
RESEARCH ARTICLE

Genetically increasing flux through b-oxidation in skeletal muscle increases
mitochondrial reductive stress and glucose intolerance

Cody D. Smith,1,2 Chien-Te Lin,1,2 Shawna L. McMillin,1,3 Luke A. Weyrauch,1,3 Cameron A. Schmidt,1,2

Cheryl A. Smith,1,2 Irwin J. Kurland,5 Carol A. Witczak,1,2,3,4 and P. Darrell Neufer1,2,3,4
1East Carolina Diabetes and Obesity Institute, Brody School of Medicine, East Carolina University, Greenville, North Carolina;
2Department of Physiology, Brody School of Medicine, East Carolina University, Greenville, North Carolina; 3Department of
Biochemistry & Molecular Biology, Brody School of Medicine, East Carolina University, Greenville, North Carolina;
4Department of Kinesiology, East Carolina University, Greenville, North Carolina; and 5Department of Medicine, Albert
Einstein College of Medicine, Bronx, New York

Abstract

Elevated mitochondrial hydrogen peroxide (H2O2) emission and an oxidative shift in cytosolic redox environment have been
linked to high-fat-diet-induced insulin resistance in skeletal muscle. To test specifically whether increased flux through mitochon-
drial fatty acid oxidation, in the absence of elevated energy demand, directly alters mitochondrial function and redox state in
muscle, two genetic models characterized by increased muscle b-oxidation flux were studied. In mice overexpressing peroxi-
some proliferator-activated receptor-a in muscle (MCK-PPARa), lipid-supported mitochondrial respiration, membrane potential
(DWm), and H2O2 production rate (JH2O2) were increased, which coincided with a more oxidized cytosolic redox environment,
reduced muscle glucose uptake, and whole body glucose intolerance despite an increased rate of energy expenditure. Similar
results were observed in lipin-1-deficient, fatty-liver dystrophic mice, another model characterized by increased b-oxidation flux
and glucose intolerance. Crossing MCAT (mitochondria-targeted catalase) with MCK-PPARa mice normalized JH2O2 production,
redox environment, and glucose tolerance, but surprisingly, both basal and absolute insulin-stimulated rates of glucose uptake in
muscle remained depressed. Also surprising, when placed on a high-fat diet, MCK-PPARa mice were characterized by much
lower whole body, fat, and lean mass as well as improved glucose tolerance relative to wild-type mice, providing additional evi-
dence that overexpression of PPARa in muscle imposes more extensive metabolic stress than experienced by wild-type mice on
a high-fat diet. Overall, the findings suggest that driving an increase in skeletal muscle fatty acid oxidation in the absence of
metabolic demand imposes mitochondrial reductive stress and elicits multiple counterbalance metabolic responses in an attempt
to restore bioenergetic homeostasis.

NEW & NOTEWORTHY Prior work has suggested that mitochondrial dysfunction is an underlying cause of insulin resistance in
muscle because it limits fatty acid oxidation and therefore leads to the accumulation of cytotoxic lipid intermediates. The implica-
tion has been that therapeutic strategies to accelerate b-oxidation will be protective. The current study provides evidence that
genetically increasing flux through b-oxidation in muscle imposes reductive stress that is not beneficial but rather detrimental to
metabolic regulation.

fat oxidation; glucose tolerance; insulin resistance; mitochondria; skeletal muscle

INTRODUCTION

Cytosolic accumulation of lipid intermediates has long
been associated with the development of insulin resistance
in skeletal muscle and liver (1–3). Multiple lines of evidence
have also shown that basal fatty acid oxidation rates (4) and
the capacity of skeletal muscle to oxidize lipids (5) are lower
in obese/diabetic humans. A number of additional studies
using noninvasive magnetic resonance spectroscopy (MRS)
have provided evidence that muscle mitochondrial function
at rest and/or during recovery from exercise is lower in

insulin-resistant elderly, obese diabetics, and insulin-resist-
ant offspring of type 2 diabetics (6–9). Collectively, these
findings led to the hypothesis that inherent or acquired mi-
tochondrial dysfunction underlies the development of insu-
lin resistance by diverting fatty acids away from oxidation
and toward the synthesis and cytosolic accumulation of toxic
lipid species (10, 11).

One of the implications of the mitochondrial dysfunction
theory is that genetic or pharmacological approaches that
stimulate an increase in fatty acid oxidation should prevent
or reverse high-fat-diet-induced insulin resistance. Initial
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studies appeared to support this hypothesis, as mice lacking
acetyl-CoA carboxylase 2 (ACC2�/�), an enzyme normally
involved in suppressing fatty acid entry into the mitochon-
dria, were found to have higher whole body and muscle fatty
acid oxidation rates and to be protected from high-fat-diet-
induced insulin resistance (12–14). However, two subsequent
ACC2 knockout models, one whole body (15) and one muscle
specific (16), failed to replicate these findings. The discrep-
ancy appears to be due to an unexplained increased rate of
energy expenditure in the first model (14), a feature common
to many other genetic models characterized by protection
from high-fat-diet-induced obesity and insulin resistance
(17–19).

Two other unique genetic models have been used to test the
impact of increased skeletal muscle b-oxidation flux on insulin
sensitivity, amuscle-specific peroxisome proliferator-activated
receptor-a (MCK-PPARa)-overexpressing mouse and the lipin-
1-deficient, fatty-liver dystrophic mouse (20–23). MCK-PPARa
mice are characterized by enhanced expression of b-oxidation
genes and increased muscle fatty acid oxidation rates, but
instead of being protected from diet-induced insulin resist-
ance, the mice develop glucose intolerance and insulin resist-
ance even on a low-fat diet (20). Similar to MCK-PPARa mice,
mice that are deficient in lipin-1, which is required for adipose
differentiation, are characterized by enhanced expression of
b-oxidation genes in skeletal muscle and increased reliance on
fat oxidation but also develop glucose intolerance and insulin
resistance (22, 24, 25). Interestingly, short-term inhibition of
mitochondrial fatty acid oxidation improves glucose tolerance
in MCK-PPARa mice despite a profound increase in intramus-
cular lipid content (20), implying that during high dietary fat
intake, increased flux through b-oxidation rather than
increased ectopic lipid accumulation is driving the glucose
intolerance and insulin resistance.

From a bioenergetics perspective, an increase in fatty acid
oxidation that is not driven by either an increase in energy
expenditure or a decrease in carbohydrate oxidation should
raise the redox free energy driving force (i.e., DGredox) on the
electron transport system (ETS), increasing the mitochon-
drial membrane potential (DWm), reductive stress within the
ETS, and, consequently, the rate of superoxide/hydrogen
peroxide (JH2O2) production (26). Elevated mitochondrial
JH2O2 emission has been linked to the etiology of high-fat-
diet-induced insulin resistance (27–31). The purpose of the
present study, therefore, was to test this hypothesis by using
both the MCK-PPARa and lipin-1-deficient genetic models,
as well as by crossing MCK-PPARa mice with mice overex-
pressing the H2O2 detoxifying enzyme catalase targeted spe-
cifically to mitochondria (MCAT) (32). Collectively, the
findings support the contention that accelerating flux
through b-oxidation, in-and-of-itself, imposes reductive
stress that is multifactorial and detrimental tometabolic reg-
ulation at both themuscle and the whole body level.

EXPERIMENTAL PROCEDURES

Animal Use

Approval by the East Carolina University Institutional
Animal Care and Use Committee was obtained before all ani-
mal studies. Transgenic mice overexpressing peroxisome

proliferator-activated receptor-a [MCK-PPARa (20)] or mito-
chondria-targeted catalase [MCAT (32)], both initially on
C57BL/6J background, were backcrossed 10þ generations to
the full congenic C57BL/6NJ (B6N) strain. For some experi-
ments, MCK-PPARa (B6N) and MCAT (B6N) mice were
mated to produce MCK-PPARa/MCAT (B6N) double trans-
genics. BALB/cByJ�þ /fld mice were obtained from The
Jackson Laboratory (Bar Harbor, ME) and bred to produce
lipin-1-deficient (�/�) and wild-type (þ /þ and þ /�) mice.
Lipin-1 heterozygous mice are indistinguishable from wild-
type mice (23); as such, all comparisons were between lipin-1
(�/�) versus (þ /�) mice. All mice were housed in a temper-
ature-controlled (22�C) facility with a 12-h light/dark cycle.
Only male mice between 3 and 5mo of age were used for
experiments. All mice were maintained on a low-fat (10% by
kcal) diet (Research Diets D06041501), unless otherwise
noted. One week before the study, body composition was
determined on select cohorts of mice by magnetic resonance
imaging (EchoMRI, Houston, TX), and whole body calorime-
try (Phenomaster/Labmaster, TSE Systems, Chesterfield,
MO) was performed for 48h after a 48-h acclimatization pe-
riod. At the conclusion of the diet intervention, mice were
anesthetized and portions of the red (RG) and white (WG)
gastrocnemius muscles were dissected for permeabilized
muscle fiber bundle (PmFB) preparations. Soleus and/or ex-
tensor digitorum longus (EDL) muscles were dissected and
pinned by the tendons at resting length for glucose uptake
assays. Plantaris muscles were incubated with insulin to
assess key glucometabolic proteins. Tibialis anterior (TA)
and EDL were flash frozen in N2(l) for later analysis.

Glucose Tolerance Tests

Mice were fasted for 5–6h before experimentation. Blood
glucose was measured from the tail vein using the
AlphaTrak 2 animal glucometer (Abbott laboratories) at time
points 0, 15, 30, 60, and 90min after intraperitoneal glucose
injection [20% dextrose saline solution (Hospira Inc., Lake
Forest, IL; 2.5 g/kg fat-free mass)]. Glucose tolerance was cal-
culated from the area under the curve using the trapezoid
rule after normalizing to fasting blood glucose levels.

3H-2-Deoxyglucose Uptake Assay

For maximal insulin-stimulated glucose uptake, soleus
and EDL muscles were incubated in continuously gassed
(95% O2, 5% CO2), 37�C Krebs–Ringer bicarbonate (KRB)
buffer containing 117mM NaCl, 4.7mM KCl, 2.5mM CaCl2,
1.2mM KH2PO4, 1.2mM MgSO4, and 24.6mM NaHCO3 sup-
plemented with 2mM pyruvate for 40min, followed by an
additional 10min in the presence or absence of maximal in-
sulin (50 mU/mL, Sigma-Aldrich, Cat. No. 11376497001). To
assess glucose uptake, muscles were incubated in continu-
ously gassed, 37�C KRB buffer containing 1 mCi/mL [3H]-2-
deoxy-D-glucose (PerkinElmer, Cat. No. NET54900), 1mM 2-
deoxy-Dglucose, 0.3 mCi/mL [14C]-mannitol (PerkinElmer,
Cat. No. NEC314), and 7mM mannitol plus or minus insulin
(50 mU/mL) for 10min. Submaximal insulin-stimulated glu-
cose uptake was also measured in EDL muscles using a
slightly different protocol that included preincubation in
KRB buffer for 60min, an additional 20min in the presence
or absence of submaximal insulin (600 mU/mL), and, finally,
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to assess glucose uptake, 10min incubation in continuously
gassed, 30�C KRB buffer containing 1.5 mCi/mL [3H]-2-deoxy-
Dglucose, 1mM 2-deoxy-D-glucose, 0.45 mCi/mL [14C]-manni-
tol, and 7mMmannitol. At the conclusion of all incubations,
muscles were frozen in liquid nitrogen, weighed, solubilized
in 1N NaOH at 80�C for 15min, and finally neutralized with
1N HCl. The remaining fraction was centrifuged at 10,000 g
for 1min. Aliquots were removed for scintillation counting
of the [3H] and [14C] labels, and [3H]-2-deoxyglucose uptake
was calculated.

Permeabilized Muscle Fiber Bundle Preparation

This technique was performed as previously described (27,
33, 34). Briefly, portions of RG and WG were dissected and
immediately placed in ice-cold buffer X (50mM K-MES,
35mM KCl, 7.23mM K2EGTA, 2.77mM CaK2EGTA, 20mM
imidazole, 20mM taurine, 5.7mM ATP, 14.3mM phospho-
creatine, and 6.56mM MgCl2-6H2O, pH 7.1) for separation
with needle-tip forceps under a dissecting microscope.
Separated fiber bundles were incubated on a rocker in buffer
X containing 30mg/mL saponin for 30min at 4�C. The fibers
were then transferred to buffer Z (105mM K-MES, 30mM
KCl, 1mM EGTA, 10mM K2HPO4, 5mM MgCl2-6H2O, 0.5
mg/mL BSA, pH 7.1) and incubated on the rocker at 4�C for
at least 20min or until experimentation (<45min). At the
conclusion of the experiment, fibers were rinsed in dH2O,
placed in empty tubes with perforated caps, and freeze-dried
to determine dry weights.

Mitochondrial Respiration (JO2), DWm, and JH2O2

Measurements

A high-resolution respirometer (O2K, OROBOROS Innsbruck,
Austria) equippedwith a conditioned tetraphenylphosphonium
(TPP)-selective electrode was used to measure DWm and JO2

simultaneously as previously described (33). All O2K experi-
ments were performed in buffer Z supplemented with 20mM
creatine monohydrate (to clamp ADP concentrations) and
25mM blebbistatin [to inhibit contraction (35)]. For DWm-JO2

experiments, lipid substrates, L-carnitine (5mM), and 1.1mM
TPP were included in the buffer during the background phase.
Once stable, serial additions of TPP (final concentrations 1.15,
1.20, 1.25, and 1.30μM) were made to generate a standard curve
before addition of the PmFB. Mitochondrial JH2O2 production
was measured fluorometrically (FluoroMax/Fluorolog spectro-
fluorometers, HORIBA Jobin Yvon) in buffer Z supplemented
with 10mMAmplex UltraRed (Invitrogen), 1U/mL horseradish
peroxidase (Sigma), 20U/mL CuZn SOD (Sigma), and
25 mM blebbistatin. Both auranofin (500 μM; thioredoxin
reductase inhibitor) and carmustine (100 μM; glutathione
reductase inhibitor) were added fresh to inhibit the redox
buffering system (36). All H2O2 data therefore represent
JH2O2 production.

Measurements of Redox State

Reduced (GSH) and oxidized (GSSG) glutathione concentra-
tions were measured by a standard assay (Oxis International,
Inc.) with minor modifications. Mouse TA or EDL muscles
were homogenized in TE buffer (10mM Tris-base, 1mM
EDTA, pH 7) with protease and phosphatase inhibitor cock-
tails added (Sigma products: P8340, P5726, and P0044). TE

buffer was bubbled with N2(g) for 15min before homogenizing
the muscle. Frozen muscles were submerged in TE buffer,
minced with scissors, and homogenized with a hand-pestle
for 1 min. Then, 200mL of muscle homogenate was immedi-
ately added to a tube containing the alkylating agent 1-
methyl-2-vinylpyridinium trifluoromethanesulfonate (M2VP,
final concentration 0.5mM) and vortexed. The M2VP-treated
aliquot was used to measure GSSG undiluted, whereas the
remaining homogenate was diluted 20� in TE buffer to mea-
sure GSH. A 96-well plate was loaded with 25mL of sample/
standard followed by 25mL each of the kit enzyme and chro-
magen solutions and incubated at RT for 10min with gentle
shaking. The absorbance at 412nm was measured immedi-
ately after 25mL of reconstituted NADPH was added to each
well every minute for 4min. Data analysis was conducted
according to product guidelines.

Protein Analysis by Western Blot

Reduced, oxidized-dimer, and oxidized-decamer forms of
peroxiredoxin-2 (Prx2, cytosolic) and Prx3 (mitochondrial)
were measured in TA and EDL homogenates by standard
nonreducing Western blot analysis (37). Frozen muscles
were homogenized in the same fashion as GSH/GSSG sam-
ples except the buffer included 0.5mM M2VP for TAs or
5mM N-ethylmaleimide (NEM) for EDLs (either alkylating
agent is sufficient for these experiments). Ponceau S stain
was used to verify equal protein load (50mg/well) and con-
sistent gel transfer. Anti-Prx2 (AbCam, ab109367) and anti-
Prx3 (AbFrontier, LF-MA0044) were used for protein detec-
tion as previously described (37). Blots were imaged using a
Li-Cor IR imager and quantified using Image Studio Lite (V.
5.0, Li-Cor Bioscience). A representative blot is shown in
Supplemental Fig. S5; all Supplemental material is available
at https://doi.org/10.6084/m9.figshare.13550465. Relative
band intensities are presented (only the top band quanti-
fied in apparent doublets). As a positive control, samples
were treated with the reducing agent b-mercaptoethanol
(20� dilution) to verify oxidized and reduced Prx bands.
Oxidized decamer (�250 kD), oxidized dimer (�35–42 kD),
and reduced (20–25 kD) forms of Prx2 and Prx3 were quan-
tified and presented as fold difference relative to controls.

Additional immunoblot analyses were performed to assess
insulin signaling and glucose regulatory protein levels as
previously described (38–40). Plantaris muscles were incu-
bated in KRB buffer for 60min as described earlier for glu-
cose uptake assays, followed by an additional 20min in the
presence or absence of submaximal insulin (600 mU/mL).
Muscles were then frozen and homogenized in buffer con-
taining 20mMTris-HCl pH 7.5, 5mMEDTA, 10mMNa4P2O7,
100mM NaF, 2mM NaVO4, 0.0015mM aprotinin, 0.01mM
leupeptin, 3mM benzamidine, 1mM phenylmethylsulfonyl-
fluoride, and 1% IGEPAL CA-630. Samples were rotated end-
over-end at 4�C for 60min and centrifuged at 13,000 g for
30min. Lysate protein concentrations were determined via
the Bradford method using Bio-Rad protein assay dye (Cat.
No. 5000006, Bio-Rad Laboratories, Hercules, CA). Lysates
(20mg) were loaded for SDS-PAGE, and proteins were trans-
ferred onto 0.2-mm nitrocellulose membranes. Ponceau S so-
lution (Cat. No. P7170, Sigma-Aldrich, St. Louis, MO) was
utilized to assess equal protein loading and transfer. Anti-
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hexokinase II (Santa Cruz, sc-6521), anti-GLUT4 (Millipore,
07–1404), anti-p-AKT (Thr308; Cell Signaling, 9275S), anti-
total-AKT (Cell Signaling, 4685S), anti-p-AS160 (TBC1D4;
Cell Signaling, 07–741), and anti-total-AS160 (p-TBC1D4-
Thr642; Millipore, 8881) were used for protein detection.
Densitometric analysis of immunoblots was performed
using a Bio-Rad Chemidoc XRSþ imaging system and Bio-
Rad Image Lab software v. 6.0.1 (Bio-Rad Laboratories,
Hercules, CA).

Statistics

Unpaired Student’s t test assuming equal distributions
and ANOVAs (where appropriate) were used for all analyses
followed by Tukey’s multiple-comparison post hoc tests.
Data are presented asmeans ± SE. Significance was set at P<
0.05.

RESULTS

Muscle-Specific Overexpression of PPARa on the B6N
Strain

Transgenic mice overexpressing PPARa in muscle on a
B6J background are characterized by increased fatty acid ox-
idation rates, marked glucose intolerance, and muscle insu-
lin resistance, even on a low-fat diet (20). To study the
impact of PPARa overexpression in muscle without the
potential confounding influence of the numerous genetic
differences present in the B6J strain, including the absence
of mitochondrial nicotinamide nucleotide transhydrogenase
(NNT) (41, 42), muscle-specific MCK-PPARa (B6J) mice were
backcrossed to the full congenic B6N strain. Similar to MCK-
PPARa (B6J) mice (20), MCK-PPARa (B6N) mice had similar
whole body and fat mass but lower leanmass compared with
WT (B6N) controls (Supplemental Fig. S1). Respiratory
exchange ratio (RER) was lower during the daytime period
(light cycle), confirming elevated flux through fatty acid oxi-
dation. Interestingly, energy expenditure was also higher
during the light cycle in MCK-PPARa (B6N) versus WT (B6N)
mice (Supplemental Fig. S1), whereas food intake (24h) and
physical activity (light or dark cycle) were not different (not
shown).

Similar toMCK-PPARa (B6J) mice (20), MCK-PPARa (B6N)
mice were also characterized by lower glucose tolerance rela-
tive to WT (B6N) controls (Fig. 1A). Both basal and maximal
insulin-stimulated 2-deoxyglucose uptake rates were lower
in the soleus and EDLmuscles fromMCK-PPARa (B6N) mice
(Fig. 1B). The net response to insulin however (maximal insu-
lin-stimulated minus basal) was either not different (soleus)
or only slightly lower (EDL), suggesting that overexpression
of PPARa in the B6N background elicited an overall depres-
sion in muscle glucose uptake rather than insulin resistance
per se.

Impact of MCK-PPARaOverexpression on
Mitochondrial DWm, JO2, and JH2O2

To determine the potential impact of PPARa overexpres-
sion on skeletal muscle mitochondrial function, mitochon-
drial DWm, JO2, and JH2O2 weremeasured in PmFBs fromRG
and WG during respiration supported exclusively by 20mM

palmitoyl-CoA, 18mM palmitoyl-carnitine, and 5mM carni-
tine. In preliminary experiments, this substrate combination
was found to maximize flux through b-oxidation. During
non-ADP-stimulated (state 4) respiration, DWm and JO2 were
similar in RG PmFBs from MCK-PPARa (B6N) and WT (B6N)
controls (Fig. 1C). In WG PmFBs from WT (B6N) mice, how-
ever, DWm and JO2 were markedly lower (filled circle, Fig. 1D),
suggesting that flux through b-oxidation alone in muscle
composed primarily of glycolytic fibers is insufficient, in-and-
of-itself, to fully charge the membrane potential and support
state 4 respiration. Interestingly, overexpression of PPARa
increased both lipid-supported DWm and JO2 in WG to values
obtained in WT (B6N) controls when respiration was sup-
ported by carbohydrate-based substrates (i.e., pyruvate þ
glutamate þ malate, open circle Fig. 1D), suggesting that the
increase in the capacity for b-oxidation induced by PPARa
overexpression in WG fibers provided sufficient reducing
equivalents to fully charge the mitochondria. PPARa overex-
pression also increased maximal fatty acid-supported ADP-
stimulated (state 3) JO2 in both RG and WG PmFBs (Fig. 1E),
confirming an overall increase in b-oxidative flux capacity in
themuscles of MCK-PPARa (B6N)mice.

Mitochondrial respiration rate is governed by demand,
which in turn dictates the rate at which electrons are drawn
by the electron transport chain from catabolic pathways.
Allosteric control mechanisms regulate the relative reliance
on specific pathways as well as limit flux when supply
exceeds demand to minimize hyper-reduction of the ETS
and superoxide/H2O2 production (43). Thus, genetically en-
gineering an increase in b-oxidation flux capacity through
overexpression of PPARa could disrupt the normal balance
between mitochondrial energy supply and demand. To test
this hypothesis, mitochondrial JH2O2 production was meas-
ured under state 4 conditions identical to the DWm and JO2

experiments described earlier. JH2O2 production was
approximately twofold higher in both RG and WG PmFBs
(Fig. 1F), providing evidence that genetically engineering an
increase in flux through b-oxidation, in the absence of any
change in energy demand, increases mitochondrial reduc-
tive stress and oxidant production.

PPARaOverexpression Increases Oxidation of Redox
Markers

The glutathione redox buffering system is thought to be
an ideal marker of intracellular redox environment (44).
Interestingly, both reduced (GSH) and oxidized (GSSG) gluta-
thione were either increased or tended to be increased in TA
and EDL muscles from MCK-PPARa (B6N) relative to WT
(B6N) mice (Fig. 2, A and C), suggesting an increase in oxi-
dant burden as well as a compensatory response to maintain
the GSH/GSSG ratio constant (Fig. 2E). Another key antioxi-
dant protein and marker of the intracellular redox environ-
ment is the peroxiredoxin (Prx) family of peroxidases (37).
Prxs have high rate constants, suggesting this class of pro-
teins may serve as the first line of defense against elevated
JH2O2 production (45). In the reduced form, typical 2-Cys
Prxs (Prx1-4) exist as monomers of �20–30 kD. When oxi-
dized to the sulfenic acid oxidation state by a single mole-
cule of H2O2, Prxs form obligate homodimers. Under high
H2O2 concentrations, typical 2-Cys Prxs are hyperoxidized to
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the sulfinic (-SO2) or sulfonic (-SO3) acid oxidation state that
prevents dimerization and favors decamer formation detect-
able by Western blot analysis (37, 46, 47). PPARa overexpres-
sion decreased the levels of reduced Prx2 (cytosolic) and
Prx3 (mitochondrial), whereas the level of oxidized-dimer
Prx2 (Prx2dim) increased (Fig. 2, B and E). There were no dif-
ferences in Prx3dim or oxidized decamers for either Prx3 or
Prx 2 between genotypes. These findings are consistent with
the increase in JH2O2 production observed in PmFBs in vitro
and suggest that PPARa overexpression induced a mild-to-
moderate increase in mitochondrial oxidant production in
vivo, resulting in amild-to-moderate shift in the cytosolic re-
dox environment to amore oxidized state.

Lipin-1 Deficiency, Another Model of Increased Flux
through Fatty Acid Oxidation

As an additional means of testing whether elevated flux
through b-oxidation altersmitochondrial function in skeletal
muscle, PmFBs were prepared from lipin-1-deficient mice, a
genetic model resulting from a spontaneous mutation in the

Lpin1 gene that is characterized by reduced adiposity,
enhanced expression of b-oxidation genes in muscle,
increased reliance on fat oxidation, and severe glucose intol-
erance and insulin resistance (22, 24, 25). Lipid-supported
state 4 JO2 and JH2O2 were both higher in RG and WG
PmFBs from lipin-1-deficient mice (Fig. 3, A and B), indicat-
ing the potential for elevated basal flux through mitochon-
drial b-oxidation. Lipin-1 deficiency also increased lipid-
supported state 3 respiration in WG PmFBs (Fig. 3B), similar
to the greater b-oxidation flux capacity observed in PPARa-
overexpressing mice. Total muscle GSH and GSSG concen-
trations were not different between genotypes (data not
shown). However, muscle Prx3dim and Prx3deca levels were
significantly increased in lipin-1-deficient mice (Fig. 3C), in-
dicative of a more oxidized mitochondrial redox state.
Interestingly, the reduced form of Prx3 was also elevated,
reflecting a potential compensatory response. On the other
hand, the reduced form of cytosolic Prx2 was undetectable
in both the control (Lpin1þ /�) and lipin-1-deficient mice,
whereas the oxidized form, Prx2dim, was elevated in lipin-1-

Figure 1. Muscle-specific overexpression of PPARa
(MCK-PPARa B6N) increases basal flux through b-ox-
idation, H2O2 emission, and glucose intolerance in
chow-fed mice. A: blood glucose concentrations fol-
lowing intraperitoneal glucose injection and area
under the curve (AUC; inset) normalized to baseline
values (n =9 or 13 mice/group). B: rates of basal and
insulin-stimulated 3H-2-deoxyglucose uptake into
isolated soleus (Sol) and extensor digitorum longus
(EDL) muscles (n = 7 or 9 mice/group). The difference
(Diff.) between insulin-stimulated and basal rates is
also plotted. Values are means ± SE; �P < 0.05 com-
pared with WT. C and D: JO2 and DWm were meas-
ured simultaneously under state 4 conditions in
permeabilized fiber bundles (PmFBs) prepared from
red (RG) and white (WG) portions of the gastrocne-
mius muscle and supported by 20mM palmitoyl-CoA,
18mM palmitoyl-carnitine, and 5mM carnitine (closed
circle: WT; open square: MCK-PPARa). The open
circle in D represents PmFBs prepared from WT WG
supported by 1mM pyruvate, 10mM glutamate, and
2mM malate. E and F: maximal state 3 (1mM ADP)
JO2 (E) and state 4 JH2O2 (F) production were meas-
ured under identical lipid substrate conditions as in
C and D. Data are means ± SE; �P < 0.05 compared
with WT; n =5 or 11 mice/group.
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deficient mice (Fig. 3D), again consistent with an overall
increase in oxidant burden.

Effect of PPARa Overexpression in the Context of High-
Fat Diet

To determine if overexpression of PPARa on a B6N back-
ground may “hypersensitize” mice to high-fat-diet-induced
glucose intolerance, MCK-PPARa-overexpressing mice were
studied following 8 wk on a high-fat diet (45% kcal fat,
Research Diets, Inc., D12451). Remarkably, total body weight
and fat and lean body mass were lower in high fat-fed MCK-
PPARa mice (Fig. 4A). Food intake measurements proved
unreliable in the present study; however, Finck et al. (20) did
report similar food intake between MCK-PPARa and WT
mice, suggesting that the combination of PPARa overexpres-
sion and high-fat diet somehow elevates energy expenditure.
Glucose tolerance was slightly better in MCK-PPARa versus
WT mice (glucose dose based on lean mass; Fig. 4B). Similar
to data from low-fat-fed mice (Fig. 1), mitochondrial fatty

acid oxidation capacity was enhanced by PPARa overexpres-
sion, as evidenced by higher lipid-supported basal DWm and
JO2 (Fig. 4, C and D) and higher ADP-stimulated JO2 (Fig. 4E)
in both RG and WG muscles, coinciding with higher JH2O2

production (Fig. 4F) and a mild-to-moderate oxidative shift
in redox environment relative to WT mice fed a high-fat diet
(Supplemental Fig. S2).

Mitochondria-Targeted Catalase Rescues the MCK-
PPARa Phenotype

To determine if the elevated mitochondrial H2O2 produc-
tion in muscle induced by PPARa overexpression (Fig. 1F)
accounts for the phenotypic differences between the geno-
types, MCK-PPARa (B6N) mice were crossed with mice over-
expressing catalase, targeted to the mitochondria [MCAT
(B6N) (32)] to produce MCK-PPARa/MCAT (B6N) double
transgenic (DTG) mice. The presence of MCAT rescued the
glucose-intolerant phenotype associated with PPARa overex-
pression (Fig. 5A), which coincided with a normalization of
mitochondrial JH2O2 production in both permeabilized RG
and WG muscles (Fig. 5, C and E) in the face of persistently
elevated fatty acid oxidation rates (i.e., state 4 JO2 in Fig. 5, C
and E, and elevated DWm in Supplemental Fig. S3). Although
the ratio of GSH/GSSG was not different between genotypes
(not shown, similar to Fig. 3E), overexpression of catalase
did restore Prx3red, Prx3dim, Prx2red, and Prx3dim to control
levels (Fig. 5, D and F), consistent with a normalization of re-
dox homeostasis in the context of PPAR overexpression.
Surprisingly, however, both basal and insulin-stimulated
glucose uptake rates remained depressed in DTG mice de-
spite the overexpression of catalase (Fig. 5B), suggesting that
factors other than redox homeostasis contribute to the over-
all depression in muscle glucose uptake with PPARa overex-
pression. To further explore the underlying mechanism, we
quantified several proteins involved in glucose metabolism
and insulin signaling. Muscle GLUT4 protein levels overall
were lower in DTG compared with WT and MCK-PPARa
(B6N) mice, whereas hexokinase II levels were not different
between genotypes (Supplemental Fig. S4). Interestingly,
muscle from PPARa-overexpressing mice, regardless of the
presence of catalase, were characterized bymarked increases
in total and insulin-stimulated phospho-AKT (Thr308) and
phospho-AS160 (Thr642) levels (Fig. 6, A–D). However, the
phospho/total ratio for both AKT and AS160 under basal and
insulin-stimulated conditions was similar across genotypes.
These findings suggest that the PPARa-driven increase in
muscle fatty acid oxidation triggers a compensatory increase
in the expression of these insulin-signaling proteins in an
attempt to restore glucose uptake.

DISCUSSION

The present study reveals that genetically engineering an
increase in skeletal muscle b-oxidation capacity increases
the relative reliance on fatty acid oxidation at the whole
body level in vivo and drives an increase in muscle mito-
chondrial DWm and JH2O2 emission during fatty acid-sup-
ported respiration in vitro. In the context of a normal low-fat
diet, this shift in the balance of fuel utilization is associated
with an increase in energy expenditure rate, a reduced lean

Figure 2. GSH/GSSG and reduced/oxidized Prx2/3 in WT and MCK-
PPARa (B6N) muscle homogenates. A, C, and E: total GSH (A) and GSSG
(C) concentrations were measured in muscle homogenates prepared from
frozen TA and EDL muscle. The resulting GSH/GSSG ratios (E) are also
presented. B and D: relative levels of reduced (Prxred), oxidized-dimer
(Prxdim), and oxidized-decamer (Prxdeca) for Prx3 (B) and Prx2 (D) protein
measured in muscle homogenates by nonreducing Western blot analysis.
Representative blots are included above each graph (W = WT; M = MCK-
PPARa). Data are means ± SE; �P < 0.05 compared with WT; n = 7 or 9
mice/group. EDL, extensor digitorum longus; TA, tibialis anterior.
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mass, a more oxidized skeletal muscle redox environment,
and the development of whole body glucose intolerance that
coincides with reduced muscle glucose uptake. Genetically
enhancing mitochondrial H2O2 scavenging by co-expression
of mitochondria-targeted catalase normalizes mitochondrial
JH2O2 production in vitro and restores both muscle redox
environment and whole body glucose tolerance in vivo, con-
sistent with prior studies linking mitochondrial H2O2 pro-
duction and oxidative stress to high-fat-diet-induced insulin
resistance (27–31, 48, 49). Surprisingly, however, despite the
overexpression of catalase, both basal and absolute insulin-
stimulated rates of glucose uptake in muscle remained
depressed. Also surprising was that both total and insulin-
simulated phospho-AKT and AS160 expression were ele-
vated in muscle of both MCK-PPARa and DTG mice, consist-
ent with at least an attempted compensatory response.
Moreover, placing MCK-PPARa mice on a high-fat diet,
instead of causing weight gain, elicited significant loss of
whole body, fat, and lean mass and a slight improvement in
whole body glucose tolerance relative to WT mice. Together
the findings provide additional evidence that genetically
driving an increase inmuscle fatty acid oxidation in the con-
text of a normal low-fat diet increases mitochondrial reduc-
tive stress and cellular oxidant burden and decreases muscle
glucose uptake and whole body glucose tolerance. However,
the persistent decrease in basal and insulin-stimulated glu-
cose uptake in skeletal muscle of MCK-PPARa mice, coupled
with the phenotype when fed a high-fat diet, suggests that
overexpression of PPARa in muscle imposes a more exten-
sive metabolic stress than experienced by wild-type mice on
a high-fat diet.

The mitochondrial dysfunction model of insulin resistance
gained prominence more than 15years ago based on the asso-
ciative links observed between insulin resistance, cytosolic
lipid accumulation, and lower mitochondrial “function” (11),
the latter characterized by decreased mitochondrial enzyme
activity and fatty acid oxidation capacity measured in muscle
homogenates in vitro (4, 50–52) and lower rates of muscle
ATP synthesis and substrate oxidation measured by MRS at
rest in vivo (6,7, 53). That mitochondrial insufficiency repre-
sents an underlying cause of cytosolic bioactive lipid accumu-
lation and insulin resistance, however, has been challenged
both conceptually (54–56) and experimentally (57–63).
Moreover, mitochondrial respiration is governed by energy
demand, not supply, so in theory, merely altering the percent
reliance between carbohydrate- and lipid-based substrates
without changing the overall rate of reducing equivalent sup-
ply (i.e., DGredox) should have a minimal effect on the system.
For example, disruption of the muscle CDP-ethanolamine
pathway (deletion of CTP:phosphoethanolamine cytidylyl-
transferase gene) disrupts phospholipid synthesis and thereby
diverts fatty acids to alternative pathways, inducing intra-
myocellular and membrane-bound diacylglycerol accumula-
tion and greater reliance on fatty acid oxidation when mice
are placed on a high-fat diet (64). However, despite an
increase in muscle mitochondrial content and oxidative
capacity, energy expenditure and insulin sensitivity are nor-
mal in standard chow-fed mice, and insulin resistance in
response to high-fat feeding develops similarly in the wild-
type and knockout mice (64). In MCK-PPARa mice on a low-
fat diet [present study and Ref. (20)], the increase in expres-
sion of mitochondrial b-oxidation enzymes appears to drive a

Figure 3. Lipid-supported JO2 and JH2O2 production
and Prx2/3 redox states in lipin-1-deficient (Lpin1�/�)
mouse muscle. A and B: JO2 (left y-axis) and JH2O2

(right y-axis) were measured in parallel experiments in
permeabilized fiber bundles (PmFBs) prepared from red
(RG) (A) and white (WG) (B) portions of the gastrocne-
mius muscle from Lpin1þ /� and Lpin1�/� mice. PmFBs
were supported by 20mM palmitoyl-CoA, 18mM palmi-
toyl-carnitine, 5mM carnitine, and 1mM ADP (only for
state 3 JO2). C and D: relative levels of reduced (Prxred),
oxidized-dimer (Prxdim), and oxidized-decamer (Prxdeca)
for Prx3 (C) and Prx2 (D) protein measured in muscle
homogenates by nonreducing Western blot analysis.
Representative blots are included above each graph.
Data are means ± SE; �P < 0.05 compared with
Lpin1þ /�; n = 7 or 8 mice/group.
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higher absolute (i.e., higher VO2 and energy expenditure) and
relative (i.e., lower RER) flux through b-oxidation in excess of
demand (i.e., no change in activity level), resulting in
increased supply-side reductive stress/pressure (i.e., DGredox),
elevated H2O2 generation, and more oxidized redox environ-
ment, which may at least partially contribute to the decrease
in glucose tolerance and muscle glucose uptake. Similar
effects have been observed in WT rodents exposed to high-fat
diets or high lipid loads (27, 60, 65), suggesting that high-fat
diets may affect muscle glucose uptake through a similar
mechanism. Conversely, blocking fatty acid entry into muscle
mitochondria limits flux through b-oxidation, increases intra-
myocellular accumulation of bioactive lipids, but preserves or
enhances insulin sensitivity even in the context of a high-fat
diet (20, 63, 66).

The bioenergetics of fat oxidation underscores the suscep-
tibility of mitochondrial and cytosolic redox environments
to oxidative stress when flux through b-oxidation is acceler-
ated. Fatty acids are the most electron dense of all the meta-
bolic substrates oxidized bymuscle, placing greater reducing

pressure on the ETS per mole of substrate. Being matrix con-
tained, the reducing equivalents generated by fatty acid oxi-
dation are almost entirely obligated to be oxidized by the
ETS, thus increasing reductive stress and the potential for
electron leak within the system. Glucose, on the other hand,
is less electron dense, and oxidation takes place in both cyto-
solic and matrix compartments. The advantage of the cyto-
solic compartment in minimizing oxidant production is the
presence of the pentose phosphate pathway enzymes and
lactate dehydrogenase, both of which minimize reducing
pressure on the ETS by shunting glucose and NADH oxida-
tion to anabolic and anaerobic pathways during periods of
low energetic demand. Besides the ETS, increased flux
through b-oxidation poses additional risk for electron leak
upstream because the acyl-CoA dehydrogenase-linked
FADH2 is not only intrinsically more prone to single elec-
tron loss, but both MCAD and VLCAD have been shown to
generate oxidants during electron transfer to the electron
transfer flavoprotein independent of DWm or other compo-
nents of the ETS (67, 68).

Figure 4. High-fat diet (HFD) induces marked metabolic
stress in MCK-PPARa (B6N) mice. A: whole body, fat, and
lean mass of WT and MCK-PPARa mice treated for 8wk
with HFD. B: blood glucose concentrations following intra-
peritoneal glucose injection (2.5g/kg fat-free mass) and
area under the curve (AUC) normalized to baseline values.
C and D: JO2 and DWm measured simultaneously under
state 4 conditions in permeabilized fiber bundles from red
(RG) (C) and white (WG) (D) portions of the gastrocnemius
muscle and supported by 20mM palmitoyl-CoA, 18mM pal-
mitoyl-carnitine, and 5mM carnitine. E and F: in separate
PmFBs, state 3 (1mM ADP) JO2 (E) and state 4 JH2O2 (F)
were measured under identical substrate conditions as C
and D. Data are means ± SE; �P < 0.05 compared with WT;
n =8 mice/group.
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The mechanism by which a more oxidized redox envi-
ronment interferes with insulin signaling remains elusive;
however, the work presented here suggests that the Prx
family of antioxidant proteins may play a role in the pro-
cess. Peroxiredoxins have extraordinarily high rate con-
stants, making them excellent scavengers of H2O2 (69).
Prxs also associate allosterically with protein kinases and
phosphatases, interactions that can change depending on
their redox and oligomerization state to affect signaling
(45). Alternatively, Prxs may affect insulin signal transduc-
tion by forming reversible mixed disulfide bonds with cys-
teine residues of regulatory or other signal-transducing
proteins (45). H2O2-induced interdisulfide exchange reac-
tions between Prx cysteines and cysteine thiols of tran-
scription factors have also been suggested as a mechanism
for rapidly regulating transcription factor activity (69),

which is interesting to consider given the marked upregu-
lation in Akt and AS160 expression. Finally, during high
oxidative stress, hyperoxidized Prx decamers have also
been reported to undergo a functional shift from peroxi-
dase to protein chaperone as a protective measure against
H2O2-induced cell death (46, 70). More research is needed
to investigate the roles of Prxs as signal transducers or
modulators of intracellular signaling, especially since dif-
ferent isoforms, redox states, oligomerization, posttransla-
tional modifications, and cellular compartmentalization
may further influence regulation.

A curious finding in the present study was the greater rate
of energy expenditure in MCK-PPARa mice, which appeared
to be accentuated in the context of a high-fat diet. Similar to
a previous report (20), weight gain, lean mass, and fat mass
were all markedly lower in MCK-PPARa relative to WT mice

Figure 5. Glucose tolerance, lipid-supported
JO2 and JH2O2 production, and Prx2/3 redox
states in WT, MCK-PPARa, and MCK-PPARa-
MCAT double transgenic (DTG) (B6N) mice. A:
blood glucose concentrations following intraper-
itoneal glucose injection and area under the
curve (AUC, inset) normalized to baseline values
(n = 17 or 19 mice/group). B: rates of basal, insu-
lin-stimulated, and delta (insulin minus basal,
inset) 3H-2-deoxyglucose uptake into extensor
digitorum longus (EDL) muscles (n = 7 mice/
group). C and E: state 4 JO2 (left y-axis) and
JH2O2 (right y-axis) measured in parallel experi-
ments during respiration supported by 20mM
palmitoyl-CoA, 18mM palmitoyl-carnitine, and
5mM carnitine in permeabilized fiber bundles
from red (RG) (C) and white (WG) (E) portions of
the gastrocnemius muscle (n =6 or 7 mice/
group). D and F: relative levels of reduced
(Prxred), oxidized-dimer (Prxdim), and oxidized-
decamer (Prxdeca) for Prx3 (D) and Prx2 (F) pro-
tein measured in muscle homogenates by nonre-
ducing Western blot analysis. Representative
blots are included (W = WT; M = MCK-PPARa; D =
DTG, n=6 or 7 mice/group). Data are means ±
SE; �P < 0.05 compared with WT; #P < 0.05
compared with MCK-PPARa.
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on a high-fat diet, implying that driving an increase in flux
through b-oxidation in skeletal muscle somehow accelerates
energy expenditure, possibly via some type of lipid-induced
uncoupling or futile cycling mechanism. Another possibility
is that the increase in mitochondrial H2O2 production
increases flux through redox buffering circuits, which ulti-
mately draws electrons from NADPH to reduce H2O2 to
2H2O. The resulting NADPþ in turn activates NNT, an inner
mitochondrial transmembrane protein that catalyzes the
resynthesis of NADPH by drawing on DWm and thereby
expending energy (71). Because the ETS as well as other
enzyme complexes (e.g., pyruvate dehydrogenase, succinate
dehydrogenase, enzymes in b-oxidation) appear to be ideally
suited for sensing energy balance through redox chemistry
(26, 72), the ensuing H2O2 production and flux through NNT-
linked redox buffering circuits represents a potential source

of energy expenditure to counterbalance the reductive stress
created during nutritional overload (36, 71). Regardless of
the mechanism(s), the findings suggest that strategies to pre-
vent or otherwise mitigate reductive stress may be an effec-
tive means of preventing or treating metabolic disease
stemming from chronic energy surplus.
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