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Background:Highdietary fat is linked to cardiac oxidative stress, however, little is known about the endogenous antioxidant
response.
Results: High fat feeding and fasting rapidly up-regulate catalase.
Conclusion:Up-regulation of catalase is designed to protect mitochondria from oxidative damage while not perturbing H2O2-
mediated signaling.
Significance: Coupling fatty acid oxidation to H2O2 production creates a mechanism for sensing and communicating diet
composition.

Obesity is a predictor of diabetes and cardiovascular disease.
One consequence of obesity is dyslipidemia characterized by
high blood triglycerides. It has been proposed that oxidative
stress, driven by utilization of lipids for energy, contributes to
these diseases. The effects of oxidative stress aremitigated by an
endogenous antioxidant enzyme network, but little is known
about its response to high fat utilization. Our experiments used
amultiplexed quantitative proteomics method tomeasure anti-
oxidant enzyme expression in heart tissue in a mouse model of
diet-induced obesity. This experiment showed a rapid and spe-
cific up-regulation of catalase protein, with subsequent assays
showing increases in activity andmRNA. Catalase, traditionally
considered a peroxisomal protein, was found to be present in
cardiacmitochondria and significantly increased in content and
activity during high fat feeding. These data, coupled with the
fact that fatty acid oxidation enhancesmitochondrial H2O2 pro-
duction, suggest that a localized catalase increase is needed to
consume excessive mitochondrial H2O2 produced by increased
fat metabolism. To determine whether the catalase-specific
response is a common feature of physiological conditions that
increase blood triglycerides and fatty acid oxidation, we mea-
sured changes in antioxidant expression in fasted versus fed
mice. Indeed, a similar specific catalase increasewas observed in
mice fasted for 24 h. Our findings suggest a fundamental meta-
bolic process in which catalase expression is regulated to pre-
vent damagewhile preserving anH2O2-mediated sensing of diet
composition that appropriately adjusts insulin sensitivity in the
short termas needed to prioritize lipidmetabolism for complete
utilization.

Long term consumption of a diet high in fat promotes obesity
and enhances the risk for the development of type 2 diabetes
and cardiovascular disease (1–5). It has been proposed that oxi-
dative stress may serve as the causal link between diet-induced
obesity and cardiovascular disease (6, 7). Hearts from rodents
fed a high fat diet display increased indices of lipid and protein
oxidation aswell as increasedmarkers of apoptosis (8–11). Sev-
eral different mechanisms of free radical production have been
implicated in obesity, including the release of pro-inflamma-
tory adipokines (12), elevated NAD(P)H oxidase activity (13),
and increased mitochondrial hydrogen peroxide (H2O2) pro-
duction (14, 15). However, the overall role of oxidative stress in
the pathobiology of obesity and high dietary fat is not well
understood.
Although free radicals are capable of damaging lipids, DNA,

and proteins, it is important to note that pro-oxidant species
such as H2O2 also act as signaling molecules (16–18). Further-
more, an extensive network of endogenous antioxidant
enzymes and molecules exists to preclude oxidative damage
while maintaining an environment conducive to redox regula-
tion. If high dietary fat induces oxidative stress, it is logical to
assume that the antioxidant network will mount a compensa-
tory response to preserve redox homeostasis. Assessing the
response of the antioxidant network to a high fat diet would
provide valuable insight into the nature and source of oxidative
stress associated with high dietary fat and offer targeted thera-
peutic options for the accompanying diseases. However, little
has been reported on the antioxidant network response to high
dietary fat, particularly in the heart. What is known is largely
limited to the measurement of superoxide dismutase, glutathi-
one peroxidase, and catalase (9, 10, 19, 20). Given that there are
a number of antioxidant enzymes residing in multiple cellular
locations, and catalyzing distinct reactions, it is important that
a comprehensive proteomic and temporal assessment of the
antioxidant response be performed.
The goal of the experiments described here was to determine

the effect of high dietary fat on cardiac antioxidant protein
expression. We utilized C57BL/6J mice fed a high fat diet (60%
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kcal from fat) for varying durations, with mice fed a low fat diet
(10% kcal from fat) serving as controls. Mice consuming the
high fat chow develop obesity, hyperinsulinemia, hyperglyce-
mia, and hypertension (21). Characterization of the antioxidant
response using Western blot analysis is both logistically chal-
lenging given the large number of targets and not suited for
rigorous quantification of changes in protein content. There-
fore, a high throughput quantitative mass spectrometry-based
method was developed to analyze a large fraction of the antiox-
idant network in a single experiment with the use of liquid
chromatography-tandem mass spectrometry with selected
reaction monitoring (SRM)2 (22). In the SRM experiments, a
series of collision-induced dissociation reactions were moni-
tored for a subset of peptides, produced by trypsin digestion,
specifically found in each target protein of interest. Key aspects
of the SRM approach include high selectivity for the proteins
analyzed, direct quantitation of protein concentration, as well
as a degree of multiplexing that measures many proteins in a
single experiment (22).
Using this quantitative proteomics approach, we found that,

within 1 day, high dietary fat invokes a cardiac antioxidant
response that is specific to the H2O2-metabolizing enzyme cat-
alase. This work also shows that catalase is present within
mouse cardiac mitochondria and that mitochondrial catalase
content and activity increase in response to a high fat diet, con-
sistent with elevatedmitochondrial H2O2 production. Further-
more, these data show that 1 day of fasting also induces a quan-
titatively similar and selective increase in catalase expression
and activity. These opposing nutritional states have in common
increased levels of circulating triglycerides and increased deliv-
ery of free fatty acids to the heart (9, 23–25). It has previously
been demonstrated that, in each case, this results in enhanced
fatty acid oxidation (24–26) presumably by both peroxisomes
and mitochondria. Given that increased reliance on fatty acid
oxidation promotes peroxisomal andmitochondrial H2O2 pro-
duction, up-regulation of catalase may represent an important
adaptive antioxidant response designed to accommodate
changes in energetic substrate availability. We believe that this
unique up-regulation of catalase is ameans to prevent oxidative
damage from toxic levels of H2O2 without perturbing H2O2-
mediated signaling within the physiological range.

EXPERIMENTAL PROCEDURES

Animals, DietaryModel, and Sample Preparation—For stud-
ies with wild-type animals, 6-week-old male C57BL6/J mice
(The Jackson Laboratory) were fed either a high fat diet or a
control low fat diet (60% versus 10% total kilocalories from lard)
purchased from Research Diets (D12492, D12450B, and
D12450J). Previously described NFE2L2�/� (Nrf2) global
knock-outmice (27)were obtained fromDr. Scott Plafker at the
Oklahoma Medical Research Foundation, and CAT�/� global
knock-out mice (28) were acquired from Dr. Eugene Chen at

the University of Michigan. PPARA�/� global knock-out mice
were purchased from The Jackson Laboratory (stock 008154).
At the designated time points, mice were sacrificed by cervical
dislocation, and the hearts removed for analysis. Approxi-
mately 10 mg of heart tissue was removed from the apex for
RNA extraction as described below. The remaining tissue was
homogenized in buffer A (buffer A: 10mMMOPS, 1mMEDTA,
210 mM mannitol, 70 mM sucrose, pH 7.4). These whole heart
lysates were cleared by centrifugation at 550 � g for 5 min and
decanted through cheesecloth. Protein concentrations were
determined using theBCAProteinAssayReagent (ThermoSci-
entific) according to manufacturer’s protocol. All experiments
were approved by theOklahomaMedical Research Foundation
Institutional Animal Care and Use Committee.
Mass Spectrometry Analysis (22)—Quantitative proteomics

was used to determine changes in the expression of the antiox-
idant proteins in all samples. For these assays, 60-�g amounts
of whole heart lysates were mixed with 8 pmol of bovine serum
albumin (BSA) as an internal standard and 50 �l of 10% SDS.
The samples were heated at 80 °C for 15 min before precipitat-
ing the proteins in 80% acetone overnight at �20 °C. The pro-
tein pellet was dissolved in 60 �l of sample buffer and a 20-�l
aliquot containing 20 �g of protein run 1.5 cm into a 12.5%
SDS-polyacrylamide gel. The gel was fixed and stained with
GelCode Blue (Pierce). For each sample, the entire 1.5-cm lane
was cut out of the gel and divided coarsely. The gel pieces were
washed to remove the stain, reduced with DTT, alkylated with
iodoacetamide, and digested with 1 �g of trypsin overnight at
room temperature. The peptides produced in the digest were
extracted with 50% methanol, 10% formic acid in water. The
extractwas evaporated to dryness and reconstituted in 150�l of
1% acetic acid in water for analysis.
The samples were analyzed using SRM with a triple quadru-

pole mass spectrometer (ThermoScientific TSQ Vantage) con-
figured with a splitless capillary column HPLC system (Eksi-
gent). The samples (10-�l aliquots) were injected onto a 10
cm � 75 �m inner diameter column packed with a C18
reversed phase material (Phenomenex, Jupiter C18). The col-
umn was eluted at 160 nl/min with a 30-min linear gradient of
acetonitrile in 0.1% formic acid. The SRM program was con-
structed using the program Pinpoint (ThermoScientific) to
contain a total of�400 collision-induced dissociation reactions
for �100 peptides. These peptides represented 25 target pro-
teins, two housekeeping proteins (heat shock protein 1 and
voltage-dependent anion-selective channel protein 1), and the
BSA internal standard. Each peptide was monitored in a 5-min
window centered around the known elution time of that
peptide.
The data were processed using the program Pinpoint, which

aligned the various collision-induced dissociation reactions
monitored for each peptide and determined the chromato-
graphic peak areas. The response for each protein was taken as
the total response for all peptides monitored. Changes in the
relative abundance of the proteins were determined by normal-
ization to the BSA internal standard, with confirmation by nor-
malization to the housekeeping proteins. The amount of cata-
lase in each sample was determined based on its ratio to the
BSA internal standard according to the best flyer approach (29).

2 The abbreviations used are: SRM, selected reaction monitoring; ACADVL,
acyl-coenzyme A dehydrogenase very long chain; ACOX1, acyl-coenzyme
A oxidase 1 palmitoyl; FOXO, forkhead box protein; mCat, mitochondrial
specific overexpression of catalase; Ppar, peroxisome proliferator-acti-
vated receptor; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-
propane-1,3-diol; Nrf2, nuclear factor E2-related factor 2.
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Western Blot Analysis—Whole heart lysates were immuno-
blottedwith antibodies for catalase (Santa Cruz Biotechnology)
as well as the E1 subunit of �-ketoglutarate dehydrogenase
(Biosynthesis), which served as a loading control. Protein sam-
pleswere incubated for 10min at 70 °C in the presence of 70mM

SDS, 100mMDTT, and 50�MMG132, subjected to electropho-
resis using a NuPAGE 10% BisTris gel (Invitrogen), and trans-
ferred to PVDF (Bio-Rad). Antibody treatments were carried
out in 10 mM K2HPO4, 150 mM NaCl, 0.05% Tween 20, and 5%
nonfat drymilk. Horseradish peroxidase-conjugated secondary
antibodies (Pierce) were visualized with using SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific)
according to manufacturer’s protocol.
Catalase Enzyme Activity—Catalase enzyme activity was

determined by measuring the rate of H2O2 consumption via
absorbance at 240 nm (30). Briefly, activity assays were carried
out with 40�g of protein in 1ml of 10mMMOPS, 10mMH2O2,
pH 7.4. The amount of catalase present in each sample, deter-
mined by the quantitative proteomics described above, was
used to calculate catalase-specific activity as H2O2 consumed
per min/pmol of catalase protein.
Mitochondrial H2O2 Production—Cardiac mitochondria

were pelleted from whole heart lysates via centrifugation at
10,000 � g for 10 min at 4 °C. The supernatant was discarded
and themitochondrial pellets resuspended in ice-cold buffer A.
For the assay, isolated mitochondria (200 �g of protein equiv-
alent) were incubated at room temperature in a 2-ml reaction in
buffer B (buffer B: 10 mM MOPS, 210 mM mannitol, 70 mM

sucrose, 5 mM K2HPO4, 0.05% BSA, 100 mM malate, 20 �M

Amplex red, 4 units of horseradish peroxidase, pH 7.4) with
either 25 �M palmitoylcarnitine or 100 �M pyruvate as respira-
tion substrate. The amount of H2O2 producedwasmeasured as
the rate of resorufin accumulation determined by fluorescence
(excitation 571 nm/emission 582 nm).
DensityGradient Purification of CardiacMitochondria—Mi-

tochondria were isolated as described above and further puri-
fied by differential centrifugation using a self-generating Per-
coll gradient (GE Healthcare). Isolated mitochondria were
layered onto a 40% isotonic Percoll solution and centrifuged at
66,000 � g for 40 min at 4 °C. The purified mitochondria
formed a single distinct layer within the gradient that was col-
lected and diluted in 12 ml of ice-cold buffer A. The purified
mitochondria were then separated from any residual Percoll by
pelleting at 10,000 � g for 15 min at 4 °C. This final purified
mitochondrial pellet was resuspended in ice-cold buffer A. The
peroxisome-enriched pellets were obtained from the mito-
chondrially depleted whole heart lysate by centrifugation at
20,000 � g for 90 min at 4 °C. The resulting peroxisome-en-
riched pellet was resuspended in ice-cold buffer A.
Immunogold ElectronMicroscopy—The electronmicroscopy

experiments were carried out at the Oklahoma Medical
Research Foundation Imaging Facility using established proce-
dures. Briefly, heart tissue samples were fixed overnight in 4%
EM grade paraformaldehyde, dehydrated in ethanol, and
embedded in LR White. Blocks were cured by UV light expo-
sure at 4 °C. Sections, 100-nm thick, were placed on square
mesh nickel grids. Immunogold labeling was performed serially
in droplets of the following solutions: hydration in PBS with 2%

BSA for 5 min, blocking buffer for 30 min (PBS, 1% BSA, 3%
donkey serum, 0.1% cold water fish skin gelatin), catalase anti-
body for 1.5 h (PBS, 1% BSA, 3% donkey serum), PBS rinses
three times for 5 min each, secondary antibody for 1 h (0.05%
BSA), PBS rinses three times for 5 min each, water rinses two
times for 1 min each. Immunogold labeled tissues were coun-
ter-stained by serial exposure to droplets of Sato’s Lead for 5
min, saturated uranyl acetate for 30min, Sato’s Lead for 15min,
and water rinses four times for 1min each. Images at�5,000 to
25,000 magnification were collected using a Hitachi H-7600
transmission electron microscope.
Quantitative RT-PCR—The apex of the heart (about 10 mg)

was snap-frozen in liquid nitrogen at harvest and stored at
�80 °C. RNA was extracted using Tripure (Roche Applied Sci-
ence) according to themanufacturer’s protocol, and concentra-
tion and 260/280 nm ratio (�1.8 for all samples)weremeasured
by absorbance on a NanoDrop 2000 UV-visible spectropho-
tometer (ThermoScientific). RNA (1 �g) was converted to
cDNA, a 20-�l final volume, using QuantiTect reverse tran-
scription kit (Qiagen). Quantitative PCR was performed on a
CFX96 thermocycler (Bio-Rad). Reactions consisted of 1 �l of
cDNA, 125 nM final concentrations of each primer, and iQ
SYBR Green Supermix (Bio-Rad) in a total volume of 20 �l.
Technical duplicates were performed for all samples. Relative
transcript expression ratios were calculated using CFX Man-
ager software, version 2.1 (Bio-Rad), and statistics were gener-
ated with REST2009 software (31). Catalase transcript levels
were normalized to three reference genes (GAPDH, SDHA, and
HSP90ABI) determined to be stable between dietary conditions
using geNorm analysis (32). The respective cDNA was ampli-
fied with the following primers: CAT (89.1% efficiency) 181-bp
product, forward, 5�-agcgaccagatgaagcagtg-3�, and reverse,
5�-tccgctctctgtcaaagtgtg-3�; ACOX1 (93.0% efficiency) 283-bp
product, forward, 5�-taacttcctcactcgaagcca-3�, and reverse,
5�-agttccatgacccatctctgtc-3�; GAPDH (78.5% efficiency)
136-bp product, forward, 5�-atgttccagtatgactccactc-3�, and
reverse, 5�-ggcctcaccccatttgatgt-3�; SDHA (85.5% efficiency)
106-bp product, forward,: 5�-ggaacactccaaaaacagacct-3�, and
reverse, 5�-ccaccactgggtattgagtagaa-3�; HSP90ABI (90.5% effi-
ciency) 102-bp product, forward, 5�-tcaaacaaggagattttcctccg-
3�, and reverse, 5�-actgtccaacttagaagggtc-3�.

RESULTS

Diet-induced Obesity—To investigate the endogenous anti-
oxidant response to high dietary fat and the obesity produced
by such a diet, C57BL/6J mice were placed on either a high fat
diet or a low fat control diet that gave 60 or 10% of total kilocal-
ories from lard, respectively. The mice were maintained on the
respective diets for 2, 20, or 30 weeks to evaluate the effects of
diet duration. The animals eating the high fat diet had signifi-
cantly increased body weights, compared with low fat control
diet animals, after as little as 2 weeks (27 � 3 g versus 23 � 2 g,
p � 0.001, n � 11). Further increases were evident at 20 weeks
(45� 4 g versus 31� 3 g, p� 0.001, n� 14) and 30weeks (53�
6 g versus 33� 3 g, p� 0.001,n� 5). This pattern ofweight gain
is consistent with other reports using this model of diet-in-
duced obesity (33).
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Catalase Expression Is Induced by High Fat Feeding—The
endogenous antioxidant response in the heart to this high fat
diet was measured using a quantitative proteomics approach
(22). Analysis of whole heart lysates revealed that, of 16 major
antioxidant proteins measured, the H2O2-metabolizing
enzyme catalase was the only observed enzyme induced by 30
weeks of high fat feeding (Fig. 1A). The increase in catalase
detected by quantitative mass spectrometry was also seen by
Western blot with densitometry analysis (Fig. 1, B and C). This
unique response was also observed after 2 weeks and 20 weeks
on the high fat diet (data not shown). Compared with low fat
diet controls, catalase protein content in the heart was signifi-
cantly increased by 38% at 2 weeks (p� 0.01, n� 11), 48% at 20
weeks (p � 0.001, n � 14),and 82% at 30 weeks (p � 0.001, n �

5) (Fig. 2A). Thus, the catalase induction is specific and con-
trasts with the notable lack of an increase in the expression of
any other assayed enzymes involved in either the consumption
of H2O2 (the glutathione peroxidases and peroxiredoxins) or
the production of H2O2 (the superoxide dismutases).
Catalase activity was measured to determine whether

increased catalase protein content translates into elevated
enzyme activity in these hearts. Total catalase activity, mea-
sured as H2O2 consumption per mg of total protein, was signif-
icantly elevated in mice fed the high fat diet at all three time
points, compared with the low fat diet controls (Fig. 2B). The
magnitude of the increase in catalase activitywas relatively con-
stant at all three time points, i.e. �40%. The catalase inhibitors
sodium cyanide, sodium azide, and 3-amino-1,2,4-triazole all

FIGURE 1. Antioxidant network response to a high fat diet within the heart is specific to catalase. The relative difference in protein expression between
high fat and low fat fed control mice was determined for enzymes of the cardiac antioxidant network by quantitative mass spectrometry with selected reaction
monitoring. A, antioxidant protein expression in mice fed a high fat diet for 30 weeks relative to low fat fed controls (dashed line). The abbreviations used are
aldo-keto reductase family 1 Member B1 (Akr1b1), aldehyde dehydrogenase (Aldh2), catalase (Cat), glutathione peroxidase (Gpx), methionine sulfoxide
reductase A (Mrsa), prohibitin (Phb), peroxiredoxin (Prdx), superoxide dismutase (Sod), thioredoxin (Txn), and thioredoxin reductase (Txnrd). Values are pre-
sented as the mean � S.D. (n � 5), where * indicates a significant increase (2-tailed t test) in high fat-fed mice versus low fat-fed controls (p � 0.05). B, Western
blot analysis of whole heart lysates from mice fed high fat diet (lanes 2, 4, and 6) or low fat control diet (lanes 1, 3, and 5) for 30 weeks with antibodies for catalase
and the E1 subunit of �-ketoglutarate dehydrogenase (KGDH), which served as a loading control. C, densitometry analysis of catalase Western blot band
intensities in mice fed high fat diet for 30 weeks (closed bar) relative to low fat-fed controls (open bar).

FIGURE 2. Catalase protein concentration and enzymatic activity are increased in the hearts of high fat-fed mice. Catalase protein concentration and
activity were determined by quantitative mass spectrometry with selected reaction monitoring and measuring the rate of H2O2 clearance, respectively, within
whole heart lysates from mice maintained on either high fat or low fat control diet for 2, 20, and 30 weeks. A, catalase protein concentration in whole heart
lysates from high fat-fed mice (closed bars) relative to low fat-fed controls (open bars). B and C, total catalase activity (H2O2 consumed per mg of total protein)
in wild-type (B) and catalase knock-out mice (C) fed a high fat diet compared with low fat fed controls. D, specific catalase activity (H2O2 consumption per pmol
of catalase) in high fat-fed mice compared with low fat-fed controls. Values are presented as the mean � S.D. (n �5), where * indicates a significant increase
(2-tailed t test) in high fat diet versus low fat-fed controls within each diet duration (p � 0.01).

High Fat Diet Up-regulates Cardiac Mitochondrial Catalase

1982 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 3 • JANUARY 18, 2013



blocked the H2O2 consumption in the assay (data not shown).
Finally, in a parallel 2-week high fat diet experiment, catalase
global knock-out mice showed no appreciable level of catalase
activity (Fig. 2C). It is therefore clear that the increase in H2O2
metabolism seen in the hearts of animals on the high fat diet is
due to catalase activity as opposed to any other enzymatic or
nonenzymatic process.
The quantitation of catalase amounts in the quantitative pro-

teomics experiments makes it possible to calculate specific
activity. This calculation revealed no change in catalase specific
activity at 2 and 20 weeks on the high fat diet (Fig. 2D) with a
modest but statistically significant decrease seen at 30 weeks
(�19%, p � 0.01, n � 5). It is important to note that, overall,
catalase specific activity declined significantly with age on both
the high fat diet and the low fat control diet.However, it appears
the heart is capable of compensating for the age-dependent
decline in specific activity by increasing catalase protein con-
tent to maintain a relatively constant level of total catalase
activity throughout the 30-week experiment in both diet groups
(Fig. 2, A and B).

As shown in Table 1, the low fat diet used for these experi-
ments offsets the reduction of lard content with increased
sucrose content. The use of this high sucrose diet as the low fat
control raises the possibility that the differences in catalase
expression and activity seen in Fig. 2 are due to a down-regula-
tion driven by the high sucrose rather than an up-regulation by
the high fat diet. Therefore, to determine whether high dietary
sucrose affects catalase activity, total catalase activity was mea-
sured inmice fed an alternative low fat control diet where corn-

starch, rather than sucrose, is used to offset the reduced fat
content. Cornstarch is a complex carbohydrate and as such
does not induce the postprandial blood glucose spike observed
following sucrose consumption. After 4 weeks on diet, total
catalase activity in the cornstarch-enriched low fat diet-fed
mice was not significantly different from mice fed the sucrose-
enriched low fat control diet (Table 1, p � 0.625, n � 5). These
data indicate that the observed changes in catalase protein con-
tent and activity are increased due to the high dietary fat.
Catalase Induction by theHigh Fat Diet Occurs Prior to Onset

of Obesity—The persistent nature and relatively constant mag-
nitude of the increased total catalase activity seen as early as 2
weeks on the high fat diet prompted us to determine the exact
onset of this response and, in particular, whether this response
was related to the weight gain or the high fat diet itself. Fig. 3
shows that catalase protein content is significantly increased,
relative to controls, in mice fed a high fat diet for 1 day. Total
catalase activity was also increased following 1 day of the high
fat feeding (Fig. 3B) with no significant change in catalase spe-
cific activity (data not shown). The magnitude by which total
catalase activity is increased inmice fed a high fat diet through-
out the 1- to 3-day experiments, �40%, was similar to that
observed for the 2- to 30-week experiments described above
(Fig. 2). These observations strongly suggest that catalase
induction is an important component of an immediate antiox-
idant response to a high fat diet and that elevated dietary fat
increases H2O2 production within heart tissue.

TABLE 1
Catalase induction by high fat feeding is due to increased fat content
Two different control diets are used to probe potential effects of the carbohydrate
needed to compensate for the calorie content of the high fat diet (HF). The sucrose
content in the low fat chow was increased to offset the reduced level of fat. The
respective control diets are either low fat/low sucrose (LF/LS) or low fat/high
sucrose (LF/HS). Catalase total activity (micromoles of H2O2/min/mg) was deter-
mined in mice fed a low fat chow where the fat calories are offset by increased
cornstarch (LF/LS). Values are presented as the mean � S.D. (n � 5).

* This indicates a significant increase (2-tailed t test) in high fat-fed mice com-
pared with mice fed either low fat control diet (p � 0.01).

FIGURE 3. Catalase induction is immediately responsive to high fat feed-
ing. Catalase protein concentration and activity were determined by quanti-
tative mass spectrometry and measuring the rate of H2O2 clearance via
absorbance spectrophotometry, respectively, within whole heart lysates
from mice maintained on either high fat or low fat control diet for 1–3 days (d).
A, catalase protein concentration in whole heart lysates from high fat-fed
mice (closed bars) relative to low fat-fed controls (open bars). B, total catalase
activity (H2O2 consumed per mg of total protein) in high fat-fed mice com-
pared with low fat-fed controls. Values are presented as the mean � S.D. (n
�5), where * indicates a significant increase (2-tailed t test) in high fat-fed
mice versus low fat-fed controls within each diet duration (p � 0.01).
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Both Peroxisomes andMitochondria Are Potential Sources of
Increased H2O2 Production during High Fat Feeding—The
organelles chiefly responsible for fatty acid oxidation are the
peroxisomes and mitochondria. Peroxisomal fatty acid oxida-
tion is largely restricted to very long chain fatty acids and is a
potential contributor to increased H2O2 production within the
heart in response to a high fat diet. The enzyme ACOX1 per-
forms the first step in this process in a reaction that directly
produces H2O2 during the removal of the �- and �-carbons
from the acyl-CoA ester.Mice consuming high fat diet for peri-
ods of 1–3 days all displayed increased ACOX1 protein
amounts in the heart (�31, �30, and �33%, respectively, p �
0.05, n� 5) compared with low fat fed controls (Fig. 4A). These
data implicate ACOX1-mediated fatty acid oxidation as a
potential source of increasedH2O2 production induced by high
dietary fat.
Mitochondria also generate H2O2 as a by-product during

energetic substrate oxidation to produce cellular energy. In
contrast to ACOX1, the enzyme acyl-coenzymeAdehydrogen-
ase very long chain (ACADVL), which catalyzes the first step in
mitochondrial oxidation of very long chain fatty acids, does not
directly produce H2O2 and is not induced by 1 week of high fat
feeding (Fig. 4B). Although there are no changes in ACADVL
protein levels, the rate of H2O2 production from rodent skeletal
muscle mitochondria is known to be influenced by the ener-
getic substrate used to support respiration (34, 35). Respiring
cardiac mitochondria isolated from control mice produce 23%
more H2O2 (p � 0.01, n � 6) using palmitoylcarnitine as sub-
strate versus pyruvate (Fig. 4, C and D). The elevation in H2O2
production is likely due to increased entry of electrons into the
ubiquinone pool of the electron transport chain during fatty
acid oxidation (15), thereby increasing the half-life of reduced

components in complex I and producing superoxide anion that
is rapidly converted to H2O2 by superoxide dismutase. High
levels of dietary fat also depress glycolysis in the heart through
the Randle cycle leading to increased dependence on fatty acid
oxidation for energy production (36). As such, increased fatty
acid oxidation driven by a high fat diet likely enhances cardiac
mitochondrial H2O2 production.
Mitochondrial Catalase Content andActivity Are Elevated by

High Dietary Fat—Despite possession of a peroxisomal target-
ing sequence, catalase has been shown to reside within rat car-
diacmitochondria (37). Given that bothmitochondria and per-
oxisomes produce H2O2 during fatty acid oxidation, it was
important to determine the subcellular site of high fat diet-
induced catalase expression to gain insight into the potential
physiological significance. Cardiac mitochondrial and peroxi-
somal fractions were purified frommice fed either a high fat or
low fat control diet for 3 days.Western blot analysis was used to
assess the purity of each fraction and showed both that the
subcellular fractions were free of cytosolic proteins and that
there was no cross-contamination between the mitochondrial
and peroxisomal compartments (Fig. 5A). Quantitative mass
spectrometric analyses and enzyme activity assays were then
used to measure the amount of catalase in each compartment.
These quantitative assays showed that peroxisomal catalase
content and total activity did not change in response to high
dietary fat (Fig. 5, B and C). However, mitochondria isolated
from high fat-fed mice had both increased catalase content
(�49%, p � 0.05, n � 5) and total activity (�50%, p � 0.05, n �
5) compared with low fat-fed controls (Fig. 5, D and E). The
presence and increase in catalase protein within the mitochon-
dria of high fat-fed versus low fat-fed control mice was directly
demonstrated by electron microscopy with immunogold stain-

FIGURE 4. Both peroxisomes and mitochondria are potential sources of increased H2O2 production during high fat feeding. Protein concentrations of
ACOX1 and ACADVL were determined by mass spectrometry analysis of whole heart lysates from mice maintained on either a high fat or a low fat control diet.
Rate of H2O2 production was determined using isolated cardiac mitochondria. A and B, ACOX1 and ACADVL protein concentration, as determined by mass
spectrometry, in mice maintained on either a high fat (closed bars) or a low fat control (open bars) diet for 1–3 days (d). C, representative trace of H2O2 production
(see under “Experimental Procedures”) from mitochondria, isolated from low fat-fed mice, respiring on either palmitoylcarnitine or pyruvate. D, mean rate of
H2O2 production, during pyruvate- (Pry) (open bar) or palmitoylcarnitine (PC) (closed bar)-supported respiration, from mitochondria isolated from mice main-
tained on a low fat diet for 2 weeks. Values are presented as the mean � S.D. (n �5), where * indicates a significant increase (2-tailed t test) in high fat-fed mice
versus low fat-fed controls within each diet duration (p � 0.01).
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ing (Fig. 5F). Although peroxisomes have a 3-fold greater cata-
lase protein and total activity per �g of protein than mitochon-
dria, it is important to note that peroxisomes are relatively
scarce in the heart (38). Mitochondria, however, are highly
abundant due to the large energy demand of the heart and dis-
play an increase in catalase content that is reflective of the
increase observed in whole heart lysates. Together, these data
suggest that the bulk of increased catalase content occurs
within the mitochondrial fraction that is consistent with
enhanced mitochondrial H2O2 production during high fat
feeding.
High Fat Diet Increases Catalase mRNA Levels—Catalase

mRNA levels were determined in mice fed a high fat diet rela-
tive to low fat-fed controls to determine whether the catalase
response to a high fat diet results from increased transcription.
Catalase mRNA content was significantly elevated following
24 h on the high fat diet, comparedwith controls, and remained
elevated throughout 30 weeks on diet (Fig. 6A). These data
demonstrate that the catalase induction triggered by high fat
feeding is at least partly regulated at the transcription level.
We therefore sought to identify transcription factors that

contribute to catalase induction. Nrf2 is a stress-response tran-

scription factor implicated in the regulation of catalase in
response to oxidative stress (39). To assess the role of Nrf2 in
the catalase response to high dietary fat, wild-type and
NFE2L2�/� global knock-out mice were analyzed after 1 week
on the high fat diet. NFE2L2�/� mice fed the high fat diet had
significantly increased catalase mRNA, catalase protein con-
centration, and total catalase activity (Fig. 6, B–D, p � 0.05, n
�4) relative to controls. No differences were seen in the total
catalase activity between NFE2L2�/� and wild-type mice in
either dietary condition. This lack of an effect shows that Nrf2
does not mediate the induction of catalase in response to high
dietary fat.
Ppar� is a lipid-sensitive nuclear receptor that acts as a tran-

scription factor to drive the expression of several target genes,
including ACOX1, in response to conditions that increase lipid
availability. In light of increased ACOX1 mRNA levels in the
hearts of mice consuming a high fat diet (Fig. 6E), the role of
Ppar� in the induction of catalase by high fat feeding was
assessed using PPARA�/� global knock-out mice. The loss of
Ppar� likely leads to a general reduction in the overall level of
fatty acid oxidation based on the significant decrease inACOX1
mRNA in low fat fed PPARA�/� mice (p � 0.05, n � 5) com-

FIGURE 5. High fat feeding increases catalase content and activity within cardiac mitochondria. Catalase content and activity were determined in
peroxisomes, and mitochondria were isolated from mice maintained on a high fat or low fat control diet for 3 days. A, Western blot analysis of total (Tot),
mitochondrial (Mito), and peroxisome-enriched (Perox) fractions isolated from animals fed either a high fat diet (HF) or a low fat control diet (C). The relative
protein levels of SOD1 (cytosolic), SOD2 (mitochondrial), and ABCD3 (peroxisomal) were assayed to determine purity of the mitochondrial fraction. B and
C, analysis of the peroxisomal fraction to determine catalase protein via mass spectrometry (B) as well as catalase total activity (C) in mice maintained on high
fat diet (closed bars) compared with low fat-fed controls (open bars). D and E, analysis of purified mitochondria to determine catalase protein via mass
spectrometry (D) as well as catalase total activity (E) in mice maintained on high fat diet compared with low fat-fed controls. F, representative electron
micrograph images of ultrathin sections of mitochondria (M) within heart tissue (at �5,000 and 25,000 magnification). Catalase was visualized via immunogold
labeling (arrows). The left-most section was treated with secondary antibody only to illustrate the lack of nonspecific binding by the catalase primary antibody.
Values are presented as the mean � S.D. (n � 5), where * indicates a significant increase (2-tailed t test) in high fat-fed mice compared with low fat-fed controls
(p � 0.05).
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pared with wild-type (Fig. 6E). Nevertheless, PPARA�/� mice
fed a high fat diet for 1 week displayed a significant increase in
catalase mRNA, protein concentration, and total activity (p �
0.05, n � 5) relative to low fat fed controls (Fig. 6, B–D). Fur-
thermore, the percent increase in catalase total activity induced
by high dietary fat in PPARA�/� mice is nearly identical to that
observed in NFE2L2�/� and wild-type mice (�47, �56, and
�48%, respectively). However, PPARA�/� mice possess signif-
icantly lower levels of catalase protein and total activity com-
pared with wild-type mice in both high fat fed (�40 and �32%,
respectively) and control animals (�41 and �29%, respec-
tively). These data indicate that although Ppar�may contribute
to the basal levels of catalase content and activity, it is not
required for the induction of catalase by high dietary fat.
Fasting Uniquely Up-regulates Catalase—The results linking

a high fat diet with increased catalase expression and activity,
an increase inACOX1 expression, and the increasedH2O2 pro-
duction bymitochondria respiring onpalmitoylcarnitine rather
than pyruvate strongly implicate high lipid availability as a driv-
ing force. If increased lipid availability drives catalase induction
then alternative metabolic states that increase circulating lipid
levels should also induce catalase expression. One such meta-
bolic state is fasting. In a fasted state, the heart becomes more
reliant on fatty acid oxidation for energy production due to
increased levels of circulating glucagon and lipids (24). Experi-
ments using a 1-day fast gave a unique increase in catalase pro-
tein concentration (�44%, p � 0.001, n � 5) compared with
control animals fed a low fat diet (Fig. 7A). Total catalase activ-
ity and mRNA levels were also elevated in the fasted mice (p �
0.05, n � 5) compared with the fed controls (Fig. 7, B and C)
with no change in specific activity (data not shown). Addition-
ally, this fasting state produced an increase, relative to low fat
fed controls, in heart ACOX1 protein concentration (Fig. 7D,

�50%, p � 0.05, n � 5). The magnitude of this increase was
significantly greater than the increase seen inmice fed a high fat
diet for the same 1 day (�31%, p � 0.05, n � 5). Together, the

FIGURE 6. High fat diet increases catalase mRNA in NFE2L2�/� and PPARA�/� knock-out mice. The level of catalase mRNA was determined using
quantitative RT-PCR analysis of RNA isolated from the heart tissue of wild-type, NFE2L2�/�, and PPARA�/� mice. A, catalase mRNA levels in wild-type mice
maintained on high fat diet (closed bars) from 1 day to 30 weeks relative to low fat-fed controls (open bars). B–D, relative catalase mRNA levels (B), protein
concentration (C), and total activity (D) were determined in wild-type, NFE2L2�/�, and PPARA�/� mice fed either a high fat or low fat control diet for 1 week.
E, ACOX1 mRNA levels in wild-type or PPARA�/� knock-out mice maintained on high fat diet from 1 week relative to low fat fed controls. Values are presented
as the mean � S.E. (catalase mRNA, Bio-Rad CFX manager software version 2.1) or mean � S.D. (catalase concentration and total activity, 2-tailed t test) where
* indicates a significant difference between high fat- and low fat-fed control mice within each mouse strain, and † indicates a significant difference between
wild-type and knock-out mouse strain within each dietary condition (p � 0.05, n �4).

FIGURE 7. Catalase is uniquely up-regulated by fasting. Cardiac catalase
protein concentration, activity, and mRNA levels were determined in mice
either fed low fat control diet or fasted for 1 day. A, quantitative mass spec-
trometric analysis of antioxidant protein expression in mice fasted for 1 day
relative to low fat-fed controls (dashed line). The abbreviations used are: aldo-
keto reductase family 1 member B1 (Akr1b1), aldehyde dehydrogenase
(Aldh2), catalase (Cat), glutathione peroxidase (Gpx), methionine sulfoxide
reductase A (Mrsa), prohibitin (Phb), peroxiredoxin (Prdx), superoxide dismu-
tase (Sod), thioredoxin (Txn), thioredoxin reductase (Txnrd). B, total catalase
activity (H2O2 consumed per mg of total protein) in low fat-fed control mice
(open bar) compared with mice fasted for 1 day (closed bar). C, catalase mRNA
levels in mice maintained on low fat control diet or fasted for 1 day. D, ACOX1
protein concentration determined by quantitative mass spectrometry in
mice fed low fat control diet or fasted for 1 day. Values are presented as the
mean � S.E. (catalase mRNA, Bio-Rad CFX manager software version 2.1) or
mean � S.D. (protein concentration and activity, 2-tailed t test), where * indi-
cates a significant difference between low fat-fed and fasted mice (p � 0.05,
n � 5).
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congruence of the high fat diet and fasting data is consistent
with lipid availability triggering a specific and selective induc-
tion of catalase.

DISCUSSION

In this study, we measured the effect of a high fat diet on the
endogenous antioxidant enzyme system in the heart. Using a
novel quantitative proteomics method, based on LC-tandem
MSwith SRM,we have simultaneously quantified changes in 16
members of the antioxidant enzyme network inmice fed a high
fat diet. We found that catalase was selectively induced within
24 h, and catalase total activity persisted at a relatively constant
magnitude throughout 30 weeks of high fat feeding. Moreover,
the same selective and rapid induction of catalase was observed
in mice fasted for 1 day. Together, these data suggest that both
high fat feeding and fasting increase H2O2 production within
the heart, which is countered by the specific induction of
catalase.
Hydrogen peroxide can damage biological systems by a num-

ber of mechanisms. For example, Fenton chemistry converts
H2O2 into the highly reactive hydroxyl radical that is capable of
damaging proteins, lipids, andDNA.H2O2 is also a substrate for
the enzyme myeloperoxidase, which uses H2O2 to generate
other damaging molecules such a hypochlorous acid (40). It is
also clear that H2O2 functions as a signaling molecule through
transient oxidation of proteins such as the protein-tyrosine
phosphatases PTP1B and PTEN, which negatively regulate
insulin sensitivity (41–43). Low concentrations of H2O2 can
also have a proliferative effect, whereas high concentrations are
cytotoxic (44). As such, H2O2-consuming enzymes such as the
glutathione peroxidases, peroxiredoxins, and catalase should
be readily and selectively regulated to limit toxic levels of H2O2
accumulation while permitting H2O2-mediated cell signaling.
The low binding affinity of catalase for H2O2, which is well
below the micromolar binding affinity of glutathione peroxi-
dases and peroxiredoxins, may underlie the specificity of cata-
lase induction by high fat diet (45–47). This difference makes
catalase ideal for consuming toxic levels ofH2O2while allowing
the glutathione peroxidases and peroxiredoxins to manipulate
the lower subtoxic amounts of H2O2 needed for signaling.
Proper coordination between these enzymes is critical given
that subtle changes in cellular H2O2 concentration can exert
both positive and negative effects. For example, treatment of
hepatocyteswith 1�MH2O2 has been shown to increase insulin
sensitivity, whereas treatment with 5–10 �M H2O2 promotes
insulin resistance via inhibition of PTP1B and activation of the
stress-responsive protein c-Jun N-terminal kinase (48). Based
on low binding affinity, we hypothesize that the main role of
catalase in the maintenance of intracellular H2O2 concentra-
tion is largely to protect against H2O2-induced oxidative
damage.
Overexpression of catalase in transgenic mice confers pro-

tection against conditions that increase fatty acid oxidation.
Whole heart overexpression of catalase reduces malondialde-
hyde protein modification and preserves fractal shortening in
models of type 1 and 2 diabetes (49). Of particular importance
to this study,mice that overexpressmitochondrial targeted cat-
alase (mCat) are protected from high fat diet-induced insulin

resistance in skeletal muscle and displayed decreased mito-
chondrial H2O2 production (14). The data from transgenic
mice coupled with H2O2 concentration-dependent regulation
of insulin sensitivity in hepatocytes support H2O2 as a key reg-
ulator of insulin sensitivity.Why then domice capable of selec-
tively increasing catalase expression and activity in response to
high dietary fat still become insulin-resistant (21)? One expla-
nation is that the level of catalase activity inmitochondria from
mCat mice is 50-fold higher than wild type (50) compared with
the �50% increase we observe for the endogenous catalase
response. Although the binding affinity of catalase is low, the
Vmax is near the rate of diffusion. Thus, massive overexpression
of catalase could eliminate the H2O2 needed to drive skeletal
muscle insulin resistance in response to high dietary fat.
The data from mCat mice suggest that increased mitochon-

drial H2O2 production induced by high fat feeding promotes
insulin resistance. High dietary fat is known to increase fatty
acid oxidation for energy production via the Randle cycle, and
we and others have shown that mitochondria produce more
H2O2 when oxidizing fatty acids versus pyruvate derived from
glycolysis (35). We demonstrate here for the first time that cat-
alase is present and is increased within mouse cardiac mito-
chondria following exposure to a high fat diet. The increase in
mitochondrial catalase (�50%) is consistent with a response
designed to protect mitochondria rather than prevent insulin
resistance as observed inmCatmice. Very long chain fatty acids
present in the high fat chow are oxidized within peroxisomes
where �-oxidation is initiated by ACOX1 activity that directly
produces H2O2. The observed increase in ACOX1 expression
within 1 day suggests that high dietary fat enhances peroxi-
somal fatty acid oxidation. The excess H2O2 produced by per-
oxisomes is likely to be consumed by the high concentration of
catalase present within peroxisomes. However, peroxisomal
�-oxidation is incomplete, and the shortened fatty acids are
able to be exported for uptake and complete oxidation by the
mitochondria in a manner similar to pristanic acid (51), poten-
tially enhancing mitochondrial H2O2 production. Together,
these data are consistentwith both peroxisomes andmitochon-
dria cooperatively affecting the cellular redox environment via
increased fatty acid oxidation during high fat feeding.
A question that emerges from our findings is what serves as

the stimulus for the induction of catalase in response to high
dietary fat, increased fatty acid delivery, or increasedH2O2 pro-
duction? Two candidate transcription factors that are sensitive
to either oxidative stress (Nrf2) or lipid levels (Ppar�) were
explored in our work. Nrf2-dependent regulation of catalase
has been observed in mouse cardiomyocytes challenged with
3H-1,2-dithiole-3-thione, which induces various antioxidants
and phase 2 enzymes, including catalase (39). Other work from
our laboratory has found that Nrf2 siRNA reduces the increase
in catalase expression seen in macrophages treated with oxi-
dized low density lipoprotein (22). Similarly, a functional Ppar-
response element has been found within the rat catalase pro-
moter (52). However, no differences were seen in the response
of increased catalase protein expression or activity induced by
high dietary fat between wild-type, NFE2L2�/�, and
PPARA�/� mice clearly arguing against the involvement of
these transcription factors. The overall reduction in catalase
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concentration seen in PPARA�/� global knock-out mice may
arise from a general reduction in fatty acid oxidation, which
suggests that although PPARA�/� does not regulate the cata-
lase response to high dietary fat the amount of catalase present
is linked to the level of fatty acid oxidation.
The requirement of c-JunN-terminal kinase (JNK) for devel-

opment of insulin resistance in response to high dietary fat may
provide the first clue as to the regulatory mechanism responsi-
ble for catalase induction. JNK1 knock-outmice are resistant to
high fat diet-induced increases in body weight, blood glucose
levels, and insulin resistance (53). Lowmicromolar H2O2 treat-
ment of mouse embryonic fibroblasts activates the small
GTPase Ral leading to JNK-dependent phosphorylation of
transcription factor forkhead box protein 4 (FOXO4) thereby
promoting nuclear translocation and up-regulation of target
genes (54). FOXO3-dependent catalase induction has been
demonstrated in response to oxidative stress-mediated hyper-
trophy of rat cardiomyocytes (55). Additionally, treatment of
rat cardiomyocytes with insulin leads to increased phosphory-
lation, ubiquitination, and eventual down-regulation of
FOXO1 (56). Altogether, these data suggest that JNK activation
by H2O2 promotes insulin resistance and FOXO-mediated
transactivation of antioxidant genes, including catalase. There-
fore, H2O2 production fromperoxisomes ormitochondria dur-
ing high fat feeding may serve both to induce catalase expres-
sion while promoting insulin resistance through a JNK/FOXO-
dependent mechanism. Although this idea needs to be tested,
any potential regulation of catalase by FOXO familymembers is
potentially complex given that these transcription factors, like
Nrf2 and Ppar�, typically up-regulate gene sets rather than
individual antioxidant enzymes. The existence of multiple
FOXO isoforms and a variety of co-transactivators with which
they interact may provide the specificity required for the
unique induction of catalase by high dietary fat.
In summary, we have characterized the cardiac antioxidant

response to a high fat diet and identified catalase as an impor-
tant component of the immediate antioxidant response. Fur-
thermore, we found that fasting elicited a similar catalase-spe-
cific response. Ad libitum consumption of high dietary fat and
fasting are fundamentally different nutritional states; however,
each is characterized by elevated plasma levels and oxidation of
fatty acids (9, 23–26). Thus, our findings are consistent with
elevated circulating fatty acid levels promoting H2O2 produc-
tion from organelles that oxidize fatty acids. The coupling of
fatty acid oxidation with the production of H2O2, a signaling
molecule known to influence insulin sensitivity and thereby
energetic fuel utilization, place both themitochondria and per-
oxisomes in an ideal position to sense and communicate dietary
composition. The rapid induction of catalase suggests that this
enzyme is critical for the heart’s ability to accommodate
increased fatty acid oxidation for energy production, during
either high fat feeding or fasting, by preventing oxidative dam-
age while not perturbing H2O2-mediated signaling. From this
perspective, short term metabolic adaptations such as insulin
resistance may be an entirely appropriate response to a high fat
diet that favors utilization of lipid rather than carbohydrate to
ensure complete clearance of potentially toxic lipid intermedi-
ates. Although these changesmay reflect an evolutionarily con-

served adaptation to cycles of fasting and feeding, chronic con-
sumption of excess calories leads to obesity and a metabolic
syndrome characterized by chronic dyslipidemia. In this sce-
nario, the well intended response needed for short term chal-
lenges is transformed into the unwanted long term metabolic
abnormality of chronically elevated blood glucose levels that
drive downstream complications such as diabetes and cardio-
vascular disease.
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