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of heavy ethanol
consumption is the production of fatty liver. Studies on this
effect date from the 1960s in humans and rodents. Original
hypotheses regarding the mechanism for this effect included
redox shifts generated by the oxidation of ethanol by alcohol
and aldehyde dehydrogenases, oxidative stress, and mobilization of peripheral triglyceride from the adipose tissue to the
liver. Additional research has suggested that these mechanisms
are insufficient to explain the origin and perpetuation of alcoholic fatty liver. For instance, redox shifts in baboon liver are
attenuated over time, although the liver remains steatotic.
Antioxidant treatment of alcoholic liver disease has been disappointing. The source of triglyceride in the livers of alcoholfed animals may be stored adipose lipid, be derived from
dietary fat, or be synthesized in the liver de novo. Over the past
decade, a number of newer pathways regulating the synthesis,
export, and oxidation of lipids have been discovered, and
ethanol has been found to interact with these basic control
systems. We have gained a better understanding of the role of
the innate immune system in the liver and its effects on lipid
metabolism and uncovered a number of circulating factors that
can influence the response of the liver to ethanol. We have thus
developed a more comprehensive understanding of the multiple effects that ethanol has on the liver and other parts of the
body and how this leads to the development of fatty liver.

ONE OF THE BEST KNOWN BIOLOGICAL EFFECTS

Effects of Ethanol on Fatty Acid Oxidizing Systems
Disorders of fatty acid oxidation, such as peroxisome defects, and inherited abnormalities in the enzymes of acyl-CoA
oxidation lead to the development of fatty liver, and one of the
original mechanisms for alcoholic steatosis was the inhibition
of ␤-oxidation caused by accumulation of NADH and product
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inhibition of the mitochondrial fatty acid-oxidizing dehydrogenases. Recent work has revealed additional ways that heavy
ethanol use blocks fatty acid oxidation, through inhibition of
peroxisome proliferator-activated receptor-␣ (PPAR␣) and inhibition of AMP-activated protein kinase (AMPK).
PPAR␣
PPAR␣ is a nuclear hormone receptor involved in regulating
fatty acid oxidation and transport. When activated, it binds as
a heterodimer with retinoid X receptor (RXR) to peroxisome
proliferator response elements in genes involved in the fatty
acid oxidation pathways. Ethanol feeding decreased the binding of PPAR␣/RXR to DNA and expression of several PPAR␣regulated genes. These effects appear to be mediated by acetaldehyde, as blocking aldehyde dehydrogenase (ALDH) increased the effects, whereas blocking alcohol dehydrogenase
(ADH) prevented them (21). The molecular mechanism for the
effect of ethanol is unknown. PPAR␣ levels were unchanged
and RXR was decreased in ethanol-fed mice; direct exposure
of PPAR␣/RXR to acetaldehyde in vitro reduced DNA binding
(18). These data suggest that posttranslational modification of
PPAR␣ or RXR might be involved. Treatment of ethanol-fed
animals with PPAR␣ agonists has been shown to inhibit these
effects of ethanol and reverse the hepatic fat accumulation (18)
PPAR␣ is also involved in regulating the fatty acid export
machinery. Microsomal triglyceride transfer protein (MTP) is
required for the assembly of very-low-density lipoproteins
(VLDL) prior to export. MTP was decreased in livers of
ethanol-fed animals, and treatment with a PPAR␣ agonist
upregulated MTP and increased export of VLDL (4, 41, 53).
The role of PPAR␣ in alcoholic fatty liver has been extended
through studies of knockout mice. PPAR␣-null mice have
impaired fatty acid oxidation with hypoglycemia, hypoketonemia, increased serum free fatty acids, and fatty liver with
fasting. The ethanol-fed PPAR␣-null mice have worse hepatomegaly and hepatocyte damage, along with decreased gluta-
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heavy alcohol use deranges hepatic lipid metabolism.

Review
E11

ALCOHOL AND LIPID METABOLISM

thione peroxidase (GPx), superoxide dismutase (SOD), and
catalase, and increased lipid peroxides compared with wildtype controls. They also demonstrated increased levels of
TGF-␣, TGF-␤1, and other inflammatory markers compared
with wild-type mice (40). Additionally, apoptosis was increased in the PPAR␣-null mice, associated with decreased
Bcl-2 and Bcl-xL. Thus, PPAR␣ can activate both fatty acid
oxidation and export and thereby protect against the accumulation of triglyceride, improve the enzymatic defenses against
oxidative stress, and reduce the apoptotic response. The effects
of ethanol on this system promotes fat accumulation as shown
in Fig. 1.
AMPK

Effects of Ethanol on Fatty Acid Synthesis
Under certain experimental conditions, the de novo synthesis of fatty acids in the liver is increased by ethanol feeding.
This was correlated with induction of a number of the ratelimiting enzymes in fatty acid synthesis by ethanol feeding.
With the discovery of SREBP-1, it became obvious that ethanol might cause fatty liver by acting through this transcription
factor. This observation was subsequently integrated into the
newly discovered endoplasmic reticulum (ER) stress response.
SREBP-1
SREBPs are transcription factors regulating fatty acid, triglyceride, and cholesterol synthesis. SREBPs are bound as
precursors to the ER and nuclear envelope. When activated,
they are released from the membrane and escorted to the Golgi
by SREBP cleavage-activating protein (SCAP) and then
cleaved by specific proteases and translocated to the nucleus,
where they bind to sterol response elements and activate

Fig. 1. Interactions between ethanol, transcriptional controls of lipid metabolism, and endoplasmic reticulum (ER)
stress in the liver. PPAR␣, peroxisome proliferator-activated receptor-␣; MTP, microsomal triglyceride transfer
protein; AMPK, AMP-activated protein kinase; SREBP-1,
sterol response element-binding protein-1; ACC, acetylCoA carboxylase. Consumption of ethanol inhibits regulatory systems that are needed to promote the oxidation of
fatty acids (PPAR␣ and AMPK) and activates the systems
that stimulate fatty acid synthesis (SREBP-1, in part via
activation of the ER stress response). The ER stress
response also increases the likelihood that hepatocytes will
undergo apoptosis.
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AMPK is a master regulator of metabolism that senses
cellular stresses (such as oxidative stress and reduced energy
charge) and increases the activity of the major energy-generating pathways (glycolysis and fatty acid oxidation) and downregulates energy-demanding processes (fatty acid and cholesterol synthesis, protein synthesis). Activation of AMPK increases fatty acid oxidation and inhibits synthesis, whereas
inhibition of AMPK blocks fatty acid oxidation and promotes
fatty acid synthesis. The key regulator of this switch is malonyl-CoA and its effects on mitochondrial uptake of long-chain
acyl-CoA. It regulates lipid synthesis both by direct effects on
sterol regulatory element-binding protein (SREBP)-1c and
through phosphorylation and inhibition of acetyl-CoA carboxylase (ACC) and 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase (downstream targets of SREBP-1 and SREBP-2, respectively, discussed below). It has been suggested that AMPK
directly inhibits SREBP-1c by decreasing its stability (16, 56,
71). Administration of 5-aminoimidazole-4-carboxamide-1-␤D-ribofuranoside (AICAR), an activator of AMPK, to rats
reduced the level of SREBP-1c (56). Inhibition of ACC by
AMPK leads to decreased levels of malonyl-CoA. MalonylCoA is a precursor for the synthesis of fatty acids and an
inhibitor of carnitine palmitoyltransferase I (CPT I), the ratelimiting enzyme for fatty acid oxidation. AMPK also activates

malonyl-CoA decarboxylase (MCD), which degrades malonylCoA (48). Taken together, these effects of AMPK lead to
decreased fatty acid synthesis and increased fatty acid oxidation.
In ethanol-fed rodents, AMPK activity was decreased (23,
70). This led to decreased phosphorylation and increased
activity of ACC, increased levels of malonyl-CoA, and decreased activity of CPT I (23, 70), Treatment with metformin,
another activator of AMPK, returned the phosphorylation levels of ACC toward those of controls (70). Decreased AMPK
activity seen with chronic ethanol feeding also allows
SREBP-1c to accumulate in the liver (Fig. 1) (68). Metformin
and AICAR can block the ability of ethanol to activate
SREBP-1 (70). This effect of AMPK on SREBP-1c may
mediate actions of adiponectin (63) (see below). Thus, ethanol’s effects on AMPK appear to play a role in both the
decreased fatty acid oxidation and the increased fatty acid
synthesis seen in alcoholic liver disease.
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Homocysteine and the ER Stress Response
Ethanol feeding alters hepatic methionine metabolism. Methionine is normally converted to S-adenosylmethionine (SAM) by
methionine adenosyltransferase (MAT). SAM is then converted to S-adenosylhomocysteine (SAH) by donating a methyl
group to an accepting molecule, and SAH is then converted to
homocysteine. Homocysteine is converted back to methionine
by methionine synthase (MS) using N-5-methyl-THF (5-methyltetrahydrofolate), or by betaine-homocysteine methyltransferase (BHMT), using betaine as a methyl donor. Homocysteine is elevated in alcoholics and in chronic ethanol-fed
animal models, due in part to folate deficiency and to decreased
activity of methionine synthase (7, 8, 25, 57, 60).
Homocysteine, increased SAH levels, and decreased SAM/
SAH ratios induce the ER stress response (15). Accumulation
of unfolded and misfolded proteins triggers the “unfolded
protein response,” or UPR, which may eventually lead to
activation of the ER stress response. This leads to a number of
effects, including increased levels of proapoptotic proteins and
increased lipid synthesis to repair cell membranes (Fig. 1).
Lipid synthesis induced by the ER stress response involves the
activation of SREBP-1. In micropigs fed ethanol as part of a
folate-deficient diet, the levels of the active form of SREBP-1c
were correlated positively with SAH and homocysteine and
negatively with SAM/SAH ratios (15) SAM supplementation
normalized SREBP-1c levels, possibly by preventing the
ER stress response (16). Although SAM might normalize
SREBP-1c levels by increasing adiponectin levels (16), betaine
also normalized SREBP-1c levels (33). Mice fed ethanol intragastrically showed an increase in SREBP-1c independent
of changes in AMPK activity (31), which was prevented by
betaine supplementation. All of these reports point to a prominent role for ER stress induction in the pathogenesis of
alcoholic steatosis.
The ER stress response also activates apoptosis by upregulating a number of proteins that participate in the apoptotic
pathway [glucose-regulated protein (GRP)78, GRP94, C/EBP
homology protein (CHOP), and caspase 12] (33). The release
of GRP78 from the ER membrane activates transcription factors (e.g., CHOP) and cleavage and activation of caspase 12
AJP-Endocrinol Metab • VOL

(35). CHOP-null mice fed ethanol had reduced apoptosis
despite the presence of fatty liver and necroinflammation (34).
SREBP-1c knockout mice fed ethanol had the expected levels
of proapoptotic factors, suggesting that CHOP, and the ER
stress response, independently of SREBP-1c, play the major
role in ethanol-induced apoptosis. Although there are reported
correlations between TNF-␣ levels and SAH/SAM ratios after
chronic ethanol feeding (43), TNF-␣ receptor (TNFR1) knockout mice were not protected against the ER stress response and
responded to betaine administration the same as wild-type mice
(32). Thus, homocysteine/ER stress pathways probably play a
significant role in ethanol-induced liver disease synergistically
with TNF-␣.
Effects of Ethanol on Intrahepatic Inflammatory Pathways
The pioneering work of Ron Thurman’s laboratory clearly
established that the Kupffer cell plays an important role in the
development of both fatty liver and liver inflammation. Mechanisms by which ethanol activates the Kupffer cells have been
elucidated in the last 5 to 10 years.
Role of Kupffer Cells and TNF-␣ in Alcoholic Liver Disease
Dysregulated cytokine signaling, particularly of those released from the Kupffer cells, occurs with chronic ethanol use.
The cytokine most studied in alcoholic liver disease is TNF-␣.
A multitude of studies have confirmed the role of TNF-␣ in
alcoholic liver disease. Livers depleted of Kupffer cells have
been shown to have markedly decreased liver damage in
response to chronic ethanol feeding (1). TNF-␣ antibody prevented ethanol-induced liver injury (29), and TNFR1 knockout
mice were protected against ethanol-induced liver injury (66).
Alcoholics have higher circulating levels of TNF-␣ compared
with nondrinkers (13, 37). Chronic ethanol ingestion increased
circulating levels of LPS (10, 19, 42), secondary to increased
intestinal permeability (55). This effect of ethanol may differentiate alcoholics with and without liver disease (36). Kupffer
cells from ethanol-fed animals are sensitized to LPS, responding with increased TNF-␣ production (13, 37). The mechanisms
for this sensitization have been elucidated recently (Fig. 2).
Toll-like receptor 4. Toll-like receptor 4 (TLR-4) is the
receptor on macrophages that binds LPS, stimulating transcription of the genes for TNF-␣ and other cytokines. Uesugi’s
group demonstrated that C3H/HeJ mice (which do not express
TLR-4 due to a naturally occurring mutation) have decreased
levels of TNF-␣ and reduced liver damage after chronic ethanol feeding (59). Therefore, ethanol’s effects on the other
known TLRs were surveyed. There was increased expression
of TLR-1, -2, -4, -6, -7, -8, and -9, and there was increased
TNF-␣ secretion when mice fed an ethanol-containing diet
were exposed to ligands specific for each receptor (24). DPI
(diphenyleneiodonium chloride), an inhibitor of NADPH oxidase, prevented the ethanol-induced increase in TLR-2, -4, -6,
and -9 (24). Thus, chronic ethanol exposure may increase the
expression of some of the TLRs, particularly TLR-4, through
production of reactive oxygen species. Park et al. (44) showed
that direct interaction of NADPH oxidase isoenzyme 4 with
TLR-4 is involved in LPS-mediated reactive oxygen species
production. LPS itself was not responsible for the increased
levels of the TLRs. The implication of this work is that there
may be additional factors besides LPS that are activating the
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transcription. Overexpression of SREBP-1 in transgenic mice
led to the development of massive fatty livers. The levels of the
mature, active SREBP-1c, but not SREBP-2, are increased in
the livers of chronically ethanol-fed mice, an effect that was
suggested by in vitro experiments to be mediated by acetaldehyde (69). Acute exposure to ethanol leads to upregulation of
the mRNA for SREBP-1 and its targets (65). Downstream
targets of SREBP-1c were increased with acute and chronic
ethanol feeding: fatty acid synthase (FAS), steroyl-CoA desaturase (SCD), malic enzyme (ME), ATP citrate lyase (ACL),
and ACC (Fig. 1). All of these enzymes contribute to de novo
synthesis of fatty acids. SREBP-1c knockout mice were partially protected against ethanol-induced fatty liver (35).
The activity of SREBP-1 is controlled by several different
pathways. AMPK has already been discussed. Lipopolysaccharide (LPS) and TNF-␣ have been reported to induce the level
of SREBP-1 in liver (14). Another major pathway of activation
of SREBP is through the induction of the ER stress response
detailed in subsequent paragraphs.
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Kupffer cells in alcoholic patients (viral products, gram-positive wall materials, etc.) that synergize with LPS in increasing
cytokine production in the liver.
Intracellular Signaling Pathways Mediating Increased
Reactivity of Kupffer Cells
The response to LPS is regulated by the transcription factors
early-growth response factor-1 (Egr-1), nuclear factor-B (NFB), and activator protein-1 (AP-1) (58, 64). In macrophagelike cell lines exposed chronically to ethanol, LPS stimulation
resulted in increased Egr-1 binding to the TNF-␣ promoter,
whereas NF-B binding activity was decreased, and AP-1 was
unchanged (51). A dominant-negative Egr-1 construct blunted
the LPS-induced TNF-␣ mRNA accumulation in ethanol-naı̈ve
cells and prevented the sensitization seen with chronic ethanol
exposure (51). These results were confirmed in vivo with
increased expression and DNA binding of Egr-1 in response to
LPS in mice chronically fed ethanol (39). Furthermore, ethanol-fed Egr-1 knockout mice were protected against steatosis,
increased alanine aminotransferase (ALT), and increased TNF-␣
levels (39), despite similar plasma LPS levels. Extracellular signal-regulated kinase 1/2 (ERK1/2) regulates Egr-1 expression,
and ethanol exposure increased phosphorylated ERK1/2 and
Egr-1 in macrophage cell lines (51). Kinase-dead ERK1/2
prevented the ethanol-induced increase in Egr-1 binding to the
TNF-␣ promoter, and a dominant negative ERK1/2 blocked
the increase in TNF-␣ synthesis by ethanol-treated cells (51).
Thus, the ability of ethanol to both increase portal vein LPS
levels, and increase the sensitivity of the Kupffer cells to LPS
stimulation appears to be central to the development of alcoholic steatosis and liver injury (Fig. 2).
Roles of Other Factors in the Development of Alcoholic
Liver Disease
A number of other factors, some circulating (adiponectin,
plasminogen activator inhibitor, complement), and some produced locally in the liver (IL-6 and osteopontin), have been
reported to play a role in the response of the liver to heavy
ethanol use. The mechanisms by which these factors lead to
steatosis or inflammation are just beginning to be understood.
AJP-Endocrinol Metab • VOL

Adiponectin. Adiponectin is an adipokine, a cytokine-like
protein secreted by adipocytes. Two receptors for adiponectin
have been identified, AdipoR1 and AdipoR2, with AdipoR2
the predominant receptor in the liver (52, 62). Ethanol feeding
decreases plasma adiponectin levels as well as liver AdipoR1
mRNA (16), and treatment of chronically ethanol-fed animals
with adiponectin has been shown to prevent development of
liver injury (61). Adiponectin action is mediated in part by
PPAR␣ and AMPK (67). In H4IIEC3 hepatoma cells, PGC-1␣
(PPAR␥ coactivator-1) activated PPAR␣ reporter activity, and
adiponectin increased PGC-1␣ in these cells (67). This suggested that induction of PGC-1␣ mediated the activation of
PPAR␣ by adiponectin. Increased adiponectin levels correlated
with increased AMPK activity in hepatocytes of mice fed diets
high in saturated fat plus ethanol (67), possibly explaining
earlier reports of the protective effect of saturated fat against
the development of alcoholic steatosis. The mechanism by
which the AdipoR2 receptor signals increased AMPK activity
is unknown (63).
Adiponectin also has anti-inflammatory effects. Plasma adiponectin levels inversely correlated with TNF-␣ levels, and
administration of adiponectin reduced TNF-␣ levels in ethanolfed mice (61). Adiponectin inhibited LPS-stimulated release of
TNF-␣ by Kupffer cells due to suppression of degradation of
IB (an inhibitor of NF-B), of phosphorylation of ERK1/2,
and of DNA binding activity of Egr-1 (44). Adiponectin also
reduced the levels of reactive oxygen species in Kupffer cells
of ethanol-fed rats. Thus, reduced circulating levels of adiponectin may accentuate the effects of ethanol on Kupffer cell
(Fig. 2).
Osteopontin. Osteopontin is a matricellular protein implicated in alcoholic liver disease. It is a chemoattractant molecule that increases neutrophil localization to the peritoneal
cavity after local injection. In studies with human Hep G2
hepatoma cells, ethanol and LPS induced higher levels of
osteopontin expression than ethanol alone (46). Elevated osteopontin levels correlated with neutrophil infiltration (6), and
neutralizing antibody against osteopontin prevented neutrophil
infiltration and ethanol-induced liver injury (5). Therefore,
osteopontin, like IL-8, probably plays a role in the character-
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Fig. 2. Effects of ethanol consumption on cytokine synthesis by Kupffer cells. LPS, lipopolysaccharide; LBP,
LPS-binding protein; TLR-4, toll-like receptor 4; CD14,
cellular determinant 14; adipoR2, adiponectin receptor
2; ROS, reactive oxygen species; IL-6, interleukin 6; TNF-␣,
tumor necrosis factor-␣; ERK1/2, extracellular signalregulated kinase-1/2; Egr-1, early-growth response factor
1. Ethanol consumption increases absorption of LPS from
the GI tract into the portal vein. Kupffer cells are sensitized to LPS as a result of increased expression of TLR-4
and increased levels of transcription factor Egr-1, leading
to secretion of increased amounts of TNF-␣ and other
cytokines such as IL-6. Adiponectin can counteract these
effects, but circulating levels of adiponectin are reduced
with heavy ethanol intake.
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Plasminogen Activator Inhibitor 1
Plasminogen activator inhibitor 1 (PAI-1) is the main inhibitor of fibrinolysis and has recently been implicated in alcoholic steatosis. Plasma PAI-1 levels correlated with liver PAI-1
expression and the degree of liver steatosis but not with
adipose tissue PAI-1 levels (3). PAI-1 levels were increased in
response to acute and chronic ethanol intake by mice (9).
Metformin, an activator of AMPK that protects against fatty
liver, blunted the effect of ethanol on PAI-1 levels and on lipid
accumulation in the liver. PAI-1 knockout mice had less lipid
accumulation induced by ethanol feeding, and metformin had
no effect on lipid accumulation in the knockout animals,
suggesting that metformin acts via reducing expression of
PAI-1 (9). PAI-1 may also play a role in ethanol-induced liver
inflammation, as knockout mice showed decreased inflammation (9). The mechanism of this action has not yet been
investigated. There is also a relationship between TNF-␣ and
PAI-1: TNF-␣ increases levels of PAI-1, and TNF-␣ knockout
mice had a blunted increase in PAI-1 with ethanol administration (17, 49). It remains to be seen how these observations can
be integrated with the other pathophysiological pathways previously discussed.
AJP-Endocrinol Metab • VOL

Complement
The complement system has been implicated in many different liver diseases, including viral infection, liver regeneration, ischemic/reperfusion effects after transplantation, and
alcoholic liver disease (reviewed by Ref. 47). Early studies
examined complement deposition in livers of ethanol-fed rats.
Both C3 and C8 deposition were increased, but C1 deposition
was minimal (30), suggesting activation of complement through
either the alternate pathway or the lectin pathway. LPS is a known
inducer of the alternate pathway. There is also an ethanolinduced decrease in CD59 and Crry (the rat equivalent of
DAF/CD55), which are inhibitory membrane proteins involved
in the control of the complement system (30). It is possible that
the following effects of complement represent additional
downstream consequences of increased LPS in the portal vein.
Hepatocytes in fact express receptors for C5a (50).
Two groups have examined responses of C3 knockout mice
to ethanol feeding. One group found decreased steatosis, increased levels of adiponectin, and decreased levels of AdipoR2
in the knockout mice fed ethanol compared with wild-type
mice (11). A second report confirmed reduction of steatosis in
C3 knockout mice fed ethanol and also reported that this was
associated with increased ALT, TNF-␣, IL-6, and interferon-␥
(IFN␥) (45). Thus, C3 may play a role in promoting alcoholic
steatosis but surprisingly might also have anti-inflammatory
properties. A breakdown product of C3, acylation-stimulating
protein (ASP), may stimulate fatty acid uptake in the liver and
contribute to steatosis in this manner (45). In addition, C3
knockout mice had increased phospholipase D1 (PLD1). PLD1
is involved in the assembly of VLDL, and an increase in this
molecule likely would increase VLDL secretion and prevent
fat accumulation (11).
The effects of ethanol on C5 knockout mice have also been
examined. After C5 is cleaved by C3b, C5b forms part of the
attack complex. In knockout mice fed ethanol-containing diets,
steatosis was observed, but ALT, TNF-␣, IL-6, and IFN␥
levels were not increased (45), suggesting that C5 is involved
in alcohol-induced liver cell injury but not steatosis. The
increase in inflammatory cytokines seen in C3 knockout mice
might have been due to C5, as plasmin and thrombin can
cleave C5 in the absence of C3 (11, 45). C6 knockout mice
were also more susceptible to ethanol-induced liver damage,
and thus C6 may play a protective role (12). Ethanol-fed
CD55/DAF knockout mice showed both increased steatosis
and increased ALT levels compared with wild-type mice fed
ethanol (45). These results suggest that the complement pathway plays an important and complex role in alcoholic liver
disease.
Summary
Many new mechanisms for alcoholic steatosis have been
suggested by work reported in the past five years. These
include alterations of transcriptional controls of lipid metabolism, a more comprehensive understanding of the effects of
abnormal methionine metabolism on the ER stress response
and apoptosis, unraveling of the basis for sensitization of the
Kupffer cell to LPS, a better understanding of the role of
additional cytokines in alcoholic liver disease, and implication
of the innate immune and complement systems in responses to
alcohol. Undoubtedly, there are interrelationships among these
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istic neutrophilic infiltrate in alcoholic hepatitis. Whether it
makes a contribution to the development of the fatty liver stage
is unknown at present.
IL-6. Interleukins have also been shown to play a part in
ethanol-induced liver injury. IL-6 knockout mice are highly
susceptible to ethanol-induced steatosis and apoptosis (22, 27,
38). Induction of Bcl-2 and Bcl-x(L) in liver were seen in
ethanol-fed control mice, but this was not observed in ethanolfed IL-6–/– mice. Expression of Bax proteins was elevated in
both genotypes. Injection of IL-6 markedly induced Bcl-2 and
Bcl-x(L) but not Bax. Ethanol inhibited IL-6-activated antiapoptotic signals, but this could be overcome with increasing the
concentrations of IL-6. IL-6 injections for 10 days decreased
steatosis in ethanol-fed mice, as well as in ob/ob mice and mice
fed a high-fat diet, which correlated with increased mitochondrial fatty acid oxidation and fat export and increased expression of PPAR␣ (28); IL-6 also increased PPAR␣ mRNA in
human muscle (2).
Perfusion of steatotic rat livers with IL-6 markedly improved
the graft survival when the livers were subsequently transplanted (54), although this effect was less pronounced with
livers from ethanol-fed rats than from Zucker fatty rats (which
develop fatty liver due to insulin resistance and obesity),
consistent with the inhibitory effect of chronic ethanol-feeding
on IL-6 responses (22). It was reported that ME3738, an
inducer of IL-6, improved histology, liver ATP, and ALT
levels in rats fed ethanol for 8 wk, although the effects were of
borderline statistical significance (20). These data suggest that
ethanol exposure renders the livers less responsive to IL-6.
There are also reports of the involvement of IL-10, an antiinflammatory cytokine, in the response of the liver to ethanol
(38). Administration of ethanol to IL-10 knockout mice induced steatosis to the same degree as in wild type mice, but the
inflammatory effect of LPS was greater in the IL-10 knockouts
(26).
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effects, which, when understood, will provide a more cohesive
picture of how alcohol abuse deranges hepatic lipid metabolism and results in steatosis. The sheer number of new reported
participants in the body’s responses to ethanol suggests that
additional factors will be discovered.
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