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a b s t r a c t

Chronic ethanol-mediated oxidative stress and lipid peroxidation increases the levels of various reactive
lipid species including 4-hydroxynonenal (4-HNE), which can subsequently modify proteins in the liver.
It has been proposed that 4-HNE modification adversely affects the structure and/or function of
mitochondrial proteins, thereby impairing mitochondrial metabolism. To determine whether chronic
ethanol consumption increases levels of 4-HNE modified proteins in mitochondria, male rats were fed
control and ethanol-containing diets for 5 weeks and mitochondrial samples were analyzed using
complementary proteomic methods. Five protein bands (approx. 35, 45, 50, 70, and 90 kDa) showed
strong immunoreactivity for 4-HNE modified proteins in liver mitochondria from control and ethanol-fed
rats when proteins were separated by standard 1D SDS-PAGE. Using high-resolution proteomic methods
(2D IEF/SDS-PAGE and BN-PAGE) we identified several mitochondrial proteins immunoreactive for
4-HNE, which included mitofilin, dimethylglycine dehydrogenase, choline dehydrogenase, electron
transfer flavoprotein α, cytochrome c1, enoyl CoA hydratase, and cytochrome c. The electron transfer
flavoprotein α consistently showed increased 4-HNE immunoreactivity in mitochondria from ethanol-
fed rats as compared to mitochondria from the control group. Increased 4-HNE reactivity was also
detected for dimethylglycine dehydrogenase, enoyl CoA hydratase, and cytochrome c in ethanol samples
when mitochondria were analyzed by BN-PAGE. In summary, this work identifies new targets of 4-HNE
modification in mitochondria and provides useful information needed to better understand the
molecular mechanisms underpinning chronic ethanol-induced mitochondrial dysfunction and liver
injury.

& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
Introduction

Chronic ethanol consumption causes liver disease through a
complex process of metabolic and signaling alterations involving
interactions of multiple liver cell types [1,2]. Early in the disease
gut-derived endotoxin activates hepatic Kupffer cells, which re-
lease a variety of cytokines that can negatively affect hepatocyte
biology [3]. Consequently, signaling events are triggered in hepa-
tocytes causing increased production of reactive species that
initiate widespread damage to intracellular organelles and macro-
molecules. One early and critical target of chronic alcohol-induced
oxidative stress is the mitochondrion. Hepatic mitochondrial
function, specifically bioenergetic function, is impaired in experi-
mental rodent models of chronic ethanol consumption [4].
B.V. This is an open access article u
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Depressed bioenergetics contributes to hepatocyte cell death, a
key trigger for progression of alcoholic liver disease, as insufficient
energy is produced to combat damage from secondary metabolic
and environmental stressors (or ‘hits’) and for overall liver tissue
repair [5,6].

While it is well accepted that hepatic mitochondrial function is
compromised by chronic ethanol consumption, the molecular
mechanisms responsible for these negative effects remain poorly
understood. One potential mechanism underlying ethanol-depen-
dent mitochondrial injury is increased production of reactive
species including reactive oxygen, nitrogen, and lipid species
(ROS, RNS, or RLS). Notably, chronic ethanol consumption in-
creases mitochondrial ROS production [7,8], thus, mitochondria
are both a source of reactive species and target of oxidative injury.
We propose that chronic ethanol-mediated increases in reactive
species contribute to increased oxidative modification of mito-
chondrial proteins. For example, one consequence of ethanol-
mediated oxidative stress is the initiation of lipid peroxidation
and generation of reactive electrophilic lipid species, which can
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adduct to proteins altering protein structure and function [9]. One
electrophilic lipid species that has received significant attention is
4-hydroxynonenal or 4-HNE, a reactive α,β-unsaturated aldehyde
species generated during conditions of oxidative stress and per-
oxidation of polyunsaturated fatty acids.

The biological effects of 4-HNE are dependent upon the loca-
tion and amount of the species formed. Low levels of 4-HNE
generated during normal cellular function are typically metabo-
lized by reduction of the aldehyde functional group and/or con-
jugation to glutathione by cellular detoxification systems, e.g.,
glutathione S-transferase and aldehyde dehydrogenase [10]. How-
ever, during conditions of elevated oxidative stress and lipid
peroxidation, 4-HNE is able to modify nucleophilic protein resi-
dues, specifically deprotonated side chains of cysteine, histidine,
and lysine [11]. Interestingly, 4-HNE can form a variety of adducts
with proteins due to both the aldehyde functional group and the
adjacent α,β-unsaturated carbonyl moiety. Protein adducts with
4-HNE include Michael addition products mediated via the elec-
trophilic β-carbon, and Schiff base formation via the aldehyde [12].
Michael adducts are primarily formed with cysteine, although
histidine and lysine adducts have also been described [13]. Schiff
base adducts occur by reaction of the aldehyde with the nitrogens
of histidine or lysine (and less commonly arginine), resulting in
the loss of a single molecule of water, or subsequent dehydration
and cyclization to form a pentylpyrrole adduct (lysine only) [14]. It
is important to note that the intrinsic reactivity of amino acids is
dependent on the specific protein structure, cellular context, and
local pH. Therefore, some proteins are inherently more susceptible
to modification by reactive electrophiles such as 4-HNE. Thus,
during oxidative stress, 4-HNE modification of a susceptible group
of proteins increases, altering protein function and providing a
footprint or biomarker of lipid peroxidation.

During conditions of chronic ethanol-induced oxidative stress,
local concentrations of 4-HNE generated in the liver are sufficient
for 4-HNE modification of proteins as increased adducts have been
shown in liver using global immunohistochemistry (IMHC) ap-
proaches [15,16]. It is hypothesized that formation and retention of
4-HNE adducted proteins contributes to chronic ethanol-induced
liver injury. Even though increased levels of 4-HNE adducts are
consistently shown in liver from ethanol-exposed rodents via
IMHC, few studies have identified specific 4-HNE modified pro-
teins in ethanol models, especially mitochondrial proteins. Studies
by Petersen and colleagues have been the most successful in
identifying individual 4-HNE protein targets in liver from control
and ethanol exposed rodents [17–21]. Therefore, to build on this
work we performed a small focused study, using complementary
proteomic approaches combined with immunoblotting, to identify
4-HNE modified proteins in rat liver mitochondria following
chronic ethanol consumption. Using this experimental strategy,
we identified several mitochondrial proteins immunoreactive for
4-HNE in mitochondria from control (ethanol-naïve) and ethanol-
fed male rats. Modification of these proteins may contribute to
mitochondrial dysfunction and liver injury in the chronic alcohol
consumer.
Methods

Animals and feeding protocol

Male Sprague-Dawley rats (200–225 g) obtained from Charles
River Laboratories were individually housed under a 12 h light–
12 h dark cycle and fed nutritionally adequate control and ethanol-
containing liquid diets (Bio-Serv, Frenchtown, NJ) for 5 weeks as
described previously [22]. The ethanol-containing diet provides
36% of total daily calories as ethanol, 35% as fat, 11% of
carbohydrate, and 18% as protein [23]. Control rats were pair-fed
identical diets except that ethanol calories were replaced isoca-
lorically with carbohydrate (maltose–dextrin). These studies were
approved by the institutional animal care committee and con-
ducting in accordance to The Guide for the Care and Use of
Laboratory Animals (USDHHS, NIH publication no. 86-23, 1996).

Isolation of mitochondria

Liver mitochondria were isolated according to standard differential
centrifugation procedures using an ice-cold mitochondrial isolation
medium consisting of 0.25 M sucrose, 1 mM EDTA, and 5mM Tris–HCl
and protease inhibitors were added to the isolation medium to
prevent protein degradation for proteomic analyses [24]. Mitochondria
were carefully washed three times and the final mitochondrial pellet
was re-suspended at a concentration of 30–40 mg protein/mL for
respiration studies. Mitochondrial quality (i.e., tightness of coupling)
was assessed by determining the respiratory control ratio (state
3 respiration/state 4 respiration) using succinate as substrate and are
reported in [22]. Equal amounts of total mitochondrial protein were
isolated from the livers of ethanol and control-fed animals [22]. In a
separate experiment, freshly isolated mitochondria (0.5 mg) were
incubated with varying amounts of 4-HNE (0, 10, or 50 mM dissolved
in ethanol) under conditions used for respiration studies. Incubations
with 4-HNE were done for 10 min and samples were used for 1D SDS-
PAGE and 2D IEF/SDS-PAGE experiments (see description of these
methods in subsequent sections). These experiments were done to
help show specificity of the 4-HNE antibody. Mitochondrial samples
for all proteomic analyses were divided into aliquots, frozen in liquid
N2, and stored at �80 °C until their use in proteomic analyses.

Standard one-dimensional (1D) SDS-PAGE and western blotting

For the detection of 4-HNE modified proteins, equal amounts of
mitochondrial and cytosolic protein (100 mg) were subjected to
SDS-PAGE using large format 8–20% gradient gels to separate
proteins. Separated proteins were then transferred to nitrocellu-
lose membranes (0.2 mM pore size) according to standard immu-
noblotting procedures [25]. After transfer, membranes were
stained with Ponceau S dye to verify equal loading and transfer
of proteins and then incubated for 1 h with 5% (w/v) non-fat milk.
Levels of 4-HNE modified proteins were detected following an
overnight incubation with a 1:10,000 dilution of a polyclonal
antibody made against 4-HNE-modified keyhole limpet hemocya-
nin (KLH) as described in [26]. Characterization of the antibody
has shown that it recognizes cysteine, lysine, and histidine 4-HNE
protein adducts [26] and that it is highly specific to 4-HNE derived
protein adducts as the antibody does not cross react with proteins
treated with other aldehydes like malondialdehyde [27]. Blots
were then incubated with a 1:5000 dilution of goat anti-rabbit IgG
HRP conjugate for 1 h before immunoreactive bands were de-
tected using enhanced chemiluminescence (SuperSignal West Pico
Reagent, Thermo Scientific Inc., Rockford, IL). Analysis of liver
cytosolic proteins from control and ethanol-fed rats revealed no
strong 4-HNE immunoreactive protein adducts, thus cytosolic
proteins were not studied further (data not shown). Levels of the
electron transfer flavoprotein in rat liver mitochondria were
detected using a polyclonal antibody raised in rabbits against the
porcine protein [28]. Electron transfer flavoprotein was detected
following an overnight incubation with a 1:10,000 dilution of
antibody. Scanned TIFF images for 1D gels and western blots were
analyzed by standard densitometry methods using Scion Image
Beta 4.02 software (Scion Corporation, MD) as described in [22].
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Fig 1. Immunoblot of 4-HNE modified proteins in liver mitochondria from control and ethanol fed rats. Mitochondrial protein (100 mg) was separated on a large format 8–
20% gradient gel by SDS-PAGE. After electrophoresis, proteins were transferred to nitrocellulose membranes and probed for 4-HNE modifications using the conditions
described in the methods section. Panel A: Five major protein bands with molecular weights of approximately 90, 70, 50, 45, and 35 kDa showed strong immunoreactivity for
4-HNE modifications in mitochondria from control (C) and ethanol (E) fed rats. Representative blots are shown for two pairs of control and ethanol fed rats with samples run
in duplicate. Panel B: Quantification of the density of the 5 major protein bands showing 4-HNE immunoreactivity in mitochondria from control and ethanol fed rats. Total
number of samples run was n¼6 pairs of control and ethanol samples.
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Two-dimensional (2D) IEF–SDS-PAGE

For 2D IEF/SDS-PAGE, mitochondria were suspended in iso-
electric buffer consisting of 9.5 M urea, 2.0% CHAPS, 1.0% DTT, and
0 10 0 10 0 50 0 50     

A 1D Gels and Blots – Liver Mitochondria
Gel #1     Blot #1 Gel #2      Blot #2 

B  2D Blots – Liver Mitochondria
ENH-4 Mµ 0

Fig 2. Immunoblots of 4-HNE modified proteins in liver mitochondria incubated with
50 mM 4-HNE for 10 min to generate samples containing 4-HNE adducted proteins. After
in electrophoresis experiments. Panel A: Mitochondrial protein (20 mg) was separated on
show increased in 4-HNE modified proteins in mitochondria incubated with 50 mM 4-H
modified proteins detected in mitochondria from control and ethanol-fed rats (Fig. 1) are
here as samples were separated using 10% mini-gels compared to an 8–20% large-form
0 and 50 mM 4-HNE was separated by 2D IEF SDS-PAGE and immunoblotted to visualize 4
proteins in mitochondria exogenously treated with 50 mM 4-HNE as compared to untre
0.8% (v/v) of each of pH 3–10, 5–8, and 4–6 ampholines (Sigma
Aldrich, St. Louis, MO). After 1 h incubation to solubilize samples,
100 mg of protein were loaded onto IEF gels (pH 4–8.5) and focused
for 16 h at 400 V and 800 V for 1 h. IEF gels were equilibrated and
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4-HNE. Freshly isolated liver mitochondria (0.5 mg) were incubated with 0, 10, or
incubations, samples were flash frozen in liquid N2 and stored at �80 °C until used
10% SDS-PAGE gels and immunoblotted to detect 4-HNE modified proteins. Results

NE. A small increase in 4-HNE labeling is observed at 10 mM 4-HNE. The five 4-HNE
highlighted here by the arrows. A slightly different pattern in separation is observed
at gradient gels (Fig. 1). Panel B: Protein (100 mg) from mitochondria treated with
-HNE modified proteins. Results show an increase in the number of 4-HNE modified
ated mitochondria.
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Fig 3. High-resolution separation of liver mitochondrial proteins from control and ethanol fed rats using 2D IEF/SDS-PAGE and 4-HNE detection by western blot. Panels A
and B: For 2D IEF/SDS-PAGE, 100 mg of liver mitochondrial protein was loaded onto IEF gels (pH gradient 4–8.5) and focused overnight with the 2D separation performed
using an 8–20% gradient gel. Representative gels are shown for one pair of control (A) and ethanol (B) fed rats. Panels C and D: Corresponding 2D western blots for gels. Four
mitochondrial protein spot clusters were immunoreactive for 4-HNE adducts in mitochondrial samples from control (C) and ethanol (D) fed rats. Each of these 4-HNE
modified proteins was identified using mass spectrometry (Table 1).
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Fig 4. Chronic ethanol consumption increases 4-HNE immunoreactivity of the electron transfer flavoprotein, alpha (ETFα) subunit without a change in total ETFα protein.
Panel A illustrates the increase in 4-HNE immunoreactivity for the ETFα subunit in four pairs of control and ethanol fed rats. Note that 4-HNE immunoreactivity for the ETFα
subunit is absent for two controls but is consistently present and elevated in ethanol mitochondria. Panel B: Quantification of the density of the 4-HNE immunoblots for ETFα
(n¼4, *p¼0.03). Panels C and D illustrate that chronic ethanol consumption has no effect on the total amount of ETFα subunit protein. Panel C shows representative
immunoblots for both the α- and β-subunits of ETF in liver mitochondria from two pairs of control and ethanol fed rats. The ETF antiserum recognizes both subunits. Panel D:
Quantification of ETFα subunit protein in liver mitochondria from control and ethanol fed rats (n¼4, p¼0.11).
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loaded onto 8–20% gradient gels for SDS-PAGE as described
previously [22]. For each pair of control and ethanol samples, gels
were run in duplicate with one gel stained with Coomassie Blue
(visualize proteins) and the other gel used for immunoblotting
with the 4-HNE antiserum as described above, with the exception
that the 4-HNE antibody was diluted 1:5000 for 2D blots.

Image analysis for the 4-HNE blots generated from 2D IEF/SDS-
PAGE gels was done using methods similar to those described in our
previous publication [29]. To facilitate comparisons and image analy-
sis, four pairs of control and ethanol 2D gels and blots were processed
and developed together. The 2D total protein gel and western blot
images (films) were saved as TIFF images and analyzed using PDQuest
Image Analysis software (Bio-Rad Laboratories, Inc., Hercules, CA).
Protein spots were detected and a match-set containing all four
control blots with their corresponding ethanol blots was created. To
compare protein spot density across the different blots, a reference
blot (i.e., master image) was selected. To increase the likelihood that
the highest possible number of protein spots in each blot could be
matched to the corresponding protein spots in the master image, the
selection of the master image was based on the highest number of
detected proteins spots and the best protein spot resolution across the
entire blot image. Thus, the ethanol blot from pair # 4 met all the
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densities were transferred to Microsoft Excel for statistical analyses.
Because spot # 4 was detected on only 2 of the 4 control blots, but
was present in all of the ethanol blots (Fig. 4A), we also choose to
express results as a percentage of the total HNE spot density (or
reactivity) on blots. Image analysis for protein gels has been reported
previously from our laboratories [22].

Two-dimensional (2D) blue native PAGE (BN-PAGE)

Separation of mitochondrial proteins by BN-PAGE was essentially
done as described in our previous publications [22,30]. BN-PAGE is a
special type of gel electrophoresis technique that is largely used to
separate the proteins that make up the oxidative phosphorylation
(OxPhos) system; however, other mitochondrial proteins associated
with the OxPhos complexes can be resolved with BN-PAGE as
witnessed herein (Fig. 5 and Table 2) and in other papers [30]. Briefly,
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Table 1
Identification and quantification of 4-HNE modified proteins in liver mitochondria from control and ethanol-fed rats: results from 2D IEF/SDS-PAGE.

Spot no. Protein MOWSE Raw spot densities P value % of total 4-HNE reactivity P value

Control Ethanol Control Ethanol

1 Mitofilin 135 16,50873222 21,1627536 0.20 3.0471.3 3.2771.0 0.40
2 Dimethylglycine dehydrogenase 233 212,830720,687 231,017719,455 0.40 58.279.9 56.976.3 0.30
3 Choline dehydrogenase 133 164,343753,099 170,536745,409 0.90 37.978.7 36.576.2 0.40
4 Electron transfer flavoprotein, alpha – 398872202 17,28272358 0.01 1.070.5 4.471.0 0.03

The total 4-HNE immunoreactivity per control and ethanol blot was 393,611769,256 and 434,862766,732 densitometry units, respectively (n¼4, p¼0.46). Data analysis
was performed on either the raw spot densities or as a % of the total 4-HNE reactivity. Similar results were observed using both methods. Electron transfer flavoprotein, alpha
was identified by Q-TOF with the other proteins (spot nos. 1–3) identified by MALDI–TOF. The MOWSE score is an algorithmic calculation used to assign statistical weight to
peptides match. A higher MOWSE indicates a higher statistical likelihood of the match being correct. All scores were 440 indicating significant homology and matches
(pr0.05).

Table 2
Identification and quantification of 4-HNE modified proteins in liver mitochondria
from control and ethanol-fed rats: results from 2D BN-PAGE.

Spot no. Protein MOWSE Control Ethanol P value

1 Cytochrome c1,
Complex III

142 25387459 1654 7 318 0.027

2 Dimethylglycine
dehydrogenase

114 38287461 5567 7 480 0.013

3 Enoyl CoA hydratase 118 3068 5577 �
4 Cytochrome c � 477 879 �

Protein spot cluster nos. 1–3 were identified by MALDI–TOF as described in the
methods section, whereas protein spot no. 4 was identified by immunoblotting.
4-HNE immunoreactivity for enoyl CoA hydratase (spot cluster no. 3, bottom spot)
and cytochrome c (spot no. 4) in both control and ethanol samples is reported for
two of six pairs of samples run on BN-PAGE gels. Statistics are provided for
cytochrome c1 (spot no. 1) and dimethylglycine dehydrogenase (spot cluster no. 2),
as these protein spots immunoreactive for 4-HNE were detected in all six pairs of
control and ethanol samples. Data represent the mean7SEM for spot cluster
densities for 1 and 2, and the mean densities only for spot clusters 3 and 4.
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with 10% (w/v) lauryl maltoside in 0.75 M aminocaproic acid, 50 mM
BisTris, pH 7.0, to gently release the OxPhos complexes intact from the
mitochondrial inner membrane. The protein extracts were then
mixed with 6.3 mL of a 5% (w/v) suspension of Coomassie Brilliant
Blue G-250 in 0.5 M aminocaproic acid and applied to 5–12% non-
denaturing gradient mini-gels to separate the five OxPhos complexes
in their intact form. After native gel electrophoresis, the vertical gel
lanes for each individual sample were each cut from the gel and then
laid on top of a 10% denaturing Tris/Tricine/SDS-PAGE gel to resolve
the individual proteins that comprise each OxPhos complex. Again,
samples were run in duplicate so that one gel could be stained with
Coomassie Blue to visualize total protein and the other gel subjected
to immunoblotting to visualize 4-HNE adducted proteins. Conditions
for westerns blots were the same as those used for 2D IEF/SDS-PAGE.
Images of the Coomassie Blue stained protein gels were obtained
using a Bio-Rad Fluor-S Imager (Bio-Rad, Hercules, CA). Due to the
irregular shape of the protein spots in the 2D BN-PAGE/4-HNE
western blots, protein densities were determined using the freehand
drawing tool present in Quantity One Image Analysis software (Bio-
Rad Laboratories, Inc., Hercules, CA). Immunoblotting for cytochrome
c was done to aid in the identification of one of the 4-HNE positive
adducted proteins that could not be identified by mass spectro-
metry [31]. The cytochrome c antibody was used at a 1:1000 dilution
(BD Biosciences, San Jose, CA).

Mass spectrometry identification

Films and scanned images of 4-HNE blots were aligned with
their duplicate stained total protein gels so that the corresponding
4-HNE adducted proteins could be identified by mass spectro-
metry techniques. Matrix assisted laser desorption ionization/
time-of-flight (MALDI–TOF) mass spectrometry was done to iden-
tify proteins with the exception that the electron transfer flavo-
protein was identified by quadropole time-of-flight (Q-TOF) mass
spectrometry. MALDI–TOF was done using a Voyager Elite Instru-
ment (Applied Biosystems, Inc. Foster, City, CA) equipped with a
nitrogen laser set at 337 nm and operated in a delayed extraction
mode. Identification of electron transfer flavoprotein, alpha was
performed using a Q-TOF 2 mass spectrometer with instrument
operation, data acquisition, and analyses performed with Mas-
sLynx software (Micromass, Manchester, UK). An electrospray
interface was used for tandem mass spectrometry. Peptide masses
and amino acid sequences were entered into Mascot database for
protein identification (http://www.matrixscience.com). Details re-
garding mass spectrometry protocols used for protein identifica-
tion are provided in our papers [22,29] and on the UAB mass
spectrometry shared facility website (http://www.uab.edu/
proteomics).

Statistics

Results were analyzed using Student's t-test with significance
set at po0.05. The sample size for most measures was n¼3–6 for
control and ethanol groups.
Results

Rats fed the Lieber–DeCarli ethanol-containing diet for four or
more weeks develop steatosis (i.e., fatty liver), thus, this well-
accepted feeding paradigm is a good preclinical model for the
early stage of alcoholic liver disease. In addition to histopathology,
chronic ethanol feeding induces oxidative stress, alterations in
redox signaling pathways, and mitochondrial dysfunction. The
bioenergetic parameters of the mitochondrial preparations used
in the current study have been reported previously [22] and show
that chronic ethanol feeding decreases mitochondrial respiratory
function and the activities of several electron transport system
components. It is important to point out that even though
respiration is decreased by chronic ethanol feeding, mitochondria
from ethanol-fed rats are functionally viable upon isolation. This is
important as poor preparation of mitochondrial fractions (e.g.,
high state 4 respiration due to damage to the inner membrane)
negatively impacts proteomic analyses especially those conducted
using the BN-PAGE method.

In this first set of experiments, the extent of 4-HNE modifica-
tion in mitochondrial proteins was assessed using a low resolution
approach, i.e., 1D SDS-PAGE followed by western blotting. Five
bands with molecular weights of approximately 90, 70, 50, 45, and

http://www.matrixscience.com
http://www.uab.edu/proteomics
http://www.uab.edu/proteomics
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35 kDa showed the strongest immunoreactivity for 4-HNE mod-
ifications in mitochondria from control and ethanol-fed rats
(Fig. 1). Results are shown for two pairs of control and ethanol-
fed rats from a total of six pair-fed groups (Fig. 1A). Image analysis
showed that there was no statistically significant difference in the
density of the five major bands resolved on the 1D gel with respect
to 4-HNE immunoreactivity (Fig. 1B). When mitochondria were
incubated with 4-HNE ex vivo for a short period of time (10 min) a
significant increase in 4-HNE modified proteins was detected
using the antibody (Fig. 2A). The extent of protein modifications
was dose-dependent as greater 4-HNE immunoreactivity (i.e.,
more protein bands and stronger signal) was observed in mito-
chondria incubated with 50 mM 4-HNE (blot # 2) versus 10 mM
4-HNE (blot # 1) for the same length of time (Fig. 2A). Thus, the
antibody was able to detect this key oxidative stress-linked
posttranslational modification.

In light of the fact that modification of individual proteins may
be masked due to the co-migration of proteins with very similar
molecular weights when using low resolution 1D SDS-PAGE, we
repeated these measurements using 2D proteomics techniques in
the hope to identify more 4-HNE targets in liver mitochondria
from control and ethanol-fed rats. Thus, a higher resolution
separation of mitochondrial proteins was done by separating
proteins in the first dimension (1D) by isoelectric focusing (IEF)
followed by separating proteins in the second dimension (2D)
based on their respective molecular weights. Proteins separated
using this method show a very characteristic and similar pattern
or ‘map’ of mitochondria proteins isolated from liver of both
control and ethanol-fed rats (Fig. 3A and B). There is no difference
in the global protein density (staining) between the gels generated
from control and ethanol mitochondrial samples [22,29]; however,
as reported previously we do observe ethanol-mediated changes
in the abundances of approximately two dozen individual mito-
chondrial proteins [22]. Notably, the proteins we identified here as
being modified by 4-HNE were not found to be altered in
abundance in response to chronic ethanol [22]. Even though there
was significantly increased resolution of mitochondrial proteins
using the 2D approach (Fig. 3A and B), we only observed four
discrete protein spot clusters as being immunoreactive for 4-HNE
in mitochondria from control and ethanol-fed rats (Fig. 3C and D).
Again, when we performed 2D IEF/SDS-PAGE on mitochondria
incubated with 4-HNE ex vivo many more proteins showed
immunoreactivity for 4-HNE (Fig. 2B). Thus, our results show a
low number of 4-HNE modified proteins in liver mitochondria of
control and ethanol-fed rats in this experimental model system.

The protein spots found to be immunoreactive for 4-HNE
(Fig. 3C and D) were matched to their corresponding proteins
spots in the protein gels (Fig. 3A and B) and proteins were
identified by mass spectrometry. The protein spot numbers in
Fig. 3C and D correspond to the identified proteins listed in
Table 1. All four protein spots were identified and include mitofilin
(MF, spot no. 1), dimethylglycine dehydrogenase (DMGDH, spot no.
2), choline dehydrogenase (CDH, spot no. 3), and electron transfer
flavoprotein, alpha (ETFα, spot no. 4). While chronic ethanol
consumption increased 4-HNE immunoreactivity in all four pro-
teins when raw protein spot densities were compared, ETFα was
the only protein that showed a statistically significant increase in
4-HNE immunoreactivity (Table 1). This was also the case when
results were analyzed based on the percentage of total 4-HNE
immunoreactivity (Table 1). As stated in the Methods section, it is
preferable to report these results as a percent of total 4-HNE
immunoreactivity as the spot positive for 4-HNE modified ETFα
was not detected in two of the four control samples, but easily
detected in all four ethanol samples analyzed (Fig. 4A and B). To
confirm that the increase in 4-HNE modified ETFα (Fig. 4A) was
simply not due to increased abundance of this protein in
mitochondria from ethanol-fed rats, we obtained an antibody for
ETFα and performed western blotting. Results showed there is no
significant difference between the amount of ETFα (and β)
immunoreactive protein in mitochondria from control and etha-
nol-fed rats (Fig. 4C and D). This finding supports the contention
that chronic ethanol feeding increased 4-HNE modification of the
ETFα protein (Fig. 4A).

Because many of the proteins that comprise the OxPhos system
are poorly resolved on conventional 2D IEF/SDS-PAGE gels [32], we
extended our studies using BN-PAGE to see if additional protein
targets of 4-HNE could be detected in mitochondria from control
and ethanol-fed rats. Representative 2D BN-PAGE gels for control
and ethanol groups are presented in Fig. 5A, and show that chronic
ethanol feeding decreases the amount of OxPhos proteins. These
results are in agreement with previous studies from our labora-
tory [22]. To determine the extent of 4-HNE modification using
this electrophoresis approach, 2D BN-PAGE gels were subjected to
western blotting and membranes were probed with 4-HNE anti-
sera. We observed four major protein spot clusters with 4-HNE
immunoreactivity on the 2D BN-PAGE blots (Fig. 5B). These 4-HNE
immunoreactive spots (Fig. 5B) were matched to their correspond-
ing proteins spots in gels (Fig. 5A) and proteins (nos. 1–3) were
identified by mass spectrometry. The protein spot numbers in
Fig. 5B correspond to the identified proteins listed in Table 2. The
proteins identified were cytochrome c1 (Cyt c1, spot no. 1),
dimethylglycine dehydrogenase (DMGDH, spot no. 2), enoyl CoA
hydratase (ECH, spot no. 3), and cytochrome c (Cyt c, spot no. 4).
Protein spot no. 4 was identified by co-localization of western
blotting for cytochrome c (Fig. 5C), which agrees with previous
studies [31]. Using the 2D BN-PAGE approach, DMDH showed a
significant increase in 4-HNE immunoreactivity in mitochondria
from ethanol-fed rats (Table 2). Ethanol feeding also increased
4-HNE reactivity in ECH and Cyt c (Table 2); however, we were
only able to detect these protein spot clusters in two out of six
pairs of control and ethanol mitochondrial samples run. In con-
trast, 4-HNE reactivity for Cyt c1 was decreased in mitochondria
from ethanol-fed rats (Table 2); however, this is most likely due to
the fact that Cyt c1 protein is significantly decreased by chronic
ethanol feeding [22].
Discussion

Previous studies from our laboratory showed that chronic
ethanol feeding significantly alters the liver mitochondrial pro-
teome [22,29]. We have shown that chronic ethanol feeding
altered the abundance of approximately two dozen mitochondrial
matrix proteins and significantly decreased the levels of many
mitochondrial- and nuclear-encoded polypeptides that comprise
the OxPhos system [22]. In addition, we have reported that chronic
ethanol altered the redox state of protein thiol groups in several
mitochondrial proteins [29], presumably via increased oxidative
and/or nitrosative stress. Herein, we extended this work and
examined the effect chronic ethanol feeding has on 4-HNE
modification of mitochondrial proteins using a proteomics ap-
proach. For this, we used three complementary gel electrophoresis
approaches in combination with a well-characterized 4-HNE anti-
body [26]. Interestingly, we detected only a small number of
mitochondrial proteins immunoreactive for 4-HNE in our experi-
mental model of alcoholic steatosis. However, this may not be too
surprising as in our previous study we also observed only a small
handful of proteins with modified protein thiols following chronic
ethanol consumption[29]. These proteins included aldehyde dehy-
drogenase 2, GRP78, glutamate dehydrogenase, pyruvate carbox-
ylase, and acetyl CoA acyl transferase 2. These results support the
concept that there is likely specificity to posttranslational



K.K. Andringa et al. / Redox Biology 2 (2014) 1038–1047 1045
modifications in vivo as modifications are dependent on protein
structure and protein microenvironment conditions. Therefore,
while exposure to high concentrations of 4-HNE ex vivo leads to
a large number of adducted proteins (Fig. 2), only a small number
of adducted proteins are present under conditions of a chronic
low-level oxidative stress in vivo (Figs. 3 and 5).

Our combined 2D proteomics analyses were successful in
identifying seven mitochondrial proteins immunoreactive for
4-HNE in samples from both control and ethanol-fed rats. These
proteins include mitofilin (MF), dimethylglycine dehydrogenase
(DMGDH), choline dehydrogenase (CDH), electron transfer flavo-
protein, alpha (ETFα), cytochrome c1 (Cyt c1), enoyl CoA hydratase
(ECH), and cytochrome c (Cyt c). While several proteins had
increased 4-HNE immunoreactivity in ethanol samples analyzed
by 2D IEF/SDS-PAGE, 4-HNE reactivity was only statistically
increased in the ETFα protein in response to chronic ethanol
feeding. ETF is comprised of two subunits, α and β, and functions
as the electron acceptor for various flavoprotein dehydrogenases
of fatty acid β-oxidation, as well as some dehydrogenases involved
in amino acid and choline metabolism, e.g., DMGDH and CDH. In
the mitochondrion, reducing equivalents from these dehydro-
genases are transferred sequentially to ETF, ETF–ubiquinone oxi-
doreductase complex (ETF–QO), and then to ubiquinone, thus
entering the electron transport system at the level of Complex
III. Because ETF, together with the ETF–QO, are essential compo-
nents of β-oxidation, a defect in the functioning of the ETFα as a
consequence of 4-HNE mediated modification, might contribute,
in part, to accumulation of liver fat as a result in the inability to
metabolize fatty acyl-CoAs. Our finding may be significant as
defects in fatty acid oxidation occur in response to chronic ethanol
consumption [33]. With this said, however, future studies are
required to identify the sites of 4-HNE modification in ETFα and
whether modification alters activity.

In addition, BN-PAGE proteomics showed statistically increased
4-HNE reactivity in DMGDH in ethanol samples. Interestingly,
DMGDH immunoreactivity in ethanol samples was not different
from control when mitochondrial samples were analyzed by 2D
IEF/SDS-PAGE. While the reason for this discrepancy is not known,
it may be related to differences in the separation techniques
whereby BN-PAGE may have enhanced the accessibility of the
4-HNE modified sites. DMGDH is an abundant mitochondrial
matrix enzyme that participates in the interconnected cycles of
methionine, betaine, glycine, and choline metabolism [34].
DMGDH itself plays a key role in usage of methyl groups from
choline. Specifically, DMGDH, a flavin-containing enzyme, cata-
lyzes the oxidative demethylation of dimethylglycine to sarcosine,
which in turn is converted to glycine by the enzyme sarcosine
dehydrogenase. Again, while we do not know whether the
increase in 4-HNE modification affected the activity of the enzyme,
it is known that chronic ethanol perturbs function of the metabolic
cycles critical for one-carbon metabolism and that these derange-
ments contribute to steatosis [35]. Importantly, betaine homocys-
teine methyltransferase (BHMT) is inhibited by accumulation of its
product dimethylglycine [36]. As Ji and colleagues have shown
that BHMT is highly protective in models of alcoholic steatosis [37],
we propose that DMGDH inactivation may participate in the
disease process through impairment of BHMT. However, until
the physiological roles and importance of dimethylglycine and
sarcosine and associated enzymes are better understood, the
significance of this result remains unclear.

We also observed increased 4-HNE reactivity in ECH and Cyt c
from ethanol samples. Unfortunately, we were only able to detect
these 4-HNE immunoreactive protein spots in two out of six pairs
of control and ethanol samples. Therefore, it is premature to
speculate as to how 4-HNE modification of these two proteins
might impact mitochondrial function. However, studies by Darley-
Usmar and colleagues [14] reported significant modification of Cyt
c by 4-HNE treatment in vitro. Notably, mapping these modifica-
tions on to the X-ray crystal structure of Cyt c revealed that 4-HNE
modification of lysine residues could have detrimental effects on
electron transport efficiency, a parameter known to be impaired by
chronic ethanol consumption [38]. These initial observations open
a potential new line of inquiry for examining ethanol-mediated
defects on mitochondrial bioenergetic function.

Finally, we would also like to point out that usage of different
4-HNE antibodies in studies many times lead to different results.
For example, Patel et al. [39] demonstrated that chronic ethanol
consumption elevated 4-HNE immunoreactivitity to one 55 kDa
mitochondrial protein in 1D SDS-PAGE/immunoblots using the
4-HNE antibody from Alpha Diagnostics (San Antonio, TX). We
found the same result when using this antibody (data not shown).
Their lab went on to identify this protein as 3-hydroxy-3-methyl-
glutaryl (HMG-CoA) synthase, the rate-limiting enzyme in ketone
body formation. When we stripped and re-probed our 2D IEF/SDS-
PAGE blots with this antibody we detected three additional 4-HNE
targets at the basic end of gels. Two of which we were able to
identify as acyl CoA dehydrogenase, very long chain and HMG-CoA
synthase (data not shown). Furthermore, using the monoclonal
antibody specific for the 4-HNE histidine adduct (generated by
Esterbauer [40]), Henderson and colleagues [41] showed that
short-term ethanol exposure enhanced formation of 4-HNE adduct
in cytochrome c oxidase, specifically subunit IV. And, recently Frtiz
et al. [15] using a 4-HNE antibody developed in their labora-
tory [13] have shown that the mitochondrially localized sirtuin 3 is
a target for 4-HNE adduction. Together, these studies highlight the
diversity in different 4-HNE antibody preparations and suggest
that multiple antibodies be employed to maximize detection of
adducted proteins in biological samples.

In summary, we provide new results showing chronic ethanol-
mediated alterations to the mitochondrial proteome at the post-
translational level. We identified a small number of proteins that
are modified by the electrophilic lipid 4-HNE in rat liver mito-
chondria. Interestingly, some of the proteins identified as having
increased 4-HNE modification in response to chronic ethanol
consumption are linked to one-carbon metabolism. Specifically,
we observed that CDH, DMGDH, and ETF were modified by 4-HNE,
with chronic ethanol enhancing 4-HNE modification in the latter
two proteins. Thus, it is possible that within this small study we
have identified a previously unknown focal point involved in
alcohol-mediated alterations to the mitochondrial proteome in
liver. Identification of these proteins provides a new potential
mechanism whereby modification of proteins in vivo by chronic
ethanol consumption may contribute, in part, to ethanol-mediated
mitochondrial dysfunction and toxicity.
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