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Abstract

Obesity-related pathologies, such as nonalcoholic fatty liver disease, are linked to mitochondrial dysfunction and
nitric oxide (NO) deficiency. Herein, we tested the hypothesis that a high-fat diet (HFD) modifies the liver
mitochondrial proteome and alters proteins involved in NO metabolism, namely arginase 1 and endothelial NO
synthase. Male C57BL=6 mice were fed a control or HFD and liver mitochondria were isolated for proteomics
and reactive oxygen species measurements. Steatosis and hepatocyte ballooning were present in livers of HFD
mice, with no pathology observed in the controls. HFD mice had increased serum glucose and decreased
adiponectin. Mitochondrial reactive oxygen species was increased after 8 weeks in the HFD mice, but decreased
at 16 weeks compared with the control, which was accompanied by increased uncoupling protein 2. Using
proteomics, 22 proteins were altered as a consequence of the HFD. This cohort consists of oxidative phos-
phorylation, lipid metabolism, sulfur amino acid metabolism, and chaperone proteins. We observed a HFD-
dependent increase in arginase 1 and decrease in activated endothelial NO synthase. Serum and liver
nitrateþnitrite were decreased by HFD. In summary, these data demonstrate that a HFD causes steatosis, alters
NO metabolism, and modifies the liver mitochondrial proteome; thus, NO may play an important role in the
processes responsible for nonalcoholic fatty liver disease. Antioxid. Redox Signal. 15, 447–459.

Introduction

Nonalcoholic fatty liver disease (NAFLD), a com-
ponent of the cardiometabolic syndrome, has emerged

as one of the most common etiologies of chronic liver disease.
NAFLD can progress from simple fatty liver (i.e., steatosis) to
more severe conditions such as nonalcoholic steatohepatitis
(NASH), fibrosis, and cirrhosis, if left untreated. NASH is
characterized histologically by macrosteatosis, inflammation,
hepatocyte ballooning, and pericellular fibrosis in zone 3 of
the liver lobule (36). Insulin resistance, disrupted fatty acid
metabolism, mitochondrial dysfunction, oxidative stress, and
dysregulated cytokine networks are proposed to be critical
factors or ‘‘hits’’ responsible for the progression from simple
steatosis to NASH (18).

Evidence suggests that mitochondrial dysfunction is a key
player and contributor to NAFLD and NASH pathogenesis.
Early studies showed that obesity-induced steatosis de-
creased the capacity for ATP synthesis in liver (6). Similarly,

hepatic mitochondria of NASH patients exhibit lower respi-
ratory complex activities (35) and increased mitochondrial
DNA mutations (19). Recently, our laboratory reported that
chronic consumption of a high-fat diet (HFD) in mice induced
NAFLD-like pathology that was accompanied by profound
changes in mitochondrial bioenergetics (25). Feeding a HFD
for 16 weeks decreased mitochondrial respiration and cyto-
chrome c oxidase activity and increased sensitivity to nitric
oxide (NO)-dependent inhibition of mitochondrial respira-
tion when compared with measures in liver mitochondria
from the control mice. Similar alterations in mitochondrial
bioenergetics and NO–mitochondria signaling occur in alcohol-
induced fatty liver disease (47, 48). It is likely that dietary-
induced alterations in tissue NO bioavailability underlie these
changes in mitochondrial function (7, 17). Although re-
duced NO concentrations have been shown in cardiovascular
and renal tissues of obese and=or diabetic animals (39), the
impact of fatty liver (i.e., steatosis) on hepatic levels of NO is
not yet known. Understanding the impact of fatty liver on NO
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metabolism is important, as NO is implicated as a critical
physiological regulator for how mitochondria and cells re-
spond to stress in multiple organ systems (16, 17, 42).

In addition to altering NO-dependent mitochondrial res-
piration, it is hypothesized that chronic exposure to a HFD
will modify the liver mitochondrial proteome, which may
ultimately compromise mitochondrial function. Identifying
NAFLD-dependent alterations to mitochondrial proteins is an
important area of research as there are over 600þ proteins
thought to comprise this organelle-specific proteome (28).
Indeed, studies aimed at determining NAFLD-dependent
changes to the mitochondrial proteome represent an attrac-
tive approach to better understand the key metabolic and
molecular factors that contribute to this important liver dis-
ease. Therefore, our next goal was to investigate the liver
mitochondrial proteome from wild-type C57BL=6 mice pair-
fed a control or HFD for 16 weeks, using two-dimensional
isoelectric focusing (2D IEF)=sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE). This time
point was selected because HFD-dependent impairments in
mitochondrial bioenergetics are present at 16 weeks (25).
These proteomic studies were complemented by measuring
mitochondrial reactive oxygen species (ROS) production and
assessing the impact of a HFD on the levels of two key en-
zymes involved in maintaining tissue NO, namely arginase 1
and endothelial NO synthase (eNOS). To test for a HFD-
dependent deficit in NO, we measured serum and liver
nitrateþnitrite levels.

Materials and Methods

HFD feeding protocol

Male C57BL=6 mice were purchased from Jackson Labora-
tories (Bar Harbor, ME) at 8 weeks of age and maintained two
per cage under a standard 12-h light–dark cycle. Mice were fed
a control or HFD for up to 16 weeks before being used in
experiments (25). Mice in the HFD group were fed the control
diet for days 1–2 before being switched to the HFD. The HFD
contains 71% total calories as fat, 11% as carbohydrate, and
18% as protein (24). The control diet is calorically equivalent
(1 kcal=ml diet) to the HFD except that the fat content is re-
duced to 35% total calories, with carbohydrate and protein
making up 47% and 18% of total calories, respectively. To
perform the pair-feeding protocol, the amount of liquid HFD
consumed by each HFD pair of mice was measured daily (i.e.,
for each 24-h period) and then each corresponding control pair
of mice was fed an equal amount of the control diet during the
next 24-h time period. Use of a pair-feeding protocol is required
for this type of study design so that differences in experimental
outcomes between groups (i.e., between the control and the
HFD) can be ascribed solely to the presence of higher fat con-
tent in the diet and not to increased caloric intake as groups are
isocaloric. Animal protocols were approved by the IACUC and
mice were treated in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 86-23).

Histology, serum, and liver chemistry measurements

Formalin-fixed liver was processed for hematoxylin–eosin
staining and evaluated for the presence of steatosis. Serum
levels of adiponectin (B-Bridge International, Mountain View,

CA) and insulin (Millipore=Linco, Billerica, MA) and liver
levels of tumor necrosis factor a (TNFa; BioLegend, San Die-
go, CA) were measured by enzyme-linked immunosorbent
assay following manufacturer’s instructions. Glucose, tri-
glycerides, and alanine aminotransferase (ALT) levels were
measured in serum using reagent set kits (Pointe Scientific,
Canton, MI). Triglyceride levels were measured in liver
cytosolic fractions using a coupled enzymatic-reagent set,
triglycerides–GPO (Pointe Scientific). Serum and liver
nitrateþnitrite levels were measured using the colorimetric
Griess reagent (Cayman Chemical Company, Ann Arbor, MI).
Serum and liver samples were filtered to reduce background
absorbance per manufacturer’s recommendations. Mice were
fasted for 4 h before isolation of liver tissue and collection of
blood for serum measurements.

Immunoblotting

Total eNOS protein and phosphorylated eNOS (eNOS-
PSer1177) protein levels were measured using 1:5000 and 1:1000
dilutions of primary antibodies, respectively (Cell Signaling
Technology, Danvers, MA). Levels of arginase 1 protein were
measured using a 1:500 dilution of primary antibody (Santa
Cruz Biotechnology, Santa Cruz, CA). Uncoupling protein 2
(UCP2) levels were measured using a 1:1000 dilution of pri-
mary antibody (R&D Systems, Minneapolis, MN). Levels of
beta-actin protein were measured using a 1:5000 dilution of
primary antibody (Sigma-Aldrich, St. Louis, MO). Voltage-
dependent anion channel protein was measured using a
1:20,000 dilution of primary antibody (EMD Chemicals,
Gibbstown, NJ). After incubation with appropriate horseradish
peroxidase-conjugated secondary antibodies, protein bands
were visualized by chemiluminescence detection and quanti-
fied using Quantity One software (Bio-Rad, Hercules, CA).

Liver mitochondria isolation

Mitochondria were prepared by differential centrifugation
of liver homogenates using an ice-cold isolation medium
containing 250 mM sucrose, 1 mM EDTA, and 5 mM Tris-HCl
(pH 7.5) (21, 25). Protease inhibitors were added to the iso-
lation buffer to prevent protein degradation as required for
proteomic analyses. Briefly, liver homogenates were centri-
fuged at 560 g for 10 min with the resulting postnuclear su-
pernatant centrifuged at 8500 g for 10 min to isolate the
mitochondrial fraction. The mitochondrial pellets were sub-
jected to four separate wash cycles (i.e., gentle resuspension of
mitochondria followed by centrifugation at 8500 g for 10 min)
to obtain the final fraction. All steps in this procedure were
conducted at 48C. Respiration rates and extent of coupling
were measured using a Clark-type O2 electrode (25) to ensure
high-quality mitochondrial preparation for proteomics and
ROS measurements.

Mitochondrial ROS measurements

Mitochondria (0.5 mg=ml) were suspended in HEPES
buffer, pH 7.2, which contained 130 mM KCl, 2 mM KH2PO4,
3 mM HEPES, 2 mM MgCl2, and 1 mM EGTA in 50-ml Er-
lenmeyer flasks. This buffer is identical to that used for res-
piration measurements. Flasks were sealed with rubber
stoppers and continuously gassed with 21% O2:74% N2:5%
CO2 throughout the incubation period. Mitochondria were
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incubated with 2 mM 20,70-dichlorodihydrofluorescein dia-
cetate (Invitrogen, Eugene, OR) for 60 min to measure ROS
formation as previously described (52). Succinate (0.2 mM)
was added as the oxidizable substrate. In a parallel set of
experiments, samples were incubated with carbonyl cya-
nide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (1 mM)
to dissipate the mitochondrial membrane potential and
demonstrate that ROS production was membrane poten-
tial dependent. The background fluorescence of the FCCP-
treated samples was subtracted from all experimental
samples. Select experiments were also performed in the
presence of antimycin (15 mM) as a positive control to
stimulate mitochondrial superoxide and hydrogen peroxide
production. After incubation, the dichlorofluorescein fluo-
rescence of mitochondria suspension was measured with
excitation and emission wavelengths set to 488 and 525 nm,
respectively.

Proteomic analysis of liver mitochondrial proteins

2D IEF=SDS-PAGE analysis of liver mitochondrial proteins
was performed essentially as previously described (2). Briefly,
mitochondrial protein (100mg) was applied to IEF gel strips
(ZOOM Strips, pH 3–10; Invitrogen, Carlsbad, CA) and rehy-
dration of IEF strips was done overnight (*16 h). The follow-
ing morning, IEF was performed using the following
conditions: 175 V for 20 min, ramp to 2000 V for 45 min, hold at
2000 V for 30 min, ramp down to 500 V for 30 min, and then
hold at 500 V for 2 h. For SDS-PAGE, IEF gel strips were placed
horizontally on top of a 10% resolving gel with 4% stacking gel
and sealed into place using warm agarose (1%, w=v), and gels
were run at 100 V for 1.5 h. After electrophoresis, gels were
stained with Sypro Ruby� (Invitrogen) for total protein and
imaged using a Bio-Rad Fluor-S Imager (Bio-Rad).

Gels were analyzed for differences in protein density us-
ing PDQuest software (Bio-Rad) as previously described (2).
Individual proteins identified by the software were manu-
ally verified to generate a match-set of gels for the control
and HFD treatments. The protein density was compared
across all gels and a reference gel was selected and served as
the master gel image. Automatic matching of proteins in
each gel to the corresponding proteins in the master gel was
performed and then manually verified to correct for any
proteins incorrectly matched to proteins in the reference gel.
To correct for intergel protein loading differences, density
data for each individual protein in each gel was normalized
to the total density of valid proteins for that particular gel.
Image analysis revealed that there was no significant dif-
ference in total signal density between gels prepared from
the control and HFD groups (control: 712,928� 15,714; high
fat: 698,062� 31,545; p-value¼ 0.78), indicating equal load-
ing and high reproducibility of gels. Statistical analysis was
performed as previously described (2).

For protein identification, spots were excised from gels and
processed by standard methods used in the UAB mass spec-
trometry shared facility (www.uab.edu=proteomics) and
previously described (2). Samples were analyzed with a
Voyager De-Pro mass spectrometer and the obtained peptide
masses were submitted to the MASCOT database
(www.matrixscience.com) for protein identification. Proteins
were classified using the Universal Protein Resource website
(www.uniprot.org) maintained by the UniProt Consortium

(European Bioinformatics Institute, Swiss Institute of Bioin-
formatics and Protein Information Resource).

Statistical analysis

Data are reported as the mean� standard error of the
mean. Significant differences (p< 0.05) between the control
and HFD groups were obtained using Student’s paired t-test
where indicated. As a pair feeding study was used on mice
from a single batch of animals and mice were paired before
starting the experimental liquid diets, differences between
means were assessed with Student’s t-test for paired samples
as described by Snedecor and Cochran (43). Repeated mea-
sure analysis of variance was used for analyses of body
weight, whereas the difference in liver weight between
groups was determined using an analysis of covariance
(ANCOVA) as suggested for obesity-related studies (1). Use
of ANCOVA is appropriate for this, as ANCOVA revealed
that liver weight was highly related to body weight
(p< 0.0001) for both feeding time points. In the following
section, normalized liver weights are presented as least square
means� standard error of the mean.

Results

Effect of HFD on body weight

Mice were fed a control or HFD in a pair-fed, isocaloric
fashion for up to 16 weeks to determine the impact of chronic
exposure to HFD on the liver mitochondrial proteome. As
shown in Figure 1, the body weights of the control and HFD
mice increased during the 16-week feeding period; however,
there was no statistically significant difference in body weight
between groups when compared over the entire feeding period
(data analyzed by repeated measure analysis of variance).

Effect of HFD on liver parameters and circulating
metabolic markers

As shown in our previous studies (25), livers from mice fed
a HFD for 16 weeks exhibited an accumulation of fat in

FIG. 1. Body weight of mice maintained on control and
HFD. Body weights are presented for mice fed the control
and HFD for up to 16 weeks. Weights were recorded every
Friday afternoon during the 16-week feeding period. Results
from repeated measure analysis of variance: diet, p¼ 0.36;
time, p< 0.0001; interaction (diet vs. time), p¼ 0.26. Data
represent the mean� SEM for n¼ 8 animals per group. Note
that these data are recorded from the same eight mice per
treatment during the 16-week feeding protocol. HFD, high-
fat diet; SEM, standard error of the mean.
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hepatocytes (Fig. 2B). Moreover, ballooned hepatocytes and
Mallory bodies were present in livers of HFD mice (Fig. 2C,
D). Steatosis was verified biochemically with increased liver
triglycerides present in HFD livers (Table 1). The control livers
showed little to no steatosis (Fig. 2A) and had lower triglyc-
eride levels (Table 1). Similar results were found at 8 weeks
(data not shown). Serum levels of triglycerides were unaf-
fected by the HFD (Table 1). The difference in liver weights
between the control and HFD groups was determined using
ANCOVA, with liver weight examined as the dependent
variable and body weight as the covariate. At the 8-week time
point, the normalized liver weight of the control and HFD
groups was 1.43� 0.058 and 1.31� 0.057 g, respectively
(p¼ 0.0381). At the 16-week time point, the normalized liver
weight of the control and HFD groups was 1.46� 0.056 and
1.19� 0.058 g, respectively (p¼ 0.008).

Accompanying these gross liver parameters, we measured
serum ALT levels, an indicator of hepatocyte injury, and saw

no difference between the control and HFD groups (Table 1).
Liver concentrations of the pro-inflammatory cytokine TNFa
were also unchanged between treatment groups (Table 1).
Serum TNFa was below the level of detection for the control
and HFD animals. In contrast, serum levels of the anti-
inflammatory cytokine adiponectin were significantly de-
creased (30%) in the HFD group compared with the control
(Table 1). Fasting levels of serum glucose were significantly
increased (35%) in the HFD group compared with the control,
with insulin levels unchanged between groups (Table 1).

Effect of HFD on liver mitochondrial proteome

Representative 2D IEF=SDS-PAGE gels from the control
and HFD groups are shown in Figure 3A. Using a ‘‘mini-2D
gel’’ proteomics system, we typically detect 150–200 mito-
chondrial proteins (2). It is important to note that the mito-
chondrial preparations used for these proteomic studies were
functionally validated and had robust respiratory capacity
(25), which is an absolute criterion for valid proteomic ana-
lyses of mitochondria (53). The purity of mitochondrial
preparations was also validated by western blot analysis. As
shown in Figure 3B, there was an absence of the mitochondrial
protein voltage-dependent anion channel in the post-
mitochondrial fraction and an absence of cytosolic protein
beta-actin in the mitochondrial fraction.

Image analysis of 2D gels detected 171 unique protein
‘‘spots’’ in common across all gels from the control and HFD
groups. Densitometry analyses revealed 22 proteins signifi-
cantly altered in response to the HFD. A 2D gel showing the
location of these specific 22 proteins is provided in Figure 4,
with a list of their unique proteins IDs and statistical analyses
provided in Table 2. In addition to proteins affected by the
HFD, we identified 67 proteins that were unchanged between
the control and HFD groups. A list of these unaffected pro-
teins with their IDs and location within a representative 2D
gel is provided in Supplementary Data (Supplementary Data
are available online at www.liebertonline.com=ars).

FIG. 2. HFD induces steatosis. Re-
presentative hematoxylin=eosin-stained
liver sections from mice fed control (A)
or HFD (B–D) for 16 weeks. Increased
lipid droplets are present within hepa-
tocytes of the HFD mice compared with
the control mice. Note the presence of
multiple ballooned hepatocytes (solid
arrow) and Mallory body (dashed arrow)
in the liver from the HFD mice. Mag-
nification: 10� for panels A and B, 20�
for panel C, and 40� for panel D.

Table 1. Effect of a High-Fat Diet on Select Serum

and Liver Chemistries

Control High fat

Serum adiponectin (ng=ml) 31,962� 872 22,604� 1686a

Liver tumor necrosis factor a
(pg=mg protein)

5.95� 0.39 6.37� 0.25

Serum glucose (mg=dl) 177� 25 240� 21a

Serum insulin (ng=ml) 1.26� 0.28 1.31� 0.26
Serum alanine aminotransferase

(IU=l)
37.4� 6.7 42.3� 8.9

Serum triglycerides (mg=dl) 74.9� 14.5 67.5� 16.5
Liver triglycerides (mg=mg

protein)
47.3� 11 109.5� 20.2a

Data represent the mean� SEM for at least five animals per group
for 16-week feeding time point.

ap< 0.05, compared with control.
SEM, standard error of the mean.
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Of the 22 proteins altered by chronic exposure to a HFD for
16 weeks, 13 were increased (circled in blue) and 9 were de-
creased (circled in red) in liver mitochondria (Fig. 4 and Table
2). A brief description of the biological functions of these
proteins is provided in Table 3. In general, these proteins fall
into the broad categories of energy, amino acid, and lipid
metabolism, with some exceptions. Four proteins involved in
oxidative phosphorylation were altered by the HFD. The key
catalytic subunits responsible for ATP synthesis within com-
plex V, the ATP synthase F1 a and b subunits, were decreased

by HFD. Succinate dehydrogenase (i.e., complex II) subunit A
(SDH-A) was also decreased, whereas the Rieske Fe-S protein
of the ubiquinol-cytochrome bc1 reductase (i.e., complex III)
was increased by chronic exposure to HFD. HFD exposure
also reduced the levels of malate dehydrogenase and pyru-
vate dehydrogenase-b, two enzymes involved in mitochon-
drial energy metabolism. In addition to effects on energy
metabolism systems, a HFD exposure also decreased the
amount of 3-hydroxy-3-methylglutaryl-CoA synthase 2
(HMG-CoA synthase 2) and the electron transfer flavoprotein
subunit-a (ETFa). In contrast, the level of a-methylacyl-CoA
racemase was significantly increased by the HFD. Other
proteins that were significantly increased in response to a
HFD were g-actin, sarcosine dehydrogenase, nitrilase-2, and
thiosulfate sulfurtransferase (TSST). Mitochondrial aldehyde
dehydrogenase 2 and glucose-regulated protein 58 (GRP58)
were decreased by the HFD.

Effect of a HFD on mitochondrial ROS generation

As shown in Figure 5A, chronic feeding of a HFD increased
mitochondrial ROS production at 8 weeks, whereas lower
rates of production were measured at 16 weeks. Experiments
with FCCP (an uncoupling agent) and antimycin (a complex
III inhibitor and potent mitochondrial superoxide inducer)
show that ROS formation is membrane potential dependent
and linked to superoxide and hydrogen peroxide produced
from the leakage of electrons from the respiratory chain (see
Supplementary Fig. 2). Previously, we reported that mito-
chondrial state 4 respiration (i.e., ADP independent) was un-
changed between the control and HFD groups at early feeding
time points (i.e., 3 and 8 weeks), with increased state 4 respi-
ration at the later 16-week time point (25). This result suggests
that chronic consumption of a HFD leads to uncoupling of
mitochondria, a proposed adaptive condition that can be
utilized to dissipate mitochondrial oxidant generation (5).
Further analyses support this concept as increased mito-
chondrial state 4 respiration rates are associated with lower
levels of ROS in liver mitochondria (Fig. 5B). Moreover, in-
creased levels of UCP2 protein were observed in livers of the
HFD mice, supporting decreased ROS production (Fig. 5C).

FIG. 3. Representative two-dimensional gel
images of liver mitochondrial proteins from
the control and HFD groups. (A) Mitochondrial
proteins isolated from livers of the control and
HFD groups were separated in the first dimen-
sion by using pH 3–10 isoelectric focusing gel
strips followed by separation in the second
dimension on 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis acrylamide
gels. Please note that proteomic analyses were
performed on liver mitochondria from the
16-week feeding time point. (B) Western blot
analyses showing purity of mitochondrial prep-
arations. For example, VDAC (outer mitochon-
drial membrane protein) is not detected in the
PMS fraction and beta-actin (cytosolic protein) is
not detected in the mitochondrial fraction.
VDAC, voltage-dependent anion channel; PMS,
postmitochondrial supernatant.

FIG. 4. Liver mitochondrial proteins differentially altered
by a HFD. Analysis of two-dimensional gels revealed 22
proteins differentially altered in abundance in response to
the HFD treatment for 16 weeks. Proteins circled in blue
were increased, whereas proteins circled in red were de-
creased in abundance in response to a HFD. The mass
spectrometry identification and biologic functions for these
proteins are provided in Tables 2 and 3, respectively. Please
note that a separate and different numbering system is used
for the global liver mitochondrial proteome map and table
provided in Supplementary Data. (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com=ars). (To see this illustration in color
the reader is referred to the web version of this article at
www.liebertonline.com=ars).
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Effect of a HFD on enzymes impacting
NO bioavailability

Previous studies suggest that alterations in NO metabolism
and bioavailability may contribute to tissue injury from obe-
sity and diabetes (17, 26). The impact of HFD-induced stea-
tosis on two key enzymes involved in the control of NO
metabolism in liver, eNOS and arginase 1, are not known (Fig.
6A). Examination of eNOS showed no effect of a HFD on total
eNOS protein levels, whereas the extent of Ser1177 phos-
phorylation of eNOS was significantly decreased by a HFD
(Fig. 6B). In contrast, arginase 1 levels were significantly in-
creased by a HFD compared with the controls (Fig. 6C). Ac-
companying changes in these two key enzymes of NO
metabolism, nitrateþnitrite concentrations were decreased in
serum and liver of the HFD mice compared with the control
mice (Fig. 7A, B). This result supports the concept that chronic
consumption of a HFD impairs NO availability in liver.

Discussion

Defining the molecular mechanisms responsible for
NAFLD are important as this disease is the most frequent
cause of abnormal liver function tests in the United States,
with an estimated prevalence of 15%–30% in the general U.S.
population (12, 36). To address this ever-increasing public

health problem, numerous experimental animal models have
been utilized to understand NAFLD pathobiology. Pre-
viously, we adapted a long-term HFD feeding model, origi-
nally used in rats (24), to wild-type C57BL=6 mice to study the
mitochondrial mechanisms underlying NAFLD (25). Using
this approach, mice fed the HFD had higher fasting serum
glucose, suggesting hyperglycemia (Table 1). Moreover, mice
fed the HFD had decreased serum adiponectin at 16 weeks
(Table 1), which is in agreement with studies showing low
adiponectin in NAFLD patients (34). Chronic consumption of
a HFD in mice also produced macro- and microsteatosis,
hepatocyte ballooning, and Mallory bodies (Fig. 2)—some of
the hallmark features observed in the liver of NAFLD=NASH
patients. However, we did not observe increased serum ALT in
the HFD mice (Table 1), which is in agreement with other
studies using a HFD in mice (13, 20). Similarly, serum triglyc-
erides were not elevated in the HFD mice (Table 1). It is possible
that a HFD-mediated defect in very low-density lipoprotein
(VLDL) secretion may explain the absence of increased serum
triglycerides in the HFD mice. Studies show that absence of
microsomal triglyceride transfer protein, a key protein for
VLDL assembly=export, causes hepatic steatosis and reduced
serum triglycerides (27). Steatosis was verified because in-
creased triglyceride was present in the livers of the HFD
mice (Table 1), although we did not observe a concomitant

Table 2. Liver Mitochondrial Proteins Altered in Abundance by a High-Fat Diet

Spot
no. Protein

Control diet
(mean� SEM)

High-fat diet
(mean� SEM) p-Value

MOWSE score
(no. of matched

peptides) Accession no.

1 Unidentified 851� 74 1121� 44 0.025 — —
2 Unidentified 5999� 1097 8787� 1267 0.0072 — —
3 uMUP-VIII major urinary protein (18.7 kDa) 4491� 977 7958� 1958 0.0383 103 (7) gi|1839508
4 Unidentified 544� 81 855� 139 0.0110 — —
5 Unidentified 947� 186 1293� 143 0.0360 — —
6 Gamma-actin (41 kDa) 915� 118 1353� 95 0.0500 121 (7) gi|809561
7 ATP synthase, F1 beta (48 kDa) 28,095� 1601 24,030� 1441 0.0053 135 (13) gi|89574015
8 Unidentified 414� 21 521� 30 0.0279 —
9 Pyruvate deHase beta (35 kDa) 2008� 45 1842� 62 0.0148 125 (12) gi|12805431
10 Glucose-regulated protein (58 kDa) 2773� 210 2401� 130 0.0500 96 (10) gi|8393322
11 Unidentified 809� 169 1343� 210 0.0306 — —
12 Sarcosine deHase (100 kDa) 5287� 396 6043� 340 0.0034 158 (20) gi|20149748
13 Nitrilase 2 (30.5 kDa) 528� 51 732� 72 0.0148 102 (8) gi|12963555
14 Aldehyde deHase 2 (56.5 kDa) 16,269� 852 13,371� 754 0.0310 246 (15) gi|6753036
15 Succinate deHase, subunit a (72.3 kDa) 5926� 89 5252� 170 0.0193 124 (17) gi|15030102
16 Electron transfer flavoprotein, subunit

alpha (35 kDa)
6823� 747 6084� 724 0.0198 112 (11) gi|21759113

17 Ubiquinol-cytochrome c reductase, Rieske
iron-sulfur polypeptide 1 (29.3 kDa)

3150� 396 3996� 309 0.0235 97 (8) gi|13385168

18 a-methylacyl-CoA racemase (39.6 kDa) 237� 60 442� 100 0.0481 106 (7) gi|2145186
19 3-Hydroxy-3-methylglutaryl-CoA

synthase 2 (56.8 kDa)
13,528� 1282 6116� 713 0.0311 103 (11) gi|31560689

20 Thiosulfate sulfurtransferase (33.4 kDa) 424� 114 908� 225 0.0204 102 (12) gi|6678449
21 ATP synthase, F1 alpha (59.7 kDa) 17,059� 528 9282� 1199 0.0100 154 (14) gi|6680748
22 Malate deHase (35.6 kDa) 16,340� 1026 9495� 1024 0.0126 109 (11) gi|126897

Liver mitochondrial proteins were identified by two-dimensional isoelectric-focusing=sodium dodecyl sulfate–polyacrylamide gel
electrophoresis in combination with mass spectrometry as described in the Methods section. Spot no. is the same as those used to identify
proteins shown in the gel provided in Figure 4. Mass is measured in kDa. The MOWSE score is an algorithmic calculation used to assign a
statistical weight to each peptide match; therefore, a higher MOWSE score implies higher statistical likelihood of the match being correct. The
number of matched peptides (shown in parentheses) is the number of peptides that were matched to allow for protein designation and
MOWSE calculation. The accession number is the unique NCBI label given to proteins. Data represent the mean� SEM for n¼ 5 animals per
treatment group.
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increase in the liver weight of the HFD mice compared with the
controls. This may not be unexpected as fat is less dense than
muscle and increased liver weight is typically correlated to
water retention and protein accumulation in hepatocytes (11)—
processes that may not be altered by a HFD in mice.

Analysis of the mitochondrial proteome revealed changes
in two fatty acid metabolism proteins, HMG-CoA synthase 2
and ETFa, which could influence HFD-dependent steatosis.
HMG-CoA synthase catalyzes the condensation of acetoacetyl
CoA and acetyl CoA to form free CoA and HMG-CoA, which
in mitochondria is metabolized to acetoacetate. Important to
our findings, HMG-CoA synthase deficiency causes fatty liver
(49) and feeding a methionine-choline–deficient diet to mice
decreased HMG-CoA synthase (51). Thus, inhibition of keto-
genesis linked to HMG-CoA synthase deficiency leads to
steatosis. We also observed a significant decrease in ETFa, the
electron acceptor for the four chain-length, b-oxidation–
specific acyl CoA-dehydrogenases. Reducing equivalents
from b-oxidation are transferred sequentially to ETF, ETF-
ubiquinone oxidoreductase, and then to ubiquinone, entering
the mitochondrial respiratory chain at the level of complex III.
A HFD-mediated decrease in this key electron-shuttle protein,
coupled with an impaired respiratory chain, is likely to con-
tribute to steatosis because of an inability to metabolize fatty
acyl CoAs.

Liver TNFa was unchanged by exposure to a HFD (Table
1), with serum TNFa undetectable in both groups. This ob-
servation suggests that a strong pro-inflammatory cytokine
response was not activated in liver by this dietary regime at

this particular time point. It supports why we did not see
elevated serum ALT in this model of HFD-dependent stea-
tosis as serum ALT typically increases in response to cyto-
kine-mediated liver injury (3, 23, 46). Although one might
predict increased TNFa in response to a HFD, recent studies
show temporal alterations in cytokines and hepatic proteins
during chronic feeding studies. For example, robust tem-
poral changes occur in TNFa expression during early and
late time points in studies of alcohol-induced fatty liver
disease (40). This temporal characteristic is further sup-
ported by studies showing a switch from an early inflam-
matory to a late steatotic transcriptional program during a
16-week exposure to a HFD (38). These studies demonstrate
that the impact of a HFD on cytokines, hepatic proteins, and
metabolism is dynamic and adaptive. Indeed, several studies
show early adaptation to diet and other metabolic stresses,
with the eventual failure to adapt to stress leading to disease,
such as steatosis (10, 14, 38). Similarly, differential dietary-
mediated changes in the liver transcriptome and proteome
likely explain why HFD mice in the present study did not
have increased body weight when compared with control
mice (Fig. 1). Thorens and colleagues showed that C57BL=6
mice have differential metabolic adaptive responses when
fed a HFD for up to 9 months, with most mice becoming
obese and diabetic; however, a significant percentage re-
mained lean and nondiabetic even when fed the same HFD
(10). Specifically, they found that the obese=diabetic phe-
notype was related to upregulation of lipogenic genes,
whereas the lean=nondiabetic phenotype showed decreased

Table 3. Biological Functions of Mitochondrial Proteins Altered in Abundance by a High-Fat Diet

Spot
no. Protein Biologic function

Change with
high-fat diet

3 uMUP-VIII major urinary protein (18.7 kDa) Pheromone communication (only in rodents) :
6 Gamma-actin (41 kDa) Cytoskeleton protein; role in liver regeneration :
7 ATP synthase, F1 beta (48 kDa) Catalytic site of ATP synthesis in OxPhos system ;
9 Pyruvate deHase beta (35 kDa) Catalyzes the conversion of pyruvate to acetyl CoA ;
10 Glucose-regulated protein (58 kDa) Chaperone protein ;
12 Sarcosine deHase (100 kDa) Catalyzes the conversion of sarcosine to glycine;

last step in choline oxidation pathways
:

13 Nitrilase 2 (30.5 kDa) Nitrilase-related metabolism :
14 Aldehyde deHase 2 (56.5 kDa) Acetaldehyde and electrophilic lipid metabolism ;
15 Succinate deHase, subunit a (72.3 kDa) Catalyzes the oxidation of succinate

to fumarate; flavoprotein
;

16 Electron transfer flavoprotein,
subunit alpha (35 kDa)

Transfers electrons to ubiquinone via electron
transfer flavoprotein–ubiquinone oxidoreductase

;

17 Ubiquinol-cytochrome c reductase, Rieske
iron-sulfur polypeptide 1 (29.3 kDa)

Redox activity component of complex III;
transfers electrons from ubiquinol
to cytochrome c

:

18 a-methylacyl-CoA racemase (39.6 kDa) Oxidation of branched chain fatty acids
and cholesterol metabolites

:

19 3-Hydroxy-3-methylglutaryl-CoA
synthase 2 (56.8 kDa)

Catalyzes the condensation of acetoacetyl CoA
and acetyl CoA; first step in ketogenesis

;

20 Thiosulfate sulfurtransferase (33.4 kDa) Cyanide detoxification; role in iron–sulfur centers;
sulfane sulfur metabolism

:

21 ATP synthase, F1 alpha (59.7 kDa) Catalytic site of ATP synthesis in OxPhos system ;
22 Malate deHase (35.6 kDa) Catalyzes the oxidation of malate

to oxaloacetate in Kreb’s cycle
;

Liver mitochondrial proteins were identified by two-dimensional isoelectric-focusing=sodium dodecyl sulfate–polyacrylamide gel
electrophoresis in combination with mass spectrometry as described in the Methods section. Major urinary protein-VIII is secreted from liver,
filtered into urine, and only used for pheromone communication in mice (9); as such it will not be discussed in this article.
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lipogenic gene expression and increased eNOS in liver in
response to the HFD (10). These studies are important as they
indicate that in a genetically homogenous population (e.g.,
C57BL=6 mice) differential effects on parameters such as
body weight can occur even when mice are exposed to the
same stressors (e.g., HFD) for equal time periods. These
findings support the concept that disease likely occurs in
those individuals who are poor adaptors to metabolic
stressors, whereas those resistant to disease may be good
adaptors. In summary, our results show that feeding a HFD
reproduces some, but not all, of the important biochemical
and histologic markers observed in NAFLD patients.

Chronic consumption of a HFD also causes defects in he-
patic mitochondrial bioenergetics. Previously, we reported
that liver mitochondria from mice fed a HFD for 16 weeks
have decreased respiration and respiratory complex activities
(25). In the present study, we extended our investigations to
determine whether changes in oxidative phosphorylation
proteins and other mitochondrial proteins occurred in re-
sponse to a HFD. Herein, we observed a significant decrease

in the abundance of SDH-A, as well as decreases in the ATP
synthase F1 a and b subunits. SDH-A connects the Kreb’s cycle
to the respiratory chain through the oxidation of succinate to
fumarate with FADH2-linked reduction of the electron carrier
ubiquinone. A HFD-mediated deficiency in SDH-A likely
contributes to a decrease in respiratory capacity (25). The
HFD-mediated decrease in the two ATP synthase subunits (F1

a and b) that catalyze ATP synthesis would also compromise
mitochondrial energy conservation. These findings, coupled
with a decrease in the content of the other key mitochondrial
metabolism enzymes (malate and pyruvate dehydrogenase),
provide strong evidence to support the concept that bioen-
ergetic dysfunction occurs in response to chronic exposure to
a HFD and can be linked to changes in the proteome.

Accompanying these bioenergetic changes in mitochon-
dria, we observed HFD-dependent alterations in mitochon-
drial ROS production. Consumption of a HFD for 8 weeks
increased ROS, whereas decreased mitochondrial ROS pro-
duction was observed after 16 weeks of HFD feeding (Fig. 5).
Although the underlying molecular mechanism responsible

FIG. 5. Effect of a HFD on mito-
chondrial ROS production and UCP2
in liver. (A) Mitochondrial ROS
production was measured using the
fluorescent probe 20,70-dichlorodihy-
drofluorescein diacetate as previously
described (52). Mitochondria were
prepared from livers of mice fed con-
trol and HFD for 8 and 16 weeks. (B)
Plot of mitochondrial state 4 respira-
tion (microgram atom O=min=mg
protein) versus ROS production (fluo-
rescence units). The correlation proba-
bility for data shown in panel B is
0.0028, indicating that the two mea-
sures are significantly correlated. Note
that ROS production was measured
under state 4 conditions, that is, in the
absence of ADP. (C) Top panels: Re-
presentative immunoblots of UCP2
and VDAC protein in liver samples
from two separate pairs of control and
HFD mice. Results are from groups fed
diets for 16 weeks. Bottom panels:
Densitometry analysis of UCP2 and
VDAC levels along with UCP2 nor-
malized to VDAC. Data shown in
panels A and C represent the mean�
SEM for n¼ 4–7 animals per treatment,
with *p< 0.05, compared with control.
ROS, reactive oxygen species; UCP,
uncoupling protein.

454 ECCLESTON ET AL.



for this result remains undefined, we predict that excess ex-
posure to free fatty acids stimulated mitochondrial ROS
production in a short term (i.e., 8 weeks). However, following
long-term exposure to fatty acids (i.e., 16 weeks), reactive
species-dependent posttranslational modifications to mito-
chondrial proteins including those of the respiratory chain are
predicted to occur. This would most likely impair mitochon-
drial metabolism, diminish electron transport, and render
mitochondria unable to maintain the membrane potential (9,
37). In agreement, we have shown that liver mitochondria
from mice fed a HFD for 16 weeks have increased state 4
respiration and a lower mitochondrial membrane potential
(25), which is likely due to a HFD-dependent induction of the
liver-specific UCP2 (Fig. 5). These events would have the
effect of decreasing ROS production, a membrane potential-
dependent process (30). In response to increased state 4 res-
piration at the 16-week time point, mitochondria will be less
able to conserve the Hþ gradient generated across the inner
membrane; thus, mitochondria are less well coupled (i.e.,
uncoupled). As a consequence, the likelihood of electrons
‘‘leaking’’ to O2 to form superoxide is diminished during in-
creased state 4 respiration because the respiratory complexes
involved in superoxide formation are in a less-reduced state
during increased rates of electron transfer. Data showing an
association between increased state 4 respiration and de-
creased ROS levels are supportive of this concept (Fig. 5).
Although uncoupling may be beneficial in the short term by
attenuating ROS production (5), increased state 4 respiration
is likely to be highly detrimental in the long term as un-
coupling decreases ATP synthesis efficiency. Sustained un-
coupling would place hepatocytes under bioenergetic stress
and increase susceptibility to cell death, especially when ATP

demands are increased acutely in liver. Taken together, these
results suggest that although mitochondrial ROS production
and oxidative damage may contribute to NAFLD pathobi-
ology early in the disease process, impaired bioenergetics
and the inability to preserve hepatocyte viability may be
more critical for disease severity as suggested by Diehl
and colleagues (18). Future time course studies are needed
to evaluate these events in the initiation and progression of
NAFLD.

Correspondingly, we have shown that chronic con-
sumption of a HFD increases the sensitivity of mitochondrial
respiration to inhibition by NO (25). This observation is
important because low, physiologically relevant concentra-
tions of NO can reversibly inhibit mitochondrial respiration
at cytochrome c oxidase by competing with O2 at the bi-
nuclear center. It is through this interaction that NO may act
as a physiologic regulator of mitochondrial respiration,
electron transport, and ROS production (8, 16). Although the
underlying molecular change within the respiratory chain
responsible for increased NO sensitivity is not known, we
anticipate that increased sensitivity of mitochondria is re-
lated to decreased NO levels (i.e., bioavailability) in steatotic
liver (Fig. 7). Specifically, we propose that mitochondria
adapt to lower tissue NO concentrations in disease states by
increasing their sensitivity to NO (25, 42, 48). In support of
this, we observed changes in two key enzymes, arginase 1
and eNOS, which control tissue NO concentrations. First,
arginase 1 protein was increased in the liver of the HFD mice
compared with the controls (Fig. 6C). Arginase 1 hydrolyzes
l-arginine to urea and l-ornithine (Fig. 6A). It is predicted
that increased arginase 1 contributes to the decrease in NO
metabolites (nitrateþnitrite) in the liver of the HFD mice

FIG. 6. Effect of a HFD on enzymes
(arginase 1 and eNOS) affecting NO
bioavailability in liver. (A) Simplified
schematic showing the role of arginase 1
and eNOS-catalyzed reactions. (B) Top
panels: Representative immunoblots of
eNOS-PSer1177 and total eNOS in liver
samples from two separate pairs of con-
trol and HFD mice. Results are from
groups fed diets for 16 weeks. Bottom
panels: Densitometry analysis of eNOS-
PSer1177 and total eNOS levels along with
eNOS-P normalized to total eNOS pro-
tein. (C) Top panels: Representative im-
munoblots of arginase 1 and beta-actin
protein in liver samples from two sepa-
rate pairs of control and HFD mice. Re-
sults are from groups fed diets for 16
weeks. Bottom panels: Densitometry anal-
ysis of arginase 1 and beta-actin levels
along with arginase 1 normalized to beta-
actin. Data represent the mean� SEM for
n¼ 4–8 animals per treatment group,
with *p< 0.05, compared with control.
NO, nitric oxide; eNOS, endothelial NO
synthase; eNOS-PSer1177, eNOS phos-
phorylated at residue Ser 1177; Arg1, ar-
ginase 1.
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(Fig. 7) by depleting the eNOS substrate l-arginine. Second,
this deficiency in liver NO is compounded as exposure to a
HFD also decreased levels of activated eNOS (i.e., decreased
eNOS-PSer1177).

A deficiency in eNOS-derived NO may be important in
the etiology of NAFLD because NO has beneficial effects
in maintaining tissue oxygenation (45), controlling redox-
sensitive signaling pathways (8), and supporting several key
mitochondrial functions such as energy and lipid metabolism
(7). Studies show that eNOS knockout mice have defective
beta-oxidation, increased liver and skeletal muscle triglycer-
ide content, and disrupted mitochondria function (22, 41).
Moreover, seminal studies by Nisoli, Clementi, and Moncada
strengthen this concept as NO is required for functionally
active mitochondria via activation of pathways involved in
mitochondrial biogenesis (32). As a signaling molecule, NO
increases mitochondrial biogenesis by activating soluble
guanyl cyclase and generating the second messenger cGMP
(31–33). In line with this, NO affects gene expression through
regulating the activities of numerous transcription factors (4,
54). Indeed, eNOS-derived NO has been shown to activate the

master regulator of mitochondrial biogenesis, peroxisome
proliferator-activated receptor coactivator 1a, which stimu-
lates expression of mitochondrial transcription factors initi-
ating expression of genes encoding mitochondrial proteins
(31, 33). Although an examination of the effect of NO on the
transcriptional networks responsible for the HFD-mediated
changes in the mitochondrial proteome is beyond the scope of
the present study, it is likely that the HFD-mediated decrease
in NO contributes to mitochondrial dysfunction and changes
to the mitochondrial proteome. For example, through our
proteomic analyses we found a HFD-dependent decrease in
mitochondrial GRP58, a protein disulfide isomerase family
member that participates in establishing physical associations
between the endoplasmic reticulum and mitochondrion and
integrates cellular stress responses (15). We predict that the
HFD-mediated decrease in GRP58 may be linked to decreased
NO as studies show that NO is required for induction of other
stress-responsive GRP genes (50). In addition, we observed a
HFD-mediated increase in the levels of TSST. TSST is a highly
abundant mitochondrial protein responsible for cyanide de-
toxification. Recently, TSST function has expanded to include
sulfane sulfur transfer to other thiol groups, representing a
new posttranslational protein thiol modification (29). Al-
though the biological significance of TSST induction in re-
sponse to HFD remains elusive, pharmacologic NO inhibition
increases sulfane sulfur content presumably through modu-
lation of sulfurtransferase expression and=or activity (44).
Future studies are warranted to determine the exact under-
lying mechanisms by which eNOS-derived NO mediates the
regulation of these mitochondrial proteins and others identi-
fied in this study as being altered by a HFD.

In summary, we provide an analysis of several metabolic
changes that occur in liver and mitochondria following
chronic exposure to a HFD. A total of 20þ mitochondrial
proteins were significantly altered in abundance in response
to a HFD, including proteins involved in energy metabolism,
chaperone function, fatty acid oxidation, and sulfur amino
acid metabolism. These new results are valuable as they
highlight key metabolic pathways altered in an experimental
model of NAFLD that might be suitable for forthcoming
therapeutic intervention studies. Application of more focused
proteomic techniques (blue native-PAGE) will likely advance
investigations at the subproteome level, for example, the ox-
idative phosphorylation system, which is a suspected target of
NAFLD pathogenesis. We also found a HFD-dependent de-
crease in serum and liver NO, which is likely related to in-
creased arginase 1 and decreased active eNOS. This NO
deficiency is predicted to disrupt mitochondrial function as
eNOS-derived NO is critical for proper mitochondrial func-
tion and biogenesis. Finally, we propose that decreased NO
bioavailability may play a role in the progression of NAFLD
to NASH; low NO might be considered as a ‘‘second hit’’ in the
disease process. Future studies aimed at using transgenic
and=or knockout NOS models are planned to test this con-
cept. Together, our results show that liver NO bioavailability
is decreased in response to a HFD and likely contributes to
defects in mitochondrial function and liver injury.
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Abbreviations Used

2D IEF=SDS-PAGE¼ two-dimensional isoelectric
focusing=sodium dodecyl
sulfate–polyacrylamide gel
electrophoresis

ALT¼ alanine aminotransferase

ANCOVA¼ analysis of covariance

eNOS¼ endothelial nitric oxide synthase

eNOS-PSer1177¼ endothelial nitric oxide synthase,
phosphorylated at Serine 1177

ETFa¼ electron transfer flavoprotein-alpha

FCCP¼ carbonyl cyanide 4-(trifluoromethoxy)-
phenylhydrazone

GRP58¼ glucose-regulated protein 58

HFD ¼ high-fat diet
HMG-CoA synthase 2 ¼ 3-hydroxy-3-methylglutaryl-CoA

synthase 2
NAFLD ¼ nonalcoholic fatty liver disease

NASH ¼ nonalcoholic steatohepatitis
NO ¼ nitric oxide

PMS ¼ postmitochondrial supernatant
ROS ¼ reactive oxygen species

SDH-A ¼ succinate dehydrogenase
subunit A

SEM ¼ standard error of the mean
TNFa ¼ tumor necrosis factor alpha
TSST ¼ thiolsulfate sulfurtransferase

UCP2 ¼ uncoupling protein 2
VDAC ¼ voltage-dependent anion channel
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