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High dietary fat intake leads to insulin resistance in skeletal muscle, and this represents a major risk factor for
type 2 diabetes and cardiovascular disease. Mitochondrial dysfunction and oxidative stress have been impli-
cated in the disease process, but the underlying mechanisms are still unknown. Here we show that in skeletal
muscle of both rodents and humans, a diet high in fat increases the H,O,-emitting potential of mitochondria,
shifts the cellular redox environment to a more oxidized state, and decreases the redox-buffering capacity in
the absence of any change in mitochondrial respiratory function. Furthermore, we show that attenuating mito-
chondrial H,0; emission, either by treating rats with a mitochondrial-targeted antioxidant or by genetically
engineering the overexpression of catalase in mitochondria of muscle in mice, completely preserves insulin
sensitivity despite a high-fat diet. These findings place the etiology of insulin resistance in the context of mito-
chondrial bioenergetics by demonstrating that mitochondrial H,O; emission serves as both a gauge of energy
balance and a regulator of cellular redox environment, linking intracellular metabolic balance to the control

of insulin sensitivity.

Introduction

Obesity has become a worldwide epidemic, the consequences of
which represent a major health care challenge in the 21st century.
A decrease in the sensitivity of skeletal muscle to insulin is one of
the earliest maladies associated with obesity, and its persistence
is a prominent risk factor for type 2 diabetes and cardiovascular
disease. The accumulation of lipid in skeletal muscle has long
been associated with the development of insulin resistance (1),
a maladaptive response that is currently attributed to the gen-
eration and intracellular accumulation of proinflammatory lipid
metabolites (e.g., fatty acyl-CoAs, diacylglycerols, and/or cerami-
des) and associated activation of stress-sensitive serine/threonine
kinases that antagonize insulin signaling (2-4). Skeletal muscle
of obese individuals is also characterized by profound reductions
in mitochondrial function, as evidenced by decreased expression
of metabolic genes (5, 6), reduced respiratory capacity (7-9), and
mitochondria that are smaller and less abundant (9), leading
to speculation that a decrease in the capacity to oxidize fat due
to acquired or inherited mitochondrial insufficiency may be an
underlying cause of the lipid accumulation and insulin resistance
that develops in various metabolic states (10, 11).
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Oxidative stress has also been implicated in the etiology of
insulin resistance associated with type 2 diabetes, based in part
on the established role ROS play in the endothelial, renal, and
neural complications associated with hyperglycemia in late-stage
diabetes (12). Numerous studies have provided indirect evidence
of a potential link between oxidative stress and insulin resistance
using nonspecific general antioxidant treatments (13-18). More
direct evidence was recently provided in cultured adipocytes using
a mitochondrial-targeted strategy in which ROS were shown to
play a causal role in the development of both TNF-a and gluco-
corticoid-induced insulin resistance (19). However, the nature and
molecular source of ROS, the mechanisms governing production,
and its relevance to high-fat diet-induced insulin resistance, the
most prevalent form of the disease, remain unknown.

In addition to providing energy for the cell, mitochondria are
now recognized as an important site for the generation, dispensa-
tion, and removal of a number of intracellular signaling effectors,
including hydrogen peroxide (H,0O,), calcium, and nitric oxide. In
fact, the emission rate of H,O, from mitochondria, which reflects
the balance between the rate of electron leak/superoxide formation
from the respiratory system and scavenging of H,O; in the matrix,
varies over a remarkably consistent range across diverse forms of
aerobic life (20). Once in the cytosol, H,O; can alter the redox state
of the cell by either reacting directly with thiol residues within
redox-sensitive proteins or shifting the ratio of reduced glutathione
to oxidized glutathione (GSH/GSSG), the main redox buffer of the
cell. Thus, the rate at which H,O, is emitted from mitochondria is
considered an important barometer of mitochondrial function and
modulator of the overall cellular redox environment (21).
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Figure 1

High-fat diet increases the mitochondrial H,O, emission potential in
skeletal muscle. (A) Representative trace comparing rates of mito-
chondrial H,O, emission under state 4 conditions (10 ug/ml oligo-
mycin) in permeabilized skeletal muscle fibers prepared from a red
gastrocnemius muscle of rats fed standard chow (Std chow), high-fat
diet (HF; lard) for 3 days, or a high-fat (60%) diet for 3 weeks. The
experiment was initiated by addition of glutamate/malate (GM, 5 uM/
2 uM) to a deenergized fiber bundle (FB), followed by successive addi-
tions of succinate (final concentration shown in mM). (B) Quantified
rates of experiments shown in A. Data represent mean + SEM; n = 4,
*P < 0.05 vs. Std chow.

Two recent studies have provided evidence that the rate of mito-
chondrial H,O, emission is significantly greater when basal res-
piration is supported by fatty acid- versus carbohydrate-based
substrates (22, 23), raising the possibility that mitochondrial
H,O; emission may be a primary factor in the etiology of insulin
resistance. The purpose of the present study was to more closely
examine the potential link between mitochondrial bioenergetics/
function and the etiology of high-fat diet-induced insulin resis-
tance in skeletal muscle by (a) determining the influence of both
acute and chronic high dietary fat intake on the control of mito-
chondrial H,O; emission, respiratory function, and overall redox
environment in skeletal muscle of both rodents and humans; and
(b) determining the impact of novel mitochondrial targeted phar-
macological and transgenic antioxidant approaches on insulin
sensitivity. Our findings reveal that both acute and chronic high
dietary fat intake lead to a dramatic increase in the H,O,-emit-
ting potential of mitochondria in the absence of any change in
respiratory function, generating a shift to a more oxidized cellular
redox environment that, if persistent, leads to the development of
insulin resistance in skeletal muscle.

Results

High-fat diet increases mitochondrial H,Oemitting potential. To deter-
mine the potential impact of high dietary fat intake on the control
of cellular redox balance in skeletal muscle, we used an approach
previously developed by our group to measure the rate of mito-
chondrial H,O; emission in permeabilized skeletal muscle fiber
bundles (22, 24). During basal state 4 respiration supported by
NADH-linked complex I substrates, the rate of superoxide for-
mation is low, representing 0.1%-0.5% of total O, utilization (23,
24). However, respiration supported exclusively by succinate, an
FADH,-linked complex II substrate, elicits high rates of superoxide
production by generating reverse electron flow back into complex I
(23-26). To provide a better measure of the respiratory system’s
potential to generate and/or emit H,O; in relation to a progres-
sively increasing supply of reducing equivalents (without a change
in ATP demand), we continuously monitored changes in H,O,
emission in response to titration of succinate during state 4 respi-
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ration supported by the complex I substrates pyruvate and malate.
By plotting the rate of H,O, emission verses succinate concentra-
tion, we reasoned that a leftward shift in the curve would indicate
an increase, whereas a rightward shift would indicate a decrease,
in the H,O,-emitting potential of the respiratory system. Surpris-
ingly, switching rats from a standard high-carbohydrate chow diet
to 100% fat (lard) for 3 days or a 60% high-fat diet for 3 weeks
induced a remarkable 3- to 4-fold increase in the maximal rate of
mitochondrial H,O; emission, with little to no change in sensitiv-
ity (Figure 1, A and B). Addition of rotenone at the conclusion of
succinate titration eliminated H,O, emission (data not shown),
confirming complex I as the source of superoxide production in
both control and high-fat diet-fed rats. Mitochondrial H,O5-emit-
ting potential was also assessed by titrating pyruvate/malate in the
presence of antimycin A (complex III inhibitor), again revealing
a greater than 2-fold-higher maximal rate of H,O, emission in
high-fat diet-fed rats (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI37048DS1).
These findings demonstrate that the mitochondrial H,O,-emit-
ting potential in skeletal muscle is markedly increased within as
few as 3 days after transitioning to a high-fat diet.

SS831 prevents the increase in mitochondrial H,Oz-emitting potential.
To further examine the factors governing mitochondrial H,O,
emission in the context of a high-fat diet, we turned to a recently
developed cell-permeable small peptide antioxidant, SS31. SS31
is unique in that it localizes specifically within the mitochondrial
inner membrane, where it scavenges electrons without affecting
membrane potential or respiratory control (27). This small peptide
antioxidant has been found to effectively reduce superoxide pro-
duction in hearts subjected to myocardial stunning (27), in pan-
creatic islet cells after transplantation (28), and in animal models
of Parkinson and amyotrophic lateral sclerosis diseases (29, 30).
We initially established in vitro (Figure 2A) and in vivo (Figure 2B)
dose-response curves for SS31 under maximal H,O,-producing
conditions, both of which revealed greater than 50% reduction in
mitochondrial H,O; emission when compared with vehicle (saline)
and/or SS20 (small peptide without antioxidant properties). Next,
we placed rats on a high-fat diet (60%) for 6 weeks with or without
daily administration of SS31. Succinate titration experiments con-
ducted on permeabilized fibers again revealed a remarkable, 3-fold
increase in the maximal rate of H,O, emission in high-fat diet-fed
rats (Figure 2C). Parallel experiments using palmitoylcarnitine
plus malate, a more physiological substrate combination, also
generated a nearly 2-fold greater rate of H,O, emission in permea-
bilized fibers from high-fat diet-fed rats (Figure 2D). However, in
high-fat diet-fed rats treated with SS31, the increase in mitochon-
drial H,O,-emitting potential during both succinate or palmitoyl-
carnitine supported respiration was completely prevented (Figure
2, C and D). Basal respiration supported by pyruvate/malate was
slightly increased in fibers from high-fat diet-fed rats, suggesting
some degree of uncoupling (Figure 2E). However, in high-fat diet-
fed rats, basal rates of pyruvate/malate- or palmitoylcarnitine-sup-
ported respiration were not affected by SS31 treatment (Figure 2,
E and F), indicating that the normalization of H,O, emission with
SS31 treatment was not mediated by an increase in proton leak.
No evidence of mitochondrial dysfunction (maximal ADP-stimu-
lated respiration; Figure 2, E and F) or oxidative stress, at least with
respect to the levels of the lipid peroxide derivative 4-hydroxy-non-
enal (data not shown), was found in muscle of high-fat diet-fed
rats with or without SS31 treatment. SS31 treatment also had
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Figure 2

The mitochondrial-targeted antioxidant SS31 prevents the increase in mito-
chondrial H>O,-emitting potential caused by high-fat diet in red gastrocnemius
skeletal muscle of rats. (A and B) Dose-response curves for mitochondrial
H>0, (mH20,) emission following in vitro or in vivo administration of SS31.
(A) Permeabilized fibers were briefly incubated in a range of SS31 concen-
trations prior to being assayed for maximal H.O, emission under state 4 con-
ditions (5 mM pyruvate/2 mM malate, 10 ug/ml oligomycin) in the presence of
the complex Il inhibitor antimycin A (10 uM). (B) Permeabilized fibers were
assayed for maximal succinate-induced (3 mM) mitochondrial H,O, emission
under state 4 conditions (10 ug/ml oligomycin) approximately 2 hours follow-
ing an acute intraperitoneal injection of SS20 (control peptide, 5 mg/kg) or
varied concentrations of SS31. (C and D) SS31 ameliorates the increased
mitochondrial H.O, emission caused by high-fat diet. Permeabilized fibers
were prepared from rats fed (6 weeks) standard chow, high-fat diet, or high-
fat diet with daily SS31 administration, and H>O, emission was measured
during state 4 respiration (10 ug/ml oligomycin) supported by (C) succinate
(as described in Figure 1) or (D) palmitoylcarnitine (25 uM) and malate
(2 mM). (E and F) High-fat diet increases basal respiration with NADH-linked
substrates, but SS31 has no effect. Permeabilized fibers were prepared from
rats treated as indicated above, and respiration was measured with (E) pyru-
vate/malate (5 mM/2 mM) or (F) palmitoylcarnitine/malate (25 uM/2 mM) in both
basal respiratory state 4 (PMs, PCM,) and maximal ADP-stimulated (2 mM)
respiratory state 3 (PM3, PCMjg). Data represent mean + SEM; n = 4-6,
*P < 0.05 vs. Std chow; tP < 0.05 vs. Std. chow and SS31-treated.
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GSH, the most abundant redox buffer in cells, participates in
maintaining the redox state of many of these sulfur switches
as well as the overall reduced environment of the cell. GSH is
also reversibly oxidized to GSSG by glutathione peroxidase in
the presence of H,O,. Thus, the GSH/GSSG ratio is extremely
dynamic, reflecting the cellular redox environment, which
in turn regulates the biological status of the cell (21, 31).
To determine whether the high-fat diet-induced increase
in H,Os-emitting potential measured in situ is related
to changes in the cellular redox environment in vivo, we
measured both GSH and GSSG in skeletal muscle of chow-
fed and high-fat diet-fed rats under 2 conditions: after a
10-hour fast and 1 hour after administration of a standard
glucose load (oral gavage, 10-hour fasted). In chow-fed con-
trols, glucose ingestion elicited an approximately 2-fold
increase in GSSG (Figure 3A) and an approximately 50%
reduction in the GSH/GSSG ratio (Figure 3B), presumably
reflecting an increase in mitochondrial H,O, emission in
response to the insulin-stimulated increase in glucose uptake
and oxidation. In high-fat diet-fed rats, the GSH/GSSG ratio
was already reduced by approximately 50% in the 10-hour
fasted state relative to that in chow-fed controls and declined
further in response to glucose ingestion (Figure 3B), consis-
tent with a further increase in GSSG (Figure 3A). Interestingly,
SS31 treatment completely prevented the acute increase in
GSSG and decrease in GSH/GSSG ratio in response to glu-
cose ingestion, providing evidence that the acute change in
redox state is indeed mediated by H,O; released by the mito-
chondria. Nevertheless, total cellular glutathione content
(GSH,) decreased by approximately 30% in high-fat diet-fed
rats, irrespective of SS31 treatment (Figure 3C), suggesting
that high fat intake compromises total GSH-mediated redox
buffering capacity in skeletal muscle.

H,0; emission links mitochondria to insulin sensitivity. To fur-
ther test whether mitochondrial H,O; emission and/or
intracellular redox environment may be linked to the etiolo-
gy of high-fat diet-induced insulin resistance, we performed
oral glucose tolerance tests in rats after the 6-week high-
fat diet (Figure 4, A and B). Greater AUCs for both blood
glucose and insulin (Figure 4C) and increased homeostatic
model assessment index (HOMA; Figure 4D) confirmed the
development of insulin resistance in high-fat diet-fed rats.
Treatment of high-fat diet-fed rats with SS31 completely
blocked the development of insulin resistance (Figure 4, C
and D). To further assess insulin sensitivity, we measured
the phosphorylation state of the insulin signaling protein
Akt in skeletal muscle of animals after a 10-hour fast or
1 hour after they received an oral glucose load. In response to
glucose ingestion, Akt phosphorylation increased approxi-
mately 5-fold in skeletal muscle of chow-fed controls but was

no affect on weight gain in high-fat diet-fed rats (Supplemental
Figure 2). Collectively, these findings demonstrate that admin-
istration of a mitochondrial targeted antioxidant is sufficient to
prevent or compensate for the increase in mitochondrial H,O,-
emitting potential induced by a high-fat diet.

High-fat diet shifts cellular redox environment to a more oxidized state.
Itis increasingly recognized that the intracellular localization and
activity of many proteins (e.g., receptors, kinases/phosphatases,
transcription factors, etc.) is reversibly controlled by the oxida-
tion status of specific thiol-containing (SH-containing) residues.
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unchanged in high-fat diet-fed rats (Figure 4E and Supplemental
Figure 3), confirming the presence of insulin resistance at the level
of insulin signaling. Treatment of high-fat diet-fed rats with SS31
completely preserved Akt phosphorylation in response to glucose
ingestion, again indicating maintenance of insulin sensitivity.

To specifically determine whether mitochondrial H,O, emis-
sion is a primary factor in the development of diet-induced
insulin resistance, we studied transgenic CS7BL/6J mice overex-
pressing human catalase targeted specifically to mitochondria in
skeletal and cardiac muscle (MCAT mice) (32). Catalase, which is
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High-fat diet shifts the intracellular redox environment to a more oxidized state in skeletal muscle. (A and B) SS31 prevents the increase in GSSG
and decrease in GSH/GSSG ratio in response to acute glucose ingestion. GSSG content (A) and GSH/GSSG ratio (B) were measured before
(=) and 1 hour after (+) oral glucose ingestion in red gastrocnemius muscle of rats (10-hour-fasted) fed standard chow, high-fat diet (6 weeks),
or high-fat diet with daily SS31 treatment. (C) Muscle GSH; in standard chow—fed, high-fat diet-fed, and high-fat diet-fed plus SS31-treated rats.

Data represent mean + SEM; n =
glucose injection; ¥P < 0.05 vs. all other groups.

normally localized only in peroxisomes, catalyzes the reduction
of H,O; to H,O. Similar to rats, wild-type littermates maintained
on a high-fat diet generated 2.5-fold-higher rates of mitochon-
drial H,O; emission in response to succinate titration when com-
pared with wild-type mice on a standard chow diet. By contrast,
H,0; emission rates in MCAT mice on a high-fat diet were well
below rates obtained in wild-type mice on the high-fat diet. H,O,
emission rates were lowest in MCAT mice on standard chow (Fig-
ure 4F). Similarly, GSH, which decreased in wild-type mice on a
high-fat diet, was preserved in MCAT mice on the high-fat diet
(Supplemental Figure 4). We next performed hyperinsulinemic-
euglycemic clamps on MCAT and wild-type mice maintained
on either a high-fat or standard chow diet. In high-fat diet-fed
mice, mitochondrial targeted catalase activity in muscle preserved
both whole-body insulin sensitivity (glucose infusion rate during
clamp; Figure 4G) and muscle-specific rates of insulin-stimulated
glucose uptake (Figure 4H). These data confirm mitochondria as
the source of H,O, and demonstrate that mitochondrial H,O,
emission is a primary factor linking high fat intake to the etiology
of insulin resistance in skeletal muscle.

Figure 4

Mitochondrial-targeted scavenging of H>O: prevents high-fat diet—
induced insulin resistance in skeletal muscle. (A—D) Whole body insulin
sensitivity is preserved in high-fat diet—fed rats treated with SS31. (A)
Plasma glucose and (B) plasma insulin concentrations in response to
oral glucose challenge. (C) AUC (arbitrary units) for both glucose and
insulin and (D) HOMA, a fasting index of insulin action. Data represent
mean + SEM; n = 9-10; *P < 0.05 vs. Std chow; TP < 0.05 vs. SS31-
treated. (E) Preserved insulin signaling in high-fat diet—fed animals
treated with SS31. Phosphorylated Akt relative to total Akt in response
to glucose challenge in red gastrocnemius muscle (representative
blots shown in Supplemental Figure 2). Data represent mean + SEM,;
n = 4-5; SP < 0.05 vs. before glucose challenge. (F-H) Targeted
expression of MCAT prevents high-fat diet—induced increase in mito-
chondrial H>.O, emission and insulin resistance in transgenic mice. (F)
Succinate stimulated H.O. emission (as described in Figure 1) during
state 4 respiration (10 ug/ml oligomycin) in permeabilized red gastroc-
nemius fibers prepared from wild-type and MCAT mice (4- to 5-hour
fasted) fed standard chow or high-fat (60%) diet for 12 weeks. (G) Glu-
cose infusion rate (GIR) during hyperinsulinemic-euglycemic clamps.
(H) Rate of glucose uptake (Rg) in soleus (Sol), gastrocnemius (G),
and vastus lateralis (VL) skeletal muscle from mice in G. Data repre-
sent mean + SEM; n = 4 for mH20, and n = 9-11 for glucose-clamp
experiments; 1P< 0.05 vs. WT-std chow; #P < 0.05 vs. MCAT-HF;
*P < 0.05 vs. WT-HF and MCAT-std chow.
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4-6, *P < 0.05 vs. corresponding fasted state (i.e., before glucose injection); P < 0.05 vs. Std chow before

Obesity/diet alter mitochondrial H,0; emission in humans. To fur-
ther explore the relationship between mitochondrial H,O; emis-
sion and insulin resistance, and to determine whether the same
phenomena occur in humans, we measured the control of mito-
chondrial H,O, emission and respiration in permeabilized skeletal
myofiber bundles obtained by muscle biopsy from lean, insulin-
sensitive (BMI, 21.6 + 1.2 kg/m? HOMA, 1.2 + 0.4) and obese, insu-
lin-resistant (BMI, 43.0 + 4.1 kg/m? HOMA, 2.5 + 0.7; P < 0.05)
male human subjects. Mitochondrial H,O, emission was approxi-
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mately 2-fold higher in obese versus lean individuals in response
to titration of succinate (Figure SA) and nearly 4-fold higher dur-
ing basal respiration supported by fatty acid (Figure 5B). Despite
the difference in H,O, emission, the basal O, utilization rate was
similar in lean and obese subjects (Figure SC); consequently, the
rate of mitochondrial free radical leak was approximately 2-fold
higher during glutamate/malate/succinate-supported and greater
than 4-fold higher during palmitoylcarnitine-supported basal res-
piration (Figure 5D). Maximal ADP-stimulated O, consumption
was approximately 35% lower in permeabilized myofibers from the
obese subjects (Figure 5C), consistent with the reduced respira-
tory capacity and mitochondrial content previously reported in
muscle of obese individuals (9). As was observed in rodents fed a
high-fat diet (Figure 3 and Supplemental Figure 4), both cellular
GSH; and the GSH/GSSG ratio were approximately 50% lower in
skeletal muscle of obese humans (Figure SE). For the subjects as a
group, the GSH/GSSG ratio was negatively correlated with both
BMI and HOMA (Supplemental Figure 5), providing evidence that
shifts in intracellular redox environment reflect the overall meta-
bolic status of cells.

To determine whether excess dietary lipid intake can acutely
affect mitochondrial H,O; emission in lean, insulin-sensitive
humans, muscle biopsies were obtained from lean (BMI, 20-25
kg/m?) male subjects before (12-hour fasted) and 4 hours after
consumption of a high-fat meal (35% of daily energy expendi-
ture; 60%-65% fat), and after 5 days of consumption of a similar
high-fat diet (12-hour fasted). Remarkably, within 4 hours after
consumption of a high-fat meal, maximal mitochondrial H,O,
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Figure 5

Mitochondrial H.O» emission is higher in human obese
males and acutely increases in lean males following a
high-fat meal. (A and B) Mitochondrial H,O, emission
in permeabilized fibers prepared from vastus lateralis of
obese and lean human males during state 4 respiration
(10 ng/ml oligomycin) supported by (A) succinate (as
described in Figure 1) or (B) palmitoylcarnitine (25 uM)
and malate (2 mM). (C) O, consumption rate determined
from parallel experiments during glutamate/malate- or
palmitoylcarnitine/malate-supported basal state 4 (GMs,
PCM,) and maximal ADP-stimulated (2 mM) state 3 (GMs,
PCM;) respiration. (D) Ratio of H,O, emitted to O, con-
sumed under state 4 conditions. (E) GSH/GSSG ratio and
GSH; in skeletal muscle from lean verses obese subjects.
(F and G) High-fat diet increases mitochondrial H,O, emis-
sion in lean males. Mitochondrial H>O» emission measured
during (F) succinate- and (G) palmitoylcarnitine-supported
state 4 respiration (10 ug/ml oligomycin) in permeabilized
fibers prepared from lean males before (10-hour fasted)
and 4 hours after a high-fat meal and after 5 days on a
high-fat diet (10-hour fasted). (H) GSH/GSSG ratio and
muscle GSH; in lean males in response to both acute
and 5-day lipid ingestion. Data represent mean + SEM;
n=5-9; *P < 0.05 vs. lean or fasted male (control) for that
respective experiment.
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emission was increased by more than 2-fold in response to suc-
cinate titration (Figure SF) and during state 4 respiration sup-
ported by palmitoylcarnitine plus malate (Figure SG). Moreover,
this heightened mitochondrial H,O,-emitting potential persisted
through the 5-day high-fat diet regimen. Cellular GSH/GSSG ratio
decreased by approximately 50% within 4 hours after consumption
of the high-fat meal and remained at this level through the 5-day
high-fat diet (Figure SH), again indicative of a shift in redox envi-
ronment to a more oxidized state. Total cellular GSH content did
not significantly change (Figure SH). These findings demonstrate
that the factors governing mitochondrial H,O, emission and the
cellular redox environment in skeletal muscle are remarkably sen-
sitive to dietary lipid intake.

Discussion
Although excess lipid accumulation has long been associated with
the development of insulin resistance in skeletal muscle (33, 34),
more recent research has provided evidence that oxidative stress
may be a major determining factor in the loss of both insulin sen-
sitivity and mitochondrial function associated with high dietary
fat intake and obesity (13, 19). However, oxidative stress itself is
a rather vague concept, typically viewed as the consequence of an
imbalance between pro-oxidants and antioxidants sufficient to
cause oxidative modification/damage of macromolecules. In the
much broader context of redox systems biology, redox signaling
mechanisms function well below the threshold of “oxidative stress”
and are critical to maintaining cellular homeostasis (31, 35). In this
context, there are 3 main findings from the present study. First, our
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results establish mitochondrial H,O, emission and the resulting
shift to a more oxidized redox environment, in the absence of any
evidence of mitochondrial dysfunction, as an underlying cause of
high-fat diet-induced insulin resistance in skeletal muscle. This is
supported by experiments that utilized a mitochondrial-targeted
small peptide antioxidant in rats and a muscle-specific mitochon-
drial-targeted H,O; scavenger in transgenic mice, both of which
completely prevented the development of insulin resistance with
high-fat feeding. Second, our findings reveal that the muscle redox
environment, as reflected by both the GSH/GSSG ratio and GSH,,
is remarkably sensitive to nutritional intake, shifting to a more
oxidized state in response to both acute (e.g., glucose ingestion)
and chronic (e.g., high-fat diet) food ingestion. These data are con-
sistent with the fact that cytosolic GSH is the primary redox buf-
fer for H,O; emitted from mitochondria. Third, high dietary fat
intake also increases the maximal H,O,-emitting potential of mito-
chondria in skeletal muscle, providing evidence of a fundamental
change in either the governance of the rate of electron leak from
the electron transport system or the rate of H,O, scavenging in the
mitochondrial matrix. Together these findings provide strong evi-
dence that mitochondrial H,O; is a critical factor in the etiology
of high-fat diet-induced insulin resistance and that its production
and emission serve as both a gauge of energy balance (i.e., reducing
potential of the electron transport system) and regulator of redox
state within myofibers, ultimately linking cellular metabolic bal-
ance to the control of insulin sensitivity.

The present study places the etiology of high-fat diet/obesity-
induced insulin resistance in the context of mitochondrial bioener-
getics; that is, on the mechanisms governing electron flux through,
and electron leak from, the respiratory system. Cellular respiration
is generally regarded as a demand-driven process, meaning that
the rate of electron flux through the electron transport system,
and thus oxygen consumption, is determined by the rate at which
protons reenter the mitochondrial matrix due to leak through the
inner membrane (e.g., basal respiration) or flux through the ATP
synthase enzyme, the latter largely governed by the rate of cellu-
lar ATP utilization. When cells are in metabolic balance, substrate
uptake and catabolism rates through the metabolic pathways are
matched to energy demand, ensuring that reducing equivalents
(i.e., NADH, FADH,) are provided at a rate sufficient to support
respiratory demand. However, mounting evidence suggests that
when cells are out of metabolic balance, the oversupply of sub-
strates has a demonstrable impact on cell function. Koves et al.
(36) have recently reported the presence of ketone bodies and the
accumulation of partially oxidized fatty acids in skeletal muscle
of rats fed a high-fat diet, implying that an oversupply of lipids
overwhelms the -oxidation and TCA cycle pathways, generating
metabolic intermediates that otherwise are not present. The gen-
eration of surplus reducing equivalents would in turn be expected
to elevate the redox state of complex I and/or the ubiquinone pool.
Under resting conditions, the rate of electron leak from complex I
is extremely sensitive to redox state/membrane potential (37-40),
such that even a small surplus of reducing equivalents would be
predicted to elicit an exponential increase in the rate of superoxide
production and H,O; emission from mitochondria. In the present
study, we observed a near doubling of GSSG and approximately
50% reduction in GSH/GSSG ratio in muscle of both control and
high-fat diet-fed rats within 1 hour after oral glucose gavage (Fig-
ure 3, A and B). This is consistent with insulin stimulating glucose
uptake and flux through metabolism, generating an increase in
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mitochondrial H,O; emission that is in turn buffered by GSH. The
response to carbohydrate ingestion, however, is likely transient,
owing to the rapid clearance of glucose. By contrast, a diet high
in fat generated a persistent reduction in GSH/GSSG (i.e., evident
even after 12-hour fast; Figure 3B and Figure S, E and H), suggest-
ing that the clearance and metabolism of dietary lipids may elicit
a more sustained elevation in H,O; emission, shifting the cellular
redox environment to a more persistent oxidized state.

At least 3 additional factors may be contributing to a more oxi-
dized redox environment when skeletal muscle is under lipid over-
load. The marked increase in the maximal H,O,-emitting potential
of the mitochondria in permeabilized fibers, even within 4 hours
after consumption of a high-fat meal, is particularly striking.
Increased mitochondrial H,O, emission could occur as a result
of an increased rate of superoxide production, a decreased rate of
H,0; scavenging in the matrix, or a combination of both. A more
oxidized redox environment does lead to glutathionylation and/or
nitrosation of protein thiols within complex I of the respiratory
chain, both of which accelerate electron leak from complex I (41,
42). Interestingly, both redox modifications of complex I require a
significant portion of the mitochondrial GSH pool to be oxidized
and are readily reversed by restoration of GSH/GSSG ratios, pro-
viding further evidence of regulation exerted by reversible redox
modification (43, 44). A second factor may be related to mito-
chondrial morphology. In skeletal muscle, mitochondria exist as
an interconnected reticular network that is thought to facilitate
transmission of membrane potential as well as the distribution
of antioxidant activities (45). Increased mitochondrial ROS gen-
eration induces rapid fission of the reticulum (46) and, in cells
exposed to high glucose, accelerates mitochondrial ROS emission
(47). A decrease in the total redox buffer capacity within the cyto-
sol and/or mitochondria is a third potential factor contributing to
a shift to a more oxidized redox environment. Although mitochon-
drial-specific GSH is difficult to measure, GSH, was significantly
lower in muscle of high-fat diet-fed rodents and obese humans
(Figure 3B, Figure SE, and Supplemental Figure 4), likely reflecting
loss from the cytosol as well as various subcellular compartments.
Both synthesis of GSH and efflux of GSSG from cells are acutely
influenced by several factors in addition to H,O, including nitric
oxide and fatty acids (21), potentially explaining why SS31 failed
to protect against the diet-induced loss of GSH,. Nevertheless,
these findings raise the intriguing possibility that postprandial
mitochondrial H,O, emission may be a key factor in the develop-
ment of insulin resistance associated with high-fat diets.

Research conducted over the past decade has demonstrated that
both obesity and aging are associated with reduced mitochondrial
function in skeletal muscle in conjunction with lower whole-body
insulin sensitivity (9, 48, 49). In view of the evidence also supporting
a link between excess lipid accumulation and insulin resistance in
muscle (2, 3), a popular theory emerged to suggest that acquired or
inherited mitochondrial dysfunction limits the capacity to oxidize
fats in skeletal muscle and thus represents the mechanism underly-
ing the accumulation of lipid metabolites and the development of
insulin resistance (10, 11). This interpretation, however, is incom-
patible with the principles of mitochondrial bioenergetics in that
the rate of oxidative metabolism within any cell is determined by (a)
the rate of proton leak across the inner membrane and (b) the rate
of ATP utilization, the capacity for which greatly exceeds substrate
oxidation rates measured at rest (particularly in skeletal muscle).
Thus, the intracellular accumulation of lipid metabolites more
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likely reflects the simple consequence of fatty acid supply exceed-
ing metabolic demand, regardless of mitochondrial content. In fact,
transitioning to a high-fat diet initially induces an increase, not a
decrease, in mitochondrial biogenesis and fatty acid oxidative capac-
ity in skeletal muscle (50, 51), presumably as an adaptive response to
the elevated lipid load. Moreover, Bonnard et al. (13) recently report-
ed that deteriorations in mitochondrial structure and function in
skeletal muscle of mice appear only after several months of high-fat
feeding, well after insulin resistance has developed. The implication
is that mitochondrial dysfunction, similar to insulin resistance, is
a consequence rather than a primary cause of the altered cellular
metabolism that develops with nutritional overload (13).

The results of the present study suggest that the biological
status of skeletal myofibers, including the degree of insulin sen-
sitivity, is functionally linked to the redox state of the cell. With
this mechanism, the reducing potential of the electron transport
system provides a means for the cell to sense metabolic imbal-
ance, while the emission of H,O, from the mitochondria provides
a means of initiating an appropriate counterbalance response
— shifting the redox state and decreasing insulin sensitivity in an
attempt to restore metabolic balance. The generation of surplus-
reducing equivalents appears to be the critical factor, as transgenic
mice engineered to increase flux through f-oxidation specifically
in muscle develop severe insulin resistance despite being protected
from high-fat diet-induced obesity (52), whereas mice with limited
pB-oxidative capacity in muscle maintain normal insulin sensitiv-
ity on a high-fat diet despite lipid accumulation in muscle and
the development of obesity (52, 53). A number of stress-sensitive
signaling kinases that target and disrupt IRS-1 signaling, most
notably NF-kB/IxB/IKKf, are activated by shifting to a more
oxidized redox environment (54). Blocking the NF-kB pathway,
either pharmacologically or genetically, has been shown to protect
against high-fat diet-induced insulin resistance (55). However, fur-
ther work will be required to identify the redox-sensitive signaling
mechanisms affecting insulin sensitivity.

Linking mitochondrial bioenergetics to the etiology of insulin
resistance has a number of clinical implications. First, it is impor-
tant to recognize that pharmacological approaches designed to
improve insulin-stimulated glucose uptake without a correspond-
ing increase in metabolic demand may exacerbate the underlying
problem, pushing the intracellular redox environment further
toward an oxidized state. Second, the present study demonstrates
that the use of a mitochondrial-targeted antioxidant represents a
potentially effective counterbalance strategy for treating insulin
resistance and other diseases associated with chronic metabolic
imbalance. It is worth noting that recent studies using general anti-
oxidant therapeutics for the prevention and treatment of insulin
resistance have led to disappointing and even contradictory results
(56-58). Thus, the development of an antioxidant targeted specifi-
cally to mitochondria is an important experimental advance that
could have important therapeutic implications. Third, relieving
the reducing potential through introduction of a mitochondrial
uncoupler represents an alternative approach, although the degree
of uncoupling must be carefully controlled to avoid excessive heat
production (59). Finally, linking mitochondrial bioenergetics to
insulin sensitivity provides a mechanistic basis for the clinical strat-
egies that have proven most effective in treating obesity-induced
insulin resistance and type 2 diabetes; i.e., simply reestablishing cel-
lular metabolic balance by limiting caloric intake and/or increasing
metabolic demand through increased physical activity.
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Methods

Materials, reagents, animals, and diet. Amplex Red Ultra reagent was obtained
from Invitrogen. HRP and methyl-2-vinylpyridinium triflate were obtained
from Fluka Biochemika (Sigma-Aldrich), and all other chemicals were
purchased from Sigma-Aldrich. Antibodies for Akt and phospho-Akt
were obtained from Cell Signaling Technology. All animal studies were
approved by the East Carolina University Institutional Animal Care and
Use Committee. Male Sprague-Dawley rats (8 weeks old) were obtained
from Charles River Laboratory. Heterozygous MCAT mice were main-
tained on the C57BL/6 background as originally described (32). All rodents
were housed in a temperature- (22°C) and light-controlled (12-hour light/
12-hour dark) room and maintained on either standard rodent chow or a
high-fat (60%) diet (Research Diets), with free access to food and water. At
the conclusion of the study, rats were fasted 10 hours, anesthetized (100
mg/kg ketamine/xylazine, intraperitoneally), and red portions of the gas-
trocnemius muscle were dissected for preparation of permeabilized muscle
fibers (10 mg) or frozen for later analysis.

$831 administration. Some high-fat diet-fed rats received daily intraperi-
toneal injections of SS31 dissolved in PBS (1.5 mg/kg). Initial in vitro and
in vivo SS31 dose-response studies were conducted with a control peptide,
§S20, that lacks the free radical scavenging properties. No difference in H,O,
emission was observed between vehicle- and SS20-treated rats (Figure 2B).
Therefore, all subsequent 6-week treatment studies used only SS31.

Oral glucose tolerance tests. On the day of experiments, food was removed
10 hours prior to administration of a 2 g/kg glucose solution via gavage.
Glucose levels were determined on whole blood samples (LifeScan). Serum
insulin levels were determined via a rat/mouse ELISA kit (Linco; Millipore).
Fasting data were used to determine HOMA, calculated as fasting insulin
(wU/ml) x fasting glucose (mM)/22.5.

Preparation of permeabilized muscle fiber bundles. This technique is partially
adapted from previous methods (60, 61) and has been thoroughly described
(22, 24). In brief, samples of muscle were placed in ice-cold buffer X,
containing (in mM) 60 K-MES, 35 KCl, 7.23 K;EGTA, 2.77 CaK,EGTA, 20
imidazole, 0.5 DTT, 20 taurine, 5.7 ATP, 15 PCr, 6.56 MgCl,-6H,O (pH 7.1,
295 mOsm) and trimmed of connective tissue and fat; small bundles of
fibers were prepared and gently separated along their longitudinal axis.
Fiber bundles were then treated with 50 ug/ml saponin, a mild, cholester-
ol-specific detergent that selectively permeabilizes the sarcolemmal mem-
branes while keeping mitochondrial membranes (which lack significant
levels of cholesterol) completely intact. Following permeabilization, the
permeabilized fiber bundles were washed in ice-cold buffer Z containing
(in mM) 110 K-MES, 35 KC, 1 EGTA, 5 K,HPO,, 3 MgCl-6H,0, 5 mg/ml
BSA, 0.05 pyruvate, and 0.02 malate (pH 7.4, 295 mOsm) and remained in
buffer Z on a rotator at 4°C until analysis (<2 hours).

Mitochondrial respiration and H>O, emission measurements. High-resolution
O, consumption measurements were conducted at 30°C in buffer Z using
the OROBOROS O;K Oxygraph. Mitochondrial H,O, emission was mea-
sured in buffer Z at 30°C during state 4 respiration (10 ug/ml oligomycin)
by continuously monitoring oxidation of Amplex Red using a SPEX Fluoro-
max 3 (HORIBA Jobin Yvon) spectrofluorometer with temperature control
and magnetic stirring at more than 1,000 rpm. For respiration measure-
ments, S0 uM benzyltoluene sulfonamide (BTS) was included in buffer Z.
BTS is a potent inhibitor of contraction of both intact and permeabi-
lized muscle fibers (62) and has been found to dramatically stabilize and
improve the responsiveness of permeabilized fiber bundles during respira-
tory measurements (D.A. Kane, E.J. Anderson, C.-T. Lin, C.G.R. Perry, and
P.D. Neufer, unpublished observations). For mitochondrial H,O, emission
measurements (state 4), fiber bundles were briefly incubated in 10 mM
pyrophosphate prior to assay to deplete fibers of all endogenous adenine
nucleotides and to inhibit contraction of the fibers during the assay. At
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the conclusion of each experiment, permeabilized fibers were washed in
double-distilled H,O to remove salts and freeze-dried in a lyophilizer (Lab-
conco). The rate of respiration is expressed as pmol/s/mg dry weight and
mitochondrial H,O, emission expressed as pmol/min/mg dry weight.

Preparation of muscle protein. Gastrocnemius (rat) and vastus lateralis
(human) muscle samples were frozen in liquid N; and powdered by pul-
verization. To prepare samples for GSH measurement, we added approxi-
mately 100 mg of tissue to a test tube containing (in mM): 10 Tris, 1 EDTA,
1 EGTA, 2 Na-orthovanadate, 2 Na-pyrophosphate, 5 NaF, protease inhibi-
tor cocktail (Complete; Roche Diagnostics) at pH 7.2. This tissue suspen-
sion was then homogenized on ice 3 times for 10 seconds each, using a
Polytron SC-250 set at 25,000 rpm. After homogenization, 1% Triton
X-100 was added to the protein suspension, vortexed, and allowed to sit on
ice for 5 minutes. The tubes were then spun at 13,000 g for 10 minutes to
pellet the insoluble debris. For GSSG measurement, 100 mg of tissue was
added to a test tube containing the above reagents plus 1 mM methyl-2-
vinylpyridinium triflate to scavenge all reduced thiols in the sample. The
tissue was then homogenized as above, incubated at room temperature for
5 minutes, and then spun at 13,000 g as above.

GSH and GSSG measurements. For GSSG measurement, tissue was homog-
enized in a solution containing 1 mM methyl-2-vinylpyridinium triflate to
scavenge all reduced thiols in the sample. Total GSH and GSSG were then
measured using the reagents and calibration set provided by the GSH/
GSSG assay (Oxis International Inc.) according to the manufacturer’s
instructions, with small modifications as needed.

Hyperinsulinemic, euglycemic clamps. Procedures were approved by the Van-
derbilt Animal Care and Use Committee. Mice were catheterized at least
S days prior to experimentation. Mice were anesthetized with sodium pento-
barbital (70 mg/kg body weight). The left common carotid artery was cath-
eterized for sampling with a 2-part catheter consisting of PE-10 (inserted
into the artery) and Silastic (outer diameter [OD], 0.025). The right jugular
vein was catheterized for infusions with a silastic catheter (OD, 0.025). The
free catheter ends were tunneled under the skin to the back of the neck and
attached via stainless steel connectors to tubing made of Micro-Renathane
(OD, 0.033), which were externalized and sealed with stainless steel plugs.
Lines were flushed daily with approximately 50 ul saline containing 200
U/ml heparin and 5§ mg/ml ampicillin. Animals were individually housed
after surgery, and body weight was recorded daily. Any mouse not within
10% of presurgery weight by postsurgery day 5 was excluded. Mice fasted for
5 hours were studied in individual 1.4-1 plastic containers with bedding or a
restrainer (552-BSRR; Plas Labs Inc.) for cut-tail sampling.

The insulin clamp protocol consisted of a 120-minute tracer equilibra-
tion period (£ =-120 to 0 minutes) beginning at 8:00 a.m. followed by a 120-
minute experimental period (¢ = 0-120 minutes) beginning at 10:00 a.m.
Ablood sample (~5 ul) was obtained at t = -120 minutes to determine initial
glucose levels (HemoCue meter). At £ = -5 minutes, a blood sample (~100 ul)
was taken for assessment of basal glucose and insulin levels. The insulin
clamp was begun at £ = 0 minutes with a primed-continuous infusion of
human insulin (bolus of 16 mU/kg, followed by 4.0 mU/kg/min; Humulin R;
Eli Lilly). Euglycemia (~150 mg/dl) was maintained during clamps by
measuring blood glucose every 10 minutes starting at £ = 0 minutes and
infusing 50% dextrose as necessary. A 12 uCi bolus of 2['*C]deoxyglucose
(2[*C]DG) was given at t = 78 minutes. Blood samples (80-240 ul) were
taken every 10 minutes from ¢ = 80 to ¢ = 120 minutes and processed to

determine plasma 2['*C]DG levels. Clamp insulin was determined at
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t =100 and ¢ = 120 min. Mice received saline-washed erythrocytes from
donors throughout the experimental period (5-6 ul/minutes) to prevent a
fall of more than 5% hematocrit. At # = 120 minutes, mice were anesthetized
with sodium pentobarbital and tissues were excised, immediately frozen,
and stored at -80°C until analysis.

Human subjects and tissue biopsy. Eight healthy men (aged 18-31 years) of
a variety of races were recruited to participate in this investigation; 5 were
classified as lean (BMI, 21.6 + 1.2 kg/m?) and 3 were classified as morbidly
obese (BMI, 43.0 + 4.1 k/m?). All participants were nonsmokers with no
history of metabolic disease. None of the subjects had any diseases or were
taking any medications known to alter metabolism. The subjects were given
both oral and written information about the experimental procedures
before giving their informed consent. The experiments were approved by
the Institutional Review Board of East Carolina University and conducted
in accordance with the Declaration of Helsinki principles.

On the day of the experiment, subjects reported to the laboratory fol-
lowing an overnight fast (approximately 12 hours). A fasting blood sample
was obtained for determination of glucose and insulin (LabCorp). Height
and body weight were recorded, and skeletal muscle biopsies were obtained
from the lateral aspect of the vastus lateralis by the percutaneous needle
biopsy technique under local subcutaneous anesthesia (1% lidocaine).
A portion of each biopsy sample was flash frozen in liquid N, for protein
analysis and another portion used to prepare permeabilized fiber bundles.
Nine healthy lean (BMI, <25 kg/m?) men (aged 18-25 years) of a variety of
races participated in an acute high-fat diet study. Subjects reported to the
laboratory following a 12-hour overnight fast. After muscle samples were
obtained, subjects consumed a single high-fat meal (35% daily kcal intake;
>60% kcal from fat), and a second muscle biopsy was taken 4 hours later.
Subjects then consumed a high-fat diet (isocaloric; >60% kcal from fat) for
5 days and returned 12-hour fasted on the morning of the sixth day, when
a final muscle biopsy was obtained.

Statistics. Data are presented as mean = SEM. Statistical analyses were per-
formed using 1-way or 2-way ANOVA (as appropriate) with Student-New-
man-Keuls method for analysis of significance among groups. The level of
significance was set at P < 0.05.
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