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Alcoholic liver disease (ALD) develops
as a consequence of priming and sensitizing mechanisms rendered by cross-interactions of primary mechanistic factors and secondary risk factors. This concept,
albeit not novel, is becoming widely accepted by the
field, and more research is directed toward identifying
and characterizing the interfaces of the cross-interactions to help understand individual predisposition to
the disease. Another pivotal development is the beginning of cell type-specific research to elucidate specific
contributions not only of hepatocytes, but also of
hepatic macrophages, liver-associated lymphocytes, sinusoidal endothelial cells, and hepatic stellate cells to
sensitizing and priming mechanisms. In particular, the
critical role of hepatic macrophages has been highlighted and the priming mechanisms concerning this
paracrine effect have been proposed. Glutathione depletion in hepatocyte mitochondria is considered the
most important sensitizing mechanism. One of the
contributing factors is decreased methionine metabolism. Remaining key questions include how altered
methionine metabolism contribute to the pathogenesis
of ALD; how cross-talk among nonparenchymal liver
cells or between nonparenchymal cells and hepatocytes
leads to ALD; how dysfunctional mitochondria determine the type of cell death in ALD; and what secondary
factors are critical for the development of advanced
ALD such as alcoholic hepatitis and cirrhosis.—Tsukamoto, H., Lu, S. C. Current concepts in the pathogenesis of alcoholic liver injury. FASEB J. 15, 1335–1349
(2001)
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CONCEPTUAL APPROACH TO THE
PATHOGENESIS OF ALCOHOLIC LIVER
DISEASE (ALD)
Is ALD a disease of malnutrition or a disease caused by
direct hepatotoxicity of ethanol? This question has
fueled a debate over the latter half of the 20th century.
Compelling evidence supports the role of nutritional
deficiency in ALD (1– 8). At the same time, Lieber and
colleagues show that progressive ALD proceeds despite
adequate nutrition (9, 10). The latter hypothesis was
based primarily on the observation that baboons fed a
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nutritionally adequate liquid diet containing ethanol at
50% calories developed nearly the whole spectrum of
ALD including cirrhosis, a finding that remains to be
reproduced by other laboratories.
The intragastric ethanol infusion technique, which
allows maximal ethanol consumption and absolute
control over nutrient intake by rodents, has depicted
the critical role of nutrition in determining sensitization and priming of the liver to ethanol-induced liver
injury. Studies demonstrated profound effects on ethanol-induced liver injury by intake of nutrients such as
polyunsaturated fat and iron in quantities that were
never thought to be important. The concept of ‘sensitization’ and ‘priming’ is currently considered fundamental to our pursuit for elucidation of pathogenetic
mechanisms of ALD. We define sensitization as a conditioning that makes the target cells, hepatocytes, more
vulnerable to harmful effects triggered by ethanol and
priming as the effect that promotes specific injurious
mechanisms. The sensitizing and priming are rendered
by the complex interactions of primary mechanistic
factors and secondary risk factors (Fig. 1). Thus, in
addition to independent in-depth studies focused on
one mechanistic aspect, a more comprehensive and
interactive approach is required to understand how
sensitization and priming work together to determine
individual predisposition to ALD and to precipitate the
disease process. For example, intake of polyunsaturated
fat in ethanol-fed rats, but not in pair-fed controls,
results in a synergistic priming effect on induction of
cytochrome P4502E1 (CYP2E1) with consequent oxidative injury to the liver (11). Conversely, saturated fat
prevents this priming effect and abrogates depletion of
a mitochondrial pool of glutathione (GSH) (12), one
of the most crucial sensitization effects of ethanol on
hepatocytes (13). Iron is another example. Whereas a
slight increase in hepatic iron content by dietary iron
supplementation is harmless in control rats, it exacerbates alcoholic liver injury via accentuation of oxidative
stress (14). Further, increased iron storage in hepatic
macrophages is a potential priming mechanism for
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Figure 1. A schematic diagram depicting
cross-interactions between primary mechanistic factors and secondary risk factors in
the pathogenesis of ALD. Arrows with a plus
sign represent the interfaces of interactions
among the primary factors that result in
either sensitization or priming. Boldface arrows indicate priming or sensitizing effects
of secondary risk factors on the primary
factors. For instance, induction of CYP2E1/
CYP reductase by ethanol consumption
leads to increased generation of reactive
oxygen species (free radicals) and oxidative
stress, which can also be promoted by redox
shift associated with ethanol oxidation by
ADH (alcohol dehydrogenase). Acetaldehyde, a metabolic product of ethanol from
either ADH or CYP2E1-catalyzed oxidation,
promotes oxidative stress via consumption
of antioxidants or generation of free radicals
via acetaldehyde oxidation. Acetaldehyde
can incite immune responses via protein
adduct formation; this adduct formation is
accentuated by oxidative stress and the presence of lipid peroxidation aldehydic products. Induced activities of ADH and CYP2E1
cause enhanced oxygen consumption by the liver and consequently centrilobular hypoxia, which can be aggravated by
endotoxin-mediated sinusoidal injury by TNF-␣ and TNF-␣-inducible proinflammatory mediators. Centrilobular hypoxia in turn
promotes oxidative stress in part via the release of iron and depletes S-adenosylmethionine (2SAM). SAM depletion causes
reduced synthesis of glutathione (GSH) and may impair transport of GSH to mitochondria, causing a selective decrease in the
mitochondrial pool of GSH (2mGSH). SAM depletion may also promote expression of proinflammatory and cytotoxic
cytokines in hepatic macrophages via a NF-B-dependent mechanism that is also responsive to oxidative stress. Drugs and
polyunsaturated fat (PUFA) primes oxidative stress mediated by CYP2E1. Alcohol intake increases the iron concentration in
both hepatocytes and macrophages, which promotes oxidative injury and cytokine expression, respectively, and additional iron
loading via a dietary source accentuates these effects. The female gender appears to promote ethanol-induced entrance of
endotoxin to the portal circulation and expression of proinflammatory cytokines. Concomitant infection with hepatitis viruses
may prime immune and inflammatory responses induced by ethanol-associated liver injury.

enhanced expression of tumor necrosis factor ␣
(TNF-␣) in experimental ALD (15)
Besides nutritional factors, female gender, age, concomitant intake of other drugs that can induce CYP2E1,
hepatitis virus infection, and genetic predisposition are
all considered risk factors. Even among the primary
mechanistic factors that include acetaldehyde, oxidative stress, immune response, hypoxia, and membrane
alterations, there are cross-interactive relationships to
render sensitization or priming effects. For instance,
acetaldehyde, a potent toxic metabolite of ethanol,
induces liver injury via its covalent binding to structural
or functional proteins of the cells (16) while promoting
oxidative stress via consumption of GSH. In turn,
deleterious effects of acetaldehyde-protein adduct formation may be accentuated by oxidative stress since
malondialdehyde, a lipid peroxidation end product,
can increase the binding affinity of acetaldehyde by
13-fold (17). The resulting novel hybrid adducts are
highly immunogenic and may incite immune responsemediated liver injury (18, 19). Although cellular immune response and inflammation are regarded as
independent mechanisms of ALD, they can also lead to
oxidative stress via the release of reactive oxygen species (ROS) by NADPH oxidase or action of TNF-␣ at
the electron transport chain in target cells.
The multifactorial nature and complex interactions
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among primary mechanistic factors and between primary and secondary factors appear to be the basis for
the heterogeneous response that alcoholics exhibit for
ALD. Elucidation of the sensitization and priming
mechanisms involving cross-interactions of these factors should allow us to gain insight into the most
fundamental question, which is why only a small fraction of alcoholics develop advanced ALD. How, then,
do we effectively approach the complicated and interactive mechanisms? First, investigators need experimental models or systems by which they can perform
controlled deletion and addition analyses in order to
identify what primary and secondary factors are required for the expression of a particular aspect or
whole spectrum of experimental ALD. Second, investigation itself has to become interactive and multidisciplinary; experts in various disciplines need to work
together to provide cutting-edge science for elucidating
the precise nature and mechanisms that underlie interactions.
CELL TYPE-SPECIFIC MECHANISMS OF ALD
PATHOGENESIS
One of the important recent developments in the field
of ALD is cell type-specific research. The majority of
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Figure 2. Cell type-specific mechanisms of
ALD. Hepatocyte is the primary site of sensitization rendered by hypoxia, mitochondrial GSH depletion (2mGSH), and S-adenosylmethionine depletion (2SAM). It is
also the site of ethanol-primed oxidant stress
via increased generation of reactive oxygen
species (1ROS) by CYP2E1 or mitochondria. Acetaldehyde (Ach) and lipid peroxidation aldehydes such as malondialdehyde
(MA) may impair transport via protein adduct formation while giving rise to a new
hybrid adduct, MAA. This adduct is highly
immunogenic and may incite both humoral
and cellular immune responses. Endotoxinmediated activation of hepatic macrophages
(HM) appears to be central to the ALD
pathogenesis. Critical paracrine effects of
activated HM include ROS or TNF-␣-mediated damage to the sinusoidal endothelial
cells (SEC), TNF-␣-mediated mitochondrial
oxidant stress in hepatocytes and cell death,
and matrix remodeling and fibrogenesis initiated by TNF-␣-mediated induction of matrix metalloproteinase (MMP) and proliferation by hepatic stellate cells (HSC). TNF-␣, which is released by HM and CD25⫹ T lymphocytes (CD25⫹), can also incite
inflammation via induction of intercellular adhesion molecule (ICAM) and chemokines by SEC and HSC. Primed TNF-␣
induction by HM in ALD may be attributable to induction of CD14, increased iron storage (1Fe), decreased SAM (2SAM),
or regulation by leptin. TGF␤ released by HM and HSC promotes fibrogenesis and suppresses proliferation and albumin
synthesis by hepatocytes.

earlier studies analyzed the whole liver tissue, assuming
that results obtained should reflect changes in hepatocytes. This assumption, in fact, may be mostly correct
since hepatocytes account for 65% of total cell population and 85% of total volume of the liver. However, it
unfortunately precludes cell type-specific research,
cross-talk between parenchymal and nonparenchymal
liver cell types, or even interactions among nonparenchymal liver cell types in the pathogenesis of ALD. The
liver is composed of hepatocytes and five nonparenchymal liver cell types (endothelial cells, Kupffer cells/
hepatic macrophages, hepatic stellate cells, bile duct
epithelial cells, and pit cells/liver NK cells). Even
though the nonparenchymal liver cells represent only
one-third of total liver cells, they possess distinct and
important cellular functions in support of liver homeostasis and actively participate in pathological processes. Thus, alcohol could potentially affect each of
these cell types differently and the effects on each cell
type may be significant in the evolution of ALD (Fig. 2).
Hepatocytes
How ethanol primes and sensitizes the hepatocytes is a
topic of primary importance. After all, hepatocytes are
the site of ethanol oxidation and ethanol-induced
injury. For the past 20 years, much interest has been
generated for the pathogenetic role of CYP2E1 in ALD.
Alterations in methionine metabolism have also been
well described in ALD, and several key changes in this
metabolic pathway can sensitize and prime hepatocytes
to injury. Changes in mitochondrial function have also
ALCOHOLIC LIVER INJURY

received increasing attention as potential explanations
for sensitization and priming mechanisms for hepatocellular injury.
Role of CYP2E1
CYP2E1 catalyzes the production of ROS (20) and lipid
peroxidation of microsomal membranes in vitro (21,
22). It is well known that CYP2E1’s expression and
activity are induced after ethanol consumption (23,
24). Studies using cell lines stably transfected with a
CYP2E1 expression vector have made a major contribution to research on this topic, confirming the role of
CYP2E1 in ethanol-induced ROS production and cell
death (25) and GSH depletion in both cytosol and
mitochondria (26). However, the in vivo role of
CYP2E1 in experimental ALD is controversial. Although there is a close correlation between induction
of CYP2E1 and experimental ALD (11) and inhibitors
for CYP2E1 ameliorates alcoholic liver injury (27),
CYP2E1 knockout mice are just as susceptible to ethanol-induced liver injury and exhibit similar induction
of other CYP families (CYP1A, CYP2A, CYP2B, and
CYP3A) in response to ethanol feeding as wild-type
mice (28). Furthermore, gadolinium chloride blocks
experimental alcoholic liver injury despite induction of
CYP2E1 (29), demonstrating dissociation of CYP2E1
induction from alcoholic liver injury. However, these
latter two studies only examined the early stage of
experimental ALD; whether CYP2E1 plays a role in
progression of experimental ALD remains to be tested.
It also has to be pointed out that CYP2E1 activity is
1337

inherently much lower in mice than in rats or humans.
Thus, the findings in mice may need to be interpreted
with caution with respect to the role of CYP2E1 in ALD
(M. Ingleman-Sundberg, personal communication). To
this end, the effects of CYP2E1 overexpression on
alcoholic liver injury in mice need to be evaluated.
Role of abnormal methionine metabolism
The liver plays a central role in methionine metabolism, as half of the daily methionine intake is catabolized here (Fig. 3). The first step in methionine metabolism is the formation of S-adenosylmethionine (SAM)
catalyzed by methionine adenosyltransferase (MAT)
(30, 31). In this reaction, the adenosyl moiety of ATP is
transferred to methionine, forming a sulfonium ion
that is a high-energy reagent and can easily transfer its
methyl group to a large variety of acceptor substrates
including nucleic acids, proteins, phospholipids, biological amines, and a long list of small molecules (31).
SAM is the principal biological methyl donor, the
precursor of aminopropyl groups used in polyamine
biosynthesis and the liver, the precursor of glutathione
(GSH) through its conversion to cysteine via the transsulfuration pathway (30, 31). Under normal conditions,
most of the 6 – 8 gm of SAM generated per day is used
in transmethylation reactions in which methyl groups
are added to compounds and SAM is converted to
S-adenosylhomocysteine (SAH) (31, 32). SAH is a potent competitive inhibitor of transmethylation reactions; both an increase in SAH level as well as a decrease
in the SAM to SAH ratio are known to inhibit transmethylation reactions (31, 33). For this reason, the
removal of SAH is essential. The reaction that converts
SAH to homocysteine and adenosine is reversible and
catalyzed by SAH hydrolase (30, 31). In vivo, the
reaction proceeds in the direction of hydrolysis only if

Figure 3. Hepatic methionine metabolism. Liver plays a
central role in methionine metabolism, as half of the daily
methionine intake is catabolized here. In the hepatocyte,
methionine is sequentially converted to cysteine, the ratelimiting sulfur amino acid precursor for GSH synthesis.
Methionine can also be resynthesized from homocysteine by
methionine synthase and betaine homocysteine methyltransferase. 1) methionine adenosyltransferase (MAT); 2) transmethylation reactions; 3) S-adenosylhomocysteine hydrolase;
4) cystathionine ␤-synthase (CBS); 5) ␥-cystathionase, 6)
␥-glutamyl cysteine synthetase; 7) GSH synthetase; 8) methionine synthase (MS); and 9) betaine-homocysteine methyltransferase (BHMT).
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the products, adenosine and homocysteine, are rapidly
removed (30, 31, 33).
There are three pathways that metabolize homocysteine. One is the trans-sulfuration pathway, which converts homocysteine to cysteine. This is a unique pathway
present only in the liver and lens (34) that condenses
homocysteine with serine to form cystathionine in a
reaction catalyzed by cystathionine ␤-synthase (CBS)
with vitamin B6 as a cofactor (32, 34). Cleavage of
cystathionine, catalyzed by another vitamin B6-dependent enzyme, ␥-cystathionase, then releases free cysteine, the rate-limiting precursor for GSH synthesis
(34). The other two pathways that metabolize homocysteine resynthesize methionine from homocysteine. One
is catalyzed by methionine synthase (MS), which requires normal levels of folate and vitamin B12; the other
is catalyzed by betaine-homocysteine methyltransferase
(BHMT), which requires betaine, a metabolite of choline (30, 32). If homocysteine metabolism is impaired
in these pathways, homocysteine may be released into
sinusoidal blood (resulting in hyperhomocystinemia)
and the ratio of hepatic SAM to SAH may decrease
(leading to inhibition of transmethylation reactions).
Given the critical role of methylation in determining
various cellular processes, these changes have far-reaching effects. Hyperhomocystinemia is associated with
increased risk for arteriosclerosis (35) and was recently
shown to induce tissue inhibitor of metalloproteinases-1 (TIMP-1) and collagen gene expression in a
hepatic stellate cell (HSC) line (36). As discussed
below, ALD affects many of these enzymatic steps in
methionine metabolism. It is therefore vital to have a
better understanding of the abnormalities in the hepatic methionine metabolism for both the pathogenesis
of the disease and the design of therapy against alcoholic liver injury.
Methionine adenosyltransferase MAT is a critical cellular enzyme because it catalyzes the only reaction that
generates SAM. The MAT gene is one of 482 genes
required for survival of an organism (32). In mammals,
the genes MAT1A and MAT2A encode for two homologous MAT catalytic subunits, ␣ 1 and ␣ 2 (37, 38).
MAT1A is expressed only in the liver and encodes the ␣
1 subunit found in two native MAT isozymes, which are
either a dimer (MAT III) or tetramer (MAT I) of this
single subunit (38). MAT2A encodes for a catalytic
subunit (␣ 2) found in a native MAT isozyme (MAT II),
which is widely distributed (38). MAT2A and its gene
product also predominate in the fetal liver and are
progressively replaced by MAT1A during development
(39). In adult liver (40), MAT1A is primarily expressed.
However, an intriguing switch in the gene expression
from MAT1A to MAT2A is demonstrated in liver cancer
(41, 42), liver regeneration after partial hepatectomy
(42), and hepatotoxicity induced by thioacetamide
(43). Using a cell line model that differs only in the
type of MAT expressed, the type of MAT expressed by
the cell significantly influences the rate of cell growth
(44). The mechanism is likely via a change in the
steady-state SAM level and methylation status. This is
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because MAT isozymes differ in kinetic parameters and
regulatory properties, so a switch in MAT expression
can affect the steady-state SAM level and methylation
(45).
Non-liver-specific MAT (MAT II) has the lowest Km
for methionine but is tightly regulated by SAM with an
IC50 of 60 M, which is close to the normal intracellular
SAM concentration (30, 47, 48). In contrast, SAM has a
minimal inhibitory effect on MAT I (IC50⫽400 M)
and stimulates MAT III (up to eightfold at 500 M
concentration of SAM) (47). Thus, the SAM level in
cells that express only the non-liver-specific MAT isoform is relatively unaffected by fluctuations in methionine availability because of the negative feedback inhibition. In contrast, the rate of SAM synthesis and the
SAM level increase with increasing methionine availability in cells that express mostly liver-specific MAT
(30). Consistent with this, we found that cells that
express MAT1A have much higher levels of SAM and
DNA methylation but lower rates of cell growth than
cells that express MAT2A (44). A caveat to this is the
recently described regulatory subunit (␤) associated
with the MAT enzyme in lymphocytes (48, 49). The ␤
subunit was shown to lower the Km of MAT II for
methionine and render the enzyme more susceptible to
feedback inhibition by SAM (49). Whether it exists in
other cells is unknown. In liver, the current data
suggest the relative expression of MAT isozymes is likely
to influence the rate of liver growth and possibly
hepatocarcinogenesis.
It has long been realized that patients with alcoholic
cirrhosis often have hypermethioninemia and delayed
plasma clearance of methionine after intravenous injection (50, 51). Subsequent studies showed that hypermethioninemia in cirrhotic patients is attributed to a
50 – 60% decrease in the activity of the liver-specific
MAT (52, 53). This likely contributes to a decreased
hepatic GSH level in patients with ALD, as SAM administration prevented the fall in GSH (54). The fall in
hepatic GSH sensitizes the liver to oxidative injury and
sets up a vicious cycle since it can further contribute to
inactivation of liver-specific MAT. A 30% reduction in
hepatic GSH levels results in a 60% reduction in
hepatic MAT activity and a 40% reduction in SAM level
(55). The decrease in MAT activity is thought to occur
primarily by post-translational mechanisms (37). A fall
in MAT activity can be a result of a change in the
oligomeric equilibrium of the liver-specific MAT (decrease in the ratio of tetramer to dimer) or covalent
modification of the enzyme. The liver-specific MAT
contains several critical cysteine residues, modifications
of which can inactivate the enzyme by direct interference with the substrate binding site(s) or by causing
dissociation of the oligomers (56 –59)
In end-stage liver disease, the decrease in MAT
activity affects the tetramer selectively (52). Since the
intracellular GSH/GSSG ratio is known to be an important modulator of the oligomeric equilibrium of the
hepatic MAT isozymes (56), part of the selective loss of
the tetramer is due to a reduction in the GSH/GSSG
ALCOHOLIC LIVER INJURY

ratio (31). The cysteine at position 121, conserved in
rat and human liver-specific MAT and absent in nonliver-specific MAT, is a target of covalent modification
(58 – 60). Although this cysteine is not essential for
activity, as substitution of serine for this residue has no
effect on MAT activity, when cysteine is modified either
by oxidation or by the formation of a nitrosothiol, the
enzyme is inactivated (57– 60). The inactivation could
be reversed by GSH and other thiol-reducing agents.
The amount of GSH required to reverse the inactivation is 3 mM for the dimer and 25 mM for the tetramer
(59). Since normal hepatic GSH concentration is 5–10
mM, the difference in reversibility of inactivation by
GSH may also contribute to the selective loss of the
tetramer in liver disease. Nitrosylation of Cys 121 of
liver-specific MAT and its inactivation have been demonstrated both in vitro and in vivo in animals treated
with lipopolysaccharide (LPS) (58, 60). Both oxidative
stress and endotoxemia occur in ALD and contribute to
the liver injury. One of the mechanisms may well be
inactivation of the liver-specific MAT.
Although liver-specific MAT is inactivated in endstage ALD in humans, changes in MAT expression have
been largely unknown. Finkelstein et al. showed induction of hepatic MAT activity in rats given 50% ethanol
by gavage and a low protein diet for up to 10 days (61).
Thus, changes in MAT may depend on the stage of
ethanol-induced liver disease. Since a change in hepatic
MAT expression can affect the steady-state SAM level,
methylation status, and cell growth, we examined MAT
expression and SAM homeostasis using the TsukamotoFrench intragastric ethanol feeding model (62). In this
model, fatty liver develops by the 4th week, centrilobular steatonecrosis, mononuclear cell infiltration, and
increased TNF-␣ gene expression occur by the 9th
week, and early fibrosis by the 16th week (62). We
found a twofold increase in the mRNA level of both
MAT1A and MAT2A 9 wk after ethanol feeding (63).
However, the protein level of MAT1A was essentially
unchanged whereas that of the MAT2A was greatly
induced. Hepatic levels of methionine, SAM, and DNA
methylation fell by ⬃40%. The question is whether
these changes are of pathogenetic importance.
Reduced SAM levels and methylation can affect gene
expression, membrane fluidity, and GSH levels in liver
(32, 64). Effects on membrane fluidity (32, 65, 66) and
GSH levels (32, 64) have been well studied. How
changes in DNA methylation affect ethanol-induced
liver injury is unclear. ALD is associated with increased
risk of liver cancer, but the molecular mechanism is
unclear. Global DNA hypomethylation is observed in
the development of many types of cancer, although
there is often regional hypermethylation (67). A common hypothesis is that hypomethylation of growthpromoting proto-oncogenes and/or hypermethylation
of tumor suppressor genes will alter transcription factor
binding and expression of these genes to promote a
selective growth advantage for the initiated cell (68).
Alternatively, DNA hypomethylation may promote malignant transformation by inducing regional alterations
1339

in DNA conformation and chromatin structure, rendering affected regions more accessible to DNA-damaging
agents (68). We found hypomethylation and increased
expression of c-myc in the ethanol-fed livers (63). We
also detected increased genome-wide DNA strand
break accumulation (63). Thus, even at the prefibrotic
stage of ethanol-induced liver injury, there are already
changes that may predispose the liver to malignant
degeneration.
In summary, available data show in ALD a relative
switch in MAT expression due primarily to inactivation
of liver-specific MAT and increased expression of nonliver-specific MAT. As a result, there is depletion of
hepatic SAM and GSH levels and decreased transmethylation. Important consequences include impairment
in antioxidant defense, altered phospholipid composition and membrane fluidity, gene expression, and DNA
stability. Further studies should define when these
changes occur in the course of ALD and whether they
can be corrected or prevented by SAM administration
(see Treatment section for a discussion). Genes whose
expression are affected by a change in methylation
status should be further defined to improve our understanding of the pathological consequence of altered
DNA methylation in this chronic liver disease.
Resynthesis of methionine In addition to changes in
MAT, decreased MS activity and increased BHMT activity occur in animals fed ethanol (61, 69 –71). These
changes can also affect the availability of SAM and
homocysteine metabolism. In rats given 50% ethanol by
gavage and a low protein diet for up to 10 days,
Finkelstein et al. showed decreased MS activity and
increased hepatic BHMT activity (61). Other investigators also showed the same changes in MS and BHMT
activities in rats fed a Lieber-DeCarli ethanol liquid diet
for 2– 4 wk (69, 70). In these models, the methionine
pool is conserved at the expense of betaine. Betaine
supplementation greatly increased the hepatic SAM
level and protected against fatty infiltration of the liver
(69). However, whether this is true for other animal
models or in rats with more advanced ethanol-induced
liver disease is unclear. In fact, hepatic methionine level
depended on the stage of liver injury in rats fed ethanol
intragastrically. Our previous study using a lower
amount of fat (25%) combined with intragastric ethanol feeding found increased hepatic methionine level
after 5 wk but a 50% reduction in methionine level
after 16 wk (72). Our recent study used a diet regimen
that contains additional fat, which is known to result in
accentuated ethanol-induced oxidative liver injury
(73). The most likely explanation for the fall in hepatic
methionine level is decreased resynthesis of methionine from homocysteine. MS has already been shown to
be inactivated (61, 69 –71). It is likely that the induction
in BHMT was not sufficient to maintain the methionine
pool. Another possibility to be examined is decreased
methionine uptake as ethanol-induced liver injury
progresses. Although the changes in MS and BHMT
activity have been described, the mechanisms are not
clear. Thus, although folate and B12 deficiency contrib1340
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ute to the fall in MS activity, the enzyme is also
postulated to be inactivated by possibly forming adducts with acetaldehyde or nitrosylated (69, 71, 74).
Recently we found the mRNA levels of three key
enzymes for homocysteine metabolism—MS, BHMT,
and CBS—to be markedly lower in 10 unselected
patients with alcoholic cirrhosis (75). Thus, multiple
mechanisms likely contribute to decreased resynthesis
of methionine and homocysteine catabolism.
How would impaired methionine resynthesis contribute to the live injury in ALD? One mechanism is
decreased SAM availability with the possible consequences discussed in the preceding section. Another
mechanism is impaired homocysteine metabolism, resulting in increased homocysteine release by hepatocytes. This may contribute to alcoholic liver fibrogenesis (see the Hepatic Stellate Cells section).
Role of the mitochondria
An important cellular organelle that contributes to
both priming and sensitizing effects of ethanol is the
mitochondria. Mitochondria isolated from ethanol-fed
rats produce more ROS (76). Ceramide, an intracellular signaling molecule for TNF-␣, acts on mitochondrial electron transport chain to generate ROS (77)
and represents a key mechanism of TNF-␣-induced
oxidative stress in mitochondria. Depletion of mitochondrial GSH is the most important sensitizing mechanism rendered by ethanol feeding (78, 79) to TNF-␣induced cell death (13). This ethanol-induced defect is
caused by impaired transport of GSH into mitochondria and corrected by administration of SAM but not
N-acetylcysteine (66). It is not known what molecular
mechanisms underlie the ethanol-induced impairment
in mitochondrial GSH transport except for an observation that fluidization of mitochondria with a fatty acid
derivative restored their ability to transport GSH (66).
This finding and the demonstrated efficacy of SAM
suggest the possibility that ethanol-feeding induced
alterations in mitochondrial membrane phospholipid
and fatty acid compositions with resulting impairment
in GSH uptake. It is well known that phospholipid
methylation is required for maintenance of normal
membrane fluidity and function (64). Thus, reduced
SAM level as a result of abnormalities in the methionine metabolism can affect mitochondrial GSH transport and sensitize the cell to oxidative stress-induced
injury by this mechanism. We do not know why the
depletion in GSH occurs selectively in mitochondria
and more profoundly in perivenular hepatocytes. Nor
do we know whether it requires oxidative stress mediated by CYP2E1, acetaldehyde, or TNF-␣. It remains to
be determined how significant this defect is in the
mitochondrion’s regulatory role in determining the
type of cell death (13).
Chronic ethanol consumption causes decreases in
cellular ATP content and mitochondrial membrane
potential, particularly in perivenular hepatocytes (77),
and these functional impairments are corrected by
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repletion of mitochondrial GSH by administration of
SAM (80). Ethanol feeding also results in increased
oxidative modification and single-strand breaks of mitochondrial DNA (81). It is not known whether these
changes can be corrected by repletion of mitochondrial
GSH. Ethanol was shown to induce apoptosis in human
primary hepatocytes and HepG2 cells in culture (82),
although this effect has been difficult to reproduce by
others. Mitochondria from rats chronically fed ethanol
are more sensitive to induction of the mitochondrial
permeability transition by ceramide, GD3 ganglioside,
and Bax (83). Whether and how ethanol sensitizes
hepatocytes for apoptosis need to be pursued. Reasons
for the discrepancy in ethanol-induced apoptosis of
hepatocytes in vitro may be related to different cellular
conditions in culture resulting in differential sensitivity
to apoptotic and/or anti-apoptotic signaling. What
determines the type of cell death (apoptosis vs. necrosis) in ALD is another important question. The extent
of ATP depletion may be critical. Ethanol-fed animals
are vulnerable to hepatocellular ATP depletion and
necrosis caused by ischemia and hypoxia (84). The role
of uncoupling protein-2 (UCP-2) in ALD also needs to
be addressed. UCP2 expression is induced in hepatocytes of obese mice; their livers have reduced mitochondrial membrane potential and ATP stores and are
sensitive to necrosis caused by ischemia (85). LPS
induces UCP-2 expression in hepatocytes via a TNF-␣dependent mechanism (86). Thus, UCP-2 is expected
to be up-regulated in ALD, which may make hepatocytes more vulnerable to cell death by compromising
the mitochondrial membrane potential and ATP generation. Cell biology related to the role of mitochondria in hepatocellular cell death is an exciting area of
science. Further research on how ethanol perturbs the
underlying mechanisms should serve as an insightful
model to generate basic information in this important
area of research.
Effects of ethanol on hepatocyte growth
The effect of ethanol on hepatocyte growth is an
interesting and complex topic. It is well known that
animals with ALD exhibit impaired liver regeneration
(87). Ethanol feeding has been shown to inhibit calcium mobilization and DNA synthesis in hepatocytes
induced by HGF, the most potent mitogen for hepatocytes (88) and TGF␣-stimulated receptor autophosphorylation (89). Ethanol intake also inhibits a TNF-␣dependent increase in nuclear factor B (NF-B)
binding in partially hepatectomized rat livers but does
not affect IL-6-induced Stat-3 phosphorylation and
DNA binding (90). Administration of HGF improved
recovery from alcohol-induced fatty liver (91). This
illustrates the importance of the liver’s regenerative
state in opposing progression of degenerative processes. It is important to understand how ethanol
affects signaling of growth factors and comitogens in
hepatocytes, which future investigations should help to
achieve.
ALCOHOLIC LIVER INJURY

Although the regenerative capacity after partial hepatectomy of ethanol-fed animals is impaired, chronic
alcoholic liver disease is associated with an increased
risk of cancer. This seemingly opposing effect of ethanol illustrates the importance of differentiating normal
regenerative growth from abnormal malignant transformation. In micropigs fed ethanol, both increased
apoptosis and regenerative proliferation occur in the
same liver specimen (71). We have also reported increased expression of proto-oncogene c-myc in ethanolfed rats with prefibrotic liver injury (63). A common
finding is the development of decreased hepatic SAM
level and global DNA hypomethylation after ethanol
feeding (63, 70, 71). We and others speculate that this
change in methylation status may be causally related to
the propensity for this chronic liver disease to undergo
malignant transformation. Future studies to define
changes in gene expression as a result of the change
in DNA methylation status may help us understand
the molecular mechanism(s) responsible for increased
risk of malignant degeneration. Studies to examine
whether preventing the fall in SAM level will prevent
induction in the expression of proto-oncogene should
also be insightful.
Hepatic macrophages
Some of the best support for the essential role of
hepatic macrophages in the pathogenesis of ALD is
offered in a study by Thurman’s group on Kupffer cells
(92), which demonstrates amelioration of early alcoholic liver injury in the intragastric ethanol infusion
model by depletion of Kupffer cells with gadolinium
chloride. Even though this method of Kupffer cell
elimination is not without confounding effects on the
liver, such as enhanced NF-B activation and increased
TNF-␣ expression by bile duct epithelium and vascular
endothelium (93, 94), the study highlights the direct
regulatory role of the Kupffer cells in hepatocyte injury
caused by ethanol. The role of Kupffer cells is also
supported by studies in which a similar protective effect
is seen in ethanol-fed animals given polymyxin B and
neomycin (95) or lactobacillus (96), which theoretically reduce portal endotoxin levels and Kupffer cell
activation. In fact, administration of antibodies against
TNF-␣, the cytokine predominantly expressed by
Kupffer cells, attenuates alcoholic liver injury (97), and
the importance of TNF-␣ is confirmed by the absence
of alcoholic liver injury in TNF receptor 1 knockout
mice (98). These findings collectively support the
pathogenetic role played by Kupffer cell-derived TNF-␣
in experimental ALD. However, we need to be more
precise with respect to the source of TNF-␣. Is it
resident macrophages (Kupffer cells), newly recruited
monocyte-derived macrophages, or both that serve as a
primary effector cell type for expression of this proinflammatory cytokine? Since the latter is a possibility in
any liver disease including ALD, we should use the term
hepatic macrophages. The next question has to be why
TNF-␣ expression by hepatic macrophages is induced
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and sustained in ALD. Macrophages are arrayed with
the control mechanisms for their immune functions,
including negative feedback regulation for expression
of TNF-␣. As postulated for other chronic inflammatory
diseases such as rheumatoid arthritis and Crohn’s disease, there may be defective regulation of cytokine
expression in hepatic macrophages in ALD. Such possibilities include defective release of IL-10 (99), which
may be associated with polymorphism of IL-10 promoter (100), or increased TNF-␣ expression due to
polymorphism of its promoter (101). Alternatively,
hepatic macrophages may acquire phenotypic alterations due to intracellular changes. If so, what are they?
Suppression of NF-B and TNF-␣ expression by antioxidants in monocytes from alcoholic hepatitis patients
suggests dysregulation of TNF-␣ gene transcription
driven by NF-B (102). Increased iron storage by
hepatic macrophages may prime NF-B activation in
experimental ALD (15). Altered methionine metabolism may also play a role in dysregulation of TNF-␣ gene
expression in hepatic macrophages as described below.
Until recently it was believed that the expression of
MAT1A and liver-specific MAT isozymes was restricted
to hepatocytes. Shimizu-Saito and colleagues showed
that both hepatic macrophages and endothelial cells
express the liver-specific and non-liver-specific MATs
whereas HSC express only non-liver-specific MAT
(103). The relative contribution of the two MAT isoforms to the overall MAT activity is unknown in hepatic
macrophages. Since endotoxin and oxidative stress
both selectively inactivate liver-specific MAT, a relative
switch in MAT expression is conceivable in hepatic
macrophages of alcoholic livers that could affect the
SAM level, which in turn can influence the expression
of TNF-␣. This idea is supported by studies from
Chawla et al. showing that rats with decreased hepatic
SAM levels are predisposed to liver injury caused by
LPS, which was prevented with exogenous SAM treatment (104, 105). Rats with deficient hepatic SAM levels
had much higher levels of basal serum TNF-␣ and
secreted more TNF-␣ after LPS challenge (105); treatment of murine macrophage cells (RAW cells) with
SAM in the culture medium down-regulated TNF-␣
mRNA and protein synthesis upon stimulation by LPS
(106). These findings emphasize the importance of
understanding changes in MAT and SAM in hepatic
macrophages during the course of ethanol-induced
injury.
A potential role for leptin in regulating proinflammatory immune response has also been demonstrated
by recent studies from Diehl’s group (107). The circulating level of leptin is increased in alcoholic patients
(108). Thus, this ob/ob gene product that regulates
appetite, metabolic rate, and fat depot size may modulate the phenotype of hepatic macrophages in ALD.
Diehl and colleagues draw an intriguing analogy between pathophysiology of fatty livers caused by obesity
and ethanol feeding. Notably, the livers in both conditions are susceptible to injury induced by LPS (109).
Underlying mechanisms for this resemblance may in1342
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clude induction of UCP-2 and proinflammatory cytokine expression as well as mitochondrial oxidative stress
(110, 111). Further cell type-specific analysis of hepatic
macrophages should provide more insight into this
interesting proposal. Elucidation of priming mechanisms for TNF-␣ expression by hepatic macrophages is
a critical prerequisite for potential development of
antiinflammatory therapeutic modalities for ALD. It is
also important to recognize that TNF-␣ serves as a
comitogen for liver regeneration (112). Thus, future
research must address how to differentially suppress
proinflammatory signaling of TNF-␣ while preserving
its pro-regenerative effect by understanding the kinetic
of TNF-␣ induction and intracellular signaling induced
by this cytokine in different target cell types in the liver.
Liver-associated T lymphocytes
It is important to note that ethanol also sensitizes the
liver for concanavalin A (Con A) -mediated injury
(113). This T lymphocyte-mediated injury accompanies
accentuated increases in plasma levels of TNF-␣ and
IL-6 and the percentage of activated CD25⫹ T cells in
both blood and liver. Ethanol feeding increases TNF-␣
production ex vivo by CD4⫹ T cells isolated from the
liver, and ConA-induced liver necrosis is associated with
infiltration of CD4⫹ T cells. These potentiating effects
of ethanol on Con A-mediated TNF-␣ production and
liver injury are reproducible in naive normal rats after
adoptive transfer of liver-associated T cells obtained
from ethanol-fed rats and Con A administration (114).
These two studies demonstrate that ethanol primes
liver-associated T lymphocytes for Con A-mediated
TNF-␣ production and suggest that this priming mechanism may be sufficient to induce liver injury in the
normal liver. These provocative findings deserve further research because alcoholic hepatitis is associated
with an increased ratio of Th1/Th2 cytokine production and characterized by infiltration of not only neutrophils, but also T lymphocytes. Remaining questions
include 1) how ethanol feeding primes T lymphocytes;
2) what polyclonal mitogens can be implicated in
alcoholic hepatitis; and 3) how ethanol affects cross-talk
between hepatic macrophages and T lymphocytes.
Sinusoidal endothelial cells
In contrast to the research on hepatic macrophages,
only a limited number of studies have investigated the
role of sinusoidal endothelial cells in ALD. Ethanol and
LPS induce similar morphological and functional
changes in sinusoidal endothelial cells typically characterized by reduced fenestration and hyaluronan uptake
(115, 116), both of which are preventable by elimination of Kupffer cells, suggesting a role in mediating the
effects of ethanol and LPS. Chronic ethanol intake
impairs receptor-mediated endocytosis by sinusoidal
endothelial cells at the level of internalization (117). It
remains to be determined whether these cells experience two chronological stages of ethanol-induced ab-
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normalities in receptor endocytosis (receptor inactivation, followed by reduced receptor expression), as
shown for asialoglycoprotein receptors on hepatocytes
(118). Studies of sinusoidal endothelial cells are important for understanding the mechanisms underlying
ethanol-induced hepatic inflammation. Sinusoidal endothelium is the site of inflammatory cell adhesion and
transmigration. Intracellular adhesion molecule 1
(ICAM-1) expression by endothelial cells is up-regulated in experimental ALD and correlates with plasma
endotoxin, hepatic TNF-␣ mRNA, and liver inflammation and injury (119). Expression of a receptor component for the adhesion molecule such as CD18 (␤
2-integrin) is up-regulated on neutrophils of ethanolfed rats (120). However, ethanol-induced neutrophilic
inflammation in the liver, the hallmark of alcoholic
hepatitis, has not been successfully reproduced in experimental animals, suggesting the models are missing
a critical factor(s) required for this pathological
change. Endotoxin challenge to ethanol-sensitized livers results in coagulative necrosis and neutrophilic
inflammation, but most critical changes appear to
occur initially at the sinusoidal endothelium such as
cellular swelling, blood cell aggregation, and microcirculation disturbance (121). Elucidation of biochemical
and molecular basis for sensitizing and priming sinusoidal endothelium for initiation of hepatic inflammation appears to be a pivotal prerequisite for understanding what controls progression of ALD, namely,
alcoholic hepatitis and liver fibrosis. The potential
importance of cross-talk between sinusoidal endothelial
cells and hepatic stellate cells in the evolution of ALD
needs to be emphasized.
Hepatic stellate cells
Research on HSC has seen exponential growth in
recent years. This is partly because the mechanisms of
HSC activation in liver fibrogenesis have been increasingly recognized as a clinically relevant and important
area. Growing interest also stems from the fact that the
biology of HSC is now known to be involved in many
different aspects of liver homeostasis including vitamin
A storage, regulation of sinusoidal blood flow, communication with hepatocytes, maintenance of hepatocyte
phenotype, matrix remodeling and deposition, and
regulation of local inflammation. Although development of the HSC isolation technique was largely responsible for advancement in this field, our knowledge
of the mechanisms of HSC activation in ALD is limited
because of difficulties in both inducing diffuse liver
fibrosis in ethanol-fed animals and isolating sufficient
numbers of HSC from ethanol-fed rats. HSC from the
intragastric ethanol infusion model of ALD show the
expected changes of cellular activation such as increased collagen and DNA synthesis (122), induced
expression of ␣-smooth muscle actin, and depletion of
retinyl palmitate (123). HSC isolated from rats fed a
diet high in polyunsaturated fat with or without ethanol
show increased responsiveness to hepatic macrophageALCOHOLIC LIVER INJURY

derived factors for stimulation of either collagen or
DNA synthesis, providing the potential cellular basis for
increased alcoholic liver fibrogenesis under the high
polyunsaturated fat diet regimen (122). Besides the
paracrine mode of HSC stimulation involving soluble
factors, oxidative stress may be particularly relevant to
the mechanisms of HSC activation in alcoholic liver
fibrogenesis. Human HSC collagen synthesis is induced
by 4-hydroxynonenal, one of the common lipid peroxidation by-products, via its interaction with JNK and
AP-1 activation (124). In contrast, manipulation of
GSH content in cultured rat HSC does not affect
collagen synthesis despite its theoretical influence on
endogenous lipid peroxidation and aldehyde adduct
formation (125). Stable transfection of a rat HSC line
with CYP2E1 cDNA results in increased production of
ROS, collagen type I mRNA synthesis, and stability,
effects that can be abrogated by treatment with antioxidants but are exacerbated by reduction of cellular GSH
with L-buthionine sulfoximine (126). Thus, although
the role of oxidative stress in hepatocellular injury in
ALD is convincing, the direct involvement of oxidative
stress in HSC activation is still controversial. Central
questions now being addressed in the field of HSC
biology can be directly applicable to alcoholic liver
fibrogenesis. They include 1) do acetaldehyde and lipid
aldehydes have direct and major roles in activation of
HSC in vivo and 2) do extracellular or intracellular ROS
serve as pivotal signals for expression of HSC activation
phenotype? A potential mechanistic link between vitamin A depletion and HSC activation needs to be
further investigated.
Recent studies suggest hyperhomocystinemia, a consequence of altered methionine metabolism, may also
contribute to activation of HSC. Hyperhomocystinemia, a well-recognized independent risk factor for
atherosclerosis (35), can be a result of genetic factors
such as CBS deficiency, nutritional deficiencies in folate, vitamin B6 or B12, and impaired liver function
(127, 128). Although homocysteine is metabolized in
the liver efficiently under normal conditions, this
amino acid may also be protein-bound and its excess
may be released by hepatocytes into the extracellular
medium (32, 129). Plasma homocysteine is believed to
be derived largely from the sinusoidal release of homocysteine via a mechanism that is poorly understood.
Increased plasma levels of this amino acid occur in
patients and animals with impaired liver function (71,
130 –133) and after a methionine load (129). This
attests to the central role of the liver in the metabolism
of methionine and the subsequent catabolism of homocysteine (134). An elevated plasma homocysteine level
in patients with ALD is likely to be a consequence of
deficiencies in vitamin B6, B12, or folate (132, 135) as
well as decreased activities of enzymes that metabolize
homocysteine as described above. Homocysteine exerts
multiple effects on a variety of cells. It caused endothelial injury, leading to impaired platelet-modulating
activity (136, 137). In vascular smooth muscle cells
(VSMCs), homocysteine promoted DNA synthesis and
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enhanced collagen production (138 –141) possibly via
activation of ERK2. These results suggest that homocysteine may serve as a direct fibrogenic mediator for
vascular atherosclerosis. Since the role of smooth muscle cells in atherosclerosis is considered analogous to
that of HSC in liver fibrosis (142), whether homocysteine also exerts stimulatory effects on HSC is an
intriguing question. Indeed, Torres and co-workers
demonstrated induction of ␣ 1(I) procollagen and
TIMP-1 mRNA expression by a HSC line and TIMP-1
mRNA and AP-1 activation by cultured hepatocytes
(36). These findings support the potential role of
homocysteine in liver fibrogenesis. A plausible hypothesis is that increased homocysteine release in ethanolinduced liver injury by hepatocytes due to abnormal
methionine metabolism can exert paracrine effects on
stellate cells to induce fibrogenesis. This remains to be
examined.

GENETIC BASIS OF ALD
A genetic basis for the pathogenesis of ALD has long
been proposed. The best supporting evidence for this
proposal comes from twin studies where twin concordance was shown for ALD (143, 144). In fact, alcoholism is believed to result from interactions between
genetic predisposition and environmental factors. To
this end, the genes encoding enzymes involved in
alcohol metabolism have been studied. Both alcohol
dehydrogenase (ADH) and aldehyde dehydrogenase
(ALDH) exhibit functional polymorphism. ADH2*2,
ADH3*1, and ALDH2*2 alleles are suggested to confer
protection from developing alcoholism presumably via
faster production or slower elimination of acetaldehyde, a metabolite that induces unpleasant biological
effects (145, 146). Thus, these polymorphisms should
theoretically protect individuals from developing ALD.
An association of functional polymorphisms of CYP2E1
and alcoholism or ALD has so far been negative (147,
148). Since cytokines are considered to be central
mediators of ALD, as discussed earlier, polymorphisms
in cytokines genes have been studied for their association with ALD. Polymorphism of TNF␣ promoter was
reported to be associated with alcoholic steatohepatitis
(101), but the functional significance of the polymorphism and confirmation of the association in larger and
diverse populations need to be assessed. Recently, the
single base pair substitution at ⫺627 (C3 A) in IL-10
promoter, which results in reduced IL-10 expression,
was shown to be associated with an increased risk of
developing advanced ALD (100); this important observation awaits confirmation. Genetic studies of ALD are
just beginning to identify potential associations. Further exploration is needed especially for alcoholic
hepatitis; recent developments in genetic epidemiology
and microarray techniques may promote this area of
research in the future.
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POTENTIAL NEW TREATMENTS OF ALD
S-adenosylmethionine
SAM has been used increasingly to treat liver disease,
although the protective mechanisms remain unclear.
Controversy has surrounded whether SAM can be taken
up by hepatocytes (32). However, in animal models of
alcoholic liver disease and carbon tetrachloride hepatotoxicity, exogenous administration of SAM prevented
the depletion of SAM and GSH levels and significantly
ameliorated liver injury, including fibrosis (32, 64, 149,
150). It has been proposed that SAM’s protective effect
is via increased GSH levels. SAM has also been used to
prevent the development of hepatocarcinogenesis. Decreased hepatic SAM levels and hypomethylation of
certain proto-oncogenes have correlated with the
development of experimental hepatocarcinogenesis,
which were completely prevented by exogenous administration of SAM (151). Here, the mechanism of protective action was proposed to be via a change in the
DNA methylation status. Impaired mitochondrial uptake of GSH has been postulated to be an important
pathogenetic factor in alcoholic liver injury, and Colell
et al. showed that SAM administration prevented impaired GSH uptake into mitochondria in chronically
ethanol fed rats by preventing changes in mitochondrial membrane fluidity (66). Another important protective mechanism is SAM-mediated inhibition of TNF
release from macrophages (105, 106). It is clear from
these studies that SAM exerts numerous effects, from
increasing membrane fluidity to altering gene expression. Recently a randomized double-blind trial using
SAM in patients with alcoholic liver disease reported
improved survival in SAM-treated patients with less
advanced liver disease (152). However, the mechanism
of protection was not investigated. With the wide availability of SAM, it is important to examine the molecular
mechanisms of SAM’s protective effect at different
stages of liver disease.
Phosphatidylcholine
Depletion of SAM may also lead to hypomethylation of
phosphatidylethanolamine and a consequent reduction in the hepatic level of phosphatidylcholine, the
methylation product. This condition is aggravated by
known inhibition in ALD of the activity of phosphatidylethanolamine methyltransferase (153), an enzyme
that catalyzes this methylation process. Administration
of phosphatidylcholine has been advocated for prevention and treatment of ALD. Polyenylphosphatidylcholine is shown to protect the baboon against alcoholinduced fibrosis and cirrhosis (154). Underlying
mechanisms for the observed anti-fibrotic effects may
include induction of collagenase activity (155) or suppressed platelet-derived growth factor (PDGF) -induced proliferation of hepatic stellate cells (156), protection against oxidant stress (157), and suppression of
CYP2E1 inducibility (158); a clinical trial is under way.
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Additional experimental and clinical studies are
needed to fully understand the mechanisms and specificity of the therapeutic effects of polyenylphosphatidylcholine on ALD.
Antioxidants
Antioxidants represent a potential group of therapeutic
agents for ALD. They likely provide beneficial effects
on hepatocytes via desensitization against oxidant stress
while inhibiting priming mechanisms for expression of
proinflammatory and cytotoxic mediators via suppression of NF-B (102, 159, 159). The question remains as
to how one can achieve antioxidant-mediated, antiinflammatory effects without suppressing the anti-apoptotic effects of NF-B. Potential approaches may include cell type-specific targeting of antioxidant therapy
and development of modalities for more specific and
selective regulation of NF-B-mediated signaling.
Insulin sensitization
Insulin resistance is a common finding in ALD (160).
As discussed above, the livers of alcohol-fed animals
exhibit features similar to obese mice with insulin
resistance, including induced TNF expression, hepatocellular ATP depletion, susceptibility to necrosis induced by ischemia, and hypoxia (85). These findings
suggest that insulin resistance may be of pathogenetic
importance. A recent work demonstrates striking beneficial effects of metformin, an insulin-sensitizing
agent, on fatty liver disease in insulin-resistant, obese
mice including reversal of hepatomegaly, hepatic steatosis, plasma aminotransferase levels, hepatic ATP
depletion, and TNF induction (161). This suggests the
potential therapeutic effects of insulin-sensitizing
agents such as PPAR␥ ligands on ALD.
The work summarized here and preparation of the study
were supported by the National Institution on Alcohol Abuse
and Alcoholism grants R37-AA006603 (H.T.) R01 AA12677
(S.C.L.), P50 AA11999 (USC-UCLA Research Center for
Alcoholic Liver and Pancreatic Diseases); National Institute
of Diabetes and Digestive and Kidney Diseases grants R01
DK51719 and P30 DK48522 (USC Research Center for Liver
Diseases to S.C.L.; and Medical Research Service of Department of Veterans Affairs to H.T.).

4.
5.
6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.
17.
18.

19.

REFERENCES
Barak, A. J., Tuma, D. J., and Beckenhauer, J. L. (1971)
Ethanol feeding and choline deficiency as influences on hepatic choline uptake. J. Nutr. 101, 533–538
2. French, S. W. (1966) Effect of chronic ethanol ingestion on
liver enzyme changes induced by thiamine, riboflavin, pyridoxine or choline deficiency. J. Nutr. 88, 291–302
3. Gomez-Dumm, C. L. A., Porta, E. A., Hartroft, W. S., and Koch,
O. R. (1968) A new experimental approach in the study of
chronic alcoholism. II. Effects of high alcohol intake in rats fed
diets of various adequacies. Lab. Invest. 18, 365–378

20.

1.

ALCOHOLIC LIVER INJURY

21.

22.

Hartfoft, W. S., and Porta, E. A. (1968) Alcohol, diet, and
experimental hepatic injury. Can. J. Physiol. Pharmacol. 46,
463– 473
Klatskin, G., Krehl, W. A., and Corn, H. (1954) Effect of
alcohol on choline requirement. I changes in rat liver after
prolonged ingestion of alcohol. J. Exp. Med. 100, 605– 614
Mendenhall, C. L., Anderson, S., Weesner, R. E., Goldberg,
S. J., and Crolic, K. A. (1984) Protein-calorie malnutrition
associated with alcoholic hepatitis. Veterans Administration
Cooperative Study Group on Alcoholic Hepatitis. Am. J. Med.
76, 211–222
Porta, E. A., Hartroft, W. S., Gomez-Dumm, C. L. A., and Koch,
O. R. (1967) Dietary factors in the progression and regression
of hepatic alterations associated with experimental chronic
alcoholism. Federation Proc. 62, 1449 –1457
Takeuchi, J., Takada, A., Ebata, K., Sawaw, G., and Okumura, Y.
(1968) Effect of a single intoxication dose of alcohol on the
livers of rats fed a choline-deficient diet or a commercial
ration. Lab. Invest. 19, 211–217
Lieber, C. S., Jones, D. P., Nendelson, J., and DeCarli, L. M.
(1963) Fatty liver, hyperlipemia and hyperuricemia produced
by prolonged alcohol consumption, despite adequate dietary
intake. Trans. Assoc. Am. Phys. 76, 289 –300
Lieber, C. S., DeCarli, L. M., and Rubin, E. (1975) Sequential
production of fatty liver, hepatitis, and cirrhosis in sub-human
primates fed ethanol with adequate diets. Proc. Natl. Acad. Sci.
USA 72, 437– 441
Nanji, A. A., Zhao, S., Lamb, R. G., Dannenberg, A. J.,
Sadrzadeh, S. M. H., and Wasman, D. J. (1994) Changes in
cytochromes P4502E1, 2B1,4A, phospholipase A and C in
intragastric feeding rat model for alcoholic liver disease:
relationships to dietary fats and pathologic liver injury. Alcohol.
Clin. Exp. Res. 18, 902–908
Colell, A., Kaplowitz, N., Tsukamoto, H., and FernandezCheca, J. C. (1997) Effects of dietary medium chain triglycerides (MCT) on ethanol induced mitochondrial GSH depletion
in rat liver and pancreas. J. Hepatol. Suppl. 26, 127
Colell, A., Garcia-Ruiz, C., Miranda, M., Ardite, E., Mari, M.,
Morales, A., Corrales, F., Kaplowitz, N., and Fernandez-Checa,
J. C. (1998) Selective glutathione depletion of mitochondria by
ethanol sensitizes hepatocytes to tumor necrosis factor. Gastroenterology 115, 1541–1551
Tsukamoto, H., Horne, W., Kamimura, S., Niemela, O., Parkkila, S., Yla-Herttuala, S., and Brittenham, G. M. (1995) Experimental liver cirrhosis induced by alcohol and iron. J. Clin.
Invest. 96, 620 – 630
Tsukamoto, H., Lin, M., Ohata, M., Giulivi, C., French, S., and
Brittenham, G. (1999) Iron primes hepatic macrophages for
NF-B activation in alcoholic liver injury. Am. J. Physiol. 277,
G1240 –G1250
Tuma, D. J., Newman, M. R., Donohue, T. M., and Sorrell,
M. F. (1987) Covalent binding of acetaldehyde to proteins:
participation of lysine residues. Alcohol. Clin. Exp. Res. 579 –584
Tuma, D. J., Thiele, G. M., Xu, D., Klassen, L. W., and Sorrell,
M. F. (1996) Acetaldehyde and malondialdehyde administration. Hepatology 23, 872– 880
Thiele, G. M., Tuma, D. J., Willis, M. S., Miller, J. A., McDonald,
T. L., Sorrell, M. F., and Klassen, L. W. (1998) Soluble proteins
modified with acetaldehyde and malondialdehyde are immunogenic in the absence of adjuvant. Alcohol. Clin. Exp. Res. 22,
1731–1739
Xu, D., Thiele, G. M., Beckenhauer, J. L., Klassen, L. W.,
Sorrell, M. F., and Tuma, D. J. (1998) Detection of circulation
antibodies to malondialdehyde-acetaldehyde adducts in ethanol-fed rats. Gastroenterology 115, 686 – 692
Ingelman-Sundberg, M., and Johansson, I. (1984) Mechanisms
of hydroxyl radical formation and ethanol oxidation by ethanol-inducible and other forms of rabbit liver microsomal
cytochrome P-450. J. Biol. Chem. 259, 6447– 6458
Castillo, T., Koop, D. R., Kamimura, S., Triadfilopoulos, G.,
and Tsukamoto, H. (1992) Pole of cytochrome P-450 2E1 in
ethanol-carbon tetrachloride-and iron-dependent microsomal
lipid peroxidation. Hepatology 16, 992–996
Ekstrom, G., and Ingelman-Sundberg, M. (1989) Tat liver
microsomal NADPH-supported oxidase activity and lipid peroxidation dependent on ethanol-inducible cytochrome P-450
(P-4500IIE1). Biochem. Pharmacol. 38, 1313–1319

1345

23.

24.

25.
26.

27.

28.

29.

30.
31.

32.
33.

34.
35.
36.

37.

38.

39.

40.

41.

1346

Ardies, C. M., Lasker, J. M., and Lieber, C. S. (1987) Characterization of the cytochrome P-450 monooxygenase system
of hamster liver mixenobiotics. Biochem. Pharmacol. 36, 3613–
3619
Koop, D. R., Crump, B. L., Nordblom, G. D., and Coon, M. J.
(1985) Immunochemical evidence for induction of the alcohol-oxidizing cytochrome P-450 of rabbit liver microsomes by
diverse agents: ethanol, imidazole, trichloroethylene, acetone,
pyrazole, and isoniazid. Proc. Natl. Acad. Sci. USA 82, 4065– 4069
Wu, D., and Cederbaum, A. I. (1996) Ethanol cytotoxicity to a
transfected HepG2 cell line expressing human cytochrome
P4502E1. J. Biol. Chem. 271, 23914 –23919
Roman, J., Colell, A., Blasco, C., Caballeria, J., Pares, A., Rodes,
J., and Fernandez-Checa, J. C. (1999) Differential role for
ethanol and acetaldehyde in the induction of oxidative stress
in HEP G2 cells: effect on transcription factors AP-1 and
NF-kappaB. Hepatology 30, 1473–1480
Morimoto, M., Hagbjork, A. L., Wan, Y. J., Fu, P. C., Clot, P.,
Albano, E., Ingelman-Sundberg, M., and French, S. (1995)
Modulation of experimental alcohol-induced liver disease by
cytochrome P450 2E1 inhibitors. Hepatology 21, 1610 –1617
Kono, H., Bradford, B. U., Yin, M., Sulik, K. K., Koop, D. R.,
Peter, M. J., Gonzalez, F. J., McDonald, T., Dikalove, A.,
Kadiiska, M. B., Mason, R. P., and Thurman, R. G. (1999)
CYP2E1 is not involved in early alcohol-induced liver injury.
Am. J. Physiol. 277, 1259 –1267
Koop, D. R., Klopfenstein, B., Iimuro, Y., and Thurman, R. G.
(1997) Gadolinium chloride blocks alcohol-dependent liver
toxicity in rats treated chronically with intragastric alcohol
despite the induction of CYP2E1. Mol. Pharmacol. 51, 944 –950
Finkelstein, J. D. (1990) Methionine metabolism in mammals.
J. Nutr. Biochem 1, 228 –237
Mato, J. M., Alvarez, L., Corrales, F., and Pajares, M. A. (1994)
S-adenosylmethionine and the liver. In The Liver: Biology and
Pathobiology (Arias, I. M., Boyer, J. L., Fausto, N., Jakoby, W. B.,
Schachter, D. A., and Shafritz, D. A., eds) pp. 461– 470, Raven
Press, New York
Mato, J. M., Alvarez, L., Ortiz, P., and Pajares, M. A. (1997)
S-adenosylmethionine synthesis: molecular mechanisms and
clinical implications. Pharmacol. Ther. 73, 265–280
Hoffman, D. R., Marion, D. W., Cornatzer, W. E., and Duerre,
J. A. (1980) S-Adenosylmethionine and S-adenosylhomocysteine metabolism in isolated rat liver. Effects of L-methionine,
L-homocysteine, and adenosine. J. Biol. Chem. 255, 10822–
10827
Lu, S. C. (1998) Regulation of hepatic glutathione synthesis.
Semin. Liver Dis. 18, 331–343
Refsum, H., Ueland, P. M., Nygard, O., and Vollset, S. E.
(1998) Homocysteine and cardiovascular disease. Annu. Rev.
Med. 49, 31– 62
Torres, L., Garcia-Trevijano, E. R., Rodriguez, J. A., Carretero,
M. V., Bustos, M., Fernandez, E., Eguinoa, E., Mato, J. M., and
Avila, M. A. (1999) Induction of TIMP-1 expression in rat
hepatic stellate cells and hepatocytes: a new role for homocysteine in liver fibrosis. Biochim. Biophys. Acta 1455, 12–22
Alvarez, L., Corrales, F., Martin-Duce, A., and Mato, J. M.
(1993) Characterization of a full-length cDNA encoding human liver S-adenosylmethionine synthetase: tissue-specific
gene expression and mRNA levels in hepatopathies. Biochem. J.
293, 481– 486
Kotb, M., Mudd, S. H., Mato, J. M., Geller, A. M., Kredich,
N. M., Chou, J. Y., and Cantoni, G. L. (1997) Consensus
nomenclature for the mammalian methionine adenosyltransferase genes and gene products [letter]. Trends Genet. 13, 51–52
Horikawa, S., Ozasa, H., Ota, K., and Tsukada, K. (1993)
Immunohistochemical analysis of rat S-adenosylmethionine
synthetase isozymes in developmental liver. FEBS Lett. 330,
307–311
Gil, B., Casado, M., Pajares, M. A., Bosca, L., Mato, J. M.,
Martin-Sanz, P., and Alvarez, L. (1996) Differential expression
pattern of S-adenosylmethionine synthetase isoenzymes during
rat liver development. Hepatology 24, 876 – 881
Cai, J., Sun, W. M., Hwang, J. J., Stain, S. C., and Lu, S. C.
(1996) Changes in S-adenosylmethionine synthetase in human
liver cancer: molecular characterization and significance. Hepatology 24, 1090 –1097

Vol. 15

June 2001

42.
43.

44.

45.
46.
47.
48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.

Huang, Z. Z., Mao, Z., Cai, J., and Lu, S. C. (1998) Changes in
methionine adenosyltransferase during liver regeneration in
the rat. Am. J. Physiol. 275, G14 –G21
Huang, Z. Z., Mato, J. M., Kanel, G., and Lu, S. C. (1999)
Differential effect of thioacetamide on hepatic methionine
adenosyltransferase expression in the rat. Hepatology 29, 1471–
1478
Cai, J., Mao, Z., Hwang, J. J., and Lu, S. C. (1998) Differential
expression of methionine adenosyltransferase genes influences the rate of growth of human hepatocellular carcinoma
cells. Cancer Res. 58, 1444 –1450
Lu, S. C. (2000) S-Adenosylmethionine. Int. J. Biochem. Cell Biol.
32, 391–395
Finkelstein, J. D., and Martin, J. J. (1986) Methionine metabolism in mammals. Adaptation to methionine excess. J. Biol.
Chem. 261, 1582–1587
Sullivan, D. M., and Hoffman, J. L. (1983) Fractionation and
kinetic properties of rat liver and kidney methionine adenosyltransferase isozymes. Biochemistry 22, 1636 –1641
Kotb, M., and Kredich, N. M. (1985) S-Adenosylmethionine
synthetase from human lymphocytes. Purification and characterization. J. Biol. Chem. 260, 3923–3930
Halim, A. B., LeGros, L., Geller, A., and Kotb, M. (1999)
Expression and functional interaction of the catalytic and
regulatory subunits of human methionine adenosyltransferase
in mammalian cells. J. Biol. Chem. 274, 29720 –29725
Kinsell, L. W., Harper, H. A., Barton, H. C., Michaels, G. D.,
and Weiss, H. A. (1947) Rate of disappearance from plasma of
intravenously administered methionine in patients with liver
damage. Science 106, 589 –594
Horowitz, J. H., Rypins, E. B., Henderson, J. M., Heymsfield,
S. B., Moffitt, S. D., Bain, R. P., Chawla, R. K., Bleier, J. C., and
Rudman, D. (1981) Evidence for impairment of trans-sulfuration pathway in cirrhosis. Gastroenterology 81, 668 – 675
Cabrero, C., Duce, A. M., Ortiz, P., Alemany, S., and Mato, J. M.
(1988) Specific loss of the high-molecular-weight form of
S-adenosyl-L-methionine synthetase in human liver cirrhosis.
Hepatology 8, 1530 –1534
Duce, A. M., Ortiz, P., Cabrero, C., and Mato, J. M. (1988)
S-adenosyl-L-methionine synthetase and phospholipid methyltransferase are inhibited in human cirrhosis. Hepatology 8,
65– 68
Vendemiale, G., Altomare, E., Trizio, T., Le Grazie, C., Di
Padova, C., Salerno, M. T., Carrieri, V., and Albano, O. (1989)
Effects of oral S-adenosyl-L-methionine on hepatic glutathione
in patients with liver disease. Scand. J. Gastroenterol. 24, 407– 415
Corrales, F., Ochoa, P., Rivas, C., Martin-Lomas, M., Mato,
J. M., and Pajares, M. A. (1991) Inhibition of glutathione
synthesis in the liver leads to S-adenosyl-L-methionine synthetase reduction. Hepatology 14, 528 –533
Pajares, M. A., Duran, C., Corrales, F., Pliego, M. M., and Mato,
J. M. (1992) Modulation of rat liver S-adenosylmethionine
synthetase activity by glutathione. J. Biol. Chem. 267, 17598 –
17605
Mingorance, J., Alvarez, L., Sanchez-Gongora, E., Mato, J. M.,
and Pajares, M. A. (1996) Site-directed mutagenesis of rat liver
S-adenosylmethionine synthetase. Identification of a cysteine
residue critical for the oligomeric state. Biochem. J. 315, 761–
766
Avila, M. A., Mingorance, J., Martinez-Chantar, M. L., Casado,
M., Martin-Sanz, P., Bosca, L., and Mato, J. M. (1997) Regulation of rat liver S-adenosylmethionine synthetase during septic
shock: role of nitric oxide. Hepatology 25, 391–396
Sanchez-Gongora, E., Ruiz, F., Mingorance, J., An, W., Corrales, F. J., and Mato, J. M. (1997) Interaction of liver methionine adenosyltransferase with hydroxyl radical. FASEB J. 11,
1013–1019
Ruiz, F., Corrales, F. J., Miqueo, C., and Mato, J. M. (1998)
Nitric oxide inactivates rat hepatic methionine adenosyltransferase In vivo by S-nitrosylation. Hepatology 28, 1051–1057
Finkelstein, J. D., Cello, J. P., and Kyle, W. E. (1974) Ethanolinduced changes in methionine metabolism in rat liver. Biochem. Biophys. Res. Commun. 61, 525–531
Tsukamoto, H., Towner, S. J., Ciofalo, L. M., and French, S. W.
(1986) Ethanol-induced liver fibrosis in rats fed high fat diet.
Hepatology 6, 814 – 822

The FASEB Journal

TSUKAMOTO AND LU

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Lu, S. C., Huang, Z. Z., Yang, H., Mato, J. M., Avila, M. A., and
Tsukamoto, H. (2000) Changes in methionine adenosyltransferase and S-adenosylmethionine homeostasis in alcoholic rat
liver. Am. J. Physiol. 279, G178 –G185
Lieber, C. S., Casini, A., DeCarli, L. M., Kim, C., Lowe, N.,
Sasaki, R., and Leo, M. A. (1990) S-adenosyl-L-methionine
attenuates alcohol-induced liver injury in the baboon. Hepatology 11, 165–172
Lieber, C. S., Robins, S. J., and Leo, M. A. (1994) Hepatic
phosphatidylethanolamine methyltransferase activity is decreased by ethanol and increased by phosphatidylcholine.
Alcohol. Clin. Exp. Res. 18, 592–595
Colell, A., Garcia-Ruiz, C., Morales, A., Ballesta, A., Ookhtens,
M., Rodes, J., Kaplowitz, N., and Fernandez-Checa, J. C. (1997)
Transport of reduced glutathione in hepatic mitochondria and
mitoplasts from ethanol-treated rats: effect of membrane physical properties and S-adenosyl-L-methionine. Hepatology 26,
699 –708
Baylin, S. B., Herman, J. G., Graff, J. R., Vertino, P. M., and Issa,
J. P. (1998) Alterations in DNA methylation: a fundamental
aspect of neoplasia. Adv. Cancer Res. 72, 141–196
Pogribny, I. P., Basnakian, A. G., Miller, B. J., Lopatina, N. G.,
Poirier, L. A., and James, S. J. (1995) Breaks in genomic DNA
and within the p53 gene are associated with hypomethylation
in livers of folate/methyl-deficient rats [published erratum
appears in Cancer Res., 1995, vol. 15, p. 2711]. Cancer Res. 55,
1894 –1901
Barak, A. J., Beckenhauer, J. L., Junnila, M., and Tuma, D. J.
(1993) Dietary betaine promotes generation of hepatic
S-adenosylmethionine and protects the liver from ethanolinduced fatty infiltration. Alcohol. Clin. Exp. Res. 17, 552–555
Trimble, K. C., Molloy, A. M., Scott, J. M., and Weir, D. G.
(1993) The effect of ethanol on one-carbon metabolism:
increased methionine catabolism and lipotrope methyl-group
wastage. Hepatology 18, 984 –989
Halsted, C. H., Villanueva, J., Chandler, C. J., Stabler, S. P.,
Allen, R. H., Muskhelishvili, L., James, S. J., and Poirier, L.
(1996) Ethanol feeding of micropigs alters methionine metabolism and increases hepatocellular apoptosis and proliferation.
Hepatology 23, 497–505
Kamimura, S., Gaal, K., Britton, R. S., Bacon, B. R., Triadafilopoulos, G., and Tsukamoto, H. (1992) Increased 4-hydroxynonenal levels in experimental alcoholic liver disease:
association of lipid peroxidation with liver fibrogenesis. Hepatology 16, 448 – 453
Nanji, A. A., Griniuviene, B., Sadrzadeh, S. M., Levitsky, S., and
McCully, J. D. (1995) Effect of type of dietary fat and ethanol
on antioxidant enzyme mRNA induction in rat liver. J. Lipid
Res. 36, 736 –744
Nicolaou, A., Kenyon, S. H., Gibbons, J. M., Ast, T., and
Gibbons, W. A. (1996) In vitro inactivation of mammalian
methionine synthase by nitric oxide. Eur. J. Clin. Invest. 26,
167–170
Avila, M. A., Berasain, C., Torres, L., Martin-Duce, A., Yang,
H. P., Prieto, J., Lu, S. C., Caballeria, J., Rodes, J., and Mato,
J. M. (2000) Reduced mRNA abundance of the main enzymes
involved in methionine metabolism in human liver cirrhosis
and hepatocellular carcinoma. J. Hepatol. In press
Kukielka, E., Dicker, E., and Cederbaum, A. I. (1994) Increased production of reactive oxygen species by rat liver
mitochondria after chronic ethanol treatment. Arch. Biochem.
Biophys. 309, 377–386
Garcia-Ruiz, C., Colell, A., Mari, M., Morales, A., Fernandez
and Checa, J. C. (1997) Direct effect of ceramide on the
mitochondrial electron transport chain leads to generation of
reactive oxygen species. Role of mitochondrial glutathione.
J. Biol. Chem. 272, 11369 –11377
Fernandez-Checa, J. C., Ookhtens, M., and Kaplowitz, N.
(1989) Effects of chronic ethanol feeding on rat hepatocytic
glutathione. Relationship of cytosolic glutathione to efflux and
mitochondrial sequestration. J. Clin. Invest. 83, 1247–1252
Fernandez-Checa, J. C., Garcia-Ruiz, C., Ookhtens, M., and
Kapowitz, N. (1991) Impaired uptake of glutathione by hepatic
mitochondria from chronic ethanol-fed rats. Tracer kinetic
studies in vitro and in vivo and susceptibility to oxidant stress.
J. Clin. Invest. 87, 397– 405

ALCOHOLIC LIVER INJURY

80.

81.

82.
83.

84.
85.

86.

87.
88.

89.

90.
91.
92.
93.

94.

95.

96.

97.

98.

Garcia-Ruiz, C., Morales, A., Colell, A., Ballesta, A., Rodes, J.,
Kaplowitz, N., and Fernandez-Checa, J. C. (1995) Feeding
S-adenosyl-L-methionine attenuates both ethanol-induced depletion of mitochondrial glutathione and mitochondrial dysfunction in periportal and perivenous rat hepatocytes. Hepatology 21, 207–214
Cahill, A., Stabley, G. J., Wang, X., and Hoek, J. B. (1999)
Chronic ethanol consumption causes alterations in the structural integrity of mitochondrial DNA in aged rats. Hepatology
30, 881– 888
Neuman, M. G., Shear, N. H., Cameron, R. G., Katz, G., and
Tiribelli, C. (1999) Ethanol-induced apoptosis in vitro. Clin.
Biochem. 32, 547–555
Pastorino, J. G., Marcineviciute, A., Cahill, A., and Hoek, J. B.
(1999) Potentiation by chronic ethanol treatment of the
mitochondrial permeability transition. Biochem. Biophys. Res.
Commun. 265, 405– 409
French, S. W., Benson, N., and Sun, P. (1984) Centrilobular
liver necrosis induced by hypoxia in chronic ethanol-fed rats.
Hepatology 4, 912–917
Chavin, K. D., Yang, S., Chatham, J., Chacko, V. P., Hoek, J. B.,
Walajtys-Rode, E., Rashid, A., Chen, C. H., Huang, C. C., Wu,
T. C., Lane, M. D., and Diehl, A. M. (1999) Obesity induces
expression of uncoupling protein-2 in hepatocytes and promotes liver ATP depletion. J. Biol. Chem. 274, 5692–5700
Cortez-Pinto, H., Yang, S. Q., Lin, H. Z., Costa, S., Hwang, C. S.,
Lane, M. D., Bagby, G., and Diehl, A. M. (1998) Bacterial
lipopolysaccharide induces uncoupling protein-2 expression in
hepatocytes by a tumor necrosis factor-alpha-dependent mechanism. Biochem. Biophys. Res. Commun. 1998, 313–319
McClain, C., Hill, D., Schmidt, J., and Diehl, A. M. (1993)
Cytokines and alcoholic liver disease. Semin. Liver Dis. 13,
170 –182
Saso, K., Higashi, K., Nomura, T., Hoshino, M., Moehren, G.,
and Hoek, J. B. (1996) Inhibitory effect of ethanol on hepatocyte growth factor-induced DNA synthesis and Ca2⫹ mobilization in rat hepatocytes. Alcohol. Clin. Exp. Res. 20, 330A–334A
Tuma, D. J., Todero, S. L., Barak-Bernhagen, M., Casey, C. A.,
and Sorrell, M. F. (1998) Chronic ethanol ingestion impairs
TGF-alpha-stimulated receptor autophosphorylation. Alcohol
15, 233–238
Yang, S. Q., Lin, H. Z., Yin, M., Albrecht, J. H., and Diehl, A. M.
(1998) Effects of chronic ethanol consumption on cytokine
regulation of regeneration. Am. J. Physiol. 275, G696 –G704
Tahara, M., Matsumoto, K., Nukiwa, T., and Nakamura, T.
(1999) Hepatocyte growth factor leads to recovery from alcohol-induced in rats. J. Clin. Invest. 103, 313–320
Adachi, Y., Bradford, B. U., Gao, W., Bojes, H. K., and
Thurman, R. G. (1994) Inactivation of Kupffer cells prevents
early alcohol-induced liver injury. Hepatology 20, 453– 460
Rai, R. M., Loffreda, S., Karp, C. L., Yang, S. Q., Lin, H. Z., and
Diehl, A. M. (1997) Kupffer cell depletion abolishes induction
of interleukin-10 and permits sustained overexpression of
tumor necrosis factor alpha messenger RNA in the regeneration rat liver. Hepatology 25, 889 – 895
Loffreda, S., Rai, R. M., Yang, S. Q., Lin, H. Z., and Diehl, A. M.
(1997) Bile ducts and portal and central veins are major
producers of tumor necrosis factor alpha in regeneration rat
liver. Gastroenterology 112, 2089 –2098
Adachi, Y., Moore, L. E., Bradford, B. U., Gao, W., and
Thurman, R. G. (1995) Antibiotics prevent liver injury in rats
following long-term exposure to ethanol. Gastroenterology 108,
218 –224
Nanji, A. A., Khettry, U., and Sadrzadeh, S. M. (1994) Lactobacillus feeding reduces endotoxemia and severity of experimental alcoholic liver disease. Proc. Soc. Exp. Biol. Med. 205,
243–247
Iimuro, Y., Gallucci, R. M., Luster, M. I., Kono, H., and
Thurman, R. G. (1997) Antibodies to tumor necrosis factor
alfa attenuate hepatic necrosis and inflammation caused by
chronic exposure to ethanol in the rat. Hepatology 26, 1530 –
1537
Yin, M., Wheeler, M. D., Kono, H., Bradford, B. U., Gallucci,
R. M., Luster, M. I., and Thurman, R. G. (1999) Essential role
of tumor necrosis factor alpha in alcohol-induced liver injury
in mice. Gastroenterology 117, 942–952

1347

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.
117.

1348

Le Moine, O., Marchant, A., De Groote, D., Azar, C., Goldman,
M., and Deviere, J. (1995) Role of defective monocyte interleukin-10 release in tumor necrosis factor-alpha overproduction in alcoholics cirrhosis. Hepatology 22, 1436 –1439
Grove, J., Daly, A. K., Bassendine, M. F., Gilvarry, E., and Day,
C. P. (2000) Interleukin 10 promoter region polymorphisms
and susceptibility to advanced alcoholic liver disease. Gut 46,
540 –545
Grove, J., Daly, A. K., Bassendine, M. F., and Day, C. P. (1997)
Association of a tumor necrosis factor promoter polymorphism
with susceptibility to alcoholic steatohepatitis. Hepatology 26,
143–146
Hill, D. B., Devalaraja, R., Joshi-Barve, S., and McClain, C. J.
(1999) Antioxidants attenuate nuclear factor-kappa B activation and tumor necrosis factor-alpha production in a alcoholic
hepatitis patient monocytes and rat Kupffer cells, in vitro. Clin.
Biochem 32, 563–570
Shimizu-Saito, K., Horikawa, S., Kojima, N., Shiga, J., Senoo,
H., and Tsukada, K. (1997) Differential expression of
S-adenosylmethionine synthetase isozymes in different cell
types of rat liver. Hepatology 26, 424 – 431
Eastin, C. E., McClain, C. J., Lee, E. Y., Bagby, G. J., and
Chawla, R. K. (1997) Choline deficiency augments and antibody to tumor necrosis factor-alpha attenuates endotoxininduced hepatic injury. Alcohol. Clin. Exp. Res. 21, 1037–1041
Chawla, R. K., Watson, W. H., Eastin, C. E., Lee, E. Y., Schmidt,
J., and McClain, C. J. (1998) S-adenosylmethionine deficiency
and TNF-alpha in lipopolysaccharide-induced hepatic injury.
Am. J. Physiol. 275, G125–G129
Watson, W. H., Zhao, Y., and Chawla, R. K. (1999) S-adenosylmethionine attenuates the lipopolysaccharide-induced expression of the gene for tumour necrosis factor alpha. Biochem. J.
342, 21–25
Loffreda, S., Yang, S. Q., Lin, H. Z., Karp, C. L., Brengman,
M. L., Wang, D. J., Klein, A. S., Bulkley, G. B., Bao, C., Noble,
P. W., Lane, M. D., and Diehl, A. M. (1998) Leptin regulates
proinflammatory immune responses. FASEB J. 12, 57– 65
McCullough, A. J., Bugianesi, E., Marchesini, G., and Kalhan,
S. C. (1998) Gender-dependent alterations in serum leptin in
alcoholic cirrhosis. Gastroenterology 115, 947–953
Yang, S. Q., Lin, H. Z., Lane, M. D., Clemens, M., and Diehl,
A. M. (1997) Obesity increases sensitivity to endotoxin liver
injury: implications for the pathogenesis of steatohepatitis.
Proc. Natl. Acad. Sci. USA 6, 2557–2562
Rashid, A., Wu, T. C., Huang, C. C., Chen, C. H., Lin, H. Z.,
Yang, S. Q., Lee, F. Y., and Diehl, A. M. (1999) Mitochondrial
proteins that regulate apoptosis and necrosis are induced in
mouse fatty liver. Hepatology 29, 1131–1138
Lee, F. Y., Li, Y., Yang, E. K., Yang, S. Q., Lin, H. Z., Trush,
M. A., Dannenberg, A. J., and Diehl, A. M. (1999) Phenotypic
abnormalities in macrophages from leptin-deficient, obese
mice. Am. J. Physiol. 276, C386 –C394
Diehl, A. M., Yang, S. Q., Yin, M., Lin, H. Z., Nelson, S., and
Bagby, G. (1995) Tumor necrosis factor-alpha modulates
CCAAT/enhancer binding proteins-DNA binding activities
and promotes hepatocyte-specific gene expression during liver
regeneration. Hepatology 22, 252–261
Cao, Q., Batey, G., Pang, G., and Clancy, R. (1998) Altered
T-lymphocyte responsiveness to polyclonal cell activators is
responsible for liver cell necrosis in alcohol-fed rats. Alcohol.
Clin. Exp. Res. 22, 723–729
Cao, Q., Batey, R., Pang, G., and Clancy, R. (1999) Ethanolaltered liver-associated T cells mediate liver injury in rats
administered concanavalin A (Con A) or lipopolysaccharide
(LPS). Alcohol. Clin. Exp. Res. 23, 1660
Sarphie, T. G., D’Souza, N. B., Spitzer, J. J., and Deaciuc, I. V.
(1996) Chronic alcohol feeding in liquid diet or in drinking
water has similar effects on electron microscopic appearance
of the hepatic sinusoid in the rat. Alcohol. Clin. Exp. Res. 20,
973–979
Deaciuc, I. V., and Spitzer, J. J. (1996) Hepatic sinusoidal
endothelial cell in alcoholemia and endotoxemia. Alcohol. Clin.
Exp. Res. 20, 607– 614
Thiele, G. M., Miller, J. A., Klassen, L. W., and Tuma, D. J.
(1999) Chronic ethanol consumption impairs receptor-mediated endocytosis of formaldehyde-treated albumin by isolated
rat liver endothelial cells. Hepatology 29, 1511–1517

Vol. 15

June 2001

118.

119.

120.

121.

122.

123.
124.

125.
126.

127.

128.

129.

130.
131.

132.

133.

134.
135.

Tworek, B. L., Tuma, D. J., and Casey, C. A. (1996) Decreased
binding of asialoglycoproteins to hepatocytes from ethanol-fed
rats. Consequence of both impaired synthesis and inactivation
of the asialoglycoprotein receptor. J. Biol. Chem. 271, 2531–
2538
Nanji, A. A., Griniuviene, B., Yacoub, L. K., Fogot, F., and
Tahan, S. R. (1995) Intercellular adhesion molecule-1 expression in experimental alcoholic liver disease: relationship to
endotoxemia and TNF alpha messenger RNA. Exp. Mol. Pathol.
62, 42–51
Bautista, A. P. (1997) Chronic alcohol intoxication induces
hepatic injury through enhanced macrophage inflammatory
protein-2 production and intercellular adhesion molecule-1
expression in the liver. Hepatology 25, 335–342
McCuskey, R. S., Nishida, J., Eguchi, H., McDonnell, D., Baker,
G. L., Ekataksin, W., Krasovich, M. A., Rudi, V., Seitz, H. K., and
Urbaschek, B. (1995) Role of endotoxin in the hepatic microvascular inflammatory response to ethanol. J. Gastroenterol.
Hepatol. 10 (Suppl. 1), S18 –S23
Matsuoka, M., Zhang, M. Y., and Tsukamoto, H. (1990)
Sensitization of hepatic lipocytes by high-fat diet to stimulatory
effects of Kupffer cell-derived factors: implication in alcoholic
liver fibrogenesis. Hepatology 11, 173–182
Tsukamoto, H., Cheng, S., and Blaner, W. S. (1996) Effects of
dietary polyunsaturated fat on ethanol-induced Ito cell activation. Am. J. Physiol. 270, G581–G586
Parola, M., Robino, G., Marra, F., Pinzani, M., Bellomo, G.,
Leonarduzzi, G., Chiarugi, P., Camandola, S., Poli, G., Waeg,
G., Gentilini, P., and Dianzani, M. U. (1998) HNE interacts
directly with JNK isoforms in human hepatic stellate cells.
J. Clin. Invest. 102, 1942–1950
Maher, J. J., and Neuschwander-Tetri, B. A. (1997) Manipulation of glutathione stores in rat hepatic stellate cells does not
alter collagen synthesis. Hepatology 26, 618 – 623
Nieto, N., Friedman, S. L., Greenwell, P., and Cederbaum, A. I.
(1999) CYP2E1-mediated oxidative stress induces collagen
type I expression in rat hepatic stellate cells. Hepatology 30,
987–996
Mudd, S. H., Levy, H. L., and Skovby, F. (1995) Disorders of
transsulfuration. In The Metabolic and Molecular Basis of Inherited
Disease (Scriver, S. R., Beaudet, A. L., Sly, W. S., and Velle, D.,
eds) pp. 693–734, McGraw-Hill, New York
Selhub, J., Jacques, P. F., Wilson, P. W., Rush, D., and Rosenberg, I. H. (1993) Vitamin status and intake as primary
determinants of homocystinemia in an elderly population.
J. Am. Med. Assoc. 270, 2693–2698
Christensen, B., Refsum, H., Vintermyr, O., and Ueland, P. M.
(1991) Homocysteine export from cells cultured in the presence of physiological or superfluous levels of methionine:
methionine loading of non-transformed, transformed, proliferating, and quiescent cells in culture. J. Cell. Physiol. 146,
52– 62
Hultberg, B., Berglund, M., Andersson, A., and Frank, A.
(1993) Elevated plasma homocysteine in alcoholics. Alcohol.
Clin. Exp. Res. 17, 687– 689
Varela-Moreiras, G., Alonso-Aperte, E., Rubio, M., Gasso, M.,
Deulofeu, R., Alvarez, L., Caballeria, J., Rodes, J., and Mato,
J. M. (1995) Carbon tetrachloride-induced hepatic injury is
associated with global DNA hypomethylation and homocystinemia: effect of S-adenosylmethionine treatment. Hepatology 22,
1310 –1315
Cravo, M. L., Gloria, L. M., Selhub, J., Nadeau, M. R., Camilo,
M. E., Resende, M. P., Cardoso, J. N., Leitao, C. N., and Mira,
F. C. (1996) Hyperhomocystinemia in chronic alcoholism:
correlation with folate, vitamin B-12, and vitamin B-6 status.
Am. J. Clin. Nutr. 63, 220 –224
Stickel, F., Choi, S. W., Kim, Y. I., Bagley, P. J., Seitz, H. K.,
Russell, R. M., Selhub, J., and Mason, J. B. (2000) Effect of
chronic alcohol consumption on total plasma homocysteine
level in rats. Alcohol. Clin. Exp. Res. 24, 259 –264
Finkelstein, J. D., and Martin, J. J. (1984) Methionine metabolism in mammals. Distribution of homocysteine between
competing pathways. J. Biol. Chem. 259, 9508 –9513
Selhub, J., and Miller, J. W. (1992) The pathogenesis of
homocystinemia: interruption of the coordinate regulation by
S-adenosylmethionine of the remethylation and transsulfuration of homocysteine. Am. J. Clin. Nutr. 55, 131–138

The FASEB Journal

TSUKAMOTO AND LU

136.

137.
138.

139.

140.

141.
142.
143.

144.
145.

146.
147.

148.

149.

150.

Stamler, J. S., Osborne, J. A., Jaraki, O., Rabbani, L. E., Mullins,
M., Singel, D., and Loscalzo, J. (1993) Adverse vascular effects
of homocysteine are modulated by endothelium-derived relaxing factor and related oxides of nitrogen. J. Clin. Invest. 91,
308 –318
Lentz, S. R. (1997) Homocysteine and vascular dysfunction.
Life Sci. 61, 1205–1215
Tsai, J. C., Perrella, M. A., Yoshizumi, M., Hsieh, C. M., Haber,
E., Schlegel, R., and Lee, M. E. (1994) Promotion of vascular
smooth muscle cell growth by homocysteine: a link to atherosclerosis. Proc. Natl. Acad. Sci. USA 91, 6369 – 6373
Majors, A., Ehrhart, L. A., and Pezacka, E. H. (1997) Homocysteine as a risk factor for vascular disease. Enhanced collagen
production and accumulation by smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 17, 2074 –2081
Tang, L., Mamotte, C. D., Van Bockxmeer, F. M., and Taylor,
R. R. (1998) The effect of homocysteine on DNA synthesis in
cultured human vascular smooth muscle. Atherosclerosis 136,
169 –173
Tyagi, S. C. (1998) Homocysteine redox receptor and regulation of extracellular matrix components in vascular cells. Am. J.
Physiol. 274, C396 –C405
Friedman, S. L. (1993) The cellular basis of hepatic fibrosis.
Mechanisms and treatment strategies. N. Engl. J. Med. 1828 –1835
Hrubec, Z., Omenn, G. S. (1984) Evidence of a genetic predisposition to alcoholic cirrhosis and psychosis; twin concordances
for alcoholism and its biological end points by zygosity among
male veterans. Alcohol. Clin. Exp. Res. 9, 306 –309
Reed, T., Page, W. F., Viken, R. J., and Christian, J. C. (1996)
Genetic predisposition to organ-specific endpoints of alcoholism. Alcohol. Clin. Exp. Res. 20, 1528 –1533
Thomasson, H. R., Edenberg, H. J., Crabb, D. W., Mai, X. L.,
Jerome, R. E., Li, T. K., and Wang, S. P. (1991) Alcohol and
aldehyde dehydrogenase genotypes and alcoholism in Chinese
men. Am. J. Hum. Genet. 48, 677– 681
Higuchi, S., Matsushita, S., Imazeki, H., Kinoshita, T., Takagi,
S., and Kono, H. (1994) Aldehyde dehydrogenase genotypes in
Japanese alcoholics. Lancet 343, 741–742
Iwahashi, K., Matsuo, Y., Suwaki, H., Nakamura, K., and
Ishikawa, Y. (1995) CYPE2E1 and ALDH2 genotypes and
alcohol dependence in Japanese. Alcohol. Clin. Exp. Res. 19,
564 –566
Carr, L. G., Hartleroad, J. Y., Liang, Y. B., Mendenhall, C.,
Moritz, T., and Thomasson, H. (1995) Polymorphism at the
P450IIE1 locus is not associated with alcoholic liver disease in
Caucasian men. Alcohol. Clin. Exp. Res. 19, 182–184
Corrales, F., Gimenez, A., Alvarez, L., Caballeria, J., Pajares,
M. A., Andreu, H., Pares, A., Mato, J. M., and Rodes, J. (1992)
S-adenosylmethionine treatment prevents carbon tetrachloride-induced S-adenosylmethionine synthetase inactivation
and attenuates liver injury. Hepatology 16, 1022–1027
Gasso, M., Rubio, M., Varela, G., Cabre, M., Caballeria, J.,
Alonso, E., Deulofem, R., Camps, J., Gimenez, A., Pajares, M.,

ALCOHOLIC LIVER INJURY

151.

152.

153.

154.

155.

156.
157.

158.

159.
160.

161.

Pares, A., Mato, J. M., and Rodes, J. (1996) Effects of
S-adenosylmethionine on lipid peroxidation and liver fibrogenesis in carbon tetrachloride-induced cirrhosis. J. Hepatol.
25, 200 –205
Pascale, R. M., Marras, V., Simile, M. M., Daino, L., Pinna, G.,
Bennati, S., Carta, M., Seddaiu, M. A., Massarelli, G., and Feo,
F. (1992) Chemoprevention of rat liver carcinogenesis by
S-adenosyl-L-methionine: a long-term study. Cancer Res. 52,
4979 – 4986
Mato, J. M., Camara, J., Fernandez, d. P., Caballeria, L., Coll, S.,
Caballero, A., Garcia-Buey, L., Beltran, J., Benita, V., Caballeria, J., Sola, R., Moreno-Otero, R., Barrao, F., Martin-Duce, A.,
Correa, J. A., Pares, A., Barrao, E., Garcia-Magaz, I., Puerta,
J. L., Moreno, J., Boissard, G., Ortiz, P., and Rodes, J. (1999)
S-adenosylmethionine in alcoholic liver cirrhosis: a randomized, placebo-controlled, double-blind, multicenter clinical
trial. J. Hepatol. 30, 1081–1089
Lieber, C. S., Robins, S. J., and Leo, M. A. (1994) Hepatic
phosphatidylethanolamine methyltransferase activity is decreased by ethanol and increased by phosphatidylcholine.
Alcohol. Clin. Exp. Res. 18, 592–595
Lieber, C. S., Robins, S. J., Li, J., DeCarli, L. M., Mak, K. M.,
Fasulo, J. M., and Leo, M. A. (1994) Phosphatidylcholine
protects against fibrosis and cirrhosis in the baboon. Gastroenterology 106, 152–159
Li, J., Kim, C. I., Leo, M. A., Mak, K. M., Rojkind, M., and
Lieber, C. S. (1992) Polyunsaturated lecithin prevents acetaldehyde-mediated hepatic collagen accumulation by stimulating collagenase activity in cultured lipocytes [published erratum appears in Hepatology, 1993, vol. 17, p. 174]. Hepatology 15,
373–381
Brady, L. M., Fox, E. S., and Fimmel, C. J. (1998) Polyenylphosphatidylcholine inhibits PDGF-induced proliferation in rat hepatic stellate cells. Biochem. Biophys. Res. Commun. 248, 174 –179
Lieber, C. S., Leo, M. A., Aleynik, S. I., Aleynik, M. K., and
DeCarli, L. M. (1997) Polyenylphosphatidylcholine decreases
alcohol-induced oxidative stress in the baboon. Alcohol. Clin.
Exp. Res. 21, 375–379
Aleynik, M. K., Leo, M. A., Aleynik, S. I., and Lieber, C. S.
(1999) Polyenylphosphatidylcholine opposes the increase of
cytochrome P-4502E1 by ethanol and corrects its iron-induced
decrease. Alcohol. Clin. Exp. Res. 23, 96 –100
McClain, C. J., Barve, S., Barve, S., Deaciuc, I., and Hill, D. B.
(1998) Tumor necrosis factor and alcoholic liver disease.
Alcohol. Clin. Exp. Res. 22, 248S–252S
Wahl, D. G., Dollet, J. M., Kreher, M., Champigneulle, B.,
Bigard, M. A., and Gaucher, P. (1992) Relationship of insulin
resistance to protein-energy malnutrition in patients with
alcoholic liver cirrhosis: effect of short-term nutritional support. Alcohol. Clin. Exp. Res. 16, 971–978
Lin, H. Z., Yang, S. Q., Chuckaree, C., Kuhajda, F., Ronnet, G.,
and Diehl, A. M. (2000) Metformin reverses fatty liver disease
in obese leptin-deficient mice. Nature Med. 6, 998 –1003

1349

