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Abstract

Acetylation has recently emerged as an important mechanism for controlling a broad array of
proteins mediating cellular adaptation to metabolic fuels. Acetylation is governed, in part, by
SIRTs (sirtuins), class 11l NAD*-dependent deacetylases that regulate lipid and glucose
metabolism in liver during fasting and aging. However, the role of acetylation or SIRTS in
pathogenic hepatic fuel metabolism under nutrient excess is unknown. In the present study, we
isolated acetylated proteins from total liver proteome and observed 193 preferentially acetylated
proteins in mice fed on an HFD (high-fat diet) compared with controls, including 11 proteins not
previously identified in acetylation studies. Exposure to the HFD led to hyperacetylation of
proteins involved in gluconeogenesis, mitochondrial oxidative metabolism, methionine
metabolism, liver injury and the ER (endoplasmic reticulum) stress response. Livers of mice fed
on the HFD had reduced SIRT3 activity, a 3-fold decrease in hepatic NAD* levels and increased
mitochondrial protein oxidation. In contrast, neither SIRT1 nor histone acetyltransferase activities
were altered, implicating SIRT3 as a dominant factor contributing to the observed phenotype. In
Sirt3!~ mice, exposure to the HFD further increased the acetylation status of liver proteins and
reduced the activity of respiratory complexes 111 and IV. This is the first study to identify
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acetylation patterns in liver proteins of HFD-fed mice. Our results suggest that SIRT3 is an
integral regulator of mitochondrial function and its depletion results in hyperacetylation of critical
mitochondrial proteins that protect against hepatic lipotoxicity under conditions of nutrient excess.
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INTRODUCTION

Acetylation has recently emerged as an important mechanism for controlling a broad array
of proteins governing cellular adaptation to different metabolic fuels. In eukaryotes [1] and
in human liver [2], acetylation profiles have been shown to control gluconeogenesis,
glycolysis and the TCA (tricarboxylic acid) cycle coupled to the urea cycle. Schwer et al. [3]
reported that acetylation of up to 70 mitochondrial proteins in liver changed by at least 2.5-
fold in response to caloric restriction, suggesting the importance of extranuclear acetylation
in events influencing metabolic fuel utilization.

Acetylation is controlled, in part, by SIRTs (sirtuins), which are class I1l NAD*-dependent
deacetylases [HDACs (histone deacetylases)]. SIRTs are now recognized to function as
nutrient and redox sensors that modulate cellular function via deacetylation of lysine
residues [1]. There are seven mammalian SIRT isoforms: SIRTs 1, 2, 6 and 7 are located in
the nucleus, whereas SIRTs 3, 4 and 5 are mitochondrial (although SIRT3 has been reported
to shuttle from the cytosol to mitochondria with cell stress [4]). Under conditions of caloric
restriction, SIRTs influence a variety of key metabolic pathways, including fat mobilization
[5], insulin secretion [6], gluconeogenesis [7], muscle fatty acid oxidation [8] and
mitochondrial regulation [9]. A proteomic study found 277 acetylation sites in 133
mitochondrial proteins in mouse liver [10]. However, relatively little is known about the role
of SIRTs and acetylation under conditions of caloric excess, where many organs, including
the liver, play a critical role in diseases such as Type 2 diabetes, NAFLD (non-alcoholic
fatty liver disease) and inflammation.

SIRT3 appears to be the primary mediator of mitochondrial acetylation, since no significant
changes in acetylation status of mitochondrial proteins were detectable in mice lacking
SIRT4 and SIRT5 [11]. A number of studies have suggested that SIRT3 plays an important
role in regulating mitochondrial function [12-14]. SIRT3 overexpression increases cellular
respiration and decreases mitochondrial membrane potential and ROS (reactive oxygen
species) production [14-17], and mice lacking SIRT3 have impaired ATP production and
mitochondrial respiration during starving [11,15]. SIRT3 regulates mitochondrial protein
synthesis through acetylation of MRPL10 (mitochondrial ribosomal protein L10) [18,19]
and controls mitochondrial activity through acetylation of succinate dehydrogenase [20],
long-chain acyl-CoA dehydrogenase [13], acetyl-CoA synthetase 2 [21] and isocitrate
dehydrogenase 2, an enzyme that promotes regeneration of antioxidants and catalyses a key
regulation point in the TCA cycle [22]. A decrease in S/rt3mRNA has been described in
brown adipose tissue of genetically obese animals [14]; however, its role in the liver has not
been studied under conditions of caloric excess.

In the present study, in response to a chronic HFD (high-fat diet), we reveal a diverse set of
hyperacetylated proteins important for controlling pathological responses in the
mitochondria and cytosol. In addition, we find that exposure to the HFD suppresses SIRT3
activity concomitant with NAD™ levels, and that Sirt3/~ mice have marked hyperacetylation
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of gluconeogenic and mitochondrial proteins under HFD conditions. Sirt3-deficient mice
have a disruption in mitochondrial complex assembly when fed on the HFD. Taken together,
these results suggest that SIRT3 and hyperacetylation may play an important role in the
regulation of cellular and mitochondrial metabolism induced by high-fat feeding.

EXPERIMENTAL

Reagents

Polyclonal anti-(acetylated-lysine) and AP (alkaline phosphatase)-conjugated anti-biotin
antibodies were purchased from Cell Signaling Technology, and the anti-(total OXPHQOS)
(oxidative phosphorylation) antibody was from MitoSciences. All other antibodies were
obtained from Santa Cruz Biotechnology. HRP (horseradish peroxidase)-conjugated goat
anti-(rabbit 1gG) and anti-(mouse IgG) antibodies were purchased from Bio-Rad
Laboratories. Protease inhibitors were obtained from Sigma-Aldrich. Sequencing-grade
trypsin was purchased from Promega, and iodoacetamide and DTT (dithiothreitol) were
from Sigma-Aldrich. SIRT1 and SIRT3 fluorimetric assays were obtained from Enzo Life
Sciences, NAD* quantification was performed with a kit from BioVision, and an HAT
(histone acetyltransferase) activity assay kit from Millipore. Control and high-fat mouse
chows were purchased from Research Diets and Harlan Laboratories. Reagents used for
measurement of respiratory enzyme activities were purchased from Sigma-Aldrich and
Fisher Scientific.

Animals and sample extraction for proteomic analysis

Animal protocols were approved by the University of Colorado Institutional Animal Care
and Use Committee in accordance with National Institutes of Health guidelines. Male
C57BL/6 SVJ mice at 5-6-weeks of age were housed separately and fed on either CH
(control chow) or an HFD (45 kcal% fat; where 1 kcal ~ 4.184 J) for 16 weeks. WT (wild-
type) and Sirt3/~ mice [23] were fed on either CH or an HFD (60 kcal% fat) for 16-24
weeks. Livers used for the respiratory enzyme activity assay were from mice fed on the
HFD from Harlan (42 kcal% fat) for 24 weeks after weaning. Following overnight starving,
mice were killed by an overdose of pentobarbital, and livers were harvested immediately
and snap frozen at =70 °C in liquid nitrogen before analysis. Livers (approx. 200 mg) were
homogenized and proteins extracted as described previously [24]. Briefly, whole-cell lysates
were obtained by incubating with buffer A [10 mM Hepes (pH 7.9), 1.5 mM KCI, 10 mM
MgCl,, 0.5 MM DTT, 0.1 % lgepal CA-630 and 0.5 mM PMSF] for 30 min and
centrifuging. The supernatants were stored at =70 °C and were used for the initial proteomic
analysis (see Supplementary Figure S1 at
http://www.BiochemJ.org/bj/433/bj4330505add.htm). The extraction of mitochondrial/
nuclear fractions was modified slightly from the original protocol [24]. After addition of
buffer B [20 mM Hepes (pH 7.9), 25 % glycerol, 1.5 mM MgCl,, 420 mM NaCl, 0.5 mM
DTT, 0.2 mM EDTA, 0.5 mM PMSF and 4 uM leupeptin], samples were incubated for 30
min to retain both nuclear and mitochondrial fractions in the lysates. The mitochondrial/
nuclear fraction was stored at =70 °C and used for proteomics and all other analyses.

IP (immunoprecipitation), one-dimensional electrophoresis and Western blot analysis

Samples (500 wg of total protein) for IP were incubated overnight with 2 ul of the anti-
(acetylated-lysine) antibody or, in the case of Hsp70 (heat-shock protein 70), with 2 ul of
the anti-Hsp70 antibody, at 4 °C. Subsequently, 40 ul of agarose beads was added and
incubated with the sample for 2 h at room temperature (25 °C). Beads were washed four
times with ice-cold RIPA buffer. Elution of immunoprecipitated proteins with Laemmli
sample buffer and heat-denaturation were performed immediately prior to one-dimensional
gel electrophoresis. Proteins were separated by SDS/PAGE (10 % gels) and either
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transferred on to a PVDF membrane for Western blot analysis or visualized by staining
overnight with a fluorescent gel stain (Lava Purple; Fluorotechnics). Gels were imaged
using a Typhoon 9600 imager (GE Healthcare) and bands exhibiting significant differential
staining between CH- and HFD-fed mice were processed further as described below.
Western blot analysis was performed as described previously [11,25]. At least five separate
IPs followed by Western blotting were typically performed. Western blots for total protein
expression were assayed using 20 wg of total protein per sample and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used as a loading control.

In-gel digestion and MS analysis

Bands of interest were excised and diced, destained (1:1 acetonitrile in 50 mM ammonium
bicarbonate), and dried in a vacuum centrifuge for 1 h. Dried slices were rehydrated and
proteins were reduced with DTT (1.5 mg/ml), alkylated with iodoacetamide (10 mg/ml) and
digested overnight at 37 °C with trypsin (0.2 pg/ul). The resultant peptides were extracted
and analysed by reverse-phase nanoscale LC (liquid chromatography)-MS/MS (tandem
MS). Approx. 50 % of each sample was loaded on to a column (Agilent 1100 nano-HPLC,
75 um internal diameter x 15 cm column, Zorbax C1g). Peptides were eluted into the mass
spectrometer using a gradient of increasing buffer B (90 % acetonitrile and 0.1 % formic
acid) at a flow rate of 300 nl/min. Nanospray was induced using a capillary voltage of 1550
V applied to a fused silica emitter (PicoTip; New Objective) with an 8 um aperture. Spectra
were collected over an /m/zrange of 350 to 1800 Da (Agilent LC/MSD Ultra Trap). Over 10
000 MS/MS spectra were typically obtained during a run. SpectrumMill (Agilent) was used
to search processed spectra against the Swiss-Prot database (UniProtKB/Swiss-Prot Release
57.6; 495 880 entries). Each spectrum utilized for protein assignment was manually
confirmed and only accepted if the signal-to-noise ratio of fragment ions was at least five.
Additionally, reversed database searching was used to minimize false-positive results. At
least two confirmed peptide hits were required for protein identification.

NAD* quantification and activity assays

Quantification of NAD™ levels was carried out using a colorimetric assay, according to the
manufacturer’s protocol. Livers were snap frozen in liquid nitrogen, pulverized and
extracted at 4 °C with extraction buffer provided with the NAD* quantification kit. NAD*
values are expressed as ng/mg of tissue. The activity of HATs was measured using a
colorimetric HAT activity assay as described previously [26]. SIRT1 and SIRT3 enzymatic
activities were assayed following the manufacturer’s instructions with slight modifications
[27]. Protein (40 wng) was incubated at 37 °C for 45 min with specific substrates, 25 ul of
developer was added and, following 45 min of incubation, SIRT activity was measured
using a fluorimetric microplate reader at 350 nm/450 nm.

Isolation, purification and assessment of mitochondrial oxidized proteins from livers of
CH- and HFD-fed animals

Selective isolation and purification of oxidized or S-nitrosylated mitochondrial proteins
were adapted from the method described by Moon et al. [28]. Liver mitochondrial protein
extracts were suspended in a buffer containing a final concentration of 40 mM Hepes (pH
7.4), 50 mM NaCl, 1 mM EGTA and 1 mM EDTA with the protease inhibitor cocktail and
NEM (A-ethylmaleimide) (6 wg/ul), and were incubated for 30 min at room temperature to
block residual thiols in the protein samples. Samples were eluted through PD MiniTrap
G-25 columns (GE Healthcare) with the same buffer containing 1 % CHAPS (elution
buffer). Biotin-NEM was added to the eluted proteins to a final concentration of 6 mM and
samples were incubated for 3 h at 4 °C. Excess biotin-NEM was removed from the protein
samples using G-25 columns. Protein-NEM-biotin complexes were affinity-purified using
streptavidin-agarose beads. Complexes were washed twice in elution buffer, centrifuged at
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4000 g for 10 s and the supernatant decanted. Pelleted complexes were resuspended in 2x
Laemmli sample buffer and boiled; the supernatants were then subjected to SDS/PAGE (12
% gels), transferred on to a PVDF membrane and Western blotted using an AP-conjugated
anti-biotin antibody and CDP-Star (New England Biolabs) for detection of oxidized protein-
NEM-biotin complexes.

Measurement of respiratory chain enzymatic activity in livers of WT and Sirt3~/~ animals
fed on the HFD

Post 600 g mitochondrial supernatants were isolated from WT and Sirz3/~ mouse livers.
The supernatants were used to assay activity of respiratory chain enzyme complexes I, 11, 11
+I11, 111, 1V and CS (citrate synthase) spectrophotometrically on a Cary 300
spectrophotometer as described by Rahman et al. [29] with some modifications. For
complex 1, the reaction was started with the addition of 20 uM CoQq (coenzyme Q1). The
activity of complex 11+111 was performed in the presence and absence of antimycin A
because liver has a substantial antimycin-A-insensitive rate. For complex Il1, the sample was
incubated with buffer and then the reaction was initiated by the addition of both
decylbenzylquinol and oxidized cytochrome c. For complex IV, the sample was incubated
with buffer and then the reaction was generated by the addition of reduced cytochrome c.
The protein content of each sample was determined using a Bradford assay. For complexes
I, I and 1I+111, and CS, enzyme activities were calculated as initial rates (nmol/min). For
complexes Il and 1V, enzyme activities were calculated as the first-order rate constants
derived within 1 min of the reaction [30,31]. All activities were normalized to the total
protein content of each sample and are expressed as ratios over the activity of CS.

Statistical analysis

RESULTS

Data were analysed using an unpaired Student’s ftest, a Mann-Whitney Utest and/or a one-
way ANOVA. Differences with £< 0.05 were considered significant.

Proteomics reveals a broad array of hyperacetylated proteins central to metabolism in
livers from obese mice

As expected [32], mice fed on the HFD were approx. 50 % heavier and had 4-fold greater
hepatic triacylglycerol (triglyceride) levels compared with CH-fed controls (results not
shown). A proteomic approach was used to identify liver proteins with altered acetylation
status in the HFD-fed animals. As shown in Figure 1(A), multiple hyperacetylated proteins
were present in livers from HFD-fed mice compared with CH-fed mice. Of the 193 proteins
identified in bands from three separate experiments (Supplementary Table S1 at
http://www.BiochemJ.org/bj/433/bj4330505add.htm), approx. 90 %of the hyperacetylated
proteins regulate metabolic pathways and are known to contain acetylated lysine residues
[10]. Functional classification of 35 representative hyperacetylated proteins of interest
(listed in Table 1), based on their central role in metabolism, is shown in Figure 1(B). These
classes include proteins implicated in amino acid metabolism, fatty acid metabolism,
glycolysis, gluconeogenesis, TCA cycle enzymes, redox regulation and the stress response.
Eleven of the proteins observed have not been reported previously to be acetylated.

Validation of the acetylated proteins in livers from HFD-fed mice by Western blotting

To validate a cross-section of hyperacetylated proteins identified by MS, we performed IPs
with acetylated-lysine affinity matrix antibodies followed by Western blot analysis using
commercially available antibodies against candidate proteins. We confirmed the
hyperacetylation of selected metabolic proteins, including the following: the urea cycle
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regulator CPS1 (carbamoyl-phosphate synthase 1); the gluconeogenic enzyme PC (pyruvate
carboxylase); the glycolysis/gluconeogenic mediator fructose-bisphosphate aldolase B; and
the metabolic stress-response factor Hsp70 (Figure 2). With the exception of Hsp70, the
levels of acetylation, rather than the protein levels, were all increased in livers of HFD-fed
mice, confirming the proteomic analysis. Mitochondrial protein levels were unchanged in
both the CH- and HFD-fed groups (Supplementary Figure S3 at
http://www.BiochemJ.org/bj/433/bj4330505add.htm)

SIRT activity, not expression, is suppressed in livers of obese animals

NAD? levels

We postulated that either decreased SIRT expression and/or activity could account for
protein hyperacetylation in livers from HFD-fed mice. Figures 3(A), 3(C) and 3(E)
demonstrate that protein expression of SIRT1, SIRT3 and SIRT4 were unchanged in the
livers of HFD-fed mice. Although SIRT1 activity remained unchanged, SIRT3 activity was
decreased by 38 % (P < 0.01) in liver samples from HFD-fed mice (Figures 3B and 3D).

Protein hyperacetylation may be caused by both increased HAT activity and/or reduced
HDAC enzyme activity. Figure 3(F) reveals that HAT activity was unchanged in the livers
of HFD-fed mice. These findings suggest that a reduction in deacetylase activity, most
probably that of SIRT3, is primarily responsible for the observed protein hyperacetylation in
HFD-fed mice.

decrease with increasing body weight

Because SIRT3 activity requires NAD* as a cofactor [33] and this nucleotide is reduced in
the liver of obese mice [34], we postulated that reduced SIRT activity might be linked to a
decrease in hepatic NAD* levels in HFD-fed mice. Overall, NAD™ levels were significantly
decreased in HFD-fed mice by 35 % (Figure 4A) and appeared to decrease linearly when
plotted against increasing weight gain (Figure 4B).

Increased oxidation of mitochondrial proteins in livers from HFD-fed mice

SIRT3 activity is primarily associated with mitochondria [10]. Given that the HFD was
associated with hyperacetylation of predominantly mitochondrial proteins (Table 1), we next
examined whether the HFD might increase protein oxidation in liver mitochondria. We
isolated and purified mitochondrial proteins and tested for their oxidized or S-nitrosylated
state in CH-fed compared with HFD-fed mice, according to the methods described by Moon
et al. [28]. The results shown in Figure 5 indeed demonstrate that the HFD increased the
levels of oxidized proteins in liver mitochondria.

Reduced SIRT3 activity augments lysine acetylation under HFD conditions

To demonstrate that the acetylated proteins identified in the livers of WT HFD-fed mice
were SIRT3 targets, we obtained liver extracts from Sirt3/~ mice under CH- and HFD-fed
conditions. Proteins were immunoprecipitated using anti-(acetylated-lysine) antibodies and
imunoblotted for CPS1, PC and aldolase B. Similar to previous results [11,13,15], Sirt37/~
mice had evidence of protein hyperacetylation (results not shown). However, following
HFD feeding, a relative increase in acetylation of CPS1, PC and aldolase B was observed in
livers of HFD-fed Sirt3~ mice compared with WT HFD-fed mice (Figure 6),
demonstrating that reduced SIRT3 activity augments protein acetylation under HFD
conditions.
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Reduced mitochondrial respiratory capacity and supercomplex formation in Sirt3~/~ mice
fed on the HFD

Given that Sirt3/~ mice are susceptible to increased cellular levels of ROS [12,17] and
considering the well-established role between obesity and impaired mitochondrial
metabolism [35,36], we hypothesized that Sirz3/~ mice would have evidence of reduced
mitochondrial integrity under HFD conditions. As shown in Figure 7(A), under CH-fed
conditions, there was no change in mitochondrial complex protein levels in Sirt3/~ mice
compared with WT mice. However, under HFD conditions, there was a striking reduction in
the amounts of subunits from mitochondrial complexes I1, 111, IV and V in livers from
Sirt3!~ mice compared with WT HFD-fed mice, supporting the association of HFD
conditions with reduced SIRT3 activity and mitochondrial dysfunction. Additionally, we
measured the activities of respiratory chain complexes in livers of WT and Sirt3/~ animals
fed on the HFD (Figures 7B-7F). The activities of complex 111 and IV were significantly
decreased by 74 and 60 % respectively in livers from Sirt3/~ animals fed on the HFD
compared with WT animals on the same diet (P < 0.02). Detailed raw data are shown in
Table 2. The present study is the first to report combined defects in complexes 111 and IV in
Sirt3-deficient mice. The respiratory activity was normalized to CS activity, which remained
unchanged in WT compared with Sirz3/~ mice (results not shown).

DISCUSSION

The present study is the first to identify acetylation patterns in liver proteins of HFD-fed
mice. The results show a remarkably broad spectrum of hyperacetylated proteins in the liver
of HFD-fed mice that are potentially linked to mitochondrial dysfunction. In WT mice, the
HFD was associated with decreased NAD* levels and correlated with decreased SIRT3
activity, increased oxidation of mitochondrial proteins and fatty liver. Because SIRT3 is in
the mitochondria and requires NAD™ as a cofactor, reduced SIRT3 activity may play a major
function in mitochondrial fidelity and, by extension, loss of SIRT3 activity while on the
HFD could result in hyperacetylation and reduced mitochondrial function. Low levels of
NAD* in obesity are consistent with recent findings showing reduced NAD™ in the liver of
abldband oblob mice and in insulin-resistant hepatic /rsZ (insulin receptor substrate 1)/ /rs2-
double knockout mice [34]. In these studies, PGC-1a (peroxisome-proliferator-activated
receptor-y coactivator-1a) was strongly acetylated and contributed to the dysregulation of
mitochondrial function in obese mice [34]. Our present analysis of Sirt3-knockout mice fed
on an HFD showed even further hyperacetylation of several mitochondrial proteins and
disruption of mitochondrial complexes 11, 1V and V respiratory capacity. Sirt3/~ mice have
normal levels of superoxide under unstressed conditions, but exhibit a stress-induced
increase in superoxide levels and an age-related decrease in mtDNA (mitochondrial DNA)
integrity in the liver [12]. This combination of findings suggests that reduced SIRT3 activity
and hyperacetylation following exposure to an HFD may play a pivotal role in the
mechanisms underlying mitochondrial dysfunction in the livers of obese mice.

ROS and oxidative stress are commonly increased in obesity [37] and both increase further
in Sirt3'~ mice [15]. Notably, Sirt3-deficient mice fed on the HFD had significantly
decreased mitochondrial respiratory chain complex integrity and a general loss of
mitochondrial respiratory capacity without a concomitant change in mitochondrial
abundance (Supplementary Figure S3). Combined with an increase in mitochondrial
oxidized proteins, these results point to a generalized defect in mitochondrial capacity and
increased oxidative stress in mice lacking SIRT3 fed on an HFD [38]. The disruption of
mitochondrial respiratory chain complexes suggests that a decrease in SIRT3 may lead to
the accumulation of cellular ROS following exposure to an HFD [23]. The disruption of
OXPHOS supercomplexes shown in the present study in HFD-fed Sirt3/~ mice suggests
that SIRT3 is important for the maintenance of mitochondrial integrity, which supports

Biochem J. Author manuscript; available in PMC 2012 July 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kendrick et al.

Page 8

substrate channelling between associated OXPHOS complexes [39,40]. We identified the
ROS-scavenging antioxidase enzymes catalase, uricase, peroxiredoxin and glutathione
peroxidase as being hyperacetylated in livers from obese mice. Our present results showing
increased mitochondrial protein oxidation and decreased OXPHOS enzyme activities in the
livers of HFD-fed mice are consistent with higher levels of production of mitochondrial
ROS under stress conditions [12,17], and suggest that hyperacetylation plays an important
role in suppressing the effective function of oxidative stress defence enzymes and
contributing to HFD-induced liver injury.

Several enzymes important for maintaining hepatic energy metabolism were identified as
being hyperacetylated in HFD-fed mice. Among these, adenosylhomocysteinase is an
NAD*-dependent enzyme that generates homocysteine from methionine during amino acid
metabolism. Defects in methionine metabolism induce a complex set of cellular responses
that disrupt hepatocyte lipid metabolism and, in some instances, activate apoptotic or non-
apoptotic cell death pathways. S-Adenosylmethionine synthase (MAT or Ado) is key in the
generation of AdoMet (S-adenosylmethionine), and the synthesis and breakdown of AdoMet
is implicated in the methylation of phospholipids, proteins, DNA, RNA and small molecules
[41]. Disruption in the balance of this process by hyperacetylation could therefore
potentially have a myriad of downstream epigenetic consequences influencing the
progression of fatty liver disease.

In addition to the heat-shock proteins Hsp60, Hsp70 and Hsp71, we identified GRP78
(glucose-regulated protein of 78 kDa), also known as BiP (immunoglobulin heavy-chain-
binding protein), as a hyperacetylated target in fatty liver. GRP78 is the ER (endoplasmic
reticulum) homologue of Hsp70 and contains conserved ATPase and peptide-binding
domains [42]. As a chaperone protein, GRP78 directly interacts with all three ER stress
sensors {PERK [PKR (double-stranded-RNA-dependent protein kinase)-like ER kinase],
ATF6 (activating transcription factor 6) and IRE1 (inositol-requiring enzyme 1)} and
maintains them in inactive forms in non-stressed cells. Stable overexpression of GRP78
inhibits the activation of SREBPs (sterol-regulatory-element-binding proteins) and the genes
under their regulation [43], suggesting that hyperacetylation of GRP78 may be a potential
factor affecting lipid metabolism as well as the ER stress response in fatty livers [43].

We observed hyperacetylation of important rate-limiting enzymes involved in
gluconeogenesis: aldolase B and PC. Aldolase B stimulates gluconeogenesis by virtue of its
strong association with fructose-1,6-bisphosphatase [44], whereas PC is an anaplerotic
enzyme that participates in both gluconeogenesis and in refilling the TCA cycle.
Importantly, PC is induced in obesity and diabetes [45,46], suggesting that its acetylation
could potentially increase its activity during exposure to an HFD. Although not detected in
the present study, recent results show that the key gluconeogenic enzyme PEPCK
(phosphoenolpyruvate carboxykinase) is acetylated, which affects its protein stability and
activity in human liver cells [1]. Given that gluconeogenesis is increased in obesity and
Type 2 diabetic liver associated with insulin resistance [47], our present results showing
hyperacetylation of PC and aldolase B in livers from HFD-fed mice suggest that acetylation
may play an important role in the regulation of gluconeogenic activity in the liver.

Some subunits of complex V (e.g. ATP synthase subunit a and ) and complex 111
(cytochrome &-¢; complex subunit 1 and subunit 2) were hyperacetylated, and the amount of
these protein products in the mature complex was also decreased. No subunits of complex
IV were in the compendium of acetylated proteins, yet its function was clearly decreased in
Sirt3-deficient mice fed on an HFD. However, several mitochondrial translation factors
(elongation factor 1-a, elongation factor 1-y and elongation factor Tu) were found to be
acetylated. A deficiency in these factors is associated with mitochondrial dysfunction
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[48,49]. Other hyperacetylated proteins that can affect mitochondrial transcription and
translation include certain components of the mitochondrial ribosome and subunits of
succinyl-CoA ligase, the latter associated with reduced mtDNA [50].

Obesity and fatty liver disease are characterized by the paradoxical accumulation of
triacylglycerols in the livers of insulin-resistant mice [34]. Strong evidence suggests that
maintenance of NAD* concentrations is required for normal mitochondrial fatty acid
oxidation [8,34]. It has been shown that pharmacological stimulation of mitochondrial
NADH oxidation dramatically promotes S-oxidation and ameliorates dyslipidaemia,
adiposity and fatty liver in obese mice [34]. Escande et al. [51] recently showed that HFD-
induced hepatic steatosis was associated with reduced SIRT1 activity with no change in
NAD* levels or SIRT1 expression, due to an association between SIRT1 and DBC-1
(deleted in breast cancer-1), a nuclear-localized protein that reduced SIRT1 activity. These
investigators used a 60 kcal %HFD and did not measure SIRT3 or HAT activity. Our
present results demonstrated that, although SIRT1 and SIRT3 levels did not change in the
livers of HFD-fed mice, there was a significant decline in NAD™ levels with increasing
obesity and a reduction in SIRT3 activity. Because SIRT3 requires NAD* as a co-factor, it is
ideally suited as a fast-acting metabolic sensor of the cells’ energy needs. Indeed, SIRT3 has
emerged as a mediator of global lysine acetylation in mitochondria [11], and is ideally
situated to function as a mitochondrial fidelity protein. Given the extensive association
between obesity, oxidative stress [52,53] and fatty liver, these findings suggest that reduced
SIRT3 may play a pivotal role in the mechanisms that govern hepatic HFD-induced
mitochondrial dysfunction and will be the subject for future investigation.
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GRP78 glucose-regulated protein of 78 kDa
HAT histone acetyltransferase
HDAC histone deacetylase
HFD high-fat diet
HRP horseradish peroxidase
Hsp70 heat-shock protein 70
IP immunoprecipitation
IRS insulin receptor substrate
MS/MS tandem MS
MtDNA mitochondrial DNA
NAFLD non-alcoholic fatty liver disease
NEM N-ethylmaleimide
OXPHOS oxidative phosphorylation
PC pyruvate carboxylase
ROS reactive oxygen species
SIRT sirtuin
TCA tricarboxylic acid
WT wild-type
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Figure 1. Functional classification of hyperacetylated proteins in the livers of HFD-fed mice
C57BL/6 SVJ mice were fed on either CH or an HFD (45 % fat) for 16 weeks and starved
overnight before sample extraction (see details in the Experimental section; /7= 3 per group).
Lysine-acetylated liver proteins were immunoprecipitated from mitochondrial/nuclear
extracts. (A) Proteins were separated by one-dimensional SDS/PAGE (10 % gel) and
visualized with fluorescence staining (see Experimental section). Proteins from differentially
stained bands were excised, digested and identified by MS/MS and database searching. The
molecular mass in kDa is shown. (B) The functional classification of 35 high-scoring
proteins of interest identified via MS across a variety of important metabolic pathways.
Proteins were selected and separated into functional groups based on information contained
in the UniProtKB database.
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Figure 2. HFD increases acetylation of proteins involved in key metabolic pathways in mouse
liver

Equivalent amounts of liver protein homogenates from C57BL/6 SVJ mice fed on either CH
or an HFD (45 kcal % fat) for 16 weeks (/7= 3/group) and starved overnight prior to sample
extraction were subjected to IP and Western blot analysis (see the Experimental section).
Total protein expression for (A) CPS1, (B) PC, (C) aldolase B and (D) Hsp70 was assessed
by immunoblotting with an appropriate antibody. GAPDH was used as a loading control.
The significant decrease in CPS1 protein in HFD-fed mice is shown in (A). Values are
means = S.E.M., #P< 0.01. In a separate experiment (E), acetylation (Ac) status was
assessed by IP followed by Western blotting. Representative blots are shown. The
representative Western blot (C) is a composite of a larger gel in which all of the samples
were run simultaneously together. The composite was made by splicing complete lanes
together for presentation purposes.
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Figure 3. HFD suppresses SIRT3 activity with no change in SIRT1, SIRT3 or HAT activity in
livers of HFD-fed mice

C57BL/6 SVJ mice were fed on either CH or an HFD (45 kcal % fat) for 16 weeks. Mice
were killed following overnight starvation and lysates from homogenized livers were used to
detect SIRT1, SIRT3 and SIRT4 protein expression and activity. HAT activity was also
assayed as described in the Experimental section. Equivalent amounts of protein extracts
were subjected to Western blot analysis. (A, C and E) PVDF membranes were probed with
anti-SIRT1, anti-SIRT3, anti-SIRT4 and anti-GAPDH antibodies and monitored using ECL
(enhanced chemiluminescence) detection. Three separate experiments in different mice (n=
5/group) were performed with similar results. (B and D) The effect of the HFD on SIRT1
and SIRT3 activity were examined using a fluorimetric method. Assays were performed
according to the manufacturer’s instructions with slight modifications (see the Experimental
section). Values are means + S.E.M., n= 4/group, and represent a fold change over the
control group. #£< 0.05. (F) An ELISA was used to investigate the effect of the HFD on
HAT activity. Extracts were co-incubated with histone H3 peptide and an HAT assay
cocktail (as described in the Experimental section). Values are means + S.E.M., n= 4/group.
The representative Western blots (A and C) are a composite of larger gels in which all the
samples were run simultaneously together. The composite was made by splicing complete
lanes together for presentation purposes.
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Figure 4. Reduced hepatic NAD* concentration correlates with increasing weight gain in HFD-

fed mice

C57BL/6 SVJ mice were fed on either CH or an HFD (45 kcal % fat) for 16 weeks (n=4/
group) and starved overnight prior to killing. (A) NAD™ levels were quantified using a
colorimetric assay according to the manufacturer’s protocol. Values are means = S.E.M., n=
6/group; P < 0.05. (B) Hepatic NAD+ concentrations were compared with the net increase
in body weight in mice fed on the HFD. NAD™ levels negatively correlated with the body

weight increase (A2 = 0.88).
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Figure 5. HFD increases mitochondrial protein oxidation in liver

Selective isolation and purification of oxidized or S-nitrosylated mitochondrial proteins
from C57BL/6 SVJ mice fed on either CH or an HFD (45 kcal % fat) for 16 weeks were
performed as adapted from the methods described by Moon et al. [28]. Equivalent amounts
of protein extracts from CH- and HFD-fed mice were assayed. Purified biotin-NEM-labelled
mitochondrial proteins were separated by SDS/PAGE (12 % gels), transferred on to PVDF
membranes and subjected to Western blot analysis using a biotin-AP-conjugated antibody.
The blot shown is a composite gel and displayed are two lanes per group from the same gel
and same exposure. The complete gel is provided in Supplementary Figure S2 at
(http://www.BiochemJ.org/bj/433/bj4330505add.htm).
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Figure 6. HFD increases acetylation of selected liver proteins in Sirt3™~ mice

WT and Sirt3~ mice were fed on the HFD (60 kcal % fat) for 8-9 weeks and starved
overnight prior to killing and protein extraction. Western blots of liver homogenates were
probed to obtain total protein expression levels of (A) CPS1, (B) PC and (C) aldolase B.
GAPDH was used as a loading control. In a separate experiment (D), the acetylation (Ac)
status was assessed by IP of equivalent amounts of sample with the anti-(acetylated-lysine)
antibody, followed by Western blotting for the proteins of interest. Analysis was carried out
in n= 4/genotype. Representative Western blots are shown. In each case, the blot is a
composite of a larger gel in which all of the samples were run simultaneously. The
composite was made by splicing complete lanes together for presentation purposes.
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Figure 7. HFD is associated with reduced mitochondrial activity and supercomplex assembly in
livers from Sirt3~~ mice

WT and Sirt37~ mice were fed on either CH or the HFD (60 kcal % fat) for 8-9 weeks (7=
3/group) were starved overnight prior to killing and lysates of homogenized livers were
prepared. (A) Western blot analysis with total OXPHOS antibody cocktail (complex |
subunit NDUFBS, approx. 20 kDa; complex |1 subunit, approx. 30 kDa; complex Il subunit
core 2, approx. 47 kDa; complex 1V subunit I, approx. 39 kDa; and complex V subunit
ATP synthase a, approx. 53 kDa). Bands were detected using ECL (enhanced
chemiluminescence). GAPDH provided a loading control. Representative blots are
presented. The representative Western blot (A) is a composite of a larger gel in which all of
the samples were run simultaneously together and the composite was made by splicing
complete lanes together for presentation purposes. Separately, the activities of OXPHOS
enzymes were assayed: (B) complex I, (C) complex I1, (D) complex Il (E) complex 11+111
and (F) complex IV. Mitochondrial supernatants were isolated from WT and Sirt3/~ mice
fed on the HFD and respiratory chain complex proteins were assayed for enzymatic activity
(see the Experimental section). The activity for each complex is expressed as the fold
change compared with the WT relative to CS activity. Values are means = S.E.M., n=4-5/
group; #P< 0.02.
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Table 2

Individual activity of respiratory chain enzyme complexes and ratio over CS

HFD-fed WT mice

HFD-fed Sirt3~~ mice

Parameter Activity Activity/CS ratio  Activity Activity/CS ratio
Complex | 15.7 (2.7-21.2) 83 (16-124) 10.7 (2.4-12.9) 58 (14-65)
Complex Il 85.8 (49.3-118.5) 436 (290-703) 65.5 (54.8-123.4) 387 (326-554)
Complex 11 3.0(1.7-5.3)7 14 (10-35)7 0.7 (0.6-1.2) 4(3-7)

Complex lI+11l 5.1 (4.1-7.8) 33 (23-46) 4.0 (3.3-6.5) 23 (15-39)
Complex IV 5.3 (4.3-10.3)7 31 (23-67)7 2.7(24-33) 15 (14-19)

CS 170.1 (154.6-221.9) NA 171.6 (166.3-222.9) NA

Values are medians (range).

"

NA, not applicable.

P<0.01 compared with Sintg -
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