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Abstract

Alcoholic fatty liver is a potentially pathologic condition which can progress to steatohepatitis,
fibrosis, and cirrhosis if alcohol consumption is continued. Alcohol exposure may induce fatty
liver by increasing NADH/NAD ratio, increasing sterol regulatory element-binding protein-1
(SREBP-1) activity, decreasing peroxisome proliferator-activated receptor-a (PPAR-a) activity,
and increasing complement C3 hepatic levels. Alcohol may increase SREBP-1 activity by
decreasing the activities of AMP-activated protein kinase and sirtuin-1. Tumor necrosis factor-a
(TNF-a) produced in response to alcohol exposure may cause fatty liver by up-regulating
SREBP-1 activity, whereas betaine and pioglitazone may attenuate fatty liver by down-regulating
SREBP-1 activity. PPAR-o agonists have potentials to attenuate alcoholic fatty liver. Adiponectin
and interleukin-6 may attenuate alcoholic fatty liver by up-regulating PPAR-a. and insulin
signaling pathways while down-regulating SREBP-1 activity, and suppressing TNF-a production.
Recent studies show that paracrine activation of hepatic cannabinoid receptor 1 by hepatic stellate
cell-derived endocannabinoids also contributes to the development of alcoholic fatty liver.
Furthermore, oxidative modifications and inactivation of the enzymes involved in the
mitochondrial and/or peroxisomal p-oxidation of fatty acids could contribute to fat accumulation
in the liver.
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Introduction

Alcoholic liver disease (ALD) is a major cause of morbidity and mortality in the world. In
the initial stage of the disease, triglycerides accumulate in hepatocytes leading to the
development of fatty liver (steatosis), which is a reversible condition. If alcohol
consumption is continued, steatosis can progress to steatohepatitis, fibrosis, cirrhosis, and
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even hepatocellular carcinoma especially in the presence of other co-morbidity factors
(Lieber, 2004) such as hepatitis virus infection (Rigamonti et al., 2003; Otani et al., 2005),
diabetes (Hassan et al., 2002), and exposure to smoking (Kuper et al., 2000) or drugs
(McClain et al., 1980; Seeff et al., 1986). Alcoholic fatty liver has been considered as a
benign condition for a long time; however, increasing evidence suggests that it is a
potentially pathologic condition. This is based on the following biochemical features
associated with fatty liver developed in response to chronic administration of Lieber DeCarli
ethanol liquid diet (up to 36% ethanol-derived calories) to rodents: 1) induction of hepatic
cytochrome P4502E1 (CYP2E1) (Koop and Tierney, 1990; Lieber, 1999; Ohnishi and
Lieber, 1977; Roberts et al., 1994 and 1995); 2) activation of NADPH oxidase (Kono et al.,
2000) and xanthine oxidase (Nordmann et al., 1992); 3) increased hepatic levels of toxic
lipid peroxidation products such as 4-hydroxynonenal (4-HNE) and malondialdehyde
(MDA) (Aleynik and Lieber, 2003; Bykov et al., 2006; Sampey et al., 2003; Stewart et al.,
2007b); 4) increased deposition of iron in the liver (Valerio et al., 1996); 5) hepatic
mitochondrial dysfunction and glutathione (GSH) depletion (Bailey and Cunningham, 2002;
Garcia-Ruiz et al., 1995; Zhao et al., 2002); 6) hepatic S-adenosylmethionine (SAM)
depletion (Aleynik and Lieber, 2003; Lu et al., 2000) with elevated homocysteine (Barak et
al., 2000; Blasco et al., 2005; Ji and Kaplowitz, 2003); 7) increased hepatic expression of
tumor necrosis factor-o. (TNF-a) mRNA and protein levels (Lin et al., 1998; Pritchard et al.,
2007); 8) elevated serum alanine aminotransferase (ALT) levels (Bykov et al., 2006; Gillis
and Nagy, 1997, Pritchard et al., 2007; Valerio et al., 1996); 9) induction of hepatocyte
apoptosis (Higuchi et al., 2001; Ishii et al., 2003); 10) increased hepatic levels of cellular
fibronectin and alpha smooth muscle actin (a-SMA) (Gillis and Nagy, 1997); and 11)
increased insulin resistance (He et al., 2007) and plasminogen activator inhibitor-1
(Bergheim et al., 2006).

Induction of CYP2EL activity, increased lipid peroxidation, increased deposition of iron,
and depletion of SAM and GSH are markers of oxidative stress, which has been implicated
in the pathogenesis of ALD (Caro and Cederbaum, 2004; French et al., 1997). TNF-a is a
pro-inflammatory cytokine and an elevated level of serum ALT is a marker of hepatic
injury. A serum AST/ALT ratio greater than 2 is considered as an indicator for alcoholic
liver diseases while the ratios less than 2 are for non-alcoholic fatty liver diseases (see
review by Levitsky and Mailliard, 2004). Induction of apoptosis and increased hepatic level
of cellular fibronectin are early responses to injury. Increased levels of a-SMA suggest
hepatic stellate cell activation, which may result in excess of collagen deposition and
subsequent fibrosis, reflecting the progressive conditions of more severe liver diseases with
inflammation. In addition, alcoholic fatty liver is associated with increased hepatic levels of
free fatty acids which can induce CYP2E1(Lieber, 2004) and increase the production of
interleukin-8, an inflammatory chemokine and a potent attractant for neutrophils (Joshi-
Barve et al., 2007). Excess hepatic fat accumulation could result from increased fatty acid
synthesis, decreased fatty acid oxidation, increased transportation of fatty acids from the
peripheral organs to the liver, and/or blunted export of fatty acids from the liver. This report
describes the underlying molecular mechanisms of alcoholic fatty liver.

A. Role of reducing equivalents (NADH)

In the liver, alcohol is primarily metabolized by cytosolic alcohol dehydrogenase (ADH) to
acetaldehyde, which is further metabolized to acetate by mitochondrial aldehyde
dehydrogenase (ALDH2) (Zakhari and Li, 2007). Both enzymes use NAD* as a cofactor,
producing a reducing equivalent NADH in both steps. Increased production of NADH was
implicated in the disruption of many dehydrogenase-related reactions in the cytoplasm and
mitochondria [i.e. the tricarboxylic acid cycle (TCA) and B-oxidation of fatty acids], thereby
suppressing energy supply and fatty acid oxidation, which in turn results in alcoholic fatty
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liver (see reviews by Crabb, 1993; Grunnet and Kondrup, 1986; Fromenty et al., 1997;
Lieber, 1991). Furthermore, excess amounts of acetate produced from the ethanol
metabolism could be used for fatty acid and cholesterol biosynthesis, contributing to
alcoholic fatty liver. Since fat infiltration into the liver persists despite normalization of
NADH/NAD™ ratio after extended ethanol exposure in baboons (Salaspuro et al., 1981), this
redox mechanism seems insufficient to explain the formation of fatty liver. However,
NADH may contribute in the initiation of hepatic fat infiltration in response to alcohol
exposure. A similar result was also observed in rats where addition of methylene blue to the
ethanol liquid diet restored the ethanol-mediated redox changes but not fat contents
(measured by total lipids and hepatic triacylglycerol) (Ryle et al., 1985). In this study,
methylene blue did not affect the weight gain, liver weight, ethanol intake, or serum ethanol
concentration in the two groups of ethanol-fed rats (with and without methylene blue),
further supporting the conclusion.

B. Role of sterol regulatory element-binding proteins (SREBPS)

SREBPs are a family of transcription factors that regulate the enzymes responsible for the
synthesis of cholesterol, fatty acids, and triglycerides in liver and other tissues. There are
three isoforms of SREBP: SREBP-1a, SREBP-1c and SREBP-2. SREBP-1a and 1c are
alternatively spliced forms of the SREBP protein encoded by the same gene. SREBP-1 and
SREBP-2 are involved in regulating fatty acid and cholesterol synthesis, respectively.
SREBPs are synthesized as precursors (~125 kDa) bound to the endoplasmic reticulum and
nuclear envelope. Upon activation, SREBPs are released from the membrane into the
nucleus as a mature protein (~68 kDa) by a sequential two-step cleavage process (Brown
and Goldstein, 1999).

The connection between SREBP and fatty liver was recognized when researchers observed
massive fatty liver in transgenic mice over-expressing human SREBP-1a (Shimano et al.,
1996; Shimano et al., 1997). These findings were corroborated when absence of SREBP-1
was shown to ameliorate fatty liver in ob/ob obese mice (Yahagi et al., 2002). The role of
SREBP-1 in alcohol-induced fat accumulation has been investigated using in vitro as well as
in vivo systems. In hepatoma cell lines-expressing cytosolic ADH and mitochondrial
ALDH2, ethanol exposure significantly increased the SREBP-regulated transcription via
elevated levels of the mature SREBP-1 protein (You et al., 2002). The effect of ethanol on
SREBP-1 appears to be mediated through its metabolism to acetaldehyde. This fact is based
on the following observations: acetaldehyde enhanced the level of SREBP-1 in HepG2 cells;
lack of effect of ethanol on SREBP-1 production in CV-1 cells devoid of ADH; inhibition of
ethanol oxidation with 4-methylpyrazole, an inhibitor of ADH, blocked the effect of ethanol;
and inhibition of acetaldehyde oxidation with cynamide, an inhibitor of ALDH2, enhanced
the effect of ethanol. These in vitro results were further confirmed in an animal model where
C57BL/6J mice were fed an ethanol liquid diet (27.5% ethanol-derived calories) for 4
weeks. In this model, the level of active (mature) form of hepatic SREBP-1 was
significantly elevated in ethanol-exposed mice, and this increase was associated with
increased gene expression of the lipogenic enzymes as well as accumulation of triglycerides
in the mouse liver exposed to an ethanol liquid diet compared to pair-fed control mice (You
et al., 2002). Taken together, these results suggest that acetaldehyde produced from ethanol
metabolism can increase the synthesis of the mature SREBP-1 protein which enhances
hepatic lipogenesis, thereby leading to the development of fatty liver. Further studies by
these researchers showed that the effect of ethanol on SREBP-regulated transcriptional
activation was mediated partly through inhibition of AMP-activated protein kinase (AMPK)
activity (You et al., 2004).

Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 February 1.
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The role of SREBP-1 was also investigated in an intragastric ethanol infusion model of
alcoholic liver injury (Ji and Kaplowitz, 2003). Administration of ethanol for 6 weeks
significantly increased the levels of SREBP protein and its mRNA in the mouse liver. These
changes were associated with fatty liver, necroinflammation, and apoptosis. Administration
of betaine (trimethylglycine) ameliorated fatty liver and inhibited SREBP up-regulation,
thus further confirming the role of SREBP in the development of alcoholic fatty liver (Ji and
Kaplowitz, 2003). Using the same intragastric ethanol infusion model of alcoholic liver
injury, pioglitazone (an anti-diabetic agent) was shown to down-regulate SREBP-1 in rat
liver and primary cultured hepatocytes (Tomita et al., 2004). This effect of pioglitazone was
associated with decreased triglyceride synthesis and prevention of alcoholic fatty liver in
rats. Taken together, these findings suggest that elevated SREBP plays a critical role in
alcoholic fatty liver and that inhibiting SREBP activity may be a viable strategy to attenuate
alcoholic fatty liver.

Compared to the well-established role of TNF-a in alcoholic liver inflammation, its
contribution in developing alcoholic fatty liver (steatosis) has been less characterized.
However, in mice, TNF-a expression has been shown to increase in alcoholic fatty liver (Lin
et al., 1998; Pritchard et al., 2007) and absence of its receptor (TNF-o. R1) activity prevents
the development of alcoholic fatty liver (Ji et al., 2004; Yin et al., 1999). In addition, TNF-o.
has been shown to increase mMRNA expression of SREBP-1c in the liver of mice (Endo et
al., 2007) and to stimulate the maturation of SREBP-1 protein in human hepatocytes (Lawler
etal., 1998). Thus TNF-a may also contribute to the development of alcoholic fatty liver by
up-regulating the SREBP activity.

C. Role of AMP-activated protein kinase (AMPK)

AMPK is known to act as a key metabolic “master switch” by phosphorylating the target
enzymes involved in lipid metabolism in many tissues including the liver (see review by
Long and Zierath, 2006). It can promote fatty acid oxidation by inactivation of acetyl-CoA
carboxylase (ACC) (Hardie et al., 1998; Winder and Hardie, 1999) and activation of
malonyl Co-A decarboxylase (MCD). ACC is a rate limiting enzyme for fatty acid
biosynthesis in the liver and other tissues (Abu-Elheiga et al., 2001). It catalyzes the
conversion of acetyl-CoA to malonyl-CoA, which is a precursor for the synthesis of fatty
acids, as well as a potent inhibitor of carnitine palmitoyltransferase-1 (CPT-1). CPT-1 plays
an important role in the transport of fatty acids from cytoplasm into mitochondria where
fatty acids are metabolized via mitochondrial B-oxidation pathway. MCD is known to
degrade malonyl-CoA. Thus AMPK-induced inhibition of ACC and activation of MCD can
result in decreased synthesis and increased degradation of malonyl-CoA, respectively.
Subsequently, the decreased concentration of cellular malonyl-CoA can relieve inhibition of
mitochondrial CPT-1, leading to increased transport of fatty acids into the mitochondria and
subsequent oxidation.

In addition to directly regulating the activity of the lipid metabolizing enzymes, AMPK also
modulates SREBP-1 activity. Metformin, an activator of AMPK and anti-diabetic drug,
blunted lipid accumulation in the liver of insulin resistant ob/ob obese mice, partly, by
decreasing SREBP-1 protein level (Lin et al., 2000). Metformin-induced activation of
AMPK also led to decreased levels SREBP-1c mRNA and protein as well as its lipogenic
target genes in rat hepatocytes (Zhou et al., 2001). Furthermore, overexpression of
adiponectin, a known activator of AMPK, significantly reduced SREBP-1c expression in
mouse liver (Shklyaev et al., 2003). Thus AMPK activation may attenuate fatty liver by
blunting the SREBP-1 activation (see Figure 1).
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The information discussed above provided a rationale basis for researchers to further
investigate the role of AMPK in the development of alcoholic fatty liver (You et al., 2004).
In rat hepatoma cell lines (H411EC3 and McA-RH7777) expressing ADH and ALDH2,
considerable levels of AMPK basal activity and constitutively-expressed SREBP-1 protein
are detected in ethanol naive untreated cells. Addition of ethanol inhibits the AMPK
activities while it elevates SREBP-1 mRNA and promotes production of mature SREBP-1 in
both cells. Both metformin and 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR)
(two activators of AMPK) significantly suppressed ethanol-induced transcription of SREBP-
regulated genes and blunted the ability of ethanol to increase the levels of mature SREBP-1
protein. These results were corroborated when over-expression of a constitutively active
form of AMPK blocked the effect of ethanol, whereas co-expression of a dominant-negative
form of AMPK augmented the effect. In addition, ethanol inhibited AMPK activity,
increased the activity of ACC, and suppressed the oxidation of palmitic acid in hepatic cells.
Finally, ethanol feeding (27.5% ethanol-derived calories with 12% fat-derived calories)
resulted in decreased hepatic AMPK activity while it increased ACC activity and elevated
malonyl-CoA content in the mouse liver. Similar results of ethanol-mediated inhibition of
AMPK activity with increased hepatic fat accumulation have been reported by two other
laboratories. AMPK activity was inhibited in ethanol-exposed rats (36% ethanol-derived
calories and 35% fat-derived calories) (Garcia-Villafranca et al., 2008) and micropigs (40%
ethanol-derived calories and 30% fat-derived calories) (Esfandiary et al., 2007),
respectively. These results indicate that AMPK may also contribute to the development of
alcoholic fatty liver through regulating the SREBP-1 activation and mitochondrial fatty acid
oxidation (see Fig. 1).

D. Role of mammalian sirtuin-1 (SIRT-1)

SIRT-1, a longevity factor and NAD*-dependent protein deacetylase, is emerging as a
metabolic master regulator. SIRT-1 is known to bind to SREBP-1, resulting in its
inactivation via deacetylation. Recently, researchers have investigated the role of SIRT-1 in
the development of alcoholic fatty liver (Lieber et al., 2008; You et al., 2008a; You et al.,
2008b). In rat hepatoma cells (H411EC3), expressing moderate levels of ADH and ALDH2,
SIRT-1 was shown to deacetylate SREBP-1, which led to its decreased transcriptional
activity (You et al., 2008b). Ethanol exposure reduced the level of SIRT-1 content and thus
blocked the SIRT-1-induced deacetylation of SREBP-1, resulting in elevated levels of the
acetylated active nuclear form of SREBP-1c in ethanol-exposed mice, leading to increased
fat synthesis. In addition, ethanol-induced transcription of SREBP-1 regulated genes was
suppressed by a SIRT-1 agonist, resveratrol. Furthermore, ectopic expression of wild type
SIRT-1 plasmid abolished the effect of ethanol, whereas co-expression of deacetylase-
defective SIRT-1 (H363Y) mutant plasmid augmented the ethanol effect on the
transcriptional activation of SREBP-regulated genes. These results suggest that ethanol-
induced SREBP-1 is, in part, mediated through SIRT-1 inhibition (see Fig. 1).

E. Role of peroxisome proliferator-activated receptor-alpha (PPAR-a)

PPAR-a is a member of the nuclear hormone receptor super family (see review by Yu et al,
2003). Upon dimerization with retinoid X receptors (RXR), PPAR-a regulates transcription
of a set of genes containing the peroxisome proliferator response elements (PPRE), which
are involved in oxidation, transport, and export of free fatty acids. These include membrane
transporters such as CPT-1, apolipoprotein genes, and several components of the
mitochondrial and peroxisomal fatty acid B-oxidation pathways (Yu et al., 2003). In
addition, MCD, which controls the levels of malonyl-CoA, is positively regulated by PPAR-
a (Lee et al., 2004). PPAR-a is activated by its binding to free fatty acids and this occurs
when intracellular concentration of the free fatty acids rises. Using PPAR-a null mice, it was
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shown that PPAR-o modulates constitutive expression of the genes for several enzymes
involved in the mitochondrial and peroxisomal B-oxidation of fatty acids (Aoyama et al.,
1998). The PPAR-a regulated enzymes involved in fatty acid oxidation include acyl-CoA
oxidase (AOX), 3-hydroxyacyl-CoA dehydrogenase, multifunctional p-oxidation protein (3-
ketoacyl-CoA thiolase), acyl-CoA synthase, MCD, cytochrome P450 4A (CYP4A), CPT-1,
etc (Aoyama et al., 1998; Hardwick 2008; Knight et al., 2005). Therefore, activation of these
enzymes by endogenous or synthetic PPAR-a agonists is expected to accelerated
degradation of various fatty acids, resulting in attenuation of alcoholic fatty liver.

The connection between PPAR-a and fatty liver became apparent when researchers
observed fatty liver in aging PPAR-a knockout mice (Costet et al., 1998). In addition,
PPAR-a-null mice chronically fed a high fat diet or fasted for 24 hours exhibited massive
lipid accumulation in their livers (Kersten et al., 1999). Furthermore, PPAR-o knockout
mice were more sensitive to the development of steatohepatitis when fed a methionine- and
choline-deficient diet (Ip et al., 2003). These results suggest that PPAR-o. deficiency
promotes the development of fatty liver.

The role of PPAR-a in alcoholic fatty liver has been investigated in cultured hepatocytes as
well as in ethanol-fed rodents. Ethanol inhibited PPAR-a. activation of a reporter gene in
H411EC3 hepatoma cells expressing the alcohol metabolizing enzymes but not in CV-1 cells
which lack these enzymes (Galli et al., 2001). Ethanol also inhibited the ability of Wy14,643
(a PPAR-a agonist) to activate the reporter gene in the hepatoma cell lines or cultured rat
hepatocytes. This effect of ethanol was attenuated by the ADH inhibitor 4-methypyrazole
but augmented by the ALDH inhibitor cynamide, implicating acetaldehyde as a causal factor
(Galli et al., 2001). Furthermore, in vitro experiments by these investigators revealed that
ethanol metabolism blocked transcriptional activation of PPAR-a partly due to impairment
of its ability to bind DNA.

In mice, chronic ethanol feeding (27.5% ethanol-derived calories) decreased RXR-a. protein
levels, inhibited DNA binding of the PPAR-a/RXR-a heterodimer, decreased the levels of
mMRNA for several PPAR-a regulated genes in the liver, and resulted in the development of
fatty liver (Fischer et al., 2003). Simultaneous administration of WY 14,643 restored the
DNA binding activity of PPAR-a/RXR-a, induced mRNA levels of several PPAR-a target
genes, stimulated the fatty acid oxidation in liver homogenates, and prevented fatty liver in
ethanol-fed animals (Fischer et al., 2003). These results suggest that metabolism of alcohol
(ethanol) to acetaldehyde contributes to the development of fatty liver by blocking the
function of PPAR-a, which is partly caused by its impaired ability to bind DNA.

The important role of PPAR-a in alcoholic fatty liver was further confirmed by the
following in vivo results. Down-regulation of PPAR-a activity and fatty liver were observed
following intragastric ethanol infusion to the rat (Nanji et al., 2004). Treatment with
clofibrate, a PPAR-a activating ligand, abolished fatty liver and necroinflammatory injury
observed in ethanol-exposed rats. Similarly, in mice, interleukin-6 treatment ameliorated
alcoholic fatty liver which was in part attributed to up-regulation of PPAR-o and increased
mitochondrial f-oxidation of fatty acids (Hong et al., 2004). The protective role of PPAR-a.
against alcoholic steatosis was also demonstrated in ethanol-fed PPAR-o. knockout mice,
which were much more sensitive to develop alcoholic fatty liver and injury (hepatomegaly,
necroinflammation, fibrosis, etc) relative to ethanol-fed wild type mice (Nakajima et al.,
2004). All these results obtained from in vitro and in vivo experiments strongly indicate
important roles of PPAR-a and its down-stream target genes in preventing alcoholic fatty
liver and injury.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 February 1.
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F. Role of adiponectin

Adiponectin is a peptide hormone exclusively secreted from adipose tissues (Berg et al.,
2002). The structure of adiponectin closely resembles that of TNF-a (Shapiro and Scherer,
1998), although these two proteins exhibit completely opposite effects (Maeda et al., 2002).
Two adiponectin receptors (AdipoR1 and AdipoR2) have been cloned and adipoR2 is
predominantly expressed in the liver (Yamauchi et al., 2003). Chronic ethanol
administration significantly decreased plasma adiponectin levels and this was associated
with the development of fatty liver in mice (Xu et al., 2003). Adiponectin administration to
these mice attenuated alcoholic fatty liver by: 1) increasing CPT-1 activity and thus
enhancing fatty acid oxidation; 2) decreasing the activity of two key enzymes — ACC and
fatty acid synthase - involved in hepatic fatty acid synthesis; and 3) suppressing hepatic
production of TNF-a (Xu et al., 2003). Adiponectin has been shown to increase PPAR-o,
ligand activity in hepatocytes (Yamauchi et al., 2002; 2003; and 2001), which may have
been responsible for increased CPT-1 activity by adiponectin as reported by Xu and
colleagues (2003). In addition, adiponectin has been shown to up-regulate hepatic activity of
AMPK (YYamauchi et al., 2002), which likely decreases SREBP-1 activity (discussed above
in the AMPK section). Thus adiponectin may attenuate alcoholic fatty liver by up-regulating
PPAR-a and CPT-1 while down-regulating the two key enzymes in fat biosynthesis such as
ACC and fatty acid synthase. This subject has been recently reviewed (see reviews by
Rogers et al., 2008; Sozio and Crabb, 2008; You and Crabb, 2004).

G. Role of interleukin-6

Chronic alcoholic liver disease is associated with elevation of the serum and hepatic 1L-6
levels, suggesting that elevated IL-6 may contribute to the pathogenesis of alcoholic liver
injury (Colmenero et al., 2007; Hill et al., 1992; Khoruts et al., 1991; Sheron et al., 1991).
However, accumulating evidence suggests that elevation of IL-6 may play a compensatory
role in protecting against alcoholic liver injury. In fact, IL-6-deficient mice are more
susceptible to alcohol-induced steatosis and liver injury, while treatment with 1L-6
ameliorates alcohol-induced fatty liver and prevents mortality associated with alcoholic fatty
liver transplants (El-Assal et al., 2004; Hong et al., 2002; Hong et al., 2004; Sun et al.,
2003). Treatment with the 1L-6 inducer ME3738 ameliorates alcohol-induced fatty liver
disease in rats (Fukumura et al., 2007). The protective role of IL-6 in alcoholic fatty liver
disease is likely mediated via (1) inhibition of CYP2E1, oxidative stress, lipid peroxidation,
mitochondrial permeability transition, (2) restoration of ATP, (3) induction of antiapoptotic
proteins Bcl-2/Bcl-xL, (4) decreasing TNF-a, and (5) induction/activation of PPARa (El-
Assal et al., 2004; Hakkkola et al., 2003; Hong et al., 2002; Hong et al., 2004; Sun et al.,
2003). The hepatoprotective function of IL-6 is mediated mainly through activation of signal
transducer and activator of transcription 3 (STAT3). Consistent (or in parallel) with
elevation of the serum and hepatic IL-6 levels, activation of STAT3 is detected in human
patients suffering from alcoholic hepatitis and cirrhosis (Horiguchi et al., 2007; Larrea et al.,
2006). The studies from cell-type specific STAT3 knockout mice suggest that STAT3 in
hepatocytes plays an important role in inhibiting fatty acid synthesis but promoting
inflammation, while STAT3 in macrophages/neutrophils inhibits inflammation during
alcoholic liver injury (Horiguchi et al., 2008). The anti-lipogenic effect of STAT3 in
hepatocytes is mediated, at least in part, via inhibiting of SREBP1 gene expression
(Horiguchi et al., 2008).

H. Role of complement system

The complement system consists of more than 35 soluble and cell-bound proteins and it is
involved in the activities of both innate immunity and acquired immunity. Activation of the
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complement system also contributes to the pathogenesis of a variety of liver disorders
including alcoholic liver injury (Qin and Gao, 2006). Activation of the complement
pathways results in the activation of C3, which in turn, leads to lysis of target and infected
cells. Recently, researchers have investigated the role of complement C3 in the development
of alcoholic fatty liver. In rats, chronic ethanol-induced fatty liver was associated with
hepatic deposition of C3 (Jarvelainen et al., 2002). These results were further confirmed in a
recent study in which ethanol feeding to wild-type mice resulted in increased C3a levels in
plasma with development of fatty liver (Pritchard et al., 2007). Conversely, in C3 knockout
mice, fatty liver was absent or significantly reduced after chronic or acute alcohol exposure
(Bykov et al., 2006; Pritchard et al., 2007). These studies with C3 knockout mice suggest
that C3 contributes to ethanol-induced fatty liver. The mechanisms by which C3 knockout
mice are protected against ethanol-induced fat infiltration are not clear. A hepatic gene
expression and lipid analysis study showed that ethanol exposure increased serum and liver
adiponectin levels and down-regulated transcripts of the lipogenic enzymes in C3 knockout
mice (Bykov et al., 2007). These studies suggest that complement C3 may promote ethanol-
induced hepatic steatosis by decreasing adiponectin and increasing transcripts of the
lipogenic enzymes.

|. Role of endocannabinoids

Endocannabinoids are lipid mediators that play important roles in a wide variety of functions
both in the central nervous system and in peripheral organs via interacting with cannabinoid
receptor 1 and 2 (CB1-R and CB2-R) (Kunos et al., 2008). CB1 receptors are expressed at
high levels in the brain but are also present at low levels in peripheral tissues, including the
liver. CB2 receptors are expressed mainly in immune cells and hematopoietic cells (Pacher
et al., 2006). Accumulating evidence suggests that endocannabinoids, via acting on CB1-R
and CB2-R, are involved in the pathogenesis of a variety of liver disorders including
alcoholic and nonalcoholic fatty liver disease (Kunos and Osei-Hyiaman, 2008; Pacher et
al., 2006). High fat diet or alcohol feeding induces fatty liver and increases the hepatic
expression of CB1 receptors and upregulates the endocannabinoids in the liver. Blocking
CB1 receptors with an antagonist or disruption of the CB1 gene ameliorates high fat diet-
and alcohol-induced fatty liver (Jeong et al., 2008; Osei-Hyiaman et al., 2005; Osei-
Hyiaman et al., 2008). Clinical studies also show that daily cannabis use correlates with the
severity of steatosis in patients with chronic hepatitis C (Hezode et al., 2008). Collectively,
these studies suggest that the endocannabinoid system, activated by alcohol feeding, can
contribute to the pathogenesis of alcoholic fatty liver and injury. The mechanisms
underlying the role of endocannabinoids in alcoholic fatty liver disease have been
extensively investigated by Jeong et al. (2008). These studies show that chronic alcohol
consumption stimulates hepatic stellate cells to produce 2-arachidonoylglycerol (2-AG),
which then interacts with the hepatocyte CB1 receptor and induces expression of lipogenic
genes including SREBP-1c and FAS (Jeong et al., 2008) (see Fig. 1).

J. Role of insulin

Insulin, a major hormone produced and secreted from the pancreas beta cells, regulates
glucose homeostasis and lipid metabolism in the target tissues including the adipose tissue,
skeletal muscles and liver. Hepatocytes are known to contain insulin receptors (IR),
involved in phosphorylation of Tyr residues of its substrates (IRS-1 and IRS-2) by insulin
receptor tyrosine kinases (see review by Fritsche et al., 2008). Insulin also modulates liver
growth and proliferation through modulating the PI3K-Akt dependent signal transduction
pathway (see reviews by Kim and Novak, 2007; de la Monte et al., 2008) while supporting
the energy supply by activating the pyruvate dehydrogenase complex in the mitochondrial
TCA cycle (see review by Patel and Roche, 1990). In addition, insulin is known to decrease
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the CYP2E1 content by destabilizing its mRNA (de Waziers et al., 1995; Woodcroft et al.,
2002), possibly leading to reduced ROS production from CYP2E1-mediated reactions.
However, chronic and binge ethanol exposures promote apoptosis and necroinflammation of
pancreatic beta cells resulting in decreased insulin production and secretion (see review by
Pandol and Raraty, 2007; Shin et al., 2002; Singh et al., 1986). Chronic and binge ethanol
exposure also interrupts the normal insulin signaling pathways in various target organs
including the liver, contributing to decreased proliferation of hepatocytes and insulin
resistance with fatty liver in animals and humans (de la Monte et al., 2008; He et al., 2007;
Kang et al., 2007b; Mohr et al., 1998; Shelmet et al., 1988). Because of ethanol-mediated
suppression of insulin production, secretion and signaling pathways, the CYP2EL1 level
would remain elevated. Consequently, insulin-mediated glucose/lipid metabolism should be
altered in ethanol-exposed tissues. These results may provide one reason why ethanol-
exposed animals or human alcoholics produce greater amounts of ROS from elevated
CYP2E1 and thus may be more prone to develop type Il diabetes with insulin resistance and
fatty liver than non-drinkers (Beulens et al, 2005; Carlsson et al., 2003; Sotaniemi et al.,
1985). Therefore, it is possible that ethanol-related ROS/RNS may activate stress-activated
protein kinases including JNK, which is known to phopshorylate and inhibit IRS-1, as
observed in multiple forms of insulin resistance (Houstis et al., 2006) or in obese mice
(Diehl 2004; Solinas et al., 2006). These results are consistent with the roles of CYP2E1 and
JNKT1 in causing insulin resistance in mouse models of nonalcoholic steatohepatitis
(Schattenberg et al., 2006 and 2005). Although these models of JNK-mediated insulin
resistance were not studied in the models of alcoholic fatty liver, similar mechanisms are
expected due to elevation of CYP2E1 and JNK in ethanol-exposed animals. On the other
hand, many synthetic agonists of peroxisome proliferator activated receptor y (PPARYy) such
as pioglitzone and rosiglitazone are known to increase insulin sensitivity by activating the
insulin signaling pathway, leading to restoration of glucose homeostasis and lipid
metabolism accompanied with reduced fatty liver (see reviews by Khashab and Chalasani,
2007; Roden, 2006). Therefore, activation of the insulin signaling pathway by endogenous
substances (e.g. adiponectin) or synthetic agents (e.g. pioglitazone) may also contribute to
the improved outcomes (i.e. decreased fat accumulation) observed in alcoholic fatty liver
and injury (Enomoto et al., 2003; Xu et al., 2003).

K. Role of oxidative inactivation of the enzymes involved in the
mitochondrial B-oxidation of fatty acids

Mitochondria play a critical role in energy supply, fat degradation, intermediary metabolism
(including the urea cycle), anti-oxidant defense and apoptosis. Mitochondrial fat oxidation
becomes important in providing an alternative energy (ketone bodies) when glucose supply
is limited (e.qg. fasting) or glucose metabolism is altered under certain disease states. It is
well-established that mitochondria are a major source of ROS production and a major target
of increased oxidative/nitrosative stress. Mitochondrial functions are often suppressed upon
exposure to toxic compounds (including ethanol and acetaminophen) and/or in many disease
states such as degenerative neurological diseases, aging and cancer (see reviews by Begriche
et al., 2003; Hoek et al., 2002; Wallace, 2005). In fact, alcohol can directly inhibit the
activities of mitochondrial complexes I and 111 (Bailey and Cunningham, 2002; Bailey et al.,
1999; Cederbaum et al., 1974), resulting in increased ROS production leaked from the
mitochondrial respiratory chain. In addition, alcohol is known to induce/activate
mitochondrial CYP2E1 (Robin et al., 2005) and inducible NOS (iNOS), which provides
excess amounts of nitric oxide (NO) (Barona et al., 2002; McKim et al., 2003). Increased
production of ROS and RNS contributes to greater production of more toxic peroxynitrite,
which promotes lipid peroxidation, mitochondrial dysfunction, and apoptosis (see review by
Pacher et al., 2007). Under increased oxidative/nitrosative stress in ethanol-exposed animals,
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mitochondrial proteins are oxidatively modified and subjected to spontaneous or proteolytic
degradation, resulting in inhibition of their functions and/or decreased protein expression
(Suh et al., 2004; Venkatraman et al., 2004b and 2004a). Accumulation of fat and
cholesterol observed in alcohol-exposed animals and human alcoholics could result from
decreased fat degradation (Cederbaum et al., 1975; Lakshman et al., 1978; Salaspuro, 1981;
Vankoningsloo et al., 2005; You et al., 2004). For instance, inactivation of the mitochondrial
long-chain 3-hydroxyacyl-CoA dehydrogenase (the C-terminal portion of the a-subunit of
mitochondrial trifunctional protein) by genetic mutation leads to maternal acute fatty liver
during pregnancy in humans (Ibdah et al., 1999; Sims et al., 1995) and steatosis in
heterozygous mice deficient of this enzyme (Ibdah et al., 2005), underscoring an important
role of the mitochondrial fat oxidation pathway in overall fat disposal and accumulation.
However, the detailed mechanism of suppressed fat oxidation under increased ROS/RNS is
poorly understood. To investigate this mechanism, it was hypothesized that increased ROS/
RNS following ethanol exposure can oxidatively modify the key enzymes in the B-oxidation
of fatty acids, leading to inactivation of these enzymes and thus fat accumulation. Under
increased oxidative/nitrosative stress, various amino acid residues such as Cys, His, Lys,
Met, Trp, and Tyr can be oxidatively-modified. Oxidative modifications of these amino acid
residues in many proteins usually lead to inactivation of their functional activities (Kim et
al., 2006a; Moon et al., 2005). For instance, Cys residues can be modified to: S-
nitrosylation, S-glutathionylation, disulfide bond, sulfenic acid, sulfinic acid, sulfonic acid
and conjugation with reactive metabolites of certain chemicals (e.g. acetaminophen and
disulfiram) (Moon et al., 2007; Moon et al., 2006; Moon et al., 2008). In fact, 3-ketoacyl-
CoA thiolase involved in the mitochondrial B-oxidation pathway contains two Cys residues
(%2Cys and 382Cys) and one His (3°2His) in its active site. The active site Cys residues of 3-
ketoacyl-CoA thiolase could have been oxidatively-modified because of its suppressed
activity in alcohol-exposed rats (Moon et al., 2006; Song et al., 2008). Furthermore, other
enzymes involved in the B-oxidation such as acyl-CoA dehydrogenase, enoyl-CoA
hydratase, and -hydroxy-acyl-CoA dehydrogenase are also oxidatively-modified in
alcohol-exposed rats (Moon et al., 2006). Although the activities of these latter enzymes
were not measured, their activities are likely inhibited under alcohol-related oxidative stress,
based on the general inhibition of the B-oxidation pathway in alcohol-exposed animals
(Cederbaum et al., 1975). Because of the similarity between the mitochondrial and
peroxisomal fat oxidation pathways, it is likely that the enzymes in the peroxisomal -
oxidation pathway such as acyl-CoA oxidase and 3-ketoacyl-CoA thiolase could be also
oxidatively inactivated after alcohol exposure as recently reported (Lu et al., 2008). Reduced
fat oxidation, due to oxidative inactivation of the mitochondrial and/or peroxisomal
enzymes, could contribute to fat accumulation in the liver.

Addition of long-chain polyunsaturated fatty acids at physiologically-relevant levels
decreased the hepatic levels of triglycerides and cholesterol in ethanol-fed rats (36%
ethanol-derived calories) compared to those in pair-fed controls (Song et al., 2008). The
beneficial effects of polyunsaturated fatty acids are due to prevention of ethanol-mediated
oxidative/nitrosative stress and mitochondrial dysfunction. The elevated CYP2E1 and iNOS
activities returned to basal levels while the suppressed 3-ketoacy-CoA thiolase activity was
restored in rats fed a diet with ethanol and polyunsaturated fatty acids. It is expected that the
suppressed rates of fat oxidation in ethanol-exposed tissues could be normalized following
treatment with other antioxidants such as SAM and medium-chain triglycerides, based on
their inhibitory effects on ethanol-related elevation of CYP2E1 and iNOS activities in
alcohol-exposed animals (Dey et al., 2007; Lieber et al., 2007).
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L. Future research directions

1) Detailed signaling mechanisms and post-translational modifications

In this short review, we have summarized newly emerging results about alcoholic fatty liver.
Despite excellent studies by numerous investigators, more studies are needed to further
reveal the detailed mechanisms. For instance, the molecular signaling mechanisms of
ethanol-mediated inhibition of AMPK, PGC-1a, or Sirtl are still unknown, despite the
convincing data (Lieber et al., 2008; You et al., 2004 and 2008b). It is unknown if these
enzymes/proteins or their upstream signaling proteins (including some transcriptional
factors) could be abnormally regulated and/or covalently modified (e.g. protein-adduct
formation with significantly elevated acetaldehyde, 4-HNE, and MDA\) in alcohol-exposed
tissues (Sampey et al., 2003 and 2007b). For instance, 4-HNE significantly suppressed LPS-
induced production of IL-6 by preventing the NFkB pathway and suppressing 1kBo.
phosphorylation (Luckey et al., 2002). Therefore, it is expected that 4-HNE, MDA, or
acetaldehyde may interrupt the signaling pathways of various factors listed in Fig. 1 at
different steps. Alternatively, these signaling proteins could be functionally altered or down-
regulated by their post-translational modifications such as oxidation, S-nitrosylation,
nitration, acetylation, and/or phosphorylation that are stimulated by ethanol. For example,
nitration or phosphorylation of insulin-receptor substrate-1 (IRS-1) is known to interfere
with the insulin signaling pathway, contributing to insulin resistance and abnormal glucose/
lipid homeostatsis (Nomiyama et al., 2004; Solinas et al., 2006). In addition, PPAR-related
receptors could be phosphorylated by various protein kinases including stress-activated
protein kinases, resulting in different outcomes in a ligand-dependent or —independent
manner (see review by Burns and Vanden Heubel, 2007). Since ethanol intake elevates the
levels of peroxynitrite and 4-HNE (a lipid peroxidation product) which can modulate stress-
activated proteins kinases (Lee et al., 2002; Sampey et al., 2007a; Shacka et al., 2006; Soh et
al., 2000; Song et al., 2001), it is possible that some signaling proteins could be modified by
nitration and/or phosphorylation, contributing to different levels and types of fat
accumulation. These possibilities need to be studied or considered in interpreting the results.

2) Role of other regulatory factors

Although we have summarized a few key factors in this review, many other factors may also
contribute to alcoholic fatty liver. For instance, plasminogen activator inhibitor-1, whose
level was elevated by ethanol exposure, also seems important in promoting alcoholic fatty
liver in mice (Bergheim et al., 2006). In this model, AMPK activity does not play a crucial
role in steatosis induced by acute alcohol exposure. In addition, dietary compositions of
carbohydrate (low versus high amounts), fat content (percentage and composition of
saturated versus unsaturated fats), and fat chain length (short, medium, and long-chain fatty
acids) may affect the levels of adiponectin and other critical factors, contributing to different
outcomes of alcoholic fatty liver and injury (Baraona et al., 2002; Lieber et al., 2007; Nanji
et al., 1994; Ronis et al., 2004; Song et al., 2008; You et al., 2005; You et al., 2008a).
Adipocytes are also known to secret leptin and resistin, which may play a role in alcoholic
steatosis by positively and negatively modulating insulin sensitivity/resistance (see review
by Bertolani and Marra, 2008). The role of these adipocyte-derived adipokines,
interleukin-1, interleukin-8, glucagon, and certain neurotransmitters such as norepinephrine,
neuropeptide Y and angiotensin Il in alcoholic fatty liver and their controlling mechanisms
should be studied in the future.

3) The interplay and feedback cross-talk between different factors

As indicated in Fig. 1, the mechanisms of alcoholic fatty liver are complex and
multifactorial. Interaction and feedback cross-talk between many key components and
signaling molecules including the transcription factors would make the pathological
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mechanisms more complicated. For instance, adiponectin, which suppresses fat synthesis by
activating AMPK and promotes fat degradation by activating the PGC-1a and PPAR-a, was
shown to decrease TNF-a production (Xu et al., 2003). Recent data show that adiponectin
suppresses the lipopolysaccharide-stimulated production of TNF-a by both transcriptional
and post-transcriptional mechanisms (Park et al., 2008). Paradoxically, TNF-a can suppress
the production of adiponectin through activating the INK (Kim et al., 2005) while it
stimulates production of plasminogen-activator inhibitor-1 and IL-6 (Ahn et al., 2007).
Furthermore, recent data showed that macrophages negatively affect adipocyte functions,
resulting in decreased amounts of adiponectin production, leading to alcoholic fatty liver
(Kang et al., 2007b). These results clearly demonstrate complex feedback cross-talk between
different cell types and pluripotent soluble factors. Many other examples of cross-talk
between insulin versus TNF-a or other factors including epigenetic regulation in different
target cells may also exist in alcoholic liver diseases (see reviews by Diehl, 2004;Fritsche et
al., 2008;Hoek and Pastorino, 2004;Nieto-Vazquez et al., 2008;Shukla et al., 2008;Wilfred
de Alwis and Day, 2007). Therefore, depending on the exposure time (duration), the level of
expression, and target tissues of these cellular factors produced after ethanol exposure,
different responses may be observed. In addition, different rates of fat accumulation may
occur depending on the amount of alcohol (dosage), the pattern (acute versus chronic), the
frequency, and the route of administration, all of which affect the cellular signaling
responses.

4) Protective role of triglycerides in lipotoxicity and mechanism

By using a specific anti-sense oligonucleotide against diacylglycerol acyltransferase 2
(DGAT?2), Diehl and colleagues recently demonstrated a protective role of triglycerides
against more severe liver injury in a mouse model of nonalcoholic steatohepatitis
(Yamaguchi et al., 2007). In this study, increased accumulation of free fatty acids likely
causes more severe liver damage such as increased lipid peroxidation/oxidative stress,
lobular necroinflammation and fibrosis. These results are of interest since that progression
toward severe lipotoxicity was observed despite the elevated level of serum adiponectin and
improvement of insulin resistance in the peripheral tissues. Although the underlying
mechanisms for severe hepatic injury by elevated free fatty acids are unclear, increased
CYP2EL, ROS and lipid peroxides (4-HNE) seem responsible for the lipotoxicity. It is likely
that lipotoxicity caused by free fatty acids could be mediated through activation of the cell-
death related JNK, which can be activated by increased oxidative/nitrosative stress (Kamata
etal., 2005; Kim et al., 2006b). Alternatively, free fatty acids may sensitize the hepatocytes
to TRAIL-mediated cytotoxicity (Maldi et al., 2007 and 2006). The question whether
elevated triglycerides (by efficiently disposing the hepatic free fatty acids) prevent severe
liver injury such as necroinflammation and fibrosis needs to be carefully evaluated in
ethanol-exposed animals and alcoholic humans. Interestingly, one earlier study supports the
protective role of triglycerides against more severe liver diseases with necroinflammation
(Nakajima et al., 2004). In this study, inflammation, apoptosis and fibrosis were minimally
observed in PPAR-a knockout mice when hepatic triglyceride levels reached a highest peak
after feeding an ethanol diet for 1 month. However, the severe liver diseases (apoptosis,
inflammation, hepatomegaly, and fibrosis with elevated levels of Bax and transforming
growth factors) began to be observed when hepatic triglyceride levels started to decline after
feeding for 2 months and longer (up to 8 months). The levels of free fatty acid levels and
other proteins involved in apoptosis remain to be determined in these mice.

5) Relevance to human conditions

Many of these mechanistic studies were conducted in cultured hepatocyes/hepatoma cells or
animal models. Although most of the summarized mechanisms could be applied to
understanding of the etiologic mechanisms of alcoholic fatty liver in humans, some cautions
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should be taken in extrapolating the data obtained from in vitro and in vivo animal studies.
For instance, although the data obtained from knockout mice with gene disruption
techniques or transgenic mice with over-expression of a target gene provide an important
clue for its functional role, the data may not necessarily reflect the human conditions without
the supporting biochemical and genetic data in human populations. Therefore, additional
genetic studies for many human genes (e.g. single nucleotide polymorphism data, epigenetic
studies, gene association and epidemiological analyses, etc) are needed. Several candidate
genes associated with fatty liver diseases are listed (see review by Wilfred de Alwis and
Day, 2007). Furthermore, the mechanisms for alcoholic steatosis and liver injury in human
alcoholics may be more complicated due to individual differences in food intake (e.g. fat
and carbohydrate contents with or without dietary supplements), genetic makeup, race,
gender, age, and other environmental factors such as bacterial and viral infections, diabetes,
body-mass-index (obesity), exercise, smoking, drug exposure/interaction, autoimmune
reactions, etc (Day, 2006; Dey and Cederbaum, 2006; Lieber, 2004; Ronis et al., 2004;
Stewart et al., 2004; Vidali et al., 2003). Some of these factors (e.g. hepatitis viruses and/or
smoking) are expected to synergistically work with alcohol toward accelerating disease
processes in the liver and other tissues (see reviews by Morgan et al., 2003; Szabo et al.,
2006). Therefore, additive or synergistic relationship between alcohol and other co-
morbidity factors (such as viral infections, diabetes and smoking) should be studied. This
combinatorial approach may also provide more relevant information to better understand
human alcoholic liver diseases.

6) Application of mechanistic studies in understanding alcohol-mediated organ damage in
other tissues

It is well established that acute binge ethanol exposure and long-term heavy alcohol intake
cause pancreatitis, cardiac myopathy, muscle weakness, adipocyte dysfunction, testis
atrophy, and neuropathy with decreased brain volume (structural and cognitive functional
declines) (Pfefferbaum et al., 1992 and 1997). Because increased ROS/RNS and lipid
peroxidation play important roles in alcohol-mediated liver damage, it is expected that the
similar mechanisms likely exist in other tissues. Since several organs depend on liver
metabolic functions (e.g. ketogenesis, gluconeogenesis, urea cycle, fatty acid and cholesterol
synthesis, etc), understanding of mutual interactions between the liver and other organs
seems important. This interaction needs to be further studied for deeper understanding of the
pathological mechanisms in other organs of ethanol-exposed animals/humans.

7) Future translational research

Based on the mechanistic studies of alcoholic fatty liver and injury, the efficacies of many
substances as preventive and therapeutic agents have been studied. The beneficial agents
shown so far against alcoholic liver diseases include: various antioxidants (SAM, betaine,
resveratrol, polyenylphosphatidylcholine, medium chain triglycerides, long chain
polyunsaturated fatty acids, vitamins, etc); AMPK activator such as metformin; PPAR-a
agonists clofibrate and Wy14,643; PPARYy agonists including pioglitazone; CB1 receptor
antagonists; TNF-o receptor blocking antibodies; etc. Although the safety issue (toxicity,
proper dosage, frequency, etc) has to be checked for each item, special caution should be
applied for PPAR-o agonists since PPAR-a activation may cause hepatic cancer in rodents
and possibly in humans (see reviews by Gonzalez and Shah, 2008; Yu et al., 2003). In
addition, activation of AOX and CYP4A by PPAR-a agonists may produce extra ROS
production and lipid peroxidation. For instance, CYP4A-mediated ROS production and lipid
peroxidation were demonstrated in CYP2E1 knockout mice fed a methionine and choline-
deficient diet (Leclercq et al., 2000). Furthermore, microsomal CYP4A-related metabolism
of long chain fatty acids (C>20) may produce o and w-1 dicarboxylic acids, which may
inhibit mitochondrial function, leading to increased oxidative stress and toxicity (see review
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by Yu et al., 2003). Because of these concerns, application of PPAR-a agonists may need
additional caution in evaluation of their long-term safety.

M. Summary

Alcoholic fatty liver is a frequently observed potentially pathologic condition which can
progress to more severe liver diseases such as necroinflammation and fibrosis/cirrhosis. In
this review, we have summarized and integrated the newly emerging factors into a
schematic diagram (Fig. 1) that depicts the major pathways in alcoholic fatty liver. As
shown in Fig. 1 diagram, hepatic lipid metabolism is regulated by various hormones,
chemokines, cytokines and adipokines. Following alcohol exposure, alcoholic fatty liver and
injury likely take place through the complex interactions between a variety of cell types,
ethanol doses and metabolites, increased oxidative/nitrosative stress, peroxisomal/
mitochondrial dysfunction, hormones, paracrine factors, cytokines, transcriptional factors,
cell signaling kinases, etc. Besides the major pathways indicated in this diagram, ethanol
intake is also known to promote fat transport into the liver from peripheral tissues (e.g.
adipose tissues) while ethanol inhibits fat export from the liver (Baraona and Lieber,
1979;Kang et al., 2007a;Lieber, 2004). Because of common features of fat accumulation and
disease progression (Diehl et al., 1988;Wilfred de Alwis and Day, 2007), it is expected that
similar mechanisms of the major pathways for alcoholic fatty liver (Fig. 1) could also exist
in animal models and human patients suffering from nonalcoholic steatohepatitis.
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Figure 1.

Schematic diagram of the major pathways of alcoholic fatty liver and lipotoxicity. Besides
the major pathways indicated in this diagram, ethanol intake is also known to promote fat
transport into the liver from peripheral tissues while ethanol inhibits fat export from the
liver. Adiponectin also activates AMPK, resulting in decreased SREBP and ACC activities
while it suppresses functions of stellate cells. TNFa. decreases the level of adiponectin.
These cross-talk exist between various factors, resulting in different levels of fat
accumulation in the liver. The positive signs with solid lines represent activation and/or up-
regulation of the down-stream targets while the negative signs with broken lines indicate the
opposite effects. Transcriptional factors are shown in blue color while the molecules/
conditions promoting oxidative/nitrosative stress are marked in red color. Abbreviations
used: ADH, alcohol dehydrogenase; ALDHZ2, mitochondrial aldehyde dehydrogenase;
CYP2EL1, ethanol-inducible cytochrome P450 2E1; ROS, reactive oxygen species; RNS,
reactive nitrogen species; insulin-R, insulin receptor in hepatocytes; Sirtl, sirtuinl; AMPK,
AMP-activated protein kinase; ACC, acyl-CoA carboxylase; MCD, malonyl-CoA
decarboxylase; CPT-1, carnitine palmitate transferase-1; TNFa-R1, TNFa receptor 1 in
hepatocytes; SREBP, sterol regulatory element binding protein; FAS, fatty acid synthase;
IL-6, interleukin-6; IL-6-R, IL-6 receptor; 2-AG, 2-arachidonoylglycerol; STATS3, signal
transducer and activator of transcription 3; CB-1-R, endocannabinoid receptor 1; Adipo-R2,
adiponectin receptor 2 in hepatocytes; PGC-1a, peroxisome proliferator activator receptor y
co-activator protein a; PPARa, peroxisome proliferator activator receptor a; AOX, acyl-
CoA oxidase; CYP4A, cytochrome P450 4A.
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