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Abstract
Mitochondria are intimately involved in the generation of and defense against reactive oxygen species
(ROS). Mitochondria are themselves targets of oxidative stress and also contribute to mechanisms
by which oxidative stress–related signals control cell fate. Ethanol promotes oxidative stress, both
by increasing ROS formation and by decreasing cellular defense mechanisms. These effects of
ethanol are prominent in the liver, the major site of ethanol metabolism in the body. The question
remains to what extent this contributes to ethanol-dependent tissue damage or the susceptibility of
cells to other stressors. In this review, we consider how mitochondrial actions of ethanol influence
oxidative stress management of liver cells. Mitochondrial electron transport constitutes the major
intracellular source of ROS, and ethanol treatment imposes conditions that promote ROS formation
by mitochondria, the effects of which may be enhanced by a decrease in mitochondrial oxidative
stress defenses. A significant target of ethanol-related increases in oxidative stress is mitochondrial
DNA. Ethanol-induced damage to mitochondrial DNA, if not adequately repaired, impairs
mitochondrial function, which further increases oxidative stress in the cell, leading to a vicious cycle
of accumulating cell damage that is more apparent with advancing age. Uncontrolled mitochondrial
formation of ROS promotes the inappropriate activation of the mitochondrial permeability transition,
increasing the sensitivity of cells to other proapoptotic or damage signals. In combination with
ethanol-induced defects in mitochondrial function, these alterations may promote both apoptotic and
necrotic cell death in response to otherwise benign or beneficial challenges and contribute to the
onset or progression of alcohol-induced liver diseases.

Chronic excessive alcohol consumption causes injury to the liver and other tissues, but, despite
intensive study, the factors that relate ethanol intake to the onset and progression of liver disease
remain controversial. There is considerable evidence from both human and animal studies that
alcohol consumption enhances oxidative stress, in liver as well as in other tissues. However,
opinions are divided as to why oxidative stress develops, how it affects liver function, and what
its relevance is for liver pathology.1–6 Mitochondria are recognized as the major intracellular
source of reactive oxygen species (ROS), which is generated as a by-product of their major
metabolic activity of cellular respiration.7 Mitochondrial constituents are themselves targets
of ROS, and the mitochondrial management of oxidative stress has consequences both for
cellular energy metabolism and for the processes that control the onset and progression of the
cell death response, whether it results in apoptosis or necrosis. Hence, an understanding of how
these complementary functions of mitochondria are affected by alcohol consumption may
provide important insights into the mechanisms associated with liver damage. In this review,
we will focus primarily on the liver, the predominant site of ethanol metabolism, but the factors
that relate mitochondrial dysfunction to cellular oxidative stress may also have relevance to
ethanol’s effects on other cells and tissues.
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Ethanol, Mitochondrial Energy Metabolism, and Oxidative Stress
Mitochondria synthesize most of the adenosine triphosphate (ATP) needed by mammalian
cells. Oxidation of various substrates results in the formation of reduced nicotinamide adenine
dinucleotide (NADH) or reduced ubiquinone, which are oxidized through the electron transport
chain in the inner mitochondrial membrane. The associated extrusion of protons from the
mitochondrial matrix generates a pH gradient and an electrical potential difference across the
inner mitochondrial membrane, which together constitute the proton motive force, Δp (Figure
1).8 This is the driving force for ATP synthesis through the proton pumping F1F0 adenosine
triphosphatase (ATP synthase), and for transport of ions, such as Ca2+, or the energy-linked
pyridine nucleotide transhydrogenase, the enzyme responsible for keeping mitochondrial
nicotinamide adenine dinucleotide phosphate (NADP) in a highly reduced state. Under normal
conditions, the rate of oxidation of NADH through the electron transport chain is often
constrained by the cellular demand for ATP. The cell employs regulatory mechanisms to link
the demand for ATP to the oxidation of substrates, e.g., by regulation of the activity of Krebs
cycle dehydrogenases that control the supply of NADH to the electron transport chain.9–11
However, there are conditions in which it is beneficial for the cell to relax the strict coupling
of substrate oxidation and ATP synthesis.12 This may explain the widespread occurrence of
uncoupling proteins, such as uncoupling protein 2 (UCP-2) and UCP-3,13,14 which dissipate
Δp by permitting the controlled leakage of protons across the mitochondrial membrane and
thereby allow electron transport to occur without the constraint of ATP utilization.

Metabolism of ethanol through alcohol dehydrogenase (ADH) generates cytosolic NADH,
which is oxidized indirectly by mitochondrial electron transport depending on hydrogen
shuttling mechanisms that involve metabolite carriers in the inner membrane.15 Further
oxidation of the resulting acetaldehyde is mediated predominantly by the mitochondrial low
Km aldehyde dehydrogenase, which also generates NADH for oxidation in the mitochondria.
Thus, both steps depend on mitochondrial electron transport. Even at relatively modest
circulating ethanol levels, a substantial reduction of both cytosolic and mitochondrial
nicotinamide adenine dinucleotide (NAD) occurs in the liver, evidence of the strong reducing
pressure exerted by its metabolism, which bypasses the metabolic control on Krebs cycle
dehydrogenases. This reducing pressure poses an acute metabolic challenge for energy
metabolism in the liver (and to a lesser extent in other tissues). Yet, evidence has accumulated
over the past decade that much of the damaging effects of ethanol, rather than being reductive,
may reflect oxidative stress on the liver and other tissues. Although ethanol oxidation through
cytochrome P450 isoforms, notably cytochrome P450 2E1 (CYP2E1), contributes to the
formation of ROS, mitochondrial metabolism is also likely to play a major role in this, at least
in part as a direct response to the increased reduction pressure.

As illustrated in Figure 1, a fraction (1%–2%) of electrons passing through the respiratory chain
is diverted to generate ROS, mostly superoxide (O2.), and this constitutes the major
intracellular source of oxidative stress in many cell types.7 The major sites of ROS formation
in the electron transport chain are the NADH dehydrogenase complex and the cytochrome b-
c1 complex.16,17 The rate of ROS formation increases with higher Δp and, therefore, it
depends on the respiratory conditions, notably on the substrate and O2 supply and the electron
transport rate.12 Conditions that increase the supply of mitochondrial NAD(P)H and enhance
the reducing pressure on the electron transport chain without increasing the rate of respiration
promote the formation of O2. through the electron transport chain.7,12 It is not surprising,
therefore, that both acute and chronic ethanol treatment enhance mitochondrial ROS formation
in liver cells, where most ethanol oxidation takes place.18–20 Also not unexpectedly, the liver
responds to a prolonged ethanol exposure by enhancing the rate of O2 uptake.21,22 Several
mechanisms may be involved. There is some evidence of an increased respiratory activity,
either by enhanced ATP utilization,21 or as a result of the induction of an uncoupling protein,
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such as UCP-2, which enables electron transport without a corresponding increase in ATP
utilization.23,24 However, this is likely to represent only a minor contribution to the adaptation
of the tissue to ethanol, and the predominant proportion of increased O2 uptake in the liver
represents the activation of ethanol metabolism through alternative pathways. These include
ethanol oxidation by the cytochrome P450 isoform CYP2E1, which is up-regulated by chronic
ethanol intake,25 and by catalase, which can provide a significant ethanol oxidation pathway
under conditions in which peroxisomal oxidation of fatty acids provides the necessary H2O2
for that reaction.26 Importantly, the increased utilization of O2 through these pathways
competes with mitochondrial electron transport, and this may lead to conditions in which a
localized and transient hypoxia develops in the tissue, particularly in the pericentral
(downstream) region of the liver acinus.27,28 Such transient conditions of hypoxia and
reoxygenation would further enhance ROS formation through the respiratory chain.

Furthermore, chronic ethanol treatment also affects mitochondrial oxidative phosphorylation
in the liver by suppressing the synthesis of protein subunits that are encoded on mitochondrial
DNA (mtDNA).29,30 These include subunits of the main respiratory complexes, NADH
dehydrogenase (Complex I), cytochrome b-c1 (Complex III), and cytochrome oxidase
(Complex IV), as well as the ATP synthase complex (Complex V). The lower capacity for
oxidative phosphorylation further stresses the balance between the reducing pressure imposed
by ethanol and the capacity for oxidative phosphorylation. These are precisely the conditions
that would promote mitochondrial O2. formation.

Other, non-mitochondrial mechanisms contribute to an ethanol-induced increase in ROS
formation. CYP2E1, the predominant cytochrome P450 isoform to oxidize ethanol, is prone
to radical formation, including hydroxyethyl radicals.31 This pathway is active mostly in the
endoplasmic reticulum, although a mitochondrially localized CYP2E1 isoform has recently
been reported.32 Extracellular mechanisms that generate ROS may also be promoted by
ethanol treatment, e.g., through an oxidative burst mediated by reduced nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase in activated Kupffer cells or infiltrating neutrophils.
33,34

ROS are potentially damaging to cellular constituents, and the cell employs a battery of defense
mechanisms to keep their accumulation under control. Predominant are the superoxide
dismutases (SODs) and glutathione peroxidases (GPXs). SOD converts O2. to H2O2, a
substrate for peroxisomal catalase or for GPXs, which are found both in the cytosol and in the
mitochondrial matrix. However, in the presence of Fe(II), H2O2 generates the highly reactive
hydroxyl radical, OH•, and under conditions of increased Fe(II) in mitochondria, SOD activity
may, therefore, contribute to increased free radical damage.17 Interestingly, a recent
report35 showed that the delivery of the mitochondrial isoform of SOD by recombinant
adenovirus infection prevented liver injury in rats receiving ethanol intragastrically. Chronic
ethanol treatment is often associated with deregulation of iron metabolism in the liver,36 but
whether this is required for ethanol-induced mitochondrial free radical damage remains to be
established. GPXs use reduced glutathione (GSH) for reduction of H2O2 or lipid peroxides.
GSH is regenerated from oxidized glutathione by the NADPH-dependent glutathione
reductase. NADPH supply in mitochondria depends on the energy-linked transhydrogenase or
on NADP-linked isocitrate dehydrogenase; both enzymes contribute to the protection against
oxidative stress.37,38 O2. also reacts avidly with the nitric oxide radical, NO•, to form
peroxynitrite, a reactive nitrogen species that can modify tyrosine residues on proteins. NO•

can be generated in mitochondria and cause inhibition of cytochrome oxidase,39–41 and
peroxynitrite was recently reported to affect cytochrome c activity.42

Hence, ROS and related radical species are converted in multiple ways by oxidative stress
defenses both inside and outside the mitochondria, but the products of these processes are not
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without effect on mitochondrial metabolism and may, in fact, contribute to its regulation.
Despite its potential for damage, mitochondrial ROS formation is likely to have physiologic
roles, e.g., as signals by which mitochondria communicate with other cell compartments.43
Therefore, the balance between formation and conversion of ROS must be carefully controlled.

Mitochondrial defense mechanisms that dispose of ROS are also affected by chronic ethanol
treatment. For instance, GPX activities reportedly are decreased after chronic ethanol intake
in the liver.20 Furthermore, Fernandez-Checa and coworkers44–48 reported that chronic
ethanol treatment causes a selective depletion of mitochondrial GSH levels in liver, which was
progressive over long periods (up to 16 weeks) of ethanol feeding. Conditions that replenish
mitochondrial glutathione or prevent its depletion were found to suppress ethanol-induced liver
damage.47,48 A similar selective depletion of mitochondrial GSH was also reported in type
II alveolar cells in the lung.49 However, other investigators did not observe a marked selective
mitochondrial depletion of GSH in the liver with chronic ethanol feeding,20,50,51 indicating
that the conditions accounting for this phenomenon still need better characterization. Also, if
there is a gradual depletion of mitochondrial GSH over several months, the question remains
what degree of depletion would be deleterious. Irrespective of the specific mechanism
involved, however, chronic ethanol treatment appears to impair the balance of ROS formation
and conversion, with implications for ethanol-induced cell damage.

Ethanol promotes ROS formation and enhances oxidative stress not only in the liver, its major
site of oxidation, but also in the brain, heart, or lung, which have much less oxidative ethanol
metabolism, because they lack ADH (although induction of CYP2E1 by chronic ethanol
treatment has been detected in several other tissues52). Ethanol treatment affects stress-related
signaling pathways even in cell lines that lack enzymes for ethanol oxidation,53,54 and these
signaling systems may alter the capacity of cells to respond to other oxidative stress challenges.
Thus, ethanol treatment may promote oxidative stress even in the absence of active metabolism,
possibly by affecting cellular signaling systems that integrate the organism’s responses to
external and internal challenges. For instance, cytokines such as tumor necrosis factor (TNF)-
α, which are part of the body’s stress response, induce mitochondrial formation of ROS.55–
57 There is good evidence that TNF-α release from Kupffer cells in the liver is enhanced by
ethanol intake and that this plays a role in the onset of alcoholic liver disease in rats receiving
ethanol by intragastric feeding.34,58

All mitochondrial constituents, proteins, lipids, and mtDNA are potential targets for ROS-
mediated damage. Considerable evidence indicates that mitochondrial constituents suffer
cumulative oxidative damage after chronic ethanol exposure. Peroxidation products of
phospholipids, such as 4-hydroxynonenal and malondialdehyde, accumulate in the liver and
other tissues after chronic ethanol exposure.59 Protein adducts form with lipid-derived
aldehydes or with acetaldehyde, the primary product of ethanol oxidation.60,61 Membrane
structural alterations are evident as changes in order parameter, detected by electron spin
resonance or fluorescence probes62 and Fernandez-Checa and coworkers45,46 have provided
evidence that this impairs mitochondrial GSH transport through an ATP-dependent GSH
transport system in the inner membrane, which would account for a gradual depletion of the
matrix pool of glutathione. Oxidation of mitochondrial proteins may also result from ROS
exposure. For instance, oxidation of a selenocysteine group in GPX may cause its inactivation
after chronic ethanol feeding.20 Through such mechanisms, a gradual impairment of oxidative
defenses in mitochondria will enhance further oxidative stress. The integrity of mtDNA is also
affected by ethanol treatment through mechanisms that involve ROS.63,64 To what extent
ethanol-induced damage to mtDNA impairs mitochondrial function and how that affects cell
and tissue injury are as yet open questions. A major consequence of these impairments may
be the vulnerability of the mitochondria to processes that induce their structural demise, the
mitochondrial permeability transition (MPT), with consequences for apoptosis and necrosis.
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In the following, we will first discuss the nature of ethanol-induced impairment of mtDNA and
then consider how the different mitochondrial targets of ROS may act synergistically to
promote ethanol-induced cell injury.

mtDNA as a Target for Ethanol-Induced Oxidative Stress
Oxidative Damage to mtDNA

mtDNA encodes essential subunits of electron transport complexes and ATP synthase, and its
integrity is required for maintenance of oxidative phosphorylation. Damage to mtDNA may,
therefore, affect mitochondrial formation of ROS. Compared with its nuclear counterpart,
mtDNA is highly vulnerable to free radical attack. mtDNA is not protected by histones, and
its location in the vicinity of the inner membrane, the predominant cellular source of ROS, puts
high demands on the maintenance of its integrity.

Despite the sensitivity of mtDNA to ROS, oxidative defenses and mtDNA repair mechanisms
normally limit accumulation of damaged mtDNA. Moreover, multiple copies of mtDNA are
present in all mitochondria in a cell, and a certain level of damage to mtDNA can be tolerated,
as long as intact copies are available.65 However, there is considerable literature that damage
to mtDNA increases with advanced age, and the “mitochondrial theory of aging” suggests that
accumulation of defective mtDNA would impair cellular energy metabolism, placing a limit
on the life span of the cell (and by extension the organism).17,66 If mitochondria lack effective
mechanisms to repair or dispose of excess oxidative damage, the additional production of ROS
resulting from ethanol intake could exacerbate this damage, with potentially serious
consequences. Alternatively, depending on the chemical nature of the changes in mtDNA,
rather than accumulating, damaged mtDNA may be degraded more rapidly and the integrity
of the mtDNA pool may depend on its repletion.

The most damaging form of ROS generated in mitochondria is the hydroxyl radical, OH•. All
parts of the mtDNA molecule are potential targets for OH•. It attacks deoxyribose to cause
release of purine and pyrimidine bases from mtDNA, accompanied by strand breaks.67
Alternatively, OH• can directly attack purine and pyrimidine bases, leading to their
modification. For instance, OH•-induced modification of guanine generates 8-oxoguanine (8-
oxoG), which is commonly detected as an indicator of free radical damage to DNA. However,
other modifications of guanine or other bases also occur, causing their reduction or ring-
opening.68 The consequences of base modifications for mtDNA integrity vary depending on
the lesion. For instance, ring fragmentation of bases would block DNA replication.69 8-OxoG,
on the other hand, has been shown in vitro to be misread by mtDNA polymerase-γ, resulting
in it being paired with a dA residue and giving rise to G → T transversions. However,
corresponding in vivo data are lacking as yet. Aging coincides with an exponential increase in
8-oxoG accumulation, but the predicted increase in G → T transversions has not been shown.

A gradual accumulation of oxidatively damaged mtDNA (detected as an increased level of 8-
oxoG) and an increase in mtDNA strand breaks with increasing age have been observed in the
liver, heart, and other tissues.70 It is not clear if the accumulating damage reflects an increase
in ROS production with age, or a gradual defect in repair or disposal mechanisms that prevent
its accumulation in younger organisms. Our group showed that accumulation of 8-oxoG and
mtDNA strand breaks were significantly enhanced in the mtDNA obtained from the liver of
chronically ethanol-fed rats.71 When the ethanol diet was started at a young age, accumulation
of damaged mtDNA was significant only after ethanol feeding for 6 months or longer, but in
older animals accumulation of oxidative damage occurred within 3 weeks of ethanol feeding
(Cahill, unpublished observations). This may reflect an increase in ROS production in livers
of alcoholic animals or an age-dependent decrease in repair mechanisms designed to remove
oxidative lesions and strand breaks.
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mtDNA Repair
Relatively little is known about the repair mechanisms that maintain mtDNA integrity.
Mitochondria appear to be deficient in nucleotide excision repair, but several alternative repair
processes have been identified, including base excision repair (BER), mismatch repair,
recombinational repair, and DNA methyl transferases. Removal of 8-oxoG bases probably
depends mostly on BER and on mismatch repair. BER is initiated by a DNA glycosylase
specific for a particular modified base. A mitochondrial oxidative damage endonuclease
(mtODE/OGGI) has been characterized that acts as an 8-oxoG DNA glycosylase and also
possesses an associated apurinic/apyrimidinic lyase activity.72 This enzyme not only cleaves
the N-glycosydic bond, but also the DNA backbone. Repair is completed by the action of
apurinic/apyrimidinic endonuclease that provides a 3′ -hydroxyl group for the mtDNA
polymerase-γ to extend. Any gaps are then filled in by the mtDNA ligase III. Mismatch repair
is common in bacteria and is mediated by MutT, MutM, and MutY proteins. Collectively, these
proteins protect bacterial DNA from the potentially mutagenic effects of 8-oxoG. In recent
years, human homologs of these proteins have been discovered. The MutT homolog hMTH1
catalyzes the removal of 8-oxoguanosine triphosphate from the nucleotide pool,73 human 8-
oxoG-DNA glycosylase is a MutM homolog that removes C/8-oxoG mismatches,74,75 and
the MutY homolog hMYH is an adenine glycosylase repairing A/8-oxoG, A/G, and A/C
mismatches.76 All 3 enzymes occur predominantly in mitochondria and likely represent the
primary enzymes for repairing oxidative damage in mtDNA. It is not known if alcohol abuse
impairs these repair activities, but this would have severe consequences for the stability and
integrity of the mitochondrial genome and might cause metabolic defects. Interestingly,
although ROS formation is presumed to increase with age, a significant decrease in rat heart
mtODE/OGGI activity with advanced age was reported.77 How much this decline contributes
to the accumulation of oxidative damage to mtDNA and the deterioration of metabolic capacity
remains to be tested. An increased oxidative stress incurred during ethanol consumption would
impose a further burden on this or other mtDNA repair mechanisms.

mtDNA Loss and Repletion
Given the multiplicity of mtDNA molecules in most cells (a single liver mitochondrion contains
as many as 5–10 mtDNA molecules, and the total number of copies per cell runs into several
thousands), an effective response to mtDNA damage would be the preferential degradation of
defective mtDNA, i.e., mitochondrial genomes with significant damage would be removed
from the gene pool rather than repaired. Recent studies suggest that this may be a significant
part of the response to ethanol (see Mansouri et al.64,78 and Cahill, unpublished observations).

Mansouri et al.64 reported a marked loss of mouse hepatic mtDNA (by 50% of total mtDNA)
within hours after an acute dose of ethanol (5 g/kg by gavage). This degradation was attributed
to the increased oxidative stress incurred during ethanol metabolism and was prevented by
inhibition of ethanol metabolism and attenuated by melatonin.64 Remarkably, mtDNA levels
recovered within 24 hours of the treatment and even showed an overshoot compared with
controls. Thus, the predominant response of the organism appeared to be removal of damaged
mtDNA and replication of unaffected copies to maintain integrity of the overall mtDNA pool.
However, the degree of damage of mtDNA was not determined in these studies, nor was the
integrity of the recovered mtDNA pool tested. In a more recent publication,78 a similar
transient decline in mtDNA levels was detected in other tissues, including the heart, skeletal
muscle, and brain (albeit with slower kinetics in brain compared with other organs). These
findings suggest that the loss of mtDNA in response to an acute ethanol challenge is not a result
of ethanol metabolism through ADH, which would take place predominantly in the liver
(although CYP2E1 has been detected in brain and may increase with chronic ethanol
intake52).
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Age may be a factor in mtDNA maintenance. Recently, our group observed mtDNA depletion
in the liver of both young (2 months) and old (2 years) rats challenged with an acute dose of
ethanol (Cahill, unpublished observations). However, the degree of depletion was more modest
and recovery was slower than reported for mice, suggesting species differences between rats
and mice in free radical defense mechanisms or mtDNA repair capacities. The animal’s age
did not appear to be a factor in these effects of acute ethanol. By contrast, effects of chronic
ethanol feeding on mtDNA integrity were markedly dependent on the age of the animal.
Significant mtDNA degradation and depletion occurred after 3 weeks of ethanol feeding in 2-
year-old animals compared with pair-fed controls, but no differences were observed in young
(2-month-old) animals. An ethanol-induced net increase in ROS levels with age and/or
activation of mitochondrial nucleases may account for these differences between young and
old animals. Alternatively, aging may be associated with defects in maintenance of mtDNA
integrity.

The mechanisms used by the cell to monitor mtDNA levels and maintain homeostasis are
poorly characterized, although the mtDNA replication machinery itself likely is involved.
Several proteins involved in replication have been identified that also appear to be essential
for mtDNA maintenance. DNA polymerase γ and DNA ligase III (the only DNA ligase known
to occur in mitochondria) are also involved in mtDNA repair.79 The mitochondrial
transcription factors A80 and B81 (mtTFA and mtTFB) RNA polymerase,80 RNase MRP
(mitochondrial RNA processing enzyme),82,83 DNA primase,84 DNA helicase,85 and a
mitochondrial single strand binding protein86,87 are required for replication, and any alteration
in their levels or activities has adverse effects on mtDNA copy number. For instance, disruption
of the expression of mtTFA or DNA ligase III markedly decreases mtDNA content.88,89 Thus,
mtDNA homeostasis requires an integrated functional state of the replication machinery, and
changes in the activity of a variety of proteins involved in mtDNA replication or transcription
may affect the steady state levels of mtDNA. Interestingly, Tang et al.90 recently suggested
that regulation of mtDNA copy number may depend on the mass of mtDNA and not the number
of intact genomes, implying a control mechanism that depends on mitochondrial
deoxynucleoside triphosphate pools. If this is correct, imbalances in the mitochondrial
nucleotide pool may also impede mtDNA replication.

If ethanol treatment would depress any of the components of the replication machinery or
inhibit their activities, either directly or by ethanol-induced oxidative stress, mtDNA depletion
may result. For instance, if ethanol enhances age-dependent oxidative damage to mtDNA,63,
71 the defective template may affect the activity of DNA polymerase γ, impairing both mtDNA
repair and replication. Quantitative polymerase chain reaction (PCR) studies have shown that
damaged mtDNA templates inhibit certain polymerases. Whether mtDNA polymerase γ is
inhibited by oxidatively (or otherwise) modified nucleotides has yet to be established.

In summary, the capacity of the cell to maintain mtDNA levels depends on a balance of
degradation and repair or resynthesis (Figure 2). A shift in this balance with advancing age
may contribute to mtDNA depletion in response to challenges, such as ethanol treatment.
Because mtDNA is required for the maintenance of the cell’s bioenergetic capacity, this may
ultimately impair the cellular energy supply. The mechanisms by which impaired
mitochondrial function may affect the fate of a cell is considered in the following sections.

Ethanol and the MPT
Mitochondria and Apoptosis

Mitochondria have major roles in cellular physiology beyond electron transport and energy
conservation. The outer membrane and the intermembrane space, considered mere accessories
in classical mitochondrial physiology, have turned out to be intimately involved in the control
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of apoptosis, a process of controlled (programmed) cell death with characteristic morphologic
features that remove damaged or undesirable cells in all multicellular organisms.91 A family
of proteins related to the oncogene Bcl-2 are critical regulators of the onset of apoptosis and
can either protect (e.g., Bcl-2, Bcl-xL) or enhance (e.g., Bax, Bad, Bid) the process.92,93 The
balance of pro- and anti-apoptotic proteins is thought to determine the fate of the cell. Much
of the activity of Bcl-2 family proteins is exerted by interacting with mitochondrial membranes,
through mechanisms that are still poorly characterized, resulting in the release of proteins
sequestered in the mitochondrial intermembrane space, which are required for activating the
degradative processes involved in apoptosis. These include cytochrome c, which acts as a
cofactor for activation of the protease caspase 9, the precursor of which is also localized in the
intermembrane space, apoptosis inducing factor, a flavoprotein that migrates to the nucleus
after its release to activate endonucleases, and several others.91,94

Rupture or permeabilization of the outer membrane is required for the release of these proteins
from mitochondria. Outer membrane rupture follows mitochondrial swelling, a characteristic
of activation of the MPT, a process that involves opening of a large, nonspecific proteinaceous
pore (the permeability transition pore). This pore complex requires constituents of both the
outer membrane (voltage-dependent anion channel [VDAC], peripheral benzodiazepine
receptor [PBR]) and the inner membrane (adenine nucleotide translocator [ANT]) and also
involves the matrix protein cyclophilin D, which is characteristically inhibited by cyclosporin
A (Figure 3). MPT pore opening is regulated by thiol groups,95 and formation of ROS promotes
the MPT, presumably in part by oxidation of these critical thiols. Control of the MPT is closely
interlinked with mitochondrial energy conservation, being enhanced by deenergization and by
mitochondrial Ca2+ accumulation.96 Pore opening not only depletes the proton motive force,
but also involves the loss of matrix NAD and adenine nucleotides. Cytochrome c is an essential
component of the electron transport chain, and its release may impair mitochondrial electron
transport. Equally, the control of apoptosis depends on the cellular energy state. Both pro- and
anti-apoptotic Bcl-2 family proteins have been reported to interact with VDAC and ANT and
affect Ca2+ and proton fluxes across the mitochondrial membranes.97–99 Importantly, proper
execution of apoptosis depends on adequate ATP supplies in the cell targeted for destruction,
and when there is a lack of ATP, the cells default to a necrotic form of cell death.100,101 Thus,
although both the nature and the physiologic significance of the MPT is still hotly debated,
there is little doubt that conditions that enhance MPT activation are associated with increased
cell death, whether by apoptosis or necrosis.91

Ethanol and MPT Activation
There is now considerable evidence that ethanol treatment disturbs the balance of pro- and
anti-apoptotic factors to enhance the susceptibility of cells and tissues to apoptotic stimuli, and
that this involves facilitation of MPT activation. Oxidative stress and defects in mitochondrial
energy conservation may be involved. Ishii and coworkers19 reported that acute ethanol
treatment promoted apoptosis in primary hepatocyte cultures in vitro, accompanied by
mitochondrial ROS formation, depolarization, and cytochrome c release, characteristic of MPT
activation. HepG2 cells over-expressing CYP2E1 exhibit increased cell death when treated
with ethanol and/or TNF-α,4,54,102 which is preceded by mitochondrial depolarization and
prevented by Bcl-2 or cyclosporin A, suggesting involvement of the MPT. However, our group
reported that ethanol treatment enhanced TNF-α induced cytotoxicity even in wild-type HepG2
cells that do not metabolize ethanol.54 An enhanced TNF-induced cytotoxicity was also
observed in hepatocytes isolated from chronically ethanol-fed rats compared with pair-fed
controls, even when no ethanol was present in the incubation and hepatic mitochondria isolated
from these animals had an enhanced susceptibility to MPT-mediated swelling induced by a
variety of stimuli.54,103 Thus, the mechanisms by which ethanol treatment facilitates the onset
of the MPT may involve other factors.
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The MPT potentiation after chronic ethanol intake may reflect a persistent oxidative stress. A
sustained depletion of the mitochondrial pool of GSH after chronic ethanol treatment, as
reported by Fernandez-Checa and coworkers,45,57 could enhance the sensitivity to TNF-α or
other challenges. Lipid peroxidation products, such as malondialdehyde and 4-
hydroxynonenal, which accumulate in the liver and other tissues under conditions in which
liver injury occurs in association with ethanol treatment, themselves trigger MPT pore opening
in isolated mitochondria and their effect would be enhanced by GSH depletion.61,104,105
Ceramide is another candidate mediator to induce mitochondrial dysfunction and onset of the
MPT. Ceramide accumulates in hepatocytes in response to TNF-α and induces the onset of an
MPT with consequent apoptosis by virtue of its inhibition of mitochondrial electron transport
at complex III.106–108 Ceramide can be generated either from de novo ceramide synthesis in
the endoplasmic reticulum, mediated by ceramide synthase, or by the action of acidic or neutral
sphingomyelinases.109,110 The hydrolysis of sphingomyelin, which is activated upon
engagement of death receptors such as the TNF receptor-1 (TNF R-1) or Fas, leads to equimolar
formation of sphingosine-1-phosphate (SPP).111,112 In contrast to ceramide, SPP induces cell
growth and protects cells from TNF-α–induced cell death.113,114 Interestingly, a recent
study115 reported that astrocytes treated with 5 mmol/L ethanol for 24 hours exhibit enhanced
cell killing induced by TNF-α, C2-ceramide, and sphingomyelinase. Ethanol appeared to
inhibit the formation of SPP upon TNF-α treatment, but not that of ceramide, suggesting that
ethanol may shift the balance of sphingolipid metabolism in TNF-α–treated astrocytes in favor
of a pathway that increases ceramide levels over that of SPP, with subsequent induction of the
MPT. To what extent this mechanism operates in other cell types remains to be studied.

Stress Signaling and the Control of the MPT
Ethanol treatment may enhance the oxidative stress imposed on mitochondria and thereby
enhance the MPT, but it is likely that in the intact tissue, the onset of the MPT is also controlled
by stress-related signaling pathways that act on proteins that form part of the MPT pore
complex. Hence, the increased oxidative stress generated by ethanol treatment may synergize
with other alterations brought about by ethanol to induce the MPT. Some of these signaling
pathways themselves respond to oxidative stress. For instance, apoptosis signaling kinase-1
(ASK-1) is a mitogen-activated protein kinase kinase kinase (MAPK3) that can activate both
the p38 –MAPK and c-Jun-N-terminal kinase (JNK) stress signaling cascades.116 Prolonged
activation of either p38 or JNK has been shown to promote cell death, and the mitochondrial
membrane is a potential target for these kinase cascades.117–119 The activity of ASK-1 is
controlled by the cellular redox state through its effects on thioredoxin, a redox sensitive
protein.120 When reduced, thioredoxin binds and inactivates ASK-1, but oxidized thioredoxin
dissociates from ASK-1, thereby causing its activation and subsequent stimulation of the p38-
MAPK and JNK signaling cascades. JNK localizes to mitochondria where it can phosphorylate
and inactivate the anti-apoptotic proteins Bcl-2 or Bcl-xL, which relieves the suppression of
the MPT.119 By contrast, p38 activity promotes the translocation of Bax, a pro-apoptotic Bcl-2
family protein, from cytosol to mitochondria, where it can trigger the MPT.121,122 However,
ethanol treatment may also enhance the activity of redox sensitive proteins, such as thioredoxin.
The redox state of thioredoxin is controlled by a family of thioredoxin reductases that use
NADPH as the reductant.123,124 Hence, in a tissue such as the liver, where ethanol metabolism
causes reduction of NAD(P), its acute effect may be to inactivate ASK-1, despite the formation
of ROS. Interestingly, in a recent study on isolated hepatocytes from chronically ethanol-fed
rats, we observed a marked enhancement of the activation of p38 (but not JNK) when cells
were treated with TNF-α, suggesting that long-term ethanol treatment may act to enhance the
sensitivity of the mitochondria to p38-mediated pathways. Whether this involves ASK-1
activity or other upstream kinases remains to be studied.
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How Bax and other pro-apoptotic Bcl-2 family proteins enhance the MPT or how much of a
role these processes play in the onset of apoptosis and necrosis is still a matter of considerable
debate. Some current models envisage an interaction of these proteins with one or more
components of the permeability transition pore, such as VDAC in the outer membrane or ANT
in the inner membrane. Ethanol may enhance pore opening by altering the interactions between
these proteins. Another putative component of the pore complex is the PBR in the
mitochondrial outer membrane.125 This protein is thought to participate in the signaling
processes that relate mitochondrial functional states to the nucleus (or vice versa).
Mitochondria isolated from chronically ethanol-fed animals exhibit elevated levels of PBR and
are more susceptible to undergo the MPT upon addition of PBR partial agonists like
PK11195.103,126 Importantly, pro-oxidants are capable of sensitizing mitochondria to pore
opening by PBR partial agonists. Hence, a shift in the balance of proteins that make up the
pore complex as a consequence of chronic ethanol intake may have deleterious consequences
for the control of MPT activation (or other responses related to pro- and anti-apoptotic signals).
Much additional work needs to be done to gain a better picture of the permeability transition
pore complex and its role in cell death by apoptosis or necrosis and in energy conservation.
This work will be essential to understand the consequences of ethanol exposure.

mtDNA Defects and the MPT
Is the loss of mtDNA that occurs with chronic ethanol treatment and with aging a risk factor
in ethanol-induced damage? There is considerable evidence that aging further enhances
ethanol-induced cell damage through mechanisms that involve the MPT. The susceptibility of
mitochondria to agents that trigger MPT onset is markedly enhanced with advanced age, and
such mitochondria are less capable of handling conditions associated with ROS formation or
other challenges.127,128 Various forms of mtDNA damage accumulate exponentially, and
mtDNA depletion occurs with increasing age. Oxidative phosphorylation and mitochondrial
membrane potential decline correspondingly.127,129,130 The mechanisms causing these age-
related defects are not well characterized. The mtDNA damage may not be caused solely by
an increased net ROS formation in older animals, but may reflect a decrease in mtDNA repair
or replication. As mentioned above, ethanol-induced depletion of mtDNA is much more
pronounced in older animals than at a young age, suggesting that the normal recovery
mechanisms are defective in older animals. However, evidence is inconsistent whether damage
to, or depletion of mtDNA promotes cell death by apoptosis. Several studies on cell lines that
lack mtDNA (mtDNA deficient cells [ρ0 cells]) reported that apoptosis occurs normally131,
132 or showed an enhanced sensitivity to agents that trigger apoptosis.133 By contrast, others
reported protection against cell killing in ρ0 cells.134 It remains to be investigated to what
extent these contrasting findings reflect different mechanisms by which apoptosis can be
mediated, e.g., bypassing mitochondrially localized apoptotic mediators.

To what extent a sustained stress caused by chronic ethanol exposure could affect the functional
threshold of mtDNA required to maintain oxidative phosphorylation capacity has not been
determined. mtDNA damage or depletion is not proportionally reflected in the maintenance of
oxidative phosphorylation activity (or lack thereof ). Studies on patients who suffer from
mutational defects in mtDNA suggest that a threshold of functional mtDNA of <20% of normal
levels may be sufficient to maintain normal tissue function.135 However, chronic ethanol
treatment also suppresses respiratory capacity in the liver by impairing mitochondrial protein
synthesis.29,30,136,137 This inhibition appears to be independent of ethanol-induced damage
to mtDNA, because it is evident in rat liver mitochondria even after 4 – 6 weeks of ethanol
feeding, well before depletion or oxidative damage to mtDNA can be detected. Indeed, it is
conceivable that the decreased respiratory capacity is one of the contributing factors in the
enhanced rate of formation of ROS in mitochondria from ethanol-fed animals. Thus, it is likely
that any consequences of mtDNA damage in ethanol-fed animals are superimposed on the
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suppression of mitochondrial protein synthesis, with potentially synergistic effects on
respiratory activity.

Even if cellular energy conservation capacity declines with advancing age in chronically
ethanol-fed animals by accumulating mtDNA damage or depletion and in synergy with other
mechanisms that suppress the oxidative phosphorylation machinery, the cellular supply of ATP
may still be adequate under normal conditions, because there is considerable excess capacity
in cellular respiration. For instance, the energy state of the liver of ethanol-fed rats is normal,
unless the tissue is exposed to hypoxic conditions.138 However, cells may lose the ability to
respond appropriately to acute stress conditions that place excess demand on the energy supply,
including challenges that would normally lead to the activation of apoptosis. Under such
conditions, the capacity to provide ATP for the completion of the apoptotic program may be
impaired. Often, cells that abort an apoptotic process default to cell death by necrosis.100,
101 A more careful scrutiny of the implications of ethanol-dependent loss of mtDNA for
cellular energy supply is needed to assess to what extent this may affect the capacity of cells
to induce apoptosis in response to normal stress conditions and instead shift the balance of cell
death towards necrosis, with deleterious functional consequences for the tissue.

Mitochondrial Dysfunction, Liver Disease, and Aging
The cellular oxidative stress management and response systems involve a cascade of carefully
maintained balancing acts that depend on mitochondrial function and that are affected by
ethanol treatment at different levels (Figure 4). First, the degree of oxidative stress to which
cells are exposed depends both on the formation of reactive oxygen (and nitrogen) species and
on the cellular defenses that prevent their accumulation. Mitochondrial function plays a critical
role in maintaining an appropriate balance between the two. Conversely, the resulting oxidative
stress exerts its effects in part by directly damaging mitochondrial constituents. This may set
in motion a vicious cycle, leading to more global damage. The extent to which this affects
mitochondrial function is largely dependent on the capacity of the cell for repair or replacement
of the affected components. This is ex-emplified by the marked effects of ethanol treatment
on mtDNA, which appears to be effectively recovered or repaired in young animals, but not
in older animals. The mitochondrial response is further controlled by the balance of pro- and
anti-apoptotic factors that determine its release of pro-apoptotic proteins through the activation
or suppression of the MPT and other mechanisms. Cellular stress response signaling systems,
such as p38 and JNK MAPK cascades, presumably exert effects on mitochondrial function in
part through these factors. Finally, if the stress is severe, the consequences for cell function
depend on how well it can control the progression of cell death mechanisms leading to apoptosis
or necrosis. Many studies have emphasized the role of mitochondria in apoptosis, but often the
same conditions that initiate apoptosis can also trigger necrosis, depending on the cellular
environment. Factors such as the magnitude of oxidative stress or the mitochondrial energy
supply may help determine the balance between apoptotic and necrotic forms of cell death.

Furthermore, the physiological consequences of cellular dysfunction associated with oxidative
stress cannot be dissociated from its interaction with its immediate environment in the liver.
Cytokines, such as TNF-α and interleukin-6, are derived from Kupffer cells and other non-
parenchymal cells and act on hepatocytes to generate signals that affect mitochondrial ROS
formation. Conversely, the injured cells generate cytokine signals that promote neutrophil
infiltration or activate stellate cells to initiate fibrogenesis.139 Inappropriate cellular responses
to these signals are critical factors in the onset and progression of liver disease. Chronic ethanol
consumption affects these cell-cell interactions not only by promoting the production of
proinflammatory cytokines, but also by impairing the capacity of hepatocytes to respond
appropriately to these cytokines. Mitochondrial dysfunction is likely to be at the core of this
impairment.54 An understanding of the nature of alcohol-induced mitochondrial dysfunction
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and its impact on cellular stress management may, therefore, provide new insight into alcoholic
liver disease that may lead to new therapeutic approaches.

A gradual deterioration in the capacity of cells to maintain their energy balance and control
the level of oxidative stress appears to be associated with aging.66 This may diminish the
flexibility of older organisms to compensate for the additional stress caused by ethanol
exposure, thereby exacerbating the deleterious effects of ethanol. Ethanol-induced liver
damage tends to have a slow onset and may require additional insults (the “second hit”
hypothesis). Whether aging would itself constitute such a “second hit” remains to be firmly
established, but would be compatible with observations on both the mtDNA depletion and the
onset of the MPT. It is conceivable that these are not unrelated, i.e., a depletion of mtDNA as
a result of a failure of repair mechanisms may decrease the capacity of oxidative
phosphorylation and thereby promote the MPT, while at the same time decreasing the capacity
of the cell to maintain an adequate energy supply to sustain a favorable balance of apoptotic
and necrotic cell death. Much further work is needed to provide better insight into the age-
related susceptibility of ethanol-induced damage to the liver and other tissues.
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Abbreviations used in this paper
ADH  

alcohol dehydrogenase

ANT  
adenine nucleotide translocator

ASK-1  
apoptosis signaling kinase-1

BER  
base excision repair

CYP2E1  
cytochrome P450 2E1

GPX  
glutathione peroxidase

GSH  
reduced glutathione

JNK  
c-Jun-N-terminal kinase

MAPK  
mitogen-activated protein kinase

MPT  
mitochondrial permeability transition

mtDNA  
mitochondrial DNA

mTFA(B)  
mitochondrial transcription factor A(B)

mtODE  
mitochondrial oxidative damage endonuclease

NAD  
nicotinamide adenine dinucleotide

NADH  
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reduced nicotinamide adenine dinucleotide

NADP  
nicotinamide adenine dinucleotide phosphate

NADPH  
reduced nicotinamide adenine dinucleotide phosphate

8-oxoG  
8-oxoguanine

Δp  
mitochondrial proton motive force

PBR  
peripheral benzodiazepine receptor

ρ0 cells  
mtDNA deficient cells

RNase MRP  
ribonucleoprotein endoribo-nuclease (mitochondrial RNA processing)

ROS  
reactive oxygen species

SOD  
superoxide dismutase

SPP  
sphingosine-1-phosphate

TNF  
tumor necrosis factor

UCP-2(3)  
uncoupling protein 2(3)

VDAC  
voltage-dependent anion channel
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Figure 1.
Formation of ROS as a by-product of mitochondrial oxidative phosphorylation. Electron (e−)
flow through electron transport complex I, III, and IV (indicated by the dotted line) is coupled
to translocation of protons to generate the proton motive force, Δp, which can drive ATP
synthesis or be dissipated by enhancing inner membrane proton leak through uncoupling.
Overflow of electrons occurs with 1-electron reduction of O2 at the level of Complex I or
Complex III, resulting in formation of superoxide, O2., which is converted to H2O2 by
superoxide dismutase (SOD) or reacts with NO• to form peroxynitrite, NOO−. H2O2 is a
potential source of highly reactive hydroxyl radicals and its degradation requires glutathione
peroxidase (GPX). ROS can damage mitochondrial constituents, such as phospholipids,
proteins, and mitochondrial DNA (mtDNA). Ethanol increases redox pressure through NADH
and promotes formation of ROS. Chronic ethanol treatment may also cause loss of
mitochondrial glutathione and inactivation of GPX and respiratory complexes.
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Figure 2.
mtDNA depletion prevents accumulation of mutated mtDNA after ethanol-induced oxidative
damage. Maintenance of mtDNA levels requires repair of oxidative lesions and replication of
unaffected mtDNA.
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Figure 3.
The MPT pore complex. ANT, adenine nucleotide translocator; VDAC, voltage-dependent
anion channel; PBR, peripheral benzo-diazepine receptor; CyA, cyclosporin A; CP, cyclophilin
D.
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Figure 4.
Ethanol treatment shifts the balance of cellular defense mechanisms against apoptosis and
necrosis.
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