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Abstract

Mitochondrial protein hyperacetylation is a known consequence of sustained ethanol consumption
and has been proposed to play a role in the pathogenesis of alcoholic liver disease (ALD). The
mechanisms underlying this altered acetylome, however, remain unknown. The mitochondrial
deacetylase sirtuin 3 (SIRT3) is reported to be the major regulator of mitochondrial protein
deacetylation and remains a central focus for studies on protein acetylation. To investigate the
mechanisms underlying ethanol-induced mitochondrial acetylation, we employed a model for
ALD in both wild-type (WT) and SIRT3 knockout (KO) mice using a proteomics and
bioinformatics approach. Here, WT and SIRT3 KO groups were compared in a mouse model of
chronic ethanol consumption, revealing pathways relevant to ALD, including lipid and fatty acid
metabolism, antioxidant response, amino acid biosynthesis and the electron-transport chain, each
displaying proteins with altered acetylation. Interestingly, protein hyperacetylation resulting from
ethanol consumption and SIRT3 ablation suggests ethanol-induced hyperacetylation targets
numerous biological processes within the mitochondria, the majority of which are known to be
acetylated through SIRT3-dependent mechanisms. These findings reveal overall increases in 91
mitochondrial targets for protein acetylation, identifying numerous critical metabolic and
antioxidant pathways associated with ALD, suggesting an important role for mitochondrial protein
acetylation in the pathogenesis of ALD.

INTRODUCTION

Histone acetylation has been implicated in a host of diseases, ranging from inflammation to
cancer.1–4 Until recently, little has been known about the role of acetylation on non-core
histone proteins and it remains to be determined exactly how many proteins are regulated
through acetylation. Recent studies, however, suggest that over 20% of mitochondrial
proteins contain this post-translational modification (PTM).5 Protein acetylation has been
shown to affect a plethora of cellular pathways including lipid and amino acid metabolism,
oxidative stress, the urea cycle and cellular respiration.6–13 While the past decade has
provided much insight into regulatory mechanisms of protein acetylation, the biochemical
consequences and resulting physiological disease states due to altered acetylation remain
unclear. Much like other PTMs, altered acetylation has been implicated in numerous disease
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states including cardiovascular disease, cancer, ageing, metabolic disorders and alcoholic
liver disease (ALD).14–17

Protein acetylation occurs on N-ε-lysine residues and has been shown to affect protein
structure, function and activity.18–20 Currently, little is known about the mechanisms
involved in the acetylation of mitochondrial proteins, although current theories assume the
existence of mitochondrial acetyltransferases which carry out these acetylation reactions as
well as mechanisms of auto-acetylation.21 The mechanisms surrounding the removal of
these PTMs, however, is well characterized and has become a focus for many researchers
over the past decade. The deacetylation of N-ε-lysine residues is carried out by a family of
proteins known as histone deacetylases (HDACs).22 Specifically, the HDAC class III
enzymes known as Sirtuins (SIRT) are a subset of NAD+-dependent, zinc-requiring
deacetylase enzymes which are known to regulate nuclear, cytosolic and mitochondrial
proteins.23 Currently, the SIRT family of proteins contains 7 isoforms, identified as
SIRT1-7; most notably, SIRT3-5 are located within the mitochondria and likely regulate
most, if not all, protein function modulated through deacetylation; however, few direct
relationships between protein acetylation and function are known.5, 24 As evidenced by
publications, from 2000–2005 a mere 310 publications were present on sirtuins, whereas
from 2006–2011 1322 independent publications were reported (search term “Sirtuin”,
PubMed). These numbers alone provide insight into this rapidly expanding field of research.

Recent reports have described increased mitochondrial protein acetylation in rodent models
of chronic ethanol consumption.25, 26 Mitochondrial dysregulation is a well-documented
factor in the development and progression of ALD and protein acetylation provides a
potential mechanism contributing to the observed dysfunction.27–30 Through the use of
genetically modified mice, SIRT3 has been demonstrated to be the major regulating enzyme
of mitochondrial protein acetylation and implicates SIRT3 in a number of disease states
resulting, in part, from perturbations in mitochondrial processes.31 Given the dependence of
SIRTs on NAD+ for activity, disease states, such as ALD, associated with altered metabolic
NAD+/NADH ratios are a prime target for investigation. Importantly, decreases in cytosolic
NAD+ are a known consequence of chronic ethanol ingestion through the oxidative
metabolism of large quantities of ethanol.32, 33 These reducing equivalents are then shuttled
into the mitochondria through the malate-aspartate shuttle leading to a shift in mitochondrial
redox status. The oxidative metabolism of ethanol-derived acetaldehyde also utilizes
mitochondrial NAD+-dependent aldehyde dehydrogenase 2 (ALDH2), further exacerbating
mitochondrial NAD+ depletion.34, 35 A significant shift in the balance of NAD+/NADH
during chronic ethanol consumption likely plays a role in modulating SIRT activity and may
contribute to the observed increases in protein acetylation through altered SIRT3 activity.29

The initiating stages of ALD are reported to involve sustained oxidative stress and marked
lipid accumulation (steatosis).36 The precise role SIRT3 plays in regulating the biochemical
consequences of ethanol metabolism has not been elucidated, however, SIRT3 has been
shown to regulate antioxidant enzymes such as isocitrate dehydrogenase 2 (IDH2) and
superoxide dismutase (SOD2).13,37 Separate reports have shown that SIRT3 ablation and
ethanol consumption both lead to increased mitochondrial protein acetylation; therefore we
examined the mitochondrial acetylome as a possible mechanism contributing to the
pathogenesis of ALD.7, 38 Here, we applied a well-characterized model of early-stage ALD
to both WT and SIRT3 KO mice. The resulting analysis of the mitochondrial acetylome in
the WT animal group reveals that ethanol-induced protein hyperacetylation targets similar
proteins as the SIRT3 KO animals and impacts comparable biochemical pathways. Relevant
to the pathologies associated with ALD, we have identified numerous targets for lysine
acetylation associated with fatty acid and lipid metabolism, antioxidant response, electron-
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transport chain and amino acid biosynthesis, suggesting a central role for SIRT3 and altered
protein acetylation in the pathogenesis of ALD.

EXPERIMENTAL PROCEDURES

Animal Model

All procedures involving animals were approved by the Institutional Animal Care and Use
Committee of the University of Colorado and were performed in accordance with published
National Institutes of Health guidelines. Male, wild-type or SIRT3 KO C57/BL6J mice were
utilized for the analysis and characterization of ethanol-mediated liver damage. SIRT3 KO
mice were obtained from Dr. Eric Verdin and genotyped as previously described.6, 31

Briefly, mice were fed a modified Lieber-DeCarli liquid based-diet (Bio-Serv, Frenchtown,
NJ) for 6 weeks. The diet consisted of 44% fat-derived calories, 16% protein-derived
calories and the remaining balance being comprised of either carbohydrate or ethanol-
derived calories. Ethanolfed mice began the study on a diet consisting of 2% (v/v) ethanol,
with the ethanol-derived calories increased on a weekly basis until sacrifice; week 6
consisted of 6% ethanol (v/v) or 31.8% ethanol-derived calories. Pair-fed animals were each
matched to an ethanol-fed mouse where ethanol-derived calories were replaced with calories
from a carbohydrate source (maltosedextrin). Upon completion of the study, animals were
anesthetized via intraperitoneal injection of sodium pentobarbital and euthanized via
exsanguination. Livers were excised, weighed, and frozen for biochemical characterization,
or subjected to differential centrifugation using a sucrose gradient for subcellular
fractionation as previously describe.39

2-Dimensional Gel Electrophoresis of Mitochondrial Proteins

Mitochondrial fractions isolated from the livers of the wild-type and SIRT3 knockout
control and ethanol-fed mice were subjected to two-dimensional gel electrophoresis on IPG
strips (pH 3-11) and separated on 11cm gels (Bio-Rad, Hercules, CA) in duplicate, with
each experiment repeated a minimum of 3 times. One set of gels was transferred to a
Hybond-P membrane (GE Healthcare, Buckinghamshire, UK) while the others were stained
utilizing Imperial Protein Stain (Pierce, Rockfor, IL). Membranes were blocked for 30
minutes with a tris-buffered saline solution containing 1% Tween-20 (TBST) and 5% non-
fat dry milk (NFDM) and subsequently probed with primary antibodies directed against
acetylated-lysine residues (Acetyl-Lys) (Abcam, Cambridge, MA). A horseradish
peroxidase conjugated secondary (Jackson Labs, Bar Harbor, ME) was then applied and
membranes were developed using ECL-Plus Reagent from GE Healthcare.
Chemiluminescence was visualized using a Storm 860 scanner from Molecular Dynamics
(Sunnyvale, CA). Blots were then aligned to the corresponding spots on the Imperial stained
companion gels and spots were excised from the gels, digested with sequencing-grade
trypsin (Promega, Madison, WI) in 50 mM ammonium bicarbonate overnight at 37°C and
the resulting peptides prepared for analysis by LC-MS/MS as previously described.40

LC-MS/MS Identification of Mitochondrial Acetylated Proteins

Protein digests from excised 2D-SDS-PAGE spots were introduced using an electrospray
(ESI) source into an Agilent SL ion trap mass spectrometer (Palo Alto, CA) with an Agilent
1100 capillary HPLC system and a 1.0 × 150 mm Jupiter Proteo 90 Å column (Phenomenex,
Torrance, CA). The flow rate was 5 µL/min of 0.1% aqueous formic acid (solvent A) and
0.1% formic acid in acetonitrile (solvent B). Mobile-phase composition was held at 2%
solvent B for 5 min and then increased to 40% using a linear gradient over 40 min. The
instrument was operated under data-dependent MS/MS conditions with helium as the
collision gas. Compound lists of peptide fragment ions were generated using DataAnalysis
software package (Bruker) and exported as Mascot Generic Format files and searched
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against the comprehensive Mass Spectrometry Database (MSDB) obtained from
ftp.ncbi.nih.gov/repository/MSDB via the Mascot search engine (v 2.1.04,
www.matrixscience.com). Mascot search parameters included trypsin as the digestion
enzyme with 2 missed cleavages. Peptide and MS/MS tolerance were 1.2 Da and 0.6 Da,
respectively. Variable modifications of cysteine carbamidomethyl, methionine oxidation and
lysine acetylation were also included. Searches resulted in the assignment of a UniProt
(Universal Protein Resource http://www.uniprot.org/) accession number which was used for
subsequent bioinformatics analysis utilizing ExPASy (www.expasy.org).

Immunoprecipitation of acetylated peptides with anti-acetyl lysine agarose was performed to
verify the results of the 2D spot picking identifications and to provide insight into the
acetylation of specific lysine residues with this model (ImmuneChem Pharmaceuticals Inc.,
Cat# ICP0388).5 Isolated tryptic peptides were analyzed by multidimensional protein
identification technology (MudPIT) by strong cation exchange and reverse-phase biphasic
trapping (Integra Frit column, New Objective). Samples were injected and eluted with a
series of ammonium acetate salt plugs (25 mM, 100 mM, 500 mM, 1 M) followed by a
reverse-phase ramp. Nano liquid chromatography (EASY-nLC, Proxeon) at a flow rate of
300 nL/min with a gradient of 5 to 40% ACN (0.2% formic acid) over 40 min on a C18
EASY-Column analytical column (100 × 0.075 mm). The nLC was coupled to a nano-ESI
source and Esquire HCT ion trap mass spectrometer (Bruker Daltonics, Inc., Billerica, MA).
The instrument was operated using data-dependent CID MS/MS with a threshold of 10,000
TIC. Data analysis was performed using Mascot (v 2.1.04, www.matrixscience.com) and
Esquire v5.2 data analysis package (Bruker Daltonics). Mascot was used to generate a
merged file from each MudPIT analysis (1 sample injection and 4 salt plugs). The merged
file was then imported into Scaffold 3.1 (Proteome Software, Inc.) in order to analyze,
interpret and organize the complex 2D-LC-MS/MS MudPIT data. Only protein IDs with a
probability of 80% or greater are reported, while peptide IDs required a 90% cutoff. Lysine
acetylation was a required modification. Manual validation of each acetylated peptide ID
was performed to discard false positives. Overall, the MudPIT experiment employed 3
levels of acetyl-Lys analysis: 1) an acetyl-Lys IP procedure, 2) Scaffold analysis using the
given thresholds and 3) manual validation of the MS/MS spectra to discard false-positives.
This 3rd step resulted in the removal of 4 IDs from the search results.

Immunoblotting

Mitochondrial protein was subjected to standard SDS-PAGE and transferred to a Hybond-P
membrane (GE Healthcare, Buckinghamshire, UK) (n=3, biological replicates). Membranes
were blocked for 30 minutes with TBST and 5% NFDM. Membranes were then probed with
primary antibodies directed against Acetyl-Lys (Cell Signaling, Boston, MA), IDH2, SOD2,
ALDH2 or VDAC/Porin (Abcam, Cambridge, MA). Following 3 washes with TBST, a
horseradish peroxidase conjugated secondary was applied and membranes were developed
as described above. In each 1-D Western blot, band intensities were quantified using ImageJ
(version 1.46b) and normalized to the mitochondrial loading control VDAC/Porin to ensure
equal protein load.

Immunoprecipitation of Acetylated Proteins

Mitochondrial protein (200µg) was incubated with antibodies directed against acetylated-
lysine epitopes (5.0µL) overnight at 4°C. 100µL of protein G agarose (Sigma) was then
applied to the samples and allowed to rotate overnight at 4°C. Supernatants were removed
and the beads were washed 5 times with TBST; beads were denatured in standard loading
buffer and proteins were separated via standard SDSPAGE. Immunoblotting was then
carried out as outlined above for IDH2, SOD2 and ALDH2.
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Statistical Analysis

Statistical analysis and generation of graphs was performed using GraphPad Prism 4.02
(GraphPad Software, San Diego, CA). Differences between the four treatment groups were
assessed using a two-way ANOVA analysis with a Bonferroni post-test; statistical
significance was determined if P < 0.05.

RESULTS

Mitochondrial Protein Acetylation

Mitochondrial protein acetylation has become an attractive target for therapeutic
intervention in numerous disease states, including ALD.16, 17, 29 A recent report from our
laboratory using WT mice demonstrated that increased mitochondrial protein acetylation
correlated with increased liver damage in a murine model for ALD 25; the precise targets of
acetylation, however, were not identified.26 Additionally, we identified increased protein
carbonylation of SIRT3 in our ethanol model and demonstrated the inhibitory effects of this
protein modification. To further investigate the effects of mitochondrial protein acetylation
in this model, WT and SIRT3 KO mice were utilized. WT mice fed an ethanol-
supplemented diet for 6 weeks had a 3-fold increase in mitochondrial protein acetylation
(Figure 1) (P < 0.01). The SIRT3 KO ethanol-fed mice also revealed an increase in protein
acetylation compared to the KO control-fed mice (a 4-fold increase; P < 0.001). These data
further validate previous work outlining increased mitochondrial protein acetylation due to
ethanol consumption.29, 30 Further analysis using a two-way ANOVA revealed no
significant interaction between the genetic background and ethanol consumption. However,
genetic background was found to significantly impact acetylation (P < 0.05) and was
attributed to 6.93% of variance. As anticipated, ethanol consumption was found to be the
major contributing factor in protein acetylation, accounting for 83.59% of variation (P <
0.001). In summary, these data confirm that mitochondrial protein acetylation is
significantly increased as a consequence of ethanol consumption and SIRT3 deficiency and
prompted further investigation into the acetylome in our model.

Identification of Acetylated Proteins

To further understand the effects of mitochondrial protein acetylation in our model, we
sought to identify specific targets of acetylation in all 4 treatment groups. As shown in
Figure 2, 2-dimensional gel electrophoresis, in conjunction with standard immunoblotting
procedures were employed to identify target proteins of acetylation. A total of 44 immuno-
positive spots were picked for identification in the WT control-fed mice (Figure 2A).
Following LC-MS/MS analysis, a total of 72 proteins were identified from these spots, 46 of
which were unique identifications (e.g., 46 proteins were identified in total from the 44 spots
picked). The same approach was then applied to the other treatment groups; Figure 2B
shows the WT ethanol-fed group, outlining 80 spots picked, yielding 128 identifications, of
which 80 were unique proteins. The SIRT3 KO control-fed group is shown in Figure 2C,
displaying 65 unique spots, 107 identifications and 71 unique proteins. Lastly, the SIRT3
KO ethanol-fed mice revealed 111 immunopositive spots for 177 identifications, yielding 91
unique protein identifications (Figure 2D). In order to account for a change in protein
expression, imperial stained gels were visualized and are shown in Supplemental Figure 1.

PTMs have the ability to alter the migration of a protein in a 2-dimensional gel by altering
both the pI, as well as the molecular weight. We therefore included all proteins identified,
which yielded numerous IDs per spot. Presented in Table 1 is the list of identified proteins
along with the number of times the protein was identified for each treatment group.
Following a query of ExPASy, the molecular function of each identified protein was
included and is also presented in Table 1. To fully understand the intricacies of protein
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acetylation following ethanol consumption and SIRT3 KO, we assessed the molecular
processes and biological functions of the identified proteins. Supplemental Tables 1–4
contain the specific protein identifications for each treatment group and are labeled with a
“Spot #” corresponding to the protein spot number as noted in Figure 2.

Acetylated peptides identified using MudPIT analysis are included in Supplemental Tables 5
and 6. Supplemental Table 5 reports the number of acetylated peptides identified per protein
for each treatment group; Supplemental Table 6 shows the acetylated peptide identified for
each reported protein. In aggregate, the MudPIT analysis identified 116 proteins and
confirmed 56 of the 90 IDs obtained by 2D comparative western analysis. Of the 33 protein
IDs not verified by MudPIT, 18 are reported as targets of protein acetylation.5, 41 When
compared with the MS IDs by comparative Western blot spot picking, these results provide
confirmation that ethanolinduced protein hyperacetylation occurs through both ethanol-
dependent and SIRT3 KO-associated mechanisms. It is important to note, however, the
global scale by which both ethanol consumption and SIRT3 ablation alter mitochondrial
protein acetylation, as Western blot analysis via anti-acetyl Lys antibody clearly
demonstrate protein target similarities (Figure 2).

Cellular Effects of Mitochondrial Protein Acetylation

As indicated, this model for early-stage ALD results in a substantial increase in acetylated
proteins; these effects were found to be exacerbated following SIRT3 ablation. Our
acetylomic approach using comparative western blot analysis and MS identification revealed
178 total proteins, resulting in 91 unique protein identifications. As shown in Table 1, the
same proteins were identified on multiple occasions. To account for these redundancies, list
exclusion was performed; these results are presented in Table 1 showing both the number of
proteins identified, as well as the number of unique protein identifications. This then
allowed for the assessment of acetylation on a global scale, focusing on both molecular
function, as well as biological processes, while not focusing on specific targets of
acetylation. To characterize the effects of chronic ethanol consumption and SIRT3 ablation
on mitochondrial protein acetylation in our mouse model for early-stage ALD, Expasy was
queried to assess the molecular function and biological processes associated with our list of
acetylated proteins. As listed in Table 1, a total of 17 molecular functions were associated
with mitochondrial protein acetylation. Not surprisingly, given the nature of the
mitochondria, oxidoreductase-like functions represented the greatest occurrence (37
proteins).

To further understand the mechanisms behind acetylation in the pathogenesis of ALD, we
assessed the biological function of the identified proteins; Table 1 provides a composite of
these findings. A total of 55 proteins displayed increased acetylation following ethanol
consumption in WT mice. In comparison, 36 proteins were hyperacetylated in the control
SIRT3 KO mice. Finally, a total of 51 proteins displayed hyperacetylation following ethanol
consumption in SIRT3 KO mice. Utilizing list exclusion, we first assessed the impact of
acetylation between our WT control and ethanol-fed mice. As illustrated in Figure 3A,
sustained ethanol consumption affects a host of biological processes in the mitochondria.
Relevant to the pathogenesis of ALD, proteins associated with lipid and fatty acid
metabolism (15 proteins; 27% of proteins in this list), antioxidant response (4 proteins; 7%),
amino acid biosynthesis (6 proteins; 11%) and the electron-transport chain (6 proteins, 11%)
were all found to be affected by ethanol-induced hyperacetylation. When comparing WT
and SIRT3 KO control-fed mice, these pathways were found to be acetylated in a similar
manner, with lipid and fatty acid metabolism (12 proteins; 33%), antioxidant response (2
proteins; 5%), amino acid biosynthesis (4 proteins; 11%) and the electron-transport chain (3
proteins, 8%) all affected (Figure 3A). Lastly, the WT control and SIRT3 KO ethanol-fed
groups were compared, revealing a similar trend, with lipid and fatty acid metabolism (9

Fritz et al. Page 6

J Proteome Res. Author manuscript; available in PMC 2013 March 2.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



proteins; 24%), antioxidant response (3 proteins; 8%), amino acid biosynthesis (3 proteins;
8%) and the electron-transport chain (4 proteins, 11%) (Figure 3A). It should be noted that
although the percentage of these identifications was not found to alter drastically between
treatment groups, this was largely due to an increase in identifications following SIRT3 KO.
A direct comparison of biological processes associated with ALD are presented in Figure
3B. The precise impact of acetylation on these processes remains to be elucidated; however,
this proteomic survey provides attractive avenues to assess the impact of acetylation on the
regulation of oxidative stress and lipid metabolism following chronic ethanol consumption.

Increased Acetylation of Oxidative Stress Related Proteins

As previously indicated, oxidative stress is a known result of sustained ethanol
consumption.42 Critical components of cellular antioxidant capacity were identified,
including SOD2, IDH2 and ALDH2. The enzymatic capacity of SOD2 and IDH2 and their
role in maintaining basal oxidant levels has recently been demonstrated to be regulated, in
part, through protein acetylation.7, 13, 37, 43, 44 Figure 4a and 4b details the relative
expression of IDH2, SOD2 and ALDH2 following ethanol feeding and SIRT3 ablation. The
expression of IDH2 was found to be significantly induced following ethanol consumption
and SIRT3 KO (P < 0.01); these effects were increased when combining SIRT3 KO and
ethanol consumption (P < 0.001). SOD2 and ALDH2, however, were only found to be
significantly induced in the ethanol consuming SIRT3KO mice (P < 0.01). To assess the
acetylation status of these proteins, immunoprecipitation was performed utilizing acetyl-lys
antibodies followed by standard Western blotting for IDH2, SOD2 and ALDH2. While
IDH2 and ALDH2 acetylation appears consistent when normalized to protein expression,
SOD2 acetylation is significantly increased when compared to expression levels. This
acetylomic survey of ALD and SIRT3 ablation provides an important mechanistic link by
which redox balance in the hepatic mitochondria is affected through ethanol consumption
and altered protein acetylation, directly implicating a mechanistic role for SIRT3 in the
development of early-stage ALD.

DISCUSSION

The regulation of protein function through acetylation is now widely recognized as a major
factor in cellular responses mediated through pathological situations.14 Altered protein
acetylation as a consequence of chronic ethanol consumption is well documented; however,
the underlying mechanisms resulting in this hyperacetylation and resulting
pathophysiological impact relating to ALD remain unknown.25, 29, 30, 45, 46 Our acetylome
analysis reveals that both ethanol consumption and SIRT3 ablation contribute to the
observed increases in acetylation; however, ethanol accounts for the majority of this
increase. We also demonstrate that numerous metabolic and antioxidant pathways are
impacted through acetylation in both ethanol-fed and SIRT3-KO mice. Furthermore, this
effect was found to be visibly increased, as ethanol-fed SIRT3-KO mice displayed the
highest level of protein acetylation, which suggests ethanolinduced hyperacetylation may
include both SIRT3-targetted and non-SIRT3-targetted pathways. Other factors such as
increased acetyl-CoA, acetate and acetyltransferase activity provide a likely hypothesis for
the observed non-SIRT3 related hyperacetylation.29, 30, 47–49

Alcohol-induced oxidative stress is a direct result of ethanol metabolism through a number
of pathways regulated by microsomal and mitochondrial systems.50, 51 The generation of
reactive oxygen species (ROS) and depletion of cellular glutathione creates a well-
documented prooxidant environment that results in damage to both protein and lipid
membranes. Our findings reveal that ethanol-induced protein acetylation may play a crucial
role in a number of biological processes associated with antioxidant, fatty acid and lipid
metabolism, electron transport and stress responses. Specifically, IDH2, SOD2 and ALDH2,
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identified in this report, are known to play important roles in the clearance of ROS and may
provide a mechanistic link between altered acetylation and the progression of ALD. A
review by Bell et al. highlights a protective role for SIRT3 against mitochondrially derived
ROS.52 Ethanol-derived superoxides (O2

−) are metabolized through SIRT3 via SOD2
detoxification to hydrogen peroxide (H2O2), which is then converted to water by glutathione
peroxidase (GPX).52 GPX activity requires reduced glutathione which is supplied by
glutathione reductase (GSR). The enzymatic activity of GSR requires NADPH which is
generated via IDH2 activity.52 Indeed, IDH2 is implicated in the regulation of ethanol-
induced toxicity through the generation of NADPH.38, 53 SIRT3 has been shown to directly
regulate IDH2 and SOD2 activities through deacetylation, as hyperacetylation of each is
known to be inhibitory.7, 12, 13, 37, 44, 54 As a key enzyme involved in the oxidative
metabolism of ethanol-derived acetaldehyde, altered ALDH2 acetylation may play a
functional role in the initiation of ALD. The acetylation of ALDH2 was recently described
in a model of acetaminophen induced liver damage, however, the precise role that
acetylation plays on ALDH2 activity remains to be characterized.55 These pathways are
highlighted in Figure 5, and represent a proposed role for protein acetylation in both
antioxidant responses as well as lipid accumulation. Future studies should aim to examine
the impact of ethanol-induced hyperacetylation on IDH2, SOD2 and ALDH2 activities and
confirm which specific residues are responsible for altered activity.

Among the biological processes we found to contain proteins with altered acetylation status,
cholesterol biosynthesis, lipid metabolism, fatty acid metabolism and lipid transport are of
significant interest to the pathologies associated with ALD. The first pathological indication
of ALD is the accumulation of lipid droplets within the liver, termed steatosis. SIRT3
activity has been implicated in reducing lipid accumulation through adenosine
monophosphate kinase (AMPK) and acetyl-CoA carboxylase (ACC).56 Furthermore, a
recent study reports that SIRT3 regulates the activity of a central mitochondrial fatty acid
oxidation enzyme, long chain acyl-CoA dehydrogenase (LCAD).6 Here, our findings
identify the acetylation of LCAD as well as other family members, medium chain acyl-CoA
dehydrogenase (MCAD) and short-chain acyl-CoA dehydrogenase (SCAD). Additionally,
our results support the recent findings by Hallows et al. that SIRT3 may potentially
modulate β-oxidation through short-chain L-3-hydroxyacyl-CoA dehydrogenase (SCHAD),
short/branched chain acyl-CoA dehydrogenase (ACADSB) and very-long-chain acyl-CoA
dehydrogenase (VLCAD).57 A host of proteins central to lipid metabolism are identified in
Table 1 and provide numerous mechanistic targets for the regulation of fatty acid oxidation
by SIRT3. Further investigation is required to elucidate mechanisms of ethanolinduced
hyperacetylation through mechanisms independent and dependent of SIRT3 action.

A number of proteomics studies have identified non-nuclear protein targets of lysine
acetylation and reveal that this modification is highly conserved and more abundant than
previously recognized. The continued characterization of protein acetylation is likely to
provide numerous target pathways for investigation; leading to the identification of
biochemical implications of these acetylation events. Utilizing models for hyperacetylation
such as sustained ethanol-feeding and SIRT3 KO mice, it remains possible to identify novel
targets for this PTM. Interestingly, a recent report highlights what little understanding exists
regarding the role of SIRT3 in various pathologies, leading the authors to state, “SIRT3
might act as a double-edged sword, a word of caution regarding therapeutic strategies aimed
at potentiating SIRT3 activity”.58 Future studies will reveal a crucial role for SIRT3 in
numerous disease pathologies, including ALD. Using our 2D spot-picking analysis, our
findings have revealed 91 mitochondrial targets for protein acetylation in a model of early-
stage ALD. These proteins have been shown to play major roles in multiple biological
processes and highlight a number of pathologies associated with the initiation and
progression of the ALD.
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Figure 1.

Immunoblotting reveals a significant increase in mitochondrial protein acetylation following
ethanol consumption in WT and SIRT3 KO mice. (A.) Acetylation of hepatic mitochondrial
proteins in WT control, WT ethanol, SIRT3 KO control and SIRT3 KO ethanolfed mice.
(B.) Statistical analysis determined a significant increase in ethanol-fed groups compared to
control groups, n = 3, biological replicates. Two-way ANOVA reveals no significant
interaction, while SIRT3 KO accounts for 6.93% (P < 0.05) of the total variance and
ethanol-feeding accounts for 83.59% (P < 0.001) of the total variance.
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Figure 2.

2-dimensional gel electrophoresis reveals numerous targets of acetylation. Numbered
proteins were picked for identification utilizing LC-MS/MS in WT control (A.), WT ethanol
(B.), KO control (C.), KO ethanol (D.). These proteins are identified in Table 1.
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Figure 3.

Ethanol consumption and SIRT3 KO lead to altered protein acetylation in numerous
biological processes. (A.) Protein targets identified in Figure 2 outline the effects of
sustained ethanol consumption in WT Ethanol-fed and SIRT3 KO mice. (B.) A direct
comparison of the percent of proteins identified for each biological process demonstrates an
impact on similar pathways (i.e. Electron Transport Chain).
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Figure 4.

Ethanol consumption and/or SIRT3 KO lead to a significant increase in the acetylation of
IDH2, SOD2 and ALDH2. Standard immunoblotting reveals a significant increase in IDH2
expression in ethanol-fed groups. SOD2 and ALDH2 expression was only significantly
increased in the SIRT3KO, ethanol-consuming mice. Bands were normalized to VDAC and
are expressed as a % of WT control. Immunoprecipitation with anti-acetyl-lys antibodies
reveals varying altered acetylation patterns of IDH2, SOD2 and ALDH2. Bands were
quantified, adjusted for protein expression and are presented as a % of WT control. * P <
0.01 from WT control; $ P < 0.01 from KO control; # P < 0.01 from WT ethanol.
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Figure 5.

Ethanol consumption and SIRT3 KO results in the hyperacetylation of key antioxidant
proteins. Figure 5 presents a proposed mechanism for consequences of IDH2, ALDH2 and
SOD2 hyperacetylation. Inhibition of SIRT3 leads to hyperacetylation of IDH2, leading to
altered NADP+/NADPH ratio as well as increased fatty acid production due to a
dysregulation in the TCA cycle. Increased acetylation of ALDH2 likely leads to a decrease
in the detoxification of acetaldehyde, leading to increased aldehyde-associated ROS
generation. Acetylation of SOD2 also leads to a decrease in activity, resulting in increased
superoxide and further oxidative stress.
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