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Abstract
Chronic alcohol consumption induced liver injury in Cu, Zn-superoxide dismutase –deficient mice
(Sod1−/−) with extensive centrilobular necrosis and inflammation and a reduction of hepatic ATP
content. Mechanisms by which ethanol decreased ATP in these mice remain unclear. We investigated
alterations in mitochondria of Sod1−/−mice produced by chronic ethanol treatment. These
mitochondria had an increase in state 4 oxygen consumption with succinate and especially with
glutamate plus malate compared to pair-fed Sod1−/−mice or mitochondria from wild type mice fed
dextrose or ethanol. This uncoupling was associated with a decrease in ADP/O and respiratory control
ratios, a decline in mitochondrial membrane potential, enhanced mitochondrial permeability
transition and decreased aconitase activity. Total thiols and uncoupling protein 2 levels were elevated
in the pair-fed Sod1−/−mitochondria, perhaps an adaptive response to oxidant stress. However, no
such increases were found with the ethanol-fed Sod1−/−mitochondria suggesting a failure to develop
these adaptations. The mitochondria from the ethanol-fed Sod1−/−mice had elevated levels of cleaved
Bax, Bak, Bcl-xl and adenine nucleotide translocator. Immunoprecipitation studies revealed
increased association of Bax and Bak with the adenine nucleotide translocator. ADP-ATP exchange
was very low in the ethanol-fed Sod1−/−mitochondria. These results suggest that ethanol treatment
of Sod1−/−mice, produces uncoupling and a decline in Δψ, swelling, increased association of
proapoptotic proteins involved in the permeability transition and decreased adenine nucleotide
translocator activity, which may be responsible for the decline in ATP levels and development of
necrosis in this model of alcohol-induced liver injury.
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Introduction
Mitochondria play a key role in controlling the energy balance and in signaling of either a cell
survival or death response, or whether mitochondrial injury results in apoptosis or necrosis.
Mitochondria represent the major intracellular source of ROS especially superoxide radical,
which is generated as a byproduct of oxygen consumption by the respiratory chain. Oxidative
stress appears to play a central role in mechanisms by which ethanol is hepatotoxic (1). Damage
to the mitochondria and increased production of ROS by mitochondria after ethanol treatment
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may contribute to ethanol-induced oxidative stress (2–5). Acute ethanol treatment of rat
hepatocytes increased ROS production in mitochondria, produced depolarization of the
mitochondrial membrane which resulted in a mitochondrial permeability transition (MPT) and
caused Bax translocation from cytosol to mitochondria; these effects led to subsequent
formation of Bax-VDAC complexes, release of cytochrome c, caspase 3 activation, and
apoptosis (6–8). Chronic alcohol consumption induced inhibition of complexes I and III of the
mitochondrial electron transport chain, impaired the rate of ATP synthesis, decreased levels
of ATP and increased ROS production in rat liver (9,10). Mitochondria isolated from rats
chronically fed ethanol exhibited a markedly increased sensitivity to MPT induction caused
by a variety of agents implicated in both necrotic (Ca 2+) and apoptotic (ceramide, GD3
ganglioside, and Bax) forms of cell death (11). Ethanol promotes oxidative stress in
mitochondria, both by increasing ROS formation and by decreasing mitochondrial defense
mechanisms. Mitochondrial GSH was depleted by an ethanol-induced impairment in
mitochondrial GSH transport, due to decreased membrane fluidity (12). Patients and baboons
with alcoholic hepatitis displayed mitochondria with morphological aberrations (13–15).
While the role of oxidative stress in alcohol-induced cell injury is well documented (16), what
alterations occur in mitochondria in in vivo models with alcohol-induced liver injury are still
uncertain.

It has been difficult to study mechanisms responsible for alcohol-induced liver injury since
oral administration of ethanol in liquid diets, while producing steatosis and oxidant stress in
the liver, does not cause liver necrosis or fibrosis. There is a need for new oral models of ethanol
treatment that results in the development of liver injury. Because alcoholic liver injury has
been linked to oxidative stress, we reasoned that a compromised antioxidant defensive system
in the liver could exaccerbate liver injury produced by ethanol. Several studies have shown a
decrease in SOD1 activity in rat liver after alcohol treatment (17,18) and adenoviral delivery
of SOD1 protected against liver injury caused by alcohol (19). A model of chronic alcohol-
induced liver injury using Cu, Zn-superoxide dismutase –deficient mice (Sod1−/−) was
developed (20). Feeding the homozygous Sod1−/−mice with ethanol (10% of total calories) for
3 weeks resulted in extensive centrilobular necrosis and inflammation and increased carbonyls,
lipid peroxidation aldehydic products and 3-nitrotyrosine protein adducts, indicative of
enhanced oxidative and nitrosative stress. Since liver injury was accompanied by reductions
of hepatic ATP content, mitochondrial GSH levels and activity of the Mn-SOD, we suggest
that the increased mitochondrial oxidative stress and subsequent alterations in mitochondria
caused by chronic alcohol may be important in the mechanisms of this liver injury. The goal
of this study was to evaluate mitochondrial function in livers of Sod1−/−mice chronically fed
ethanol, especially as it may relate to MPT sensitivity.

Materials and Methods
Mice

Cu,Zn–superoxide dismutase deficient by targeted mutation mice (B6; 129S7-Sod1 tm1Leb)
were purchased from Jackson Laboratories (Bar Harbor, Maine) and bred at the animal facility
at Mount Sinai School of Medicine. All mice were cared for according to the NIH Guide for
the Care and Use of Laboratory Animals. Mice were genotyped at 1month of age by polymerase
chain reaction (PCR). Genomic DNA isolated from mouse tail was digested overnight in tail
tip buffer containing 0.1 mM EDTA, 0.5 % SDS, Proteinase K (1 mg/ml), 50 mM Tris-HCl,
pH 8.0. DNA was isolated by a chloroform/phenol procedure. The targeted allele was detected
as a 250-bp fragment (HPRT) using primers IMR0781(5′-
TGTTCTCCTCTTCCTCATCTCC-3′) mouse Pgk promoter forward primer for the PgkHPRT
minigene and IMR0782 (5′-ACCCTTTCCAAATCCTCAGC-3′) as HPRT exon 2 reverse
primer for the PgkHPRT minigene. The wild type allele was detected as a 123bp fragment
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using primers IMR0878 (5′-TGAACCAGTTGTGTTGTCAGG-3′) and IMR0888 (5′-
TCCATCACTGGTCACTAGCC-3′). The 25 μl PCR reaction mixture contained Ready-To-
Go™ PCR Beads, 300 ng DNA and 0.3 μM of each primer. The PCR conditions used were one
cycle of denaturation at 94°C for 3min, followed by 12 cycles of denaturation at 94°C for 30
sec, annealing at 61°C for 30 sec and extension at 72°C for 35 sec, followed by 25 cycles at
94°C for 20 sec, at 58°C for 30 sec, at 72°C for 35 sec and a final cycle at 72°C for 5 min.
Homozygous (Sod1−/−) and wild type (Sod1+/+) mice at age of 2 month were fed the ethanol
diet at 10% of total calories for the first week and 20 % ethanol for the second week while
control groups were pair-fed the control dextrose diet.

Mitochondrial isolation
After 2 weeks on the respective diets, the mice were sacrificed with an overdose of
pentobarbital and livers were rapidly dissected in ice cold 0.25 mM sucrose. Two weeks of
treatment were used in this study since severe liver injury occurs after 3 weeks of feeding
alcohol to the SOD1 knockouts and we were interested in evaluating whether mitochondrial
dysfunction occurs prior to the development of this severe injury. All procedures were carried
out at 4°C. Livers were minced in fresh sucrose-based medium (250 mM sucrose, 1 mM
MgCl2, 0.1 mM EGTA, 20 mM HEPES, pH 7.4) and gently homogenized manually (w/v)
using a tissue grinder with loose-fitting pestle. The resulting homogenate was centrifuged at
800 × g for 5 min twice, and the supernatant fraction was centrifuged at 9,000 × g for 10 min
to obtain the mitochondrial pellet. This pellet was washed with isolation medium (EGTA free
for MPT measurements) and centrifuged at 10,000g for 10 min. The final pellet was
homogenized in the above buffer. Protein concentration was measured by the DC protein Assay
Kit II (Bio-Rad, Hercules, CA). To assure equivalent yield and purity of the mitochondria
isolated from the 4 groups of mice, porin levels per mg mitochondrial protein were determined
by Western blot analysis.

Determination of aconitase activity
The activity of aconitase in the mitochondrial fractions was measured by the conversion of
citrate to α-ketoglutarate coupled to the reduction of NADP+. Aconitase activity was monitored
for 3–5 min by determining the absorbance at 340nm in freshly prepared 50 mM Tris-HCl
buffer containing 0.2 mM NADP+, 30 mM sodium citrate, 2 unit/ml of isocitrate
dehydrogenase, and 0.6 mM MnCl2. Mitochondrial pellets were suspended in 2 mM sodium
citrate buffer, 0.6 mM MnCl2, 1 mM sodium succinate and solubilized by repeating a freezing-
thawing cycle 3 times. The reaction was started by adding the mitochondria samples. Aconitase
activity is defined as the amount of enzyme necessary to catalyze the formation of 1 nmol of
isocitrate/min at 37 °C.

Thiols and Sulfide
Total mitochondrial thiols were assayed using the Thiol and Sulfide Quantitation Kit
(Molecular Probes, Carlsbad, CA), which provides an ultrasensitive colorimetric assay for
quantitating both protein and nonprotein thiols. The nonprotein thiols essentially reflect GSH
levels in the isolated mitochondria. In this assay thiols reduce a disulfide inhibited derivative
of papain, stoichiometrically releasing the active enzyme. Proteins are denatured such that all
protein thiols are accessible: the combination of nonprotein thiols plus protein thiols reduce
the papain disulfide prosubstrate to the active reduced sulfhydryl form of papain and catalytic
activity is proportional to the total free thiols available to reduce the papain disulfide
prosubstrate. The activity of the papain is then measured using the chromogenic papain
substrate, N-benzoyl-L-arginine, p-nitroanilide (L-BAPNA) according to kit instructions.
Validation of this assay was shown by the lack of formation of p-nitroaniline with GSSG as
compared to GSH, inhibition of p-nitroaniline formation when the mitochondrial extract was
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treated with diethylmaleate to bind free thiol groups and finding similar results when Ellman’s
reagent was used to assay free thiol groups.

O2 consumption
Respiratory rates were assessed by measuring the oxygen consumption of mitochondria using
Clark-type electrodes in 3 ml sealed Perspex chambers, which were continuously magnetically
stirred at 30°C. Mice liver mitochondria (0.8mg/ml) were incubated in respiration buffer
composed of 120 mM KCl, 3 mM HEPES, 1 mM EGTA, 25 mM sucrose, 5 mM MgCl2, 5
mM KH2PO4 at pH 7.4 in the presence of either 5 mM malate plus 5 mM glutamate or 15 mM
succinate plus 2.7 uM rotenone as substrates to measure state 4 respiration. State 3 respiration
was measured after the addition of ADP at a final concentration of 0.3 mM.

Spectrofluorometric measurements of Δψ
The electrical potential across the inner mitochondrial membrane (Δψ) was estimated by
monitoring of fluorescence quenching of Rhodamine 123 (21). Fluorescence with excitation
at 503 nm (2.5 nm slit) and emission at 527 nm (3 nm slit) was measured in a buffer containing
150 mM sucrose, 5 mM MgCl2, 2.7 μM rotenone; 0.2 μM Rhodamine 123; 5 mM KPi buffer;
20 mM potassium-HEPES buffer at pH 7.4 and mitochondria (0.167mg/ml). After incubation
for 2–3 min, respiratory substrate disodium succinate (5 mM) was added to initiate state 4
respiration and then 300 μM ADP was added to initiate state 3 respiration. To de-energize the
mitochondria, an uncoupler (1.3 μM CCCP) and respiratory inhibitor (1.3 μg/ml antimycin)
were added. Rhodamine was dissolved in ethanol and its concentration was assayed
spectrophotometrically at 507 nm (€507=101mM-1 cm−1). The ethanol concentration in all
incubation mixtures was kept below 0.4% (v/v).

Measurement of mitochondrial permeability transition
Mitochondria (0.5mg/ml) were incubated in the buffer used above for oxygen consumption at
25° C. 1mM glutamate and 1mM malate were added as respiratory substrates. MPT was
induced in mitochondria by addition of either 10, 50, or 150 μM CaCl2. 2 μM cyclosporin A
was added before incubation as a control to prevent the MPT. Swelling was monitored every
minute over a 30 min incubation by absorbance at 540 nm.

Detection of cytochrome c release
Mitochondria (1 mg of protein/ml) were incubated for 15 min at 25 °C in respiration buffer
with the indicated additions. The reaction mixtures were then centrifuged at 13,000 × g for 10
min at 4 °C to obtain the mitochondrial pellets. The supernatant fractions were further spun at
100,000 × g for 15 min at 4 °C to eliminate mitochondrial membrane fragments and
concentrated by ultrafiltration through Centricon 10 membranes (Millipore, Billerica, MA) at
4 °C. The concentrated supernatants were subjected to 18% SDS-PAGE, transferred to 0.2μm
nitrocellulose membranes and analyzed by Western blotting using anti-cytochrome c antibody.

ADP/ATP translocase activity
Liver mitochondria were suspended (7mg/500μl) in 0.6 M mannitol, 0.2%BSA, 10 mM MOPS,
and 0.1 mM EDTA at pH 6.8. Mitochondria were incubated with 15 μl of [3H] ATP (40Ci/
mmol) for 45 min at 4°C in the presence or absence of 100 μM atractyloside. Mitochondria
were washed twice to eliminate free [3H] ATP. The ADP-ATP exchange was initiated by
addition of cold ADP (standard concentration of 400 μM) and stopped by addition of 100 μM
atractyloside after 10 sec. The reaction mixtures were then centrifuged at 9,000 × g for 10 min
at 4 °C to obtain the mitochondrial pellets. Supernatant and mitochondrial pellets were
subjected to scintillation counting. ATP release into the 9000 × g supernatant fraction was
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measured and expressed as a percentage of [3H] counts compared to [3H] counts in control
mitochondria.

Western blotting, protein cross-linking and immunoprecipitation
In vivo cross-linking for ANT interactions with proteins of the Bcl2 family and VDAC was
performed with dimethyl 3,3′-dithio-bis(proprionate)x2HCl (DTBP) (Pierce Biotechnology,
Inc., Rockford, IL). Mitochondria were treated with 2 mM of cross-linkers in PBS for 30 min
at room temperature. After the reaction was quenched with 50 mM Tris-HCl for 10 min at 4°
C, mitochondria were washed in PBS. Mitochondria were then lysed with lysis buffer : 10 mM
Tris-HCl, pH 7.4, 142.5 mM KCl, 5 mM MgCl2, 1 mM EDTA, 1 mM PMSF, with 0.5%
Nonidet P-40, and 20 μM leupeptin for 30 min on ice and centrifuged to remove insoluble
debris. Immunoprecipitation was carried out as follows. Samples were precleared by mixing
with control IgG protein and Protein G Plus-Agarose beads (Santa-Cruz Biotechnology,
SantaCruz, CA) for 60 min at 4°C in a rocker, and the beads were removed by centrifugation.
The resultant supernatants were incubated with anti-ANT antibodies (2 μg/ml) at 4°C for 2 h.
Immunoprecipitates were collected by incubating with protein G-Sepharose for 60 min,
followed by centrifugation for 2 min at 4°C. The pellets were washed with lysis buffer three
times. After the final wash, the beads were suspended in SDS-sample buffer, and the samples
were analyzed by SDS-PAGE and Western blotting.

Determination of caspase 3 activity
Caspase 3 activity in hepatic cytosols was assayed using the fluoregenic peptide 50 μM Ac-
DEVD-AMC. The assay was carried out using 200 μg of cytosolic protein in a total volume
of 100 μl. Following incubation in assay buffer at 37 °C for 30 min, the reaction was quenched
by addition of 500 μl cold ethanol. A 2.0-ml aliquot of H2O was then added and the fluorescence
of the samples was evaluated at 360/460 nm using a Bio-Tek Kontron SFM 25
spectrofluorimeter. Peptidase activities were measured in the absence and presence of the
caspase 3 inhibitor Ac-DEVD-CHO (50μM); the difference between the two rates was
attributed to the caspase -3 activity. The results were expressed as arbitrary units of
fluorescence per milligram of protein.

Terminal Deoxynucleotidyl Transferase–Mediated dUTP Nick-End Labeling
DNA fragmentation was assessed via terminal deoxynucleotidyl transferase–mediated dUTP
nick-end labeling (TUNEL) assay using the ApopTag in situ apoptosis detection kit
(Serological Corp., Atlanta, GA). The quantitative analysis of positive nuclei with DNA
fragmentation was performed by counting the average number of stained nuclei per visual field
(original magnification × 400).

Statistics—Two-way analysis of variance (ANOVA) followed by Bonferroni post-hoc test
was used for the determination of statistical significance of the experimental results.

Results
Oxidative stress in mitochondria of Sod1−/− mice

In order to evaluate oxidative stress in mitochondria of mice, we examined mitochondrial
aconitase activity, a Fe-S cluster enzyme that is inactivated by superoxide and peroxynitrite.
Inactivation of aconitase activity is believed to be a reliable marker for mitochondrial
superoxide production (22,23). Deletion of the Sod1 gene caused 3.3- fold-decline in aconitase
activity in liver of Sod1−/− mice fed dextrose (Fig. 1, A) Ethanol administration caused a 50%
decrease in enzyme activity in mitochondria of the knockout mice and a 30% decrease in wild
type mice. These results suggest that, the superoxide production in mitochondria of Sod1−/−
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mice is high and can be further increased with alcohol consumption. Because ROS oxidize
thiol groups, we measured the concentration of protein-associated and low molecular weight
thiols (mainly GSH) in mitochondria (Fig. 1B). The content of reduced thiols in mitochondria
of Sod1 knockout mice was increased 2-fold compared with wild type mice, possibly an
adaptive mechanism to oxidative stress. However, ethanol administration produced a decline
in thiol content in mitochondria of Sod1−/− mice. No effect by ethanol was seen in mitochondria
from the wild type mice (Fig. 1B). Interestingly, the pattern of changes in total thiol content
in mitochondria of knockout mice produced by alcohol is similar to the changes in
mitochondrial GSH content which were detected in our previous study i.e. an increase in the
mitochondria from the Sod1−/− mice fed dextrose and a decrease after chronic ethanol
treatment (20). One of the protective mechanisms against ROS production in the matrix of
mitochondria is a mild uncoupling of respiration and phosphorylation by activation of
uncoupling proteins (UCP)(24). UCP2 content was increased in mitochondria of Sod1−/− mice
fed dextrose compared with the other groups (Fig. 1C and D), perhaps like the increase in GSH
and thiols an adaptive mechanism to inhibit matrix ROS production. However, chronic ethanol
treatment caused a decline in UCP2 content in mitochondria of Sod1−/− mice that probably
reflects a failure to adapt protection factors with increasing levels of oxidative stress. Porin
levels per mg mitochondrial protein were identical in the 4 groups of mice suggesting
equivalent yield and purity of the isolated mitochondria.

O2 Consumption, Membrane potential
In the knockout mice, ethanol treatment increased the state 4 rate of oxygen consumption with
glutamate plus malate as substrate, with no effect on state 3 rates of respiration (Tables 1).
Respiratory control ratio values were decreased in Sod1−/− mice fed ethanol with either
glutamate-malate or succinate as substrates due to the increase of state 4 respirations. A smaller
increase in state 4 oxygen consumption was found with succinate as substrate (Table 1). Ethanol
administration caused significant decreases in the ADP/O ratio for both glutamate-malate and
succinate in Sod1−/− mice as compared with wild type mice fed ethanol (Table 1). The lower
ADP/O ratio, and respiratory control ratio caused by ethanol in the Sod1 knockouts, can
probably be attributed to uncoupling of oxidative phosphorylation. With respect to the wild
type mice, chronic ethanol treatment had little or no significant effects on these parameters
(Table 1, 1). The electrochemical potential of the proton gradient generated across the
mitochondrial membrane (Δψ) was assessed by monitoring fluorescence quenching of Rh-123.
Fig. 2 shows the effect of a series of additions on the dye fluorescence in isolated mitochondria
of mice. Addition of succinate as a respiratory substrate to the medium containing mitochondria
and Rh-123 decreased fluorescence, reflective of a high Δψ corresponding to state 4 of
respiration. The decline in flourescence averaged 100,97, and 99 arbitrary units with
mitochondria from the wild type mice fed dextrose or ethanol and the SOD1 knockout mice
fed dextrose, respectively, whereas the decline averaged 49 arbitrary units with mitochondria
from the SOD1 knockout mice fed ethanol. Quenching of Rh123 fluorescence by succinate in
mitochondria of Sod1−/− mice fed alcohol was significantly less than it was in mitochondria
of the other 3 groups of mice, indicating a reduction in Δψ. Addition of ADP induced an
enhancement of steady-state fluorescence, which corresponds to state 3 respiration, as the
proton gradient significantly decreases due to its utilization to promote ADP phosphorylation.
This enlargement of Rh123 fluorescence was lower in mitochondria of Sod1−/− mice compared
with the other experimental groups (Fig. 2). The increase in fluorescence caused by addition
of ADP averaged 31,32 and 30 arbitrary units for mitochondria from wild type mice fed
dextrose or ethanol or from the SOD1 knockout mice fed dextrose, respectively but averaged
only 9 arbitrary units with the mitochondria from the SOD1 knockout mice fed ethanol.
Quenching of fluorescence was reversed by deenergization with the uncoupler CCCP and
respiratory inhibitor antimycin. Taken as a whole, these data suggest uncoupling and a decline
in Δψ in mitochondria of Sod1−/− mice fed ethanol.

Kessova and Cederbaum Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2008 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Permeabilization of the mitochondrial membrane, Cytochrome c release
Depolarization of the inner mitochondrial membrane would be expected to accompany a
significant opening of the MPT pore. Mitochondria isolated from wild type mice fed either
dextrose or ethanol tolerated concentrations of 10 μM Ca2+ without undergoing the MPT as
assessed by mitochondrial swelling (Fig. 3). At 50 μM and 150 μM Ca2+, the mitochondria
underwent the MPT and this was accompanied with cytochrome c release as presented in
representative Western blots at the bottom of each figure. Ca2+-induced MPT opening and
cytochrome c release from mitochondria were inhibited by cyclosporin A. Mitochondria from
Sod1−/− mice fed dextrose demonstrated a small degree of swelling and cytochrome c release
without Ca2+ addition, while 50 μM and 150 μM Ca2+ increased swelling of mitochondria
resulting in cytochrome c release as was seen with the wild type mitochondria (Fig. 3C).
Chronic ethanol consumption further increased induction of the MPT in mitochondria even
without any addition of Ca2+causing significant cytochrome c release. In addition, alcohol
sensitized the mitochondria to MPT induction at 10 μM Ca2+ (Fig. 3D), a calcium concentration
which did not induce the MPT in the other 3 groups. Cyclosporin A partially inhibited this
Ca 2+-induced MPT as well as cytochrome c release from mitochondria of Sod1−/− mice
chronically fed ethanol.

The content of Bcl-2 family proteins in mitochondria and their association with ANT
For further evaluation of uncoupling of respiration and phosphorylation as well as the increase
of nonspecific pore opening in mitochondria of Sod1−/− mice fed ethanol, the content of Bcl-2
family proteins were evaluated by SDS–PAGE and immunoblotting with the corresponding
antibodies. Their possible association with ANT was also studied. We detected the 21kD form
of Bax, a proapoptotic member of the Bcl-2 family in mitochondria of wild type mice fed
dextrose or ethanol whereas the cleaved 19kD form of Bax (which is able to oligomerize) was
observed in mitochondria of both knockout mice (Fig. 4A). Ethanol consumption produced a
3–fold increase in the content of cleaved Bax as compared with the Bax level in mitochondria
of Sod1−/− mice fed dextrose (Fig. 4). Increased levels of another proapoptotic protein, Bak,
were detected in mitochondria of Sod1−/− mice fed ethanol (Fig. 4A). Levels of the
antiapoptotic Bcl-xl were also higher in the Sod1−/− mice fed ethanol, as were levels of ANT.
The content of VDAC was not significantly changed in any of the groups. Chronic ethanol
treatment had no effect on Bax, Bak Bcl-xl, VDAC or ANT protein levels in the wild type
mice. Besides total levels of these proteins, their association with ANT was evaluated since
ANT is one of the critical proteins regulating the MPT. After immunoprecipitating ANT from
the mitochondria of the 4 groups, possible associated proteins were evaluated by Western
blotting. Chronic ethanol feeding of the Sod1−/− mice caused an increase in levels of Bax and
Bak but not Bcl-xl or VDAC in the ANT immunoprecipitate (Fig. 4 ANT-IP).

ANT activity
The content of ANT protein was elevated in the mitochondria of Sod1−/− mice fed ethanol
(Fig. 4A). To investigate functional activity of ANT, we measured ADP/ATP exchange in the
isolated mitochondria. Ethanol feeding significantly reduced ADP/ATP translocation through
the mitochondrial membrane of Sod1−/− mice, as compared with the other 3 groups of mice
(Fig. 5).

DNA fragmentation and Caspase-3 activity
TUNEL results showed that there were more hepatocytes with positive staining nuclei in
Sod1−/− mice fed ethanol (4.5 ± 0.9; per visual field of approximately 100 cells) than in the
Sod1−/− mice fed dextrose (1.4 ± 0.3). No TUNEL staining was observed in the wild type mice
fed ethanol or dextrose (Fig. 6A). Caspase-3 activity showed a significant increase in
Sod1−/− mice fed dextrose compared to the alcohol-fed Sod1−/− mice and wild type mice fed
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dextrose or ethanol (Fig. 6B). These results with caspase-3 activity suggest that TUNEL reflects
DNA fragmentation largely due to non-specific damage rather than apoptosis. Chronic ethanol
feeding potentiates liver injury in the Sod1−/− mice however, this combined injury by ethanol
in Sod1 knockout mice is primarily necrotic (20).

Discussion
Ethanol has long been known to inhibit mitochondrial oxygen consumption and ATP
production (2,5,8). While this is thought to play a role in alcohol-induced liver injury, most
studies showing impairment of mitochondrial functions occur in models which do not exhibit
significant liver injury beyond steatosis. A recent study reported that unlike results with rat
liver mitochondria, chronic ethanol feeding had no significant effect on mouse liver
mitochondrial oxygen uptake (25) a result confirmed in the current study with the wild type
Sod1 positive mice fed ethanol. Thus the role of mitochondrial dysfunction, while likely and
logically believed to be important in alcohol-induced liver injury, remains unclear and not
proven.

We have previously shown that chronic ethanol feeding produced liver injury in mice lacking
SOD1 (20). This model provides an oral alcohol feeding model which produces significant
liver injury and lends some support for the overall hypothesis that oxidative stress plays a role
in alcohol-induced toxicity to the liver. Hepatic ATP levels and mitochondrial GSH and SOD2
activity were lower in the ethanol-treated SOD1 knockout mice leading to the suggestion that
mitochondrial damage may play an important role in the overall toxicity produced by ethanol
in this model. The goal of the current study was to directly evaluate whether chronic alcohol
treatment of SOD1 knockout mice indeed does produce mitochondrial injury. In this study,
chronic ethanol administration was shown to intensify oxidative changes in mitochondria of
Sod1−/− mice. There was an apparent increase in superoxide production in mitochondria of
Sod1 knockout mice as reflected by inactivated aconitase activity. To cope with oxidative
stress, mitochondria of Sod1−/− mice up-regulated some adaptive defensive responses such as
an increase of total thiols, GSH and UCP2 protein content. Thiols, including glutathione are
protective antioxidants, acting as free radical scavengers, therefore thiol-disulfide balance can
be an indication of oxidative damage in tissues. The increase of UCP2 proteins is believed to
occur during mild oxidative stress to cause some uncoupling due to lowering of the proton
motive force, with a subsequent decrease in superoxide production (24). However, despite
some adaptive mechanisms against oxidative stress, mitochondria of mice with deletion of the
SOD1 enzyme and fed the dextrose diet still showed spontaneous swelling and MPT opening
even in the absence of added Ca2+, some cytochrome c release, caspase-3 activation and
apoptosis in liver tissue. These data confirm the important role of SOD1 in superoxide
dismutation and protection of mitochondria from oxidative stress. Indeed, recent studies
showed that SOD1 is localized in mitochondria (26,27), and by protecting mitochondria from
ROS-induced injury SOD1 could determine the fate of cells (28). A recent study showed that
mitochondrial SOD1 was released from mitochondria in parallel to cytochrome c release,
consequently increasing the susceptibility of mitochondria to oxidative stresses, induction of
ANT oxidation, and the opening of MPT pores and eventually leading to the development of
apoptotic reactions (29).

Chronic ethanol consumption increased oxidative stress as revealed by the further inactivation
of aconitase activity and the decline in the adaptive enlargement of total thiol and UCP2
contents in mitochondria of Sod1−/− mice. In rats, chronic alcohol consumption induced
inhibition of complexes I and III of the electron transport chain of the rat liver mitochondria
and impaired the rate of ATP synthesis (9). We did not detect any significant decreases in the
rate of respiration in mitochondria of wild type and knockout mice by ethanol as found with
rat liver mitochondria. This possible species difference in sensitivity of mitochondrial
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respiration to ethanol has also been reported by others (30). However, ethanol enhanced the
uncoupling of respiration and oxidative phosphorylation in mitochondria of Sod1−/− mice (but
not in wild type mice) as detected by increased rates of respiration in state 4 and lowering of
the respiratory control and the ADP/O ratio with glutamate plus malate as substrate. Quenching
of Rh 123 fluorescence also showed that the mitochondria from the Sod1−/− mice did not utilize
the Δψ efficiently as addition of ADP to these mitochondria did not elevate fluorescence,
indicative of utilization of the Δψ to phosphorylate ADP to ATP, to the same extent as it did
with mitochondria from the other 3 groups. The ethanol consumption increased MPT pore
opening in mitochondria of Sod1−/− mice even in the absence of Ca2+resulting in significant
swelling and cytochrome c release as well as sensitizing the mitochondria to MPT opening at
10μM Ca2+, a concentration without any effect in the other groups.

Since chronic alcohol consumption intensified swelling, uncoupled respiration and
phosphorylation and produced a decline in membrane potential in mitochondria of Sod1−/−

mice, the components of nonspecific pores (which regulate the MPT) were evaluated. The
mitochondrial membrane permeability may be regulated by a so-called “megachannel,” whose
composition is complex and controversial. The major proteins of these channels are the adenine
nucleotide transporter (ANT) and the voltage dependent anion channel (VDAC) located at the
contact sites of the inner and outer mitochondrial membrane (31,32). While VDAC levels were
not altered by ethanol feeding, ANT levels were increased 2.5 fold in mitochondria from the
SOD1 knockout mice. The exact role of the ANT in MPT is not clear as mitochondria from
knockout mice lacking ANTs could still be induced to undergo the MPT although higher
concentrations of calcium were required to initiate the MPT (33). It was concluded that ANTs
are non-essential structural components of the MPT although they do contribute to its
regulation (33). The MPT is characterized by an increase in the inner membrane permeability
to compounds with molecular mass less than 1,500 daltons. MPT function can be modulated
by members of the Bcl 2 family (31), e.g. mitochondria undergo general permeabilization upon
their interaction with Bax or Bak proteins (34). Levels of Bax and Bak were elevated in the
mitochondria from the ethanol-treated SOD1 knockout mice. It is known that the activation of
Bax is mediated by the translocation of Bax from the cytoplasm to the mitochondria, where it
undergoes cleavages to lower molecular weight forms. When cleaved, Bax can oligomerize
and oligomerized Bax inserts into the mitochondrial outer membrane (35,36) where it can
potentiate the MPT. A recent study using an in vivo model of apoptosis showed that there are
apoptotic populations correspond to early, intermediate, and late apoptotic mitochondria,
which are characterized by an increasing extent of permeabilization of their outer membrane
and a gradual enrichment in oligomerized Bax proteins (37). We observed an increased level
of Bax protein, and importantly of cleaved Bax in liver mitochondria of knockout mice fed
ethanol. Bax has recently been reported to interact directly with the VDAC on the outer
membrane to release cytochrome c, or with ANT on the inner membrane to initiate the
permeability transition (31,32,38,39). During acute ethanol induced hepatocellular apoptosis,
Bax, was shown to be translocated to the mitochondrial membrane before mitochondrial
cytochrome c release, where it formed Bax/VDAC complexes (6–8). ROS generation in
mitochondria was shown to oxidize critical thiol groups of ANT and to induce release of
cytochrome c to initiate apoptosis (40). Thiol reductants (41,42) and oxidants (43,44) seem to
regulate MPT by affecting the redox state of critical thiols relating to MPT pore formation.
MPT occurs when thiol groups of inner membrane proteins including ANT are oxidized to
induce conformational changes that form large nonselective pores. Indeed, cross-linking of
inner membrane proteins was observed upon mitochondrial induction of the MPT (41,42,45).
ANT is a bifunctional protein that, in physiological conditions, exchanges ATP and ADP on
the inner mitochondrial membrane. Oxidation of Cys 160 and Cys 257 in ANT markedly
increases the affinity of cyclophilin D to the Pro 62 residue of ANT, thereby inducing MPT
(46). Pore formation by ANT would require a physical interaction with Bax. An increased
association of Bax and Bak with ANT in mitochondria of Sod1−/− mice chronically fed with
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ethanol was detected, perhaps due, in part, to the overall increased content of these components
in the mitochondria of the ethanol-fed SOD1 knockout mice.. A dramatic decline of ADP/ATP
translocase activity in these mitochondria was observed in spite of an increase of ANT levels.
This suggests that the ANT has lost functional activity in these mitochondria, perhaps as a
result of oxidation of critical cysteine residues. We suggest that increases in proapoptotic
proteins such as Bax and Bak and their increased association with ANT could play role in
permeabilizing the mitochondrial membrane, leading to the decline in Δψ, RCR and ADP/O
in mitochondria from Sod1−/− mice fed ethanol.

In tissue injuries due to ischemia/reperfusion, toxic chemicals, and viral infection, apoptotic
and necrotic features often coexist, which can lead to cell killing either by apoptosis or necrosis
(47–50). This process is described as “necrapoptosis”; and may begin with a common stress
or death signal, proceed by shared pathways, but ultimately culminate in either cell lysis
(necrosis) or programmed cellular resorption (apoptosis) depending on modifying factors; one
important modifying factor is ATP (50). The liver injury produced by ethanol in Sod1−/− mice
was mainly necrosis. We believe that the increase in TUNEL staining in the ethanol treated
Sod1−/− mice reflects necrotic-induced DNA fragmentation rather than only apoptotic. Indeed,
while some increase in caspase-3 activity was observed in the dextrose-fed Sod1−/− mice,
compared to the wild type mice, this increase in caspase-3 activity was lower after the ethanol
treatment which is not consistent with increased apoptosis. We previously reported that ATP
levels were lowed by about 50% in livers of Sod1−/− mice fed ethanol (20). Hepatic ATP levels
in the dextrose fed Sod1−/− mice were more then 80% wild type values (20). This switch of
liver injury in Sod1−/− mice, from apoptosis to necrosis, by ethanol as reflected by lower
caspase-3 activities may relate to the large decline in hepatic ATP level in the ethanol-treated
knockout mice, a result of the uncoupling of respiration/oxidative phosphorylation and decline
in mitochondrial membrane potential. The ANT interaction with proapoptoic proteins and its
dysfunction as an ADP/ATP translocator in mitochondria of Sod1−/− mice as a consequence
of chronic ethanol consumption may cause ATP depletion and necrosis, and thus contribute to
the liver injury found in this model of ethanol toxicity.
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Abbreviations
ALD  

alcoholic liver disease

ANT  
adenine nucleotide translocator

GSH  
reduced glutathione

Δψ  
mitochondrial membrane potential

MPT  
mitochondrial permeability transition

ROS  
reactive oxygen species

SOD1  
Cu, Zn-superoxide dismutase

Sod1−/−c  
Sod1 knockout mice fed dextrose

Sod1−/−e  
Sod1 knockout mice fed ethanol

Sod1+/+c  
-wild type mice fed dextrose

Sod1+/+e  
wild type mice fed ethanol

TUNEL  
terminal deoxynucleotidyl transferase–mediated dUTP nick-end labeling assay

UCP2  
uncoupling proteins 2
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VDAC  
voltage-dependent anion channel protein
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Figure 1. Effect of chronic ethanol consumption on aconitase activity (A), levels of total thiols (B)
and content of uncoupling proteins (C, D) in isolated liver mitochondria of Sod1+/+ and Sod1−/−
mice
C. Representative Western blot of UCP2 content and porin levels in mitochondrial samples
from 2 mice in each group, D. Quantification of the UCP2 content in mitochondria as detected
by Western blots. The values represent the Mean ± SE of 4–6 mice. Effect of SOD deficiency
and alcohol treatment were analyzed by two-way ANOVA.
A. Alcohol effect p=0.0037; SOD1 effect p=0.0012. B,D Alcohol effect p=0.033 and p=0.042
respectively.
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Figure 2. Decline in mitochondrial membrane potential in Sod1 −/− mice-fed ethanol
Mitochondial energization was monitored by fluorescence quenching of Rh-123. Fluorescence
with excitation at 503 nm and emission at 527 nm was measured in a reaction buffer containing
150 mM sucrose; 5 mM MgCl2, 2.7 μM rotenone; 0.2 μM Rhodamine 123; 5 mM KPi buffer;
20 mM potassium-HEPES buffer, pH 7.4 and mitochondria (0.167mg/ml). Mitochondria were
energized by addition of 5 mM disodium succinate (decrease in fluorescence) as respiratory
substrate (State 4 respiration). Addition of 300 μM ADP causes an increase of fluorescence
[quenching] (State 3 respiration). Mitochondria were deenergized with an uncoupler (1.3 μM
CCCP) plus respiratory inhibitor (1.3 μg/ml antimycin). Each curve represents the Mean of 3–
4 mice. Sod1+/+c and Sod1−/−c refer to the pair-fed wild type or Sod1 knockout mice. The
traces for the mitochondria from the wild type mice fed dextrose or ethanol and from the SOD1
knockout mice fed dextrose are virtually identical and are overlaid on top of each other for all
conditions (succinate, ADP, CCCP plus antimycin).
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Figure 3. Chronic ethanol consumption intensifies the mitochondrial permeability transition
(MPT) and cytochrome C release from mitochondria of Sod1 −/− mice
For MPT determination, mitochondria (0.5mg/ml) were incubated in respiration buffer at 25°
C as described in Materials and Methods. Swelling was monitored for 30 min at 540 nm in
mitochondria (○); mitochondria plus respiratory substrates 1 mM glutamate and 1mM malate
without calcium (●); with 10 μM CaCl2 (▲); with 50 μM CaCl2 (◆), or with 150 μM CaCl2
(■). 2 μM cyclosporin A was added to mitochondria before incubation with ( ) or without
( ) 150 μM Ca to prevent MPT. Each curve represents the Mean of 3–4 mice
For cytochrome C release to the incubation medium, mitochondria (1 mg/ml) were incubated
for 15 min at 25 °C in respiration buffer with the indicated additions. The reaction mixtures
were then centrifuged at 9,000 × g for 10 min at 4 °C and supernatant was concentrated by
ultrafiltration through Centrikon 10 membranes (Amicon) at 4 °C. The concentrated
supernatants were subjected to SDS-PAGE and analyzed by Western blotting using anti-
cytochrome c antibody. Results show the cytochrome c present in the concentrated supernatants
obtained after mitochondria from the 4 groups were incubated with no addition, or 10 uM
calcium, or 150 uM calcium or 150 uM calcium plus 2 uM cyclosporin A.
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Figure 4. Expression of MPT pore components and their interactions in mitochondria of Sod1+/+
and Sod1−/− mice
A. Western blotting was conducted with 100 μg mitochondrial protein using anti-Bax, anti-
Bak, anti-Bcl-xl, anti-VDAC and anti-ANT antibodies. B. Isolated mitochondria were
subjected to immunoprecipitation with an ANT specific antiserum as described in Materials
and Methods. Equal amounts of precipitated ANT proteins, estimated by Western blot, were
loaded for SDS-PAGE and protein interactions were detected by using the corresponding anti-
Bax, anti-Bak, anti-Bcl-xl and anti-VDAC antibodies
Each immunoblot has been reproduced at least from three mice. Numbers above the blots refer
to arbitrary densitometric units with results for the pair-fed wild type mice taken as 1.0.. Effects
of SOD1 deficiency and alcohol treatment were analyzed by two-way ANOVA. Ethanol effect
on ANT content p=0.003. Effect of SOD1 deficiency on Bax, Ant and ANT-Bax content
p=0.0001;p=0.004, p=0.044 respectively; interaction p=0.0062; p=0.005; p=0.031
respectively. One way ANOVA followed by Student-Newman-Keul posthoc test indicated that
the increase in Bax, Bak, Bclxl, ANT and the ANT-Bax and ANT-Bak comples was statistically
significant (<0.05) as compared to the 3 other groups.
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Figure 5. Decrease in ATP/ADP exchange in isolated mitochondria from Sod1 −/− mice
Isolated mitochondria (7 mg/500 μl buffer) were loaded with [3H]-labeled ATP. The exchange
was initiated by addition of cold 400 μM ADP and stopped by addition of 100 μM atractyloside
after 10 sec. The reaction mixture was centrifuged at 9,000 × g for 10 min at 4 °C and the
supernatant and mitochondrial pellets were subjected to scintillation counting. ATP release
into the mitochondrial supernatant was measured and expressed as a percentage of [3H] counts
compared to [3H]counts in mitochondria with the results for the mitochondria from the
Sod1+/+ mice-fed dextrose taken as the 100% value. Effects of SOD1 deficiency and alcohol
treatment were analyzed by two-way ANOVA. Alcohol effect p=0.005; SOD1 effect p= 0.023;
interaction p=0.0008.
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Figure 6. Effect of chronic ethanol consumption on DNA fragmentation and activity of caspase 3
in livers of Sod1 −/− mice
DNA fragmentation was determined by the TUNEL assay as described in Materials and
Methods (A). Caspase 3 activity in hepatic cytosols was assayed using 50 μM Ac-DEVD-AMC
fluorogenic peptide as substrate (B). The released AMC was determined fluorometrically and
results expressed as arbitrary units of fluorescence per min per mg cytosolic protein. Effect of
alcohol feeding on caspase 3 activity p=0.0039 by two-way ANOVA.
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