria (1
mg/ml) were incubated at 37 °C with/without G/M and DIP-
PMPO (50mM) for 30min in 125mMKCl, 10mMMOPS, 2mM
diethylene triamine pentaacetic acid, 5 mM MgCl2, 2 mM
K2HPO4, pH7.44.Although it did not affect theDIPPMPO-OH
signal, low levels of catalase (10 units/ml) were also added,
because it prevented the appearance of small additional and
unidentified spectrum peaks after extended incubation. For
measurements, 40 �l of sample was transferred to 50-�l capil-
lary tubes and measured at room temperature with the follow-
ing settings: receiver gain, 5 � 105; microwave power, 20 milli-
watt; microwave frequency, 9.55 GHz; modulation amplitude,
2G; scan time, 40 s; and scan width, 100 G, with an accumula-
tion of 10 scans.
MCLA—The second method of superoxide measurement

utilized the probe MCLA (Molecular Probes, Eugene, OR).
MCLA reversibly reacts with superoxide, forming an adduct
whose irreversible decay generates light (�465 nm) (23). The
apparent rate constant of this reaction is �105 M�1 s�1. Light
emission was detected and quantified using a Fluoroskan-FL
Ascent type 374 microplate luminometer (Labsystems) with
opaque (white) 96-well plates. The photomultiplier was set to
default with an integration time of 1000 ms. The MCLA signal
was quantified as an integral of 20 s of continuousmeasurement
and expressed as relative luminescence units/mg of mitochon-
drial protein. The reaction was conducted in 100 �l of reaction
buffer containing �0.5 mg/ml mitochondrial protein. The
reaction buffer contained 125 mM KCl, 10 mM HEPES, 5 mM
MgCl2, 2 mM K2HPO4, and 5 �M MCLA. Xanthine/xanthine
oxidase system was used as a positive control.
AconitaseActivity—Production of superoxidewas alsomeas-

ured indirectly by the assay of aconitase activity. Aconitase cat-
alyzes the reversible isomerization of citrate to isocitrate. In
most tissues, aconitase is usually present in both themitochon-
drial matrix and the cytoplasm. However, in skeletal muscle,
only mitochondrial matrix aconitase is present. Aconitase
activity was assayed (in Triton-X-100-treated samples) by
measuringNADP� reduction by citrate in the presence of isoci-
trate dehydrogenase using a fluorometricmethod (excitation at
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355 nm and emission at 460 nm). Skeletal muscle homogenates
(�1.0 mg of protein/ml) were aliquoted in 96-well plates (100
�l of pH 7.44, 125 mM KCl, 10 mM HEPES, 5 mM MgCl2, 2 mM

K2HPO4) and incubated at 30 °C up to 40 min. Incubation was
stopped, and aconitase activity measurements were begun by
the addition of 1 volume (100 �l) of 50 mM Tris, 0.6 mM

MnCl2, 60 mM citrate, 0.2% Triton X-100, 100 �M NADP�,
and 1 unit of isocitrate dehydrogenase (Sigma). Fluorometric
measurements were then started immediately (Fluoros-
kan-FL Ascent type 374 microplate reader). The “blank” to
measure aconitase-independent NADP� reduction con-
sisted of the same buffer minus the isocitrate dehydrogenase.
The slope of the increase in NADPH fluorescence was taken
as the amount of aconitase activity.
Effect of Inhibitors on ROS Production—For the cPLA2 and

calcium-independent phospholipase A2 (iPLA2) inhibitor stud-
ies, 20 �M arachidonyl trifluoromethyl ketone (AACOCF3) or
bromoenol lactone were added to the 600 � gmuscle homoge-
nate during the mitochondrial isolation process.
Effect of Hydroperoxides on Amplex Red Signal—Fatty acid

hydroperoxide, 15(S)-hydroperoxy-(E,Z,Z,Z)-5,8,11,13-eicosa-
tetraenoic acid (15HpETE), tert-butyl hydroperoxide (t-BHP)
or H2O2 (0–2500 pmol) were incubated with Amplex Red in
the absence ofmitochondria and substrates/inhibitors, and end
point measurements were made.
Western Blot—Skeletal muscle homogenates were prepared

in radioimmune precipitation assay buffer (50 mM Tris-HCl
buffer with 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium
deoxycholate and 1� protease inhibitor). Equivalent amounts
of protein (120 �g) for each sample were resolved in 4–20%
Tris-HCl SDS-PAGE gels in triplicate. After electrophoresis,
the proteins were transferred to polyvinylidene difluoride
membrane. The membranes were incubated in Tris-buffered
saline, pH 7.4, with 0.05% Tween 20 (TBS-T) containing 10%
nonfatmilk for 1 h at room temperature. The blotswere reacted
with mouse cPLA2 (1:100) and actin (1:2000; Santa Cruz Bio-
technology, Inc) antibodies at 4 °C overnight. After washing
with TBS-T, they were incubated with either goat anti-rabbit
IgG horseradish peroxidase or goat anti-mouse IgG-horserad-
ish peroxidase (1:1000; Sigma) for 2 h at room temperature. The
blots were washed four or five times with TBS-T, and the bands
were visualized using chemiluminescent detection reagents
from Amersham Biosciences.
Measurement of Hydroperoxides by Xylenol-Orange Reagent—

Hydroperoxides were measured using the xylenol orange oxi-
dation protocol detailed byHermes-Lima et al. (24). In an acidic
environment, Fe2� oxidizes to Fe3� with reduction of
hydroperoxides. Fe3� reactswith xylenol orange forming a pur-
ple complex absorbance, which is recorded at 580 nm. In
brief, 250 �l of FeSO4 (1 mM), 100 �l of 0.25 M H2SO4, 200 �l
of xylenol orange (1 mM), and 400 �l of distilled H2O were
pipetted in that sequence into a cuvette. The reaction was
commenced with the addition of 50 �l of mitochondrial
supernatant. After 3 h of incubation, the absorbance was
measured spectrophotometrically at 580 nm. A standard
curve was prepared with t-BHP to quantify the amount of
hydroperoxides released.

RESULTS

Catalase Only Partially Inhibits the Amplex Red Signal—We
performed a series of experiments to determine the nature of
radical species released bymusclemitochondria following den-
ervation.We previously reported that 7 days post-denervation,
State 1 ROS production measured by Amplex Red is 20–30-
fold higher in mitochondria isolated from denervated muscle
compared with mitochondria isolated from the contralateral
intact muscle (19). We measured mitochondrial ROS produc-
tion in the presence/absence of catalase to determine whether
the signal in response to Amplex Red can be attributed entirely
to H2O2 or something in addition to H2O2. As shown in Fig. 1,
catalase inhibited the Amplex Red signal �65, �71, and �75%
in control mitochondria when respiring in the absence of res-
piratory substrates (State 1), and the presence of glutamate/
malate and succinate/rotenone. Catalase inhibited the Amplex
Red signal inmitochondria isolated from denervatedmuscle by
�20% (State 1), by �33% (glutamate/malate), and by �48% in
mitochondria respiring on succinate/rotenone. In contrast,
catalase inhibited the Amplex Red signal by �75–80% in the
presence of respiratory inhibitors, antimycin A, and rotenone,
conditions that dramatically increase the production of super-
oxide and H2O2 by the mitochondrial electron transport chain.
These results suggested that H2O2 only marginally contributes
to the Amplex Red signal, post-denervation surgery.
No Difference in Superoxide Production between Mitochon-

dria Isolated from Control and Denervated Muscle—In our
assay system, the Amplex Red signal represents both H2O2 and
superoxide anion. In the absence of a superoxide trapping
agent, either exogenous SOD or spontaneous dismutation
readily converts all of the superoxide that is released from the
mitochondria toH2O2 to be detected by theAmplex Red probe.
To determine the relative contribution of superoxide genera-

FIGURE 1. CAT partially inhibits the Amplex Red signal in mitochondria
from denervated muscle. The Amplex Red assay was performed in the
absence/presence of catalase and/or respiratory substrates (glutamate/
malate (G/M), 5 mM; succinate (S), 10 mM) and inhibitors (rotenone (R), anti-
mycin A (AA), 0.5 �M). Catalase significantly inhibited but did not completely
remove the Amplex Red signal in mitochondria isolated from denervated
muscle in the absence (State 1) and in the presence of respiratory substrates
(glutamate/malate and succinate/rotenone). Statistical significance was
based on the difference in Amplex Red signal in the absence (�) and presence
(�) of catalase in mitochondria isolated from denervated muscle within each
experimental condition (*, p � 0.001; **, p � 0.05; ***, p � 0.01) by one-way
ANOVA with Newman Keul’s multiple comparison test. The results are the
means � S.E. of 13–14 experiments (control, white bars; denervated (�cata-
lase), black bars; denervated (�catalase), gray bars).
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tion to the ROS produced in response to denervation, wemeas-
ured superoxide radical production in mitochondria from con-
trol and denervated muscle by three independent methods.
First, we measured superoxide release from mitochondria

directly using EPR spectroscopy. EPR is the only technique that
can directly detect superoxide radical, but because it occurs in
such low abundance, it is only detectable using spin traps. We
used the spin trap, DIPPMPO to measure extramitochondrial
superoxide release in absence/presence of respiratory substrate
inmusclemitochondria. As shown in Fig. 2A, superoxide signal
was detectable under State 1 conditions and increased consid-
erably in the presence of complex I-linked substrate, glutamate/
malate. However, as Fig. 2B indicates, there was no difference
between the superoxide signal in mitochondria isolated from
the control and denervated muscle. The addition of exogenous
SOD completely removed the superoxide signal (data not
shown). We also used aconitase activity inhibition assay as an
indirect measure of superoxide released into themitochondrial
matrix in homogenates from control and denervated muscle
(Fig. 2C). Our assay did not show any difference in aconitase
activity between homogenates from control and denervated
muscle. The data suggests that superoxide production by the
electron transport chain may not be the primary source of the
signal detected by Amplex Red in mitochondria isolated from

denervated muscle. To further
assess the species of ROS released
post-denervation, we usedMCLA, a
chemiluminescent probe that is
highly selective for superoxide and
is widely used for its detection in
mitochondria (25). Fig. 2D shows
superoxide production under State
1 conditions and in the presence of
respiratory substrate glutamate/
malate. The assay was unable to
detect superoxide in mitochondria
from denervated muscle in the
absence of respiratory substrates,
but a significant increase in the
MCLA signal was observed with
glutamate/malate. However, there
was no difference in the MCLA sig-
nal between mitochondria isolated
from control and denervated mus-
cle. The results from these three
independent measurements indi-
cated that electron transport chain-
generated superoxide does not con-
tribute to the increase in Amplex
Red signal measured in mitochon-
dria from denervated muscle.
Amplex Red Reacts with Other

Hydroperoxides in Addition to H2O2—
Our results using the Amplex Red
probe in the presence/absence of
catalase and the assays of super-
oxide production suggested the
release of species other than H2O2

and/or superoxide from mitochondria isolated from dener-
vated muscle. This led us to consider the possibility that the
Amplex Red probe may not be specific for H2O2. To determine
whether the �OOHmoiety in other molecules may react with
Amplex Red, we performed the Amplex Red assay with H2O2
and other molecules that have �OOH in their structure,
hydroperoxides, t-BHP, and 15HpETE. We performed the
assays in the absence ofmitochondria tomeasure the specificity
of theAmplex Red probe in vitro. Aswe anticipated,H2O2 gives
a strong signal with the Amplex Red probe (Fig. 3A). Interest-
ingly, 15HpETE and t-BHP also reacted with the Amplex Red
probe, albeit with dose-response intensities lower than that
with H2O2 (Fig. 3B). These data suggest that Amplex Red can
also react with organic hydroperoxides/fatty acid hydroperox-
ides in addition to H2O2.
Ebselen Inhibits the Amplex Red Signal inMitochondria from

Denervated Muscle—Ebselen is a synthetic seleno-organic
compound that has been widely studied for its antioxidant
properties. Ebselen is capable of scavenging H2O2 and hy-
droperoxides, in particular, membrane-bound phospholipid
and cholesterylester hydroperoxides (26, 27). Therefore, we
performed the Amplex Red assay in the presence of ebselen in
mitochondria from denervated muscle and compared it with
the effect of catalase. Although ebselen decreased State 1

FIGURE 2. A and B, the superoxide signal was unaltered in mitochondria from control and denervated muscle by
EPR. A shows the EPR traces of DIPPMPO-measured superoxide release from skeletal muscle mitochondria in the
absence (State 1) and presence of respiratory substrate, glutamate/malate (G/M) (5 mM). Each trace shows the
average of four independent animals, with 10 scans performed for each. The quantified data are presented (n�4–5,
mean � S.E.) in Fig. 2B (control (CTL), white bar; denervated (DN), black bars). C, aconitase activity does not change
with denervation. Muscle homogenate (0.5 mg of protein/ml) was incubated with buffers (with or without isocitrate
dehydrogenase), and aconitase activity was measured at 355-nm excitation and 460-nm emission. The difference in
fluorescence reading in the presence/absence of isocitrate dehydrogenase was taken as a measure of aconitase
activity. The results are expressed as the means � S.E. of 4–5 experiments (control, white bar; denervated, black bar).
D, no difference in superoxide release in mitochondria from control and denervated muscles by the MCLA probe.
Mitochondria isolated from control and denervated muscles were incubated in the presence of MCLA, and fluores-
cence was measured at �465 nm. The MCLA signal was undetectable in mitochondria isolated from control and
denervated muscle in the absence of respiratory substrates (State 1). No difference in the MCLA signal was detected
in the presence of respiratory substrate, glutamate/malate. The results are expressed as the means � S.E. of nine
experiments (control, white bars; denervated, black bars).
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Amplex Red signal by �70–75% in mitochondria from dener-
vated muscle (Fig. 4A), catalase only decreased it by �22–25%.
These data further support the idea that mitochondria from
denervated muscle may release fatty acid hydroperoxides in
addition to H2O2.

Increased Release of Hydroperoxides from Mitochondria Iso-
lated from Denervated Muscle—To confirm the release of fatty
acid hydroperoxides by mitochondria isolated from dener-
vated muscle, we utilized the xylenol-orange oxidation
method. Because xylenol-orange can also react with H2O2 (but
with much less reactivity than other hydroperoxides), we per-
formed the assay in the presence/absence of catalase. In the
absence of catalase, mitochondria from denervated muscle
released �66% more hydroperoxides compared with control
mitochondria (Fig. 4B). The presence of catalase minimally
decreased the hydroperoxide signal (� 6%), suggesting that
fatty acid hydroperoxides are the main radical species released
from muscle mitochondria in response to denervation.
AACOCF3 Decreases the Amplex Red Signal inMitochondria

from Denervated Muscle—We next asked whether the Amplex
Red signal in mitochondria from denervatedmuscle might be a
consequence of activated PLA2 causing the release of fatty acid
hydroperoxides. To address this possibility, we tested the effect
of AACOCF3, a highly selective cPLA2 inhibitor, and bromoe-
nol lactone, a iPLA2 inhibitor on theAmplexRed signal inmito-
chondria isolated from denervated muscle. PLA2 catalyzes the
first step in the inflammatory pathway leading to production of
pro-inflammatory prostaglandins and leukotrienes. The addi-
tion of AACOCF3 in the homogenate decreased the Amplex
Red signal in mitochondria from denervated muscle to control
values in the absence of substrates and when respiring with
glutamate/malate and succinate/rotenone. However, in the
presence of complex I and III inhibitors rotenone and antimy-
cin A, where there is a dramatic increase in superoxide/H2O2
generation, AACOCF3 only marginally decreased the Amplex
Red signal. Thus, the effect of AACOCF3 is specific in that it
does not inhibitmitochondrial H2O2 production (Fig. 5A). Bro-
moenol lactone had no effect on the Amplex Red signal (data
not shown). These results indicate that cPLA2 is a keymediator
of the high State 1 Amplex Red signal that occurs in response to
denervation, most likely by preventing the release of fatty acid
hydroperoxides from lipid hydroperoxides in the bilayer. We
also tested the effect of AACOCF3 in additional mouse models
of muscle atrophy associated with the loss of innervation,
namely, Sod1�/� and G93A ALS mutant mice (28, 29). We
previously reported that mitochondrial ROS production is sig-
nificantly elevated in these mice (12). As shown in Fig. 5B, the
addition of AACOCF3 to the muscle homogenate decreased
mitochondrial State 1 Amplex Red signal to control levels in
Sod1�/� mice, and we found a similar effect in mitochondria
isolated from G93Amice (data not shown). These data suggest
that the elevation of cPLA2 is potentially a common phenome-
non in mice that exhibit muscle atrophy associated with a loss
of innervation.
cPLA2 Protein Levels Are Higher in Muscle Following

Denervation—To determine whether cPLA2 is up-regulated in
muscle following denervation, we measured cPLA2 protein
in homogenates from control and denervated muscles using
an antibody specific for cPLA2. As shown in Fig. 6A, cPLA2
protein levels are increased �2-fold in muscle homogenates 7
days post-denervation (Fig. 6B). cPLA2 protein levels are also
elevated in Sod1�/� and G93A mice (data not shown).

FIGURE 3. Amplex Red probe reacts with organic/fatty acid hydroperox-
ides besides hydrogen peroxide. Fig. 3 shows the dose response (0 –2,500
pmol) when hydrogen peroxide (A) and the hydroperoxides, t-BHP (open tri-
angle) and 15HpETE (closed triangle) were incubated with the Amplex Red
probe (B), and end point measurements were made. Both15HpETE and t-BHP
increased the Amplex Red signal in a dose-dependent manner but at levels
much lower than with H2O2.

FIGURE 4. A, ebselen inhibits mitochondrial State 1 Amplex Red signal in mito-
chondria from denervated muscle. Amplex Red signal was measured in mito-
chondria from control (CTL) and denervated (DN) muscle in the presence of 10
�M ebselen (EBS) or 4 units of catalase. The values are the means � S.E. for
three experiments. Statistical significance was based on the difference in
Amplex Red signal in mitochondria from denervated muscle between �CAT/
�EBS and �EBS (*, p � 0.0001) and between �CAT/�EBS and �CAT (**, p �
0.05) by Student’s t test. (control, white bars; denervated, black bars). B, den-
ervation induces release of hydroperoxides from muscle mitochondria. Mito-
chondria were isolated from control and denervated muscles, and release of
hydroperoxides was measured with xylenol-orange dye under acidic condi-
tions in the presence/absence of catalase. The values are the means � S.E. for
three experiments. Statistical significance was based on the difference in
absorbance in mitochondria from control and denervated muscle (with or
without catalase) (*, p � 0.05) by one-way ANOVA with Newman Keul’s mul-
tiple comparison test (�catalase, white bars; �catalase, black bars).
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Inhibition of Muscle Atrophy and
Decrease in Amplex Red Signal in
CR Denervated Mice—Because
caloric restriction can prevent oxi-
dative stress in general and can spe-
cifically decrease fatty acid
hydroperoxides (30), we next per-
formed sciatic nerve transection in
40% CR mice (fed 60% of food con-
sumed by ad libitum fed mice) and
measured muscle mass and the
Amplex Red signal. As shown in Fig.
7A, denervation-induced loss of
gastrocnemius muscle was
decreased in CRmice (�9.0%) com-
pared with ALmice (�19.3%). Den-
ervated muscle mass/control mus-
cle mass ratio was significantly
higher in CRmice (Fig. 7B).We also
observed a �30% decrease in
Amplex Red signal in mitochondria
isolated from denervated muscle of
CR mice compared with mitochon-
dria from denervated muscle of AL
mice, under State 1 conditions (Fig.
7C). We propose that caloric re-
strictionmay decrease denervation-
induced muscle atrophy by inhibit-
ing the mitochondrial release of
fatty acid hydroperoxides.
Inhibition of Muscle Atrophy and

Decrease in Amplex Red Signal in
Gpx4-Tg Mice after Denervation—
To further address the role of fatty
acid hydroperoxides inmuscle atro-

phy, we performed sciatic nerve transection in GPx4-Tg mice
that overexpress phospholipid hydroperoxide glutathione per-
oxidase (Gpx4), an enzyme that detoxifies lipid hydroperox-
ides, converting them to lipid hydroxides. The enzyme Gpx4 is
present in all cell types and is associated with membranes,
includingmitochondrialmembranes. As shown in Fig. 8A, den-
ervation-induced loss of gastrocnemius muscle mass was
decreased in Gpx4-Tgmice (�14.9%) compared with wild type
mice (�24.3%). When the data were expressed as denervated
muscle mass/control muscle mass, the ratio was significantly
higher in Gpx4-Tg mice (Fig. 8B). These data suggest that fatty
acid hydroperoxides, in part, may contribute to denervation-
induced loss of muscle mass.
We speculated that if theAmplex Red signal inmitochondria

isolated from denervated muscle comes partly from fatty acid
hydroperoxides, conversion of hydroperoxides to hydroxides in
Gpx4-Tg mice would inhibit the Amplex Red signal. Our data
showed a�30%decline inAmplexRed signal inGpx4-Tgmito-
chondria from denervated muscle compared with mitochon-
dria from control muscle, under State 1 conditions (Fig. 8C).
This result further indicates that in addition to H2O2, fatty acid
hydroperoxides may contribute to the Amplex Red signal in
mitochondria isolated from denervated muscle.

FIGURE 5. A, cPLA2 inhibitor inhibits the Amplex Red signal in mitochondria from denervated muscle. The Amplex
Red assay was performed in the absence/presence of the cPLA2 inhibitor, AACOCF3 (20 �M) with substrates (gluta-
mate/malate (G/M), 5 mM; succinate (S), 10 mM) and inhibitors (rotenone (R), antimycin A (AA), 0.5 �M). AACOCF3
inhibited the Amplex Red signal in mitochondria from denervated muscle to control values in the absence (State 1)
and in the presence of respiratory substrates (glutamate/malate and succinate/rotenone). The values are the
means � S.E. for six or seven experiments. Statistical significance was based on the difference in Amplex Red signal
in the absence (�) and presence (�) of AACOCF3 within each experimental condition (*, p � 0.001; **, p � 0.01) by
one-way ANOVA with Newman Keul’s multiple comparison test. (control, white bars; denervated (�AACOCF3), black
bars; denervated (�AACOCF3), gray bars). B, cPLA2 inhibitor inhibits the Amplex Red signal in mitochondria from
Sod1�/� mice. The Amplex Red assay was performed in the presence/absence of AACOCF3 (20 �M) in 12-month-old
Sod1�/� mice. AACOCF3 inhibited the Amplex Red signal (State 1) to control values. The values are the means � S.E.
for three or four experiments. Statistical significance was based on the difference in Amplex Red signal in the
absence (�) and presence (�) of AACOCF3 in Sod1�/� (*, p � 0.001) by one-way ANOVA with Newman Keul’s
multiple comparison test (wild type, white bars; Sod1�/�, black bars).

FIGURE 6. cPLA2 protein expression is elevated in denervated muscle.
Control and denervated muscles were homogenized in radioimmune precip-
itation assay buffer with Triton X-100 and 1� protease inhibitor. Equivalent
amounts of protein (120 �g) were resolved by gel electrophoresis and trans-
ferred to polyvinylidene difluoride membrane, and cPLA2 was identified by
using mouse monoclonal antibody with actin as a loading control. *, p �
0.001 versus control by unpaired t test.
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No Inhibition of Muscle Atrophy in CAT Transgenic (CAT-
Tg) Mice despite a Decrease in Amplex Red Signal—Our results
to this point suggested that mitochondrial fatty acid hydroper-
oxides may be involved in denervation-induced muscle atro-
phy. To confirm our findings, we performed sciatic nerve
transection in mice that overexpress manganese superoxide
dismutase (Sod2-Tg) or copper-zinc superoxide dismutase
(Sod1-Tg), antioxidant enzymes that convert superoxide anion
to H2O2 and in mice that overexpress catalase (CAT-Tg). As
shown in Table 1, there was no difference in Amplex Red signal
betweenWT and Sod2-Tg and Sod1-Tgmice, 7 days post-den-
ervation. In contrast, Amplex Red signal was decreased �22%
(State 1) and �25% (glutamate/malate) in mitochondria isolated
frommuscle of denervatedCAT-Tgmice.However, denervation-
dependent muscle atrophy was not attenuated in any of these

transgenicmousemodels (data not shown). This experiment sug-
gests that mitochondrial release of fatty acid hydroperoxides
rather than H2O2 and superoxide may be an important determi-
nant of denervation-inducedmuscle atrophy.

DISCUSSION

The mitochondrial electron transport chain is believed to be a
major source of cellular oxidative stress (31, 32). Previous studies
have reported that mitochondrial ROS production (measured as
H2O2) is significantly elevated in the atrophied muscles (11, 12,
18). However, the present study suggests that atrophied skeletal
muscle mitochondria in fact releases significantly high levels of
fatty acid hydroperoxides, in addition toH2O2 and/or superoxide.
The study further suggests that augmenting the defenses against

FIGURE 7. Inhibition of muscle atrophy and decrease in Amplex Red signal in CR mice in response to denervation. The mice were sacrificed, the tissues
were collected, and Amplex Red signal was measured 7 days after surgery in mitochondria from control and denervated muscle from AL and CR mice (State 1).
A, loss of gastrocnemius muscle mass/100g body weight in AL and CR mice in response to denervation. B, denervated/control muscle ratio in AL and CR mice
(*, p � 0.000001) by Student’s t test. C, Amplex Red signal in muscle mitochondria from AL and CR mice in response to denervation surgery. Statistical
significance was based on the difference in Amplex Red signal in mitochondria from AL and CR denervated muscle (*, p � 0.05) by one-way ANOVA with
Newman Keul’s multiple comparison test. The values are expressed as the means � S.E. of n � 15–16 mice (muscle mass) and n � 8 (ROS). A and C, control, white
bars; denervated, black bars. B, AL, white bar; CR, black bar.

FIGURE 8. Inhibition of muscle atrophy and decrease in Amplex Red signal in Gpx4-Tg mice in response to denervation. Denervation was induced by
surgical transection of the sciatic nerve at the level of femur. The contralateral limb served as a control. The mice were sacrificed, tissues were collected, and
Amplex Red signal was measured 7 days after surgery in mitochondria isolated from control and denervated muscle from WT and Gpx4-Tg mice (State 1). A, loss
of gastrocnemius muscle mass/100 g of body weight in WT and Gpx4Tg mice in response to denervation. B, denervated/control muscle ratio in WT and Gpx4-Tg
mice (*, p � 0.0001) by Student’s t test. C, Amplex Red signal in mitochondria from WT and Gpx4-Tg mice in response to denervation surgery. Statistical
significance was based on the difference in Amplex Red signal in mitochondria from WT and Gpx4-Tg denervated muscle (*, p � 0.05) by one-way ANOVA with
Newman Keul’s multiple comparison test. The values are expressed as the means � S.E. of n � 8 mice. A and C, control, white bars; denervated, black bars. B, WT,
white bar; Gpx4-Tg, black bar.

Denervation-induced Release of Fatty Acid Hydroperoxides

52 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 1 • JANUARY 2, 2009



lipidhydroperoxides,butnotH2O2andsuperoxide,mayattenuate
denervation-inducedmuscle atrophy.
The Amplex Red signal we detect in isolatedmitochondria is

due to both H2O2 and superoxide converted to H2O2 caused by
spontaneous dismutation (by Manganese SOD in the matrix
and by CuZnSOD in the intermembrane space) and the addi-
tion of exogenous SOD to the assay buffer. In the present study,
the Amplex Red assay executed in the absence/presence of cat-
alase showed that H2O2 is not the major active oxygen species
released by mitochondria from denervation-induced muscle
atrophy. Interestingly, superoxide radical generation was not
elevated in mitochondria from denervated muscle despite a
30-fold higher Amplex Red signal. We found that the Amplex
Red probe can react with organic hydroperoxides (t-BHP and
15HpETE) in addition to H2O2 in the absence of mitochondria.
Wenoted that Belikova et al. (33) used theAmplexRedprobe to
measure alkyl hydroperoxides in intact cells and mitochondria
using a high pressure liquid chromatography-based assay.
These authors found that Amplex Red would not react with
lipid hydroperoxides in the bilayer but did so readily once the

lipid hydroperoxides had been hydrolyzed to fatty acid/alkyl
hydroperoxides by PLA2. Ebselen, a glutathione peroxidase
mimetic, inhibited the Amplex Red signal in mitochondria
from denervated muscle. Ebselen differs from other antioxi-
dants in that it is a weak free radical scavenger but very effective
in scavenging fatty acid hydroperoxides (26, 34). The xylenol
orange assay also confirmed the fact that mitochondria from
denervated muscle release fatty acid hydroperoxides.
We mentioned above that the Amplex Red probe cannot

react with lipid hydroperoxides but only with fatty acid
hydroperoxides after cleavage by PLA2. Therefore, we looked at
PLA2 as a potential source of these hydroperoxides in our
mouse model. PLA2 belongs to a superfamily of enzymes that
catalyze the hydrolysis of ester bonds on membrane phospho-
lipids to generate free fatty acids and lysophospholipids. Mam-
malian PLAs are classified into three main categories; whereas
calcium-dependent cPLA2 and calcium-independent iPLA2 are
present intracellularly and have preference for AA at sn-2 posi-
tion of membrane phospholipids, sPLA2 is extracellular in dis-
tribution and lacks specificity for arachidonic acid over other

FIGURE 9. Muscle mitochondria release fatty acid hydroperoxides in response to denervation. Denervation induced by sciatic nerve transection is
associated with dramatic release of fatty acid hydroperoxides from skeletal muscle mitochondria. We propose cPLA2 as a source for these hydroperoxides
because cPLA2 expression is increased in denervated muscle and the cPLA2 inhibitor; AACOCF3 inhibits the Amplex Red signal in mitochondria from dener-
vated muscle. Gpx4 reduces fatty acid hydroperoxides to hydroxides, thereby decreasing the Amplex Red signal in Gpx4-Tg mice.

TABLE 1
Inhibition of mitochondrial ROS production in CAT Tg mice

Control Denervation
Wild type SOD1 Tg SOD2 Tg CAT Tg Wild type SOD1 Tg SOD2 Tg CAT Tg

State 1 9.76 � 2.19 6.13 � 1.14 10.96 � 1.56 8.56 � 1.24 307.50 � 8.30 291.92 � 64.48 311.47 � 50.46 239.81 � 5.76a
G/M 30.43 � 8.46 16.47 � 4.93 38.45 � 7.46 41.05 � 13.04 323.50 � 13.21 298.67 � 64.13 356.74 � 4.88 243.40 � 13.00a

a p� 0.001 versuswild type denervation by one-way ANOVAwithNewmanKeul’s multiple comparison test. The values are expressed as themeans� S.E. of n� 3–6mice. The
units are pmol/min/mg of protein.

Denervation-induced Release of Fatty Acid Hydroperoxides

JANUARY 2, 2009 • VOLUME 284 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 53



fatty acids at the sn-2 position. Based on protein expression and
inhibitor studies, we propose that cPLA2 may release fatty acid
hydroperoxides from membranes following denervation. In
contrast, the iPLA2 inhibitor bromoenol lactone did not
inhibit the Amplex Red signal (data not shown). This is an
important finding considering that two of the major iPLA2
isoforms (iPLA2� and iPLA2�) are located within the mito-
chondria (35, 36).
cPLA2 exists in different isoforms:�,�, and �. Several studies

have demonstrated the involvement of cPLA2 in diverse
pathological processes including neurodegenerative dis-
eases. cPLA2�

�/� mice are resistant to ischemia-reperfusion
induced oxidative stress (37–39). cPLA2�

�/�mice are resistant
to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity (40).
Increased cPLA2 immunoreactive astrocytes are detected in
Alzheimer disease patients in regions that a have higher depo-
sition of�-amyloid (41), and�-amyloid stimulates cPLA2 activ-
ity in cortical neurons thereby inhibiting neuronal apoptosis
(42). Cytosolic PLA2 protein expression is also elevated in the
spinal cord of the G93A mouse model of ALS (43). Finally,
cPLA2�

�/� mice are known to have increased striated muscle
growth (44). This study is the first to suggest a correlation
between cPLA2 and muscle atrophy associated with loss of
innervation. Our future studies would be designed to identify
the role of different cPLA2 isoforms in muscle atrophy using
specific inhibitors and knock-out mouse models.
Among the different forms of Gpx present in mammalian

systems, Gpx4 is unique in that it uses phospholipid hydroper-
oxides as substrates, thereby protecting biomembranes against
oxidative damage (45, 46). Overexpression of Gpx4 in cell lines
has been extensively used to exhibit the protective effects of
Gpx4 against hydroperoxides (47, 48). Cells that overexpress
Gpx4 in mitochondria are more resistant to cell death against
extracellular oxidative stressors such as t-BHP, 15HpETE, and
H2O2 compared with cells that overexpress Gpx4 in nonmito-
chondrial compartments (49). These findings suggest that
mitochondrial Gpx4 plays an important role in protecting cells
from hydroperoxide induced oxidative stress. Studies in
GPx4-Tg mice also show the protective effect of Gpx4 against
oxidative stress (50). We addressed the pathophysiological rel-
evance of lipid hydroperoxides inmuscle atrophy by comparing
mousemodels that overexpress themajor antioxidant enzymes.
Increasing protection specifically against lipid hydroperoxides
(Gpx4-Tg) significantly decreased sciatic nerve transection-in-
ducedmuscle atrophy. In contrast, transgenicmice that protect
against superoxide (Sod1-Tg and Sod2-Tg) or H2O2 (CAT-Tg)
did not afford any protection.
Based on the existing data, it is not clear whether it is the

presence of lipid hydroperoxides in mitochondrial membranes
or the cleavage of fatty acid hydroperoxides from membranes
that is a critical factor in denervation-induced muscle atrophy.
We noted that Gpx4 heterozygous knockout mice (50% reduc-
tion of Gpx4 expression) have higher losses of gastrocnemius
musclemass and higherAmplexRed signal comparedwithwild
type mice, 14 days post denervation surgery (data not shown).
These data together with the data from Gpx4-Tg mice suggest
the possibility that mitochondrial generation of fatty acid

hydroperoxides could be an important determinant of muscle
atrophy associated with the loss of innervation.
The detailed mechanism involved in the protective effect of

GPx4 on muscle atrophy is beyond the scope of this study, but
the inhibition ofmitochondrial apoptotic pathway could be one
of the likely mechanisms (51). Innervation is critical for growth
and maintenance of muscle fibers, and loss of innervation is
known to cause muscle atrophy (52). Previous studies have
indicated that mitochondrial ROS and apoptosis play impor-
tant roles inmuscle atrophy during aging and surgical denerva-
tion (11, 12, 18). Increases in pro-apoptotic factors, cytochrome
c, Smac/DIABLO, and apoptosis-inducing factor and an
increase in the Bax/Bcl-2 ratio have been reported in dener-
vated muscles (11, 18, 53). We have previously shown that
GPx4-Tg mice inhibit apoptosis (by inhibiting cytochrome c
and caspase-3) in the presence of stressors like diquat, t-BHP,
and H2O2 (50, 54). Thus, we propose that the decrease in mito-
chondrial apoptosis in Gpx4-Tg mice may prevent denerva-
tion-induced muscle atrophy.
In conclusion, the dramatic increase in Amplex Red signal in

denervation associated muscle atrophy may be attributed to
fatty acid hydroperoxides rather thanH2O2/superoxide (Fig. 9).
We propose that cPLA2 could be a likely source of hydroperox-
ides. These organic hydroperoxides are likely of pathophysio-
logical significance because Gpx4-Tg mice are protected from
muscle atrophy. Our future studies would further address the
roles of cPLA2 and fatty acid hydroperoxides inmuscle atrophy
using knock-out mouse models and therapeutic interventions
(e.g. vitamin E).
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