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This special issue reflects on multiple factors/mechanisms
involved in the pathogenesis of ALD. Alcoholic liver injury
is known to cause a broad range of liver abnormalities.
Alcohol is primarily metabolized in the hepatocyte leading
to increased secretion of inflammatory mediators, which, in
turn, activate and/or influence the response of the nonparen-
chymal cells (NPCs) (hepatic stellate cells, Kupffer cells, and
sinusoidal endothelial cells) and subsequently control the
degree of liver injury.

This issue overviews general aspects of ALD, such
as oxidative stress and inflammation (A. Ambade and P.
Mandrekar) as well as the molecular aspects of these events,
including the role of ethanol-metabolizing enzymes, ADH
(T. Haseba et al.), and CYP2E1 (A. I. Cederbaum et al.) in
the development of alcohol-induced liver injury. In addition,
signaling mechanisms induced by alcohol are examined in
the paper by L. N. Gerjevic et al. As a separate pathogenic
aspect, the role of microRNA in ALD is analyzed in the paper
by S. Bala and G. Szabo.

The consequences of alcohol-related liver injury, such
as impairment of receptor-mediated endocytosis and lipid
droplet accumulation, are presented in experimental in vitro
studies of C. A. Casey et al. and B. McVicker et al., respec-
tively.

One of the mechanisms that affects various liver cell
types and affect disease progression is impairment of methy-
lation reactions. In our special issue, the role of impaired
methylation in pathogenesis of steatohepatitis as well as
treatment modalities with promethylating agent, betaine, is
discussed in the paper by C. H. Halsted and V. Medici and K.
Kharbanda et al.

Liver also serves as an immune organ and accommodates
a wide variety of cells, including immune cells. The latter
consists of dendritic cells (DCs), natural killer (NK) cells, and
lymphocytes, which are present in normal livers. Selective
recruitment and retention of certain immune populations
occurs during diverse liver diseases, and these cells play
a critical role in the development and resolution of liver
inflammation, remodeling, and destruction and actively par-
ticipate in immune defense. The role of adaptive immunity
in ALD development is overviewed by E. Albano. Also, the
role of stem cells in ALD treatment is discussed in the paper
by M. Pai et al. Finally, to underline the role of alcohol in
progression of chronic infections (HCV), we included the
paper by M. Neuman et al. which reflects on the markers of
inflammation and fibrosis in alcoholic hepatitis and hepatitis
C.

Each paper received external blind review in addition to
our reviews.

This special issue covers exciting new areas of ALD
pathogenesis and treatment and is strongly recommended
for the clinicians and basic scientists involved in alcohol re-
search.

Natalia Osna
Kusum Kharbanda

Laura Schrum
Angela Dolganiuc
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Steatosis, an early manifestation in alcoholic liver disease, is associated with the accumulation of hepatocellular lipid droplets
(LDs). However, the role ethanol metabolism has in LD formation and turnover remains undefined. Here, we assessed LD
dynamics following ethanol and oleic acid treatment to ethanol-metabolizing WIF-B cells (a hybrid of human fibroblasts (WI
38) and Fao rat hepatoma cells). An OA dose-dependent increase in triglyceride and stained lipids was identified which doubled
(P < 0.05) in the presence of ethanol. This effect was blunted with the inclusion of an alcohol metabolism inhibitor. The ethanol/
OA combination also induced adipophilin, LD coat protein involved in the attenuation of lipolysis. Additionally, ethanol treatment
resulted in a significant reduction in lipid efflux. These data demonstrate that the metabolism of ethanol in hepatic cells is related
to LD accumulation, impaired fat efflux, and enhancements in LD-associated proteins. These alterations in LD dynamics may
contribute to ethanol-mediated defects in hepatocellular LD regulation and the formation of steatosis.

1. Introduction

Alcohol abuse and alcoholic liver disease (ALD) are major
health problems both in the USA and worldwide. The most
prevalent manifestations of ALD are the presence of fatty
liver (hepatic steatosis), alcoholic hepatitis, and cirrhosis. Of
these manifestations, it is noted that hepatic steatosis is a
reversible early stage of ALD whose presence has been related
to the liver’s enhanced sensitivity to damaging triggers such
as oxidative stress and endotoxins [1, 2]. Thus, the aberrant
content of lipids in hepatocytes can act as a key “first hit”
in the progression of ALD making lipid accumulation a
prime target for therapeutic intervention. Remarkably, little
is known about the regulatory mechanisms involved in the
accumulation of intracellular lipids which are stored in
dynamic organelles called lipid droplets (LDs). Furthermore,
it is unclear how LD formation, degradation (lipolysis), or

export is affected, particularly in the hepatocyte by the
adverse effects of alcohol exposure and the metabolism of
ethanol.

The organelle identified as having a central role in the
accumulation of lipids in hepatocytes is the LD. LDs are
intracellular stores of neutral lipids, predominately choles-
terol esters, and triglycerides that are bound by a phospho-
lipid monolayer [3]. Long considered to be inert, LDs have
recently attracted great interest as dynamic structures at the
hub of lipid and energy metabolism. In general, LDs are
thought to originate from the endoplasmic reticulum from
where they are trafficked through the cytoplasm, interacting
with various organelles and transporting lipids as the energy
needs of the cell dictate [4, 5]. In the healthy liver, LDs in hep-
atocytes play a crucial role in the packaging and distribution
of lipids as lipoproteins [6]. However, in disease states such
as ALD, the accumulation of LDs (hepatic steatosis) is likely



2 International Journal of Hepatology

due to disruption in those packaging and distribution roles
as alcohol exposure induces impairments in LD formation,
degradation, and/or export processes. Ultimately, excessive
LD accumulation occurs in hepatocytes which can lead to
lipotoxicity with consequences of inflammation and subse-
quent cell death. However, little is known about how ethanol
exposure/metabolism alters the regulation of LD accumula-
tion and degradative processes in the hepatocyte.

The liver and, to a lesser extent, the gastrointestinal tract
are the main sites of alcohol metabolism. Within the liver,
there are two main pathways of alcohol metabolism, alcohol
dehydrogenase (ADH) and cytochrome P-450 2E1 (CYP2E1)
[7–9]. Relating alcohol metabolism and generated toxic
products (i.e., acetaldehyde) to mechanisms by which etha-
nol causes fatty liver appears to be complex. Historically,
it has been proposed that reducing equivalents generated
during ethanol oxidation inhibit steps of the tricarboxylic
acid cycle and oxidation, thereby inhibiting fatty acid oxida-
tion [10, 11]. Another proposed mechanism involved in the
development of alcoholic fatty liver is enhanced lipogenesis
with support of several studies demonstrating significant
increases observed in hepatic lipogenesis following chronic
ethanol administration [12–14]. Alternatively, it has been
shown that the persistence of fatty liver may involve the
inhibition of lipoprotein export mechanisms, possibly via
formation of acetaldehyde protein adducts and associated
alterations to the microtubule network in the cell [15,
16]. Thus, the production of toxic metabolites of ethanol
is thought to play a significant role in altering the traf-
ficking and utilization of LDs in hepatocytes. Indeed, it
now appears that similar to previously identified ethanol-
mediated impairments to hepatocellular receptors, ligands,
and endocytic processes [17–19], LDs may be regulated by
interactions involving classical trafficking pathways and are
therefore highly susceptible to damaging alterations induced
by ethanol metabolites. To better define the role of ethanol
metabolism in hepatic steatosis, we analyzed LD accumu-
lation and impaired fat efflux in hepatoma cell cultures
(WIF-B cells), a well-established in vitro model for studying
the consequences of ethanol metabolism on hepatocellular
trafficking events.

WIF-B cells are differentiated cells of hepatic origin that
are a hybrid clone of human fibroblasts (WI38) crossed with
rat hepatoma cells [20]. WIF-B cells exhibit long-term viabil-
ity in culture, develop a hepatocellular-polarized phenotype,
and express human genes coding for liver-specific proteins
(e.g., albumin and fibrinogen) [21, 22]. The WIF-B cells
have been shown to adequately mimic in vivo hepatocellular
functions such as polarity, protein secretion, and transport
[23–25]. Additionally, our laboratory has demonstrated that
WIF-B cells are an ideal in vitro model for studying the
effect of ethanol on cellular processes as the cells were found
to exhibit ADH and CYP2E1 activities allowing for the
efficient metabolism of ethanol [26]. In our previous work,
we characterized several ethanol-mediated cellular defects
in the alcohol-treated WIF-B cells which linked ethanol
metabolism to apoptotic-inducing pathways and with the
potential involvement of altered targeting of proteins [27].
In this study, alcohol-treated WIF-B cells were used to char-

acterize the role ethanol metabolism has in the generation,
accumulation, efflux, and lipolysis of LDs.

2. Materials and Methods

2.1. Materials. F-12 Coon’s modified culture medium, 4-
methylpyrazole (4MP), Oil Red O (ORO), oleic acid (OA),
and fatty acid free bovine serum albumin (BSA) were
obtained from Sigma Chemical Co. (St. Louis, MO). Heat-
inactivated fetalplex was obtained from Gemini Bio-Pro-
ducts (Woodland, CA). BODIPY 493/503 was purchased
from Invitrogen (Carlsbad, California). Buffered formalin
and isopropanol were obtained from Fisher Scientific (Pitts-
burgh, PA). UltraCruz mounting media containing 4,6-
diamidino-2-phenylindole (DAPI) was obtained from Santa
Cruz Biotechnology, Inc (Santa Cruz, CA). All other materi-
als were reagent grade.

2.2. WIF-B Cell Culture and Treatment. WIF-B cells were
cultured in F-12 media containing 3.5% heat-inactivated
fetalplex in a 7% CO2 atmosphere as described previously
[27]. Briefly, the cells were seeded on sterilized glass cover-
slips or directly in tissue culture dishes and cultured for 6
days to obtain a maximal-polarized phenotype prior to the
various treatments (ethanol ± OA). It has previously been
determined that OA, a long chain free fatty acid, significantly
induces LD formation in hepatocytes [28]. For fatty acid
treatment to WIF-B cells, OA was conjugated with BSA
(1.5%) in serum-free F-12 media prior to addition to the
cell cultures. In general, confluent and polarized WIF-B
cultures were treated with media (serum-free F-12 with 1.5%
BSA) with and without OA (100 μM–1000 μM), 25–50 mM
ethanol and/or 0.25 mM 4MP, an inhibitor of alcohol dehy-
drogenase. The cells were plated on coverslips and stained
with BODIPY for microscopic analysis of LDs. In other
cell cultures, LD formation in WIF-B cells was quantified
following extraction and spectrophotometric detection of
ORO from the stained culture dishes.

2.3. Triglyceride Extraction and Analysis. Extraction of tri-
glycerides was performed using the Folch method [29]
with slight modifications. Briefly, after exposure to 25 mM
ethanol for 48 hours, WIF-B cells (approximately 3 ×
106 cells/60 mm dish) were rinsed with PBS, harvested by
scraping, and the pellet reconstituted in PBS. An aliquot was
saved for protein/DNA determination with the remaining
extracted with the addition of chloroform/methanol (2 : 1)
followed by vortexing for 20–30 seconds. The sample was
filtered over Whatman number 1 filter paper with a further
rinse with 1 mL chloroform/methanol. The final volume of
chloroform/methanol was recorded. Aliquots (1 mL) were
made and the samples were dried completely using a Cen-
trivac. Following drying, the triglycerides were hydrolyzed
by the addition of 95% Ethanol and 8.0 M KOH at 65◦C for
20 minutes. The triglyceride content was determined using
Triglyceride Reagent (Thermo Scientific) as directed by the
manufacturer with detection made by spectrophotometric
analysis (Beckman DU640).



International Journal of Hepatology 3

2.4. Oil Red O Staining. ORO staining was performed as
previously described [30] with minor modifications. In
brief, WIF-B cultures were fixed in 10% buffered formalin,
incubated with 60% isopropanol, and stained of 10 minutes
with ORO solution (0.21% dye in 100% isopropanol).
Following staining, the cultures were washed five times with
sterile water, the dye is extracted using isopropanol, and
the concentration of ORO in the extract was measured
colorimetrically (500 nm). Results were expressed as OD/mg
protein or DNA. In several experiments, images of ORO
stained cells were obtained prior to extraction using an
Olympus IX70 microscope in combination with a MicroFire
digital camera (Image Processing Solutions, North Reading,
MA) at ×100 and ×200 magnifications.

2.5. Oil Red O-Based Quantification of Fat Efflux. For rapid
and convenient quantification of fat efflux from treated cells,
WIF-B cultures were rinsed twice (PBS) and the media
changed to oleate-free F-12 media with or without 25 mM
ethanol. The plates were sealed and allowed to incubate for
an additional 24 hr followed by staining with ORO for quan-
tification of LD accumulation. The efflux of fat from the cells
was determined by comparing the amount of ORO taken up
by the cells before and after removal of oleate from the media.

2.6. Fluorescence Microscopy. To measure LD content by
BODIPY staining, WIF-B cells that were cultured on glass
coverslips were subjected to the various treatments, fixed for
20 min with formaldehyde and briefly (2 min) permeabilized
with D-PBS + 0.1% Triton X-100. Following incubation
with 5 μg/mL BODIPY 493/503 in PBS, the coverslips were
washed and mounted on glass slides using DAPI-containing
UltraCruz mounting medium. Cells were viewed with a
Nikon ECLIPSE 80i Microscope equipped with a Nikon DS-
Qi1Mc digital camera (Boyce Scientific, Inc., Gray Summit,
MO). Images were processed using NIS-Elements Imaging
Software.

2.7. Western Blot Analysis. Cell protein was obtained from
WIF-B cells by homogenization in 0.25 M sucrose in 5 mM
Tris-HCl, pH 7.5 containing protease inhibitor cocktail
(Sigma, St. Louis, MO). Cell protein was resolved on 12%
reduced gels by SDS-PAGE and transferred onto nitro-
cellulose membranes. The blots were blocked for 1 hr in
Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE)
at room temperature and subsequently probed overnight at
4◦C with primary antibodies, mouse antiadipophilin/ADRP
(Fitzgerald, Acton, MA) at 1/500 dilution, and rabbit anti-rat
GAPDH (Santa Cruz, Santa Cruz, CA) at a 1/5000 dilution.
The blots were then incubated with secondary antibodies
(IRDye680 goat anti-rabbit IgG and IRDye 800CW goat anti-
mouse IgG) (LI-COR Biosciences, Lincoln, NE) at 1/10,000
dilution. Following washing, the blots were scanned and
quantified using the Odyssey Infrared Imager (LI-COR
Biosciences, Lincoln, NE).

2.8. Real-Time Polymerase Chain Reaction (PCR). RNA was
isolated from the WIF-B cells using a PureLink RNA Mini

Kit (Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s instructions. The concentration and quality
(260/280 ratio) of the RNA was determined by a NanoDrop
Spectrophotometer (NanaoDrop Technologies, Wilmington,
DE). Real-time PCR reactions were performed using Tagman
gene expression assay for rat adipophilin (Cat number
RN01472318 m1) and rat actin (Cat number 4352931E) pur-
chased from Applied Biosystems, Carlsbad, CA. Detection
was performed using a 7500 Real Time PCR System (Applied
Biosystems). The delta-delta Ct method was used to deter-
mine the fold change using actin for normalization.

2.9. Statistical Analysis. Results are expressed as mean ±
SEM. Comparison of paired values was performed using the
Students t- test with values P < 0.05 being considered signif-
icant. Comparisons among groups of data were made using
one-way ANOVA with Tukey’s post hoc test; P < 0.05 was
considered significant.

3. Results

3.1. Effects of Fatty Acids and Ethanol on Lipid Accumulation
in WIF-B Cells. It is known that alcoholic fatty liver is an
early consequence of alcohol consumption. Central to this
condition is the accumulation of lipids such as cholesterol
esters and triglycerides that are packaged in lipid droplet
(LD) organelles in hepatocytes [31–33]. However, the role
ethanol metabolism has in steatosis and LD dynamics
remains to be clarified. Here we analyzed fat accumulation in
ethanol-metabolizing hepatoma hybrid (WIF-B) cells to
better define steatosis at the cellular level. Initially, we inves-
tigated what effect ethanol treatment with or without
the addition of exogenous free fatty acids would have
on hepatocellular triglyceride levels. Specifically, WIF-B
cultures were treated up to 48 hours with ethanol and/or
oleic acid (OA), a monosaturated omega-9 fatty acid that
has previously been identified as having a role in hepatic
steatosis [28]. As expected, cellular triglyceride levels were
found to be increased in a dose-dependent manner with
OA treatment (Figure 1). Also, the addition of ethanol into
the cell cultures resulted in a 2- to 3-fold enhancement
in triglyceride levels over the concentration range of OA
treatment (Figure 1). This noted enhancement of cellular
triglycerides in the ethanol and OA-treated cells correlated
with the accumulation of neutral lipids packaged into
cytoplasmic LDs. This was demonstrated using an ORO-
based colorimetric quantitative assay which detected the
concentration-dependent elevations in vesicular lipid con-
tent following oleate treatment that doubled in the presence
of ethanol (Figure 2). Microscopic analysis subsequent to
BODIPY staining of the cytoplasmic LDs paralleled the
observed OA and ethanol-induced increases in triglyceride
and ORO-stained lipids (Figure 3).

3.2. Enhanced Fat Accumulation in WIF-B Cultures Requires
Ethanol Metabolism. The role ethanol metabolism by alcohol
dehydrogenase (ADH) has in the formation of LDs was tested
by including a specific ADH inhibitor, 4-methyl pyrazole
(4-MP) in the OA/ethanol-treated cultures. In WIF-B cells
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Figure 1: Ethanol-induced triglyceride accumulation in oleate-
treated WIF-B cells. Cells were treated for 48 hr with or without
25 mM ethanol in presence of different concentrations of oleic acid.
Values are means ± SEM (N = 4). ∗Significantly different (P <
0.05) from control group.
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Figure 2: Oil Red O-based quantification of ethanol and oleic
acid-induced fat accumulation in hepatoma hybrid cells. WIF-B
cells were treated for 48 hr with or without 25 mM ethanol in
presence of different concentrations of oleic acid and lipid content
quantified with Oil Red staining. Values are means ± SEM (N = 4).
∗Significantly different (P < 0.05) from control group.

treated with oleic acid alone (control cells), the presence of 4-
MP had no effect on cellular levels of neutral lipids detected
by ORO staining (Figure 4(a)). However, in ethanol-treated
cells, the inclusion of 4-MP reduced the accumulation
of neutral lipids to control levels (Figure 4(b)). These
results demonstrate that the metabolism of ethanol and
the subsequent formation of reactive metabolites is associ-
ated with lipid droplet accumulation in the hepatoma cells.

3.3. Ethanol-Induced Effects Associated with Cellular Lipid
Retention Include Alterations in Lipolysis, Lipid Efflux, and
Cell Survival Mechanisms. As just described, the combined
effects of ethanol and OA to WIF-B cells result in the sub-
stantial retention of lipids in the form of LDs. It is predicted
that the ethanol-mediated lipid retention is, in part, due to
impaired degradation of the accumulating LDs. In support
of this prediction, we found that the combined treatment
of ethanol and OA significantly elevated the expression of a
LD-associated protein, adipophilin (Figure 5). Adipophilin,
otherwise known as adipose differentiation-related protein
(ADRP), is a well-characterized LD protein that is known
to be involved in LD homeostasis particularly by playing
a role in the attenuation of lipolysis [5, 34]. In addition
to alterations observed in lipolytic mechanisms, it was also
observed that ethanol and OA treatment resulted in a
significant reduction in lipid efflux from the cells. The data
in Figure 6 reflect this finding as significantly less of the
accumulated lipid was released from ethanol-treated cells
following starvation compared to those treated with OA
alone. And finally, to determine if ethanol-induced steatosis
could result in cell injury, we measured apoptosis in the
ethanol- and OA-treated WIF-B cells. It was determined
that the induction of hepatocellular apoptosis correlated the
observed increase in LD accumulation. Specifically, in OA-
and ethanol-treated cells where we observed the highest
increase in LD accumulation, the activity of a key executioner
enzyme of programmed cell death mechanisms (caspase-
3) was significantly enhanced (2 to 3-fold, P < 0.05) in
the presence of ethanol compared to OA alone-treated cells
(Figure 7).

4. Discussion

The accumulation of lipids in the liver is an early pathological
stage in the development of alcoholic liver disease (ALD) that
occurs in most individuals that chronically consume alcohol
[35, 36]. Furthermore, ethanol-induced fatty infiltration has
been suggested to sensitize the liver to damaging risk factors
such as oxidative stress and prodeath signaling mechanisms.
However, the mechanisms involved in fatty liver disease
represented as hepatocellular steatosis, and particularly the
accumulation and/or regulation of lipid droplets (LDs) in
hepatocytes, remains to be elucidated.

It is known that the accumulation of excessive lipid in
hepatocytes can be related to alterations in mechanisms
involving the uptake, synthesis, and esterification of free fatty
acids [1, 37]. Also, the damaging effects of ethanol have been
implicated in impairments in lipid degradation (lipolysis) as
well as secretory mechanisms. Indeed, ethanol consumption
has been linked to altered triglyceride and phospholipid
synthesis, impairments in fatty acid oxidation, and the
secretion of very low-density lipoproteins (VLDLs) [12–14,
38]. However, details remain to be determined concerning
LD formation, accumulation, and lipolysis in ethanol-
damaged hepatocytes. To date work has been completed
describing LD accumulation in human and animal models
along with the role of ADRP in LD maturation [39–41].
Also, a recent study has defined specific ethanol-mediated
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Figure 4: Ethanol and oleic acid induced fat accumulation requires ethanol metabolism. Oil Red O staining after 48 hours in the presence
of increasing concentrations of oleic acid either with or without the addition of 0.25 mM 4-methylpyrazole (4MP) to inhibit ethanol
metabolism. Results were from the ORO-based detection of neutral lipids in (a) oleate alone-treated (control) cells and (b) WIF-B cultures
treated with both oleic acid and 25 mM ethanol. Values are means ± SEM (N = 4). ∗Significantly different (P < 0.05) from control group.

alterations in LD protein properties that are related to LD
formation in steatosis [42]. Here, we contribute to the study
of ethanol-induced LD accumulation by demonstrating
that as a consequence of ethanol metabolism in polarized
hepatoma cells, LD enhancement is related to changes in
lipid efflux and ultimately cell survival. Importantly, these
effects were demonstrated using WIF-B cells which are a
well-characterized model to study hepatocyte protein traf-

ficking machinery as well as the biological basis of ethanol-
induced fatty liver. The WIF-B cells are natural ethanol-
metabolizing cells and have been shown to accumulate
triglycerides when exposed to ethanol in a manner similar
to that observed in ethanol-fed animals. Thus, the WIF-B
cells are an ideal model system to decipher consequences
of ethanol-mediated enhancements in cellular triglyceride
levels and related storage in lipid droplet organelles. Indeed,
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Figure 5: Adipophilin (ADRP) protein content and mRNA expres-
sion in WIF-B cells. WIF-B cells were cultured for 48 hours in the
absence (control media, C) or presence of 25 mM ethanol (E25)
with or without the presence of 0.5 mM oleic acid (O and E25
+ O). (a) Representative Western blot indicating the presence of
ADRP and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as the loading control. (b) Relative content of adipophilin protein
expressed as percent of control from four independent experiments.
(c) Adipophilin mRNA expression detected in the WIF-B cells.
∗Significantly different (P < 0.05) from control group and E25
group. #Significantly different from all other groups (C, E25, and
O).

we observed a dose-dependent increase in LD accumulation
in ethanol- and oleic-acid-treated WIF-B cells shown by the
quantitative assessment of cellular triglycerides and staining
of neutral lipids. Additionally, this observed ethanol-induced
lipid retention in WIF-B cells was found to be related to
changes in LD protein dynamics and cellular lipid efflux. It
is known that hepatocytes can take up long chain fatty acids
such as oleic acid which can then be esterified to neutral
lipids (cholesterol esters and triglycerides) and packaged
into and stored as phospholipid-covered LD organelles [3].
Under normal or fasting conditions, hepatocytes effectively
metabolize and degrade the stored LDs. However, under
hepatocellular damaging conditions (ethanol exposure), the
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Figure 6: Fat efflux from hepatic cells is impaired by ethanol
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Figure 7: Ethanol and oleate-induced apoptosis in polarized
hepatoma cultures. WIF-B cells were cultured for 48 hours in the
absence (control media, C) or presence of 25 mM ethanol (E25)
with or without the presence of 0.5 mM oleic acid (O and E25
+ O). Apoptotic cell death was measured by spectrofluorometric
detection of caspase-3 activity. Results are expressed as nanomoles
of detected fluorometric substrate (AMC) cleaved and released
by active caspase-3 enzyme per mg protein for four independent
experiments. ∗Significantly different (P < 0.05) from control group.

storage of fatty acids is enhanced leading to the accumulation
of LDs. The increase in cytoplasmic LDs was thought
to be the result of ethanol-induced alterations in lipid
metabolism. The work presented here shows that enhanced
triglycerides and LD formation are also a consequence of the
ethanol metabolism in the cell that results in changes to LD
properties. To aid in our understanding of this observed hep-
atocellular LD retention, future work using the WIF-B cell
model may contribute to the correlation of ethanol-mediated
changes to hepatocyte membrane trafficking processes and
the attenuation of LD disassembly.
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The study of LD biology is an emerging area of investiga-
tion fueled by the knowledge that the dysregulation of neu-
tral lipid stores is linked to a variety of disease states including
alcoholic liver disease as we have described here. It is also
not surprising that in those disease states, cellular LDs are
thought of as active organelles whose composition, biogene-
sis, trafficking, and storage/degradation have been found to
be complex involving a varied proteome and genome. In
this study, we reported the effect ethanol metabolism has on
one of the abundant and well-studied LD proteins, ADRP.
Because of the availability of antibodies to LD proteins and
protocols to identify LDs (e.g., ORO-based assays and BOD-
IPY staining), we were able to show that ADRP protein levels
and hence LDs were significantly increased when treated with
ethanol, oleic acid, or both. The increase in ADRP appears
to be partially controlled at the level of transcription as
ADRP mRNA expression was increased as well. Therefore,
since ADRP is well known for its role in lipid homeostasis
particularly by attenuating lipolysis, our data demonstrate
that the ethanol-amplified LD accumulation in hepatic
cells involves impairments in the breakdown of lipids as
a consequence of alcohol metabolism. We were also able
to show that the metabolism of ethanol was necessary for
alcohol-mediated effects on fat efflux. Particularly, the efflux
of lipid stores in oleate-loaded cells was found to be signifi-
cantly decreased when the cells were starved in the presence
of ethanol. Moreover, the ethanol-mediated reduction in
lipid efflux was abrogated in the presence of the alcohol dehy-
drogenase inhibitor, 4-MP. And finally, we demonstrated that
the ethanol-mediated enhanced presence of LD organelles
may be involved in the promotion of hepatocyte toxicity
as the lack of proper fatty acid mobilization/secretion may
lead to cell death signaling. Indeed, a measure of hepatic
apoptosis was found to be increased in WIF-B cultures that
were treated with ethanol and oleic acid, a finding that
correlated to the observed accumulation of LDs under the
same conditions. Ongoing work is aimed at delineating
contributing mechanisms involved in the observed LD
accumulation associated with the metabolism of ethanol. In
particular, it is of interest to determine the role of ethanol-
mediated alterations in LD-vesicle trafficking machinery of
the hepatocyte as it is likely that the regulation of LDs
involves modulation of vesicle-based degradative processes.

In summary, our findings suggest that the metabolism of
ethanol in hepatocytes is directly related to impaired lipid
lipolysis and fat efflux that contribute to increased hepatic
LD accumulation. Moreover, we have identified that hepatic
cell death may be a potential consequence of LD dysregu-
lation and accumulation due to ethanol’s alterations in LD
properties. In addition to yielding therapeutic leads for alco-
holic liver disease, the knowledge gained here may possibly
be extended to other diseases that involve lipid accumulation,
including nonalcoholic fatty liver disease, atherosclerosis,
diabetes, and cancer. These conditions affect millions of
Americans and are major health concerns. Future work
examining how ethanol impacts LD vesiculation, trafficking,
and targeting within the hepatocyte will likely contribute to
the study of LD biology and our understanding of fatty liver
disease.
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Alcoholic liver disease (ALD) is a multifaceted disease that is characterized by hepatic steatosis or fat deposition and hepatitis or
inflammation. Over the past decade, multiple lines of evidence have emerged on the mechanisms associated with ALD. The key
mechanisms identified so far are sensitization to gut-derived endotoxin/lipopolysaccharide resulting in proinflammatory cytokine
production and cellular stress due to oxidative processes, contributing to the development and progression of disease. While
oxidative stress and inflammatory responses are studied independently in ALD, mechanisms linking these two processes play a
major role in pathogenesis of disease. Here we review major players of oxidative stress and inflammation and highlight signaling
intermediates regulated by oxidative stress that provokes proinflammatory responses in alcoholic liver disease.

1. Introduction

The pathogenesis of alcoholic liver disease (ALD) is a conse-
quence of chronic alcohol abuse and approximately 44% of
the 26,000 deaths from cirrhosis are due to ALD in the United
States [1]. Alcoholic hepatitis, the clinical presentation of
ALD, remains to be a common life threatening cause of
liver failure, especially when it is severe. Chronic alcohol
consumption has long been associated with progressive
liver disease from steatosis to inflammation, development
of hepatic cirrhosis, and the subsequent increased risk of
hepatocellular carcinoma. Several studies have attempted to
identify the molecular pathways, direct or indirect, affected
by alcohol exposure in the liver. These pathways range
from oxidative stress, metabolism-related effects, and inflam-
mation to apoptosis. Induction of oxidative stress and
activation of the inflammatory cascade are identified as key
elements in the pathophysiology of ALD [2]. While these
intracellular mechanisms affected by alcohol are studied
exclusively, the interplay of signaling molecules between
pathways leading to alcoholic liver disease has received less
attention. Unraveling these interactions of oxidative stress
mediators and inflammatory signaling in the liver will aid
in identification of new integrative approaches as it relates
to alcoholic liver injury and provide potential new directions

to develop therapeutic target intervention. The goal of this
concise paper is to first review alcohol-induced reactive
oxygen species and oxidative stress generated by alcohol
metabolism, endoplasmic reticulum stress, mitochondrial
ROS in the liver, protein adduct formation, and autophagy
and chaperone function and then to describe stress-mediated
activation of receptors, kinases, and transcription factors
resulting in proinflammatory signaling in ALD.

2. Classical Mechanisms of
Alcoholic Liver Disease

Research done, so far, on the effects of pathophysiological
mechanisms of alcoholic liver disease suggests the involve-
ment of two main liver cell types, resident macrophages, or
Kupffer cells and hepatocytes. The role of gut-derived endo-
toxin and liver macrophage activation is clearly established in
ALD by Thurman and colleagues [2]. The deleterious effects
of alcohol, attributed to its metabolism, primarily occur
in hepatocytes [3]. Alcohol metabolism pathway including
induction of cytochrome P450 2E1 [3] results in adduct
formation and generation of reactive oxygen radicals respec-
tively creating an oxidative microenvironment and damage
in the liver [2]. In the currently accepted model of ALD,
chronic alcohol induces oxidative stress and sensitization
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to endotoxin, which activates the CD14/TLR4 pathway and
downstream signaling resulting in proinflammatory cytokine
production [4]. The proinflammatory cytokines, particularly
TNFα, then provoke hepatocellular injury and death by
extrinsic, via TNFR1 [5] and intrinsic death pathways [6]
leading to ALD. While the role of oxidative stress and
macrophage activation, the two main pathophysiological
processes affected in ALD, were studied independently in
the past, recent studies suggest that these pathways are
interconnected in ALD improving our understanding of the
disease.

3. Reactive Oxygen Species (ROS) and Alcohol

While activation of inflammatory responses are central
to alcoholic liver injury, excessive generation of reactive
oxygen species plays an equally significant role in alcohol-
induced cellular damage [7]. Alcohol-induced liver disease is
associated with a state of “oxidative stress”. The metabolism
of alcohol by alcohol dehydrogenase [ADH] leads to for-
mation of acetaldehyde. Further, the acetaldehyde is metab-
olized to acetate by acetaldehyde dehydrogenase [ALDH].
Acetaldehyde, a reactive intermediate has an ability to form
adducts with DNA [8, 9]. Whether acute or chronic, alco-
hol metabolism increases production of acetaldehyde and
enhances formation of DNA adducts leading to tissue injury.
On the other hand, metabolism of alcohol via cytochrome
P4502E1 induces production of reactive oxygen species
which facilitates adduct formation, activates stress proteins,
induces endoplasmic reticulum stress, and affects lysosomal
function and autophagy leading to mitochondrial injury and
hepatocellular death.

3.1. Alcohol Metabolism and ROS. Ethanol is primarily meta-
bolized in the liver by oxidative enzymatic pathways. The
classical pathway of alcohol metabolism involves enzymatic
breakdown of alcohol by the enzyme, alcohol dehydrogenase
(ADH) and its subsequent conversion to acetaldehyde and
formation of acetate. ADH is predominantly expressed in
liver [10] but other tissues like gastric mucosa express ADH
and contribute to metabolism of alcohol [10]. Aldehyde
dehydrogenase (ALDH) contributes to oxidation of aldehyde
intermediates resulting in acetate which is unstable and
breaks down to water and carbon dioxide. The second
major pathway for ethanol degradation is the microsomal
system catalyzed by cytochrome P450 enzymes. The 2E1
isoform of the cytochrome P450 (CYP2E1) system is induced
during chronic alcohol consumption. Activation of CYP2E1
leads to ROS generation and highly reactive free radicals
including superoxide anions and hydroxyl radicals resulting
in oxidative stress and cell death [11]. The role of CYP2E1
in hepatocyte injury has been elucidated using HEPG2
cells overexpressing CYP2E1 [12], CYP2E1 knockout mice,
and transgenic mice [13]. Increased oxidative stress from
induction of CYP2E1 in vivo sensitizes hepatocytes to
LPS and TNFα toxicity [14] and CYP2E1 knock-in mice
showed elevated hepatic steatosis and liver injury after
alcohol feeding [13]. On the other hand, CYP2E1 knockout
mice showed decreased oxidant stress, upregulation of

PPARα and were protective to alcohol-induced liver injury.
Peroxynitrite, activation of p38 and JNK MAP kinases,
and mitochondrial dysfunction are downstream mediators
of the CYP2E1-LPS/TNF potentiated hepatotoxicity [15].
Oxidation of ethanol by alcohol dehydrogenase and sub-
sequent metabolism of acetaldehyde results in increased
NADH/NAD+ ratio in the cytoplasm and mitochondria
[16]. The increase in NADH results in inhibition of mito-
chondrial β-oxidation and accumulation of intracellular
lipids [17]. Alcohol/CYP2E1-mediated ROS has the potential
to peroxidize lipids and inhibit mitochondrial and peroxiso-
mal β-oxidation enzymes such as acyl-CoA dehydrogenases,
carnitine palmitoyl transferase-1 (CPT-1), and peroxisomal
proliferator-inducing pathways, respectively [18]. This dis-
ruption leads to increased fatty acids, substrates of these
enzymes, and their accumulation resulting in development
of hepatic steatosis. Oxidative stress and ROS generation due
to alcohol metabolism not only increase accumulation of
lipids in hepatocytes but also sensitize the liver to subsequent
insults by cytokines.

3.2. Mitochondria and Oxidative Stress. In mitochondria,
ROSs are generated as undesirable side products of the
oxidative energy metabolism. An excessive and/or sustained
increase in ROS production has been implicated in the
pathogenesis of ALD, ischemia/reperfusion injury, and other
diseases [19]. Oxidative stress induced by alcohol is closely
associated with alterations in mitochondrial function result-
ing in cellular death. Hepatic mitochondria either acutely
or chronically exposed to ethanol generate increased levels
of reactive oxygen species (ROS) [20]. The induction of
mitochondrial dysfunction is also linked to the metabolism
of alcohol by CYP2E1 and increased oxidative stress [11].
Primary hepatocytes and rat hepatoma cells when treated
with ethanol led to an increase in ROS/RNS and loss of
mitochondrial function due to damaged mitochondrial DNA
and ribosomes and subsequent inhibition of mitochondrial
protein synthesis [21, 22]. Studies have shown that alcohol-
induced ROS generation leads to alteration in mitochondrial
membrane permeability and transition potential that in
turn initiates the release of proapoptotic factors such as
cytochrome c [21]. Transition of mitochondrial permeability
results in increased caspase-3 activation in hepatocytes and
this depends on p38 MAPK activation but is independent
of caspase-8 [5]. Various studies show that decreased ATP
synthesis accompanied by reduced mitochondrial protein
synthesis, inhibition of the oxidative phosphorylation system
(OxPhos), and damage to mitochondrial DNA leads to
dysfunctional mitochondria and oxidative stress in alcoholic
liver disease [23]. Peroxisome proliferator activated receptor
gamma (PPARγ)-coactivator 1 alpha (PGC-1α), a transcrip-
tion coactivator involved in mitochondrial biogenesis, is
involved in defenses against ROS by inducing many ROS-
mediated detoxifying enzymes. PGC-1 gene expression was
lower in hepatic tissues of rats exposed to ethanol [24].
In vitro exposure of hepatoma cells to 500 mM ethanol
significantly decreased hepatic SIRT-1; PGC-1α leads to
ROS-induced mitochondrial and cellular injury [25]. Certain
sirtuins, a family of protein deacetylases, were found to
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regulate glucose and fat metabolism in mammals [26, 27]
and to enhance mitochondrial biogenesis in liver and muscle
through PGC-1α and to influence cell survival [28].

Recent studies used an antioxidant peptide targeted
to mitochondria to show that altered ROS metabolism
facilitates enhanced expression of HIF-1alpha [29], which, in
turn, increases TNF-alpha secretion. These findings provide
in vivo evidence for the action of mitochondrial ROS on
HIF-1alpha activity and demonstrate that changes in mito-
chondrial function within physiologically tolerable limits can
modulate the immune response [29]. These studies suggest
that alcohol-induced mitochondrial stress pathways set the
stage for proinflammatory cytokine-induced cell death and
liver injury.

3.3. Protein Adducts and Lysosomal Dysfunction. Alcohol
metabolism and oxidative stress result in the formation of
reactive aldehydes such as acetaldehyde, malondialdehyde
(MDA), and 4-hydroxy-2-nonenal (HNE) that can bind to
proteins to form adducts [30]. In vivo models of chronic
alcohol consumption have shown that acetaldehyde, MDA,
and HNE adduct formation are increased in various organs
including the liver [30]. A strong corelation between 4-
HNE adducts and expression of CYP2E1 in patients with
ALD was recently shown [31]. Acetaldehyde and MDA react
with proteins synergistically to form hybrid protein adducts
called malondialdehyde-acetaldehyde (MAA) adducts [32].
Recognition of MAA-adducts by Kupffer cells, endothelial,
and stellate cells via the scavenger receptor resulted in upreg-
ulation of cytokine and chemokine production and increased
expression of adhesion molecules [32]. Circulating antibod-
ies to MAA-adducts were detected in patients with alcoholic
hepatitis and cirrhosis and correlated with the severity
of liver injury [33]. Chronic alcohol feeding also induces
formation of gamma-ketoaldehyde protein adducts in mouse
livers [34]. These adducts are formed in a TNFR1/CYP2E1
dependent, but cyclooxygenase-independent manner in
mouse liver [34]. Existence of protein adducts during chronic
alcohol consumption and their identification in animal
models has been challenging, limiting investigation of their
precise role in ALD.

Increased ROS and lipid peroxidation rate in microsomal
and lysosomal membranes with a simultaneous decrease
in the levels of glutathione sulfhydryls and glutathione-S-
transferase activity was observed during alcohol exposure
[35]. Elevation of cathepsin B in hepatic cytosol fractions,
indicating lysosomal leakage, was reported in ethanol-fed
rats [36]. Lysosomal leakage was increased in alcohol-fed
mice deficient in superoxide dismutase (SOD) indicating that
oxidative stress correlated with loss of lysosomal function
increased hepatic fat and inflammatory cell infiltration
[37]. The exact mechanisms responsible for ethanol-induced
changes in lysosomal function are not clear but there is
evidence of enhanced lysosomal membrane fragility, which
could result from either altered lipid peroxidation, oxidative
stress, or both [38]. More recently, degradation of a cell’s
own cytosolic components in the lysosomes as a protective
mechanism against the damaging effects of oxidative stress
has been described and is termed autophagy [38]. Alcoholic

liver injury is associated with decreased autophagy result-
ing in accumulation of damaged proteins and liver cell
death [38]. Recent studies show that macro-, micro- and
chaperone-mediated autophagy is linked to innate and
adaptive immune responses [39]. While autophagy acts as
an effector and regulator of pattern recognition receptors
including TLR4 signaling in macrophages, loss or defective
autophagy results in accumulation of cytosolic components
and chronic inflammatory responses [40]. How loss of
autophagy after chronic alcohol consumption contributes to
proinflammatory responses in alcoholic liver disease remains
to be investigated.

3.4. Endoplasmic Reticulum (ER) Stress. The unfolded pro-
tein response (UPR) is a protective response of the cell also
referred to as the ER stress response during pathological
conditions. In alcoholic liver disease, increased expression
of glucose regulatory protein (GRP)78, GRP94, CHOP,
and caspase-12 indicated a UPR/ER stress response [41].
Upregulation and activation of ER-localized transcription
factors such as SREBP-1c and SREBP-2 were associated
with increased lipid accumulation and induction of fatty
liver during chronic alcohol exposure [42]. Another impor-
tant inducer of ER stress, homocysteine, was increased in
alcoholic human subjects leading to hyperhomocysteinemia,
also observed in alcohol feeding rodent models [43]. The
role of ER stress in triglyceride accumulation and fatty
liver comes from studies showing that betaine increases an
enzyme, betaine homocysteine methyltransferase (BHMT)
and reduces homocysteine levels to inhibit lipid accumula-
tion [43]. Recent studies suggest that ER/UPR stress path-
ways intersect with innate immune signaling determining the
duration and intensity of inflammatory response [44]. Addi-
tional mechanistic studies to link ER/UPR stress and innate
immune responses as a pathophysiological contributor in
ALD are warranted.

3.5. Alcohol, Stress, and Molecular Chaperones. Stress or heat
shock proteins (hsps) are ubiquitous and highly conser-
ved proteins, functioning as molecular chaperones, whose
expression is induced by oxidative stress stimuli and in
response to accumulation of unfolded cellular proteins.
Oxidative stress induces heat shock proteins via activation
of the heat shock transcription factor (HSF) [45]. Male
Wistar rats fed with acute as well as chronic alcohol showed
induction of hsp70 in the various regions of the brain and
the liver [46, 47]. However, the intensity of induction of
hsp70 in the liver, the principal organ of ethanol oxidation,
was much lower than the hippocampus or striatal areas
of the brain [47]. Hsp90 levels, on the other hand, were
increased in cultured rat hepatocytes exposed to acute
alcohol [47, 48]. Acute and chronic alcohol treatment of
monocytes/macrophages showed alterations in hsp70 and
hsp90 mRNA and protein levels based on the length of
alcohol exposure [49]. Acute alcohol induces HSF and
hsp70, whereas chronic alcohol induces hsp90 but not hsp70
protein, through activation of HSF [49]. Hsp90 functions as
a molecular chaperone controlling activity of various kinases
and signaling molecules of the LPS signaling pathway such
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as CD14 [50], IKK [51], and IRAK [52]. Comprehensive
studies on the effect of acute and chronic alcohol exposure
on chaperone function of hsps in inflammatory responses in
the alcoholic liver could provide novel mechanistic insights
in ALD.

4. Inflammatory Response and ALD

Extensive studies over the past two decades have identified
the importance of macrophage activation in the liver by
gut-derived endotoxin after prolonged alcohol consump-
tion [2]. Central to this activation is the sensitization of
macrophages due to alcohol exposure and is associated with
mechanisms ranging from upregulation and engagement
of surface receptors on innate immune cells, intracellular
kinases and transcription factors contributing to induction
of proinflammatory cytokines.

4.1. Pattern Recognition Receptors, Alcohol, and Immune Cells.
Pattern recognition receptors (PRRs) are expressed on liver
nonparenchymal and parenchymal cells and function as sen-
sors of microbial danger signals enabling the vertebrate host
to initiate an immune response. The complexity of cellular
expression of PRRs in the liver provides unique aspects to
pathogen recognition and tissue damage in the liver [53].
Toll-like receptors (TLRs) that are membrane associated
or endosomal recognize distinct microbial components and
activate different signaling pathways by selective utilization
of adaptor molecules [54]. TLRs such as TLR4 and TLR2
that detect PAMPs like LPS and lipoproteins, respectively,
are located on the cell surface whereas; TLRs such as TLR3,
TLR7, and TLR9 that detect viral RNA and DNA are located
in the endosome [55]. The pivotal role of TLR4 as well as
other TLRs has been extensively studied in alcoholic tissue
injury [56–59].

The interaction of oxidative stress and TLR signaling is
emerging. TLR4 is capable of inducing ROS leading to oxida-
tive stress [59–61]. Kupffer cells or hepatic macrophages pro-
duce reactive oxygen species (ROS) in response to antigenic
stimuli and chronic alcohol exposure as well as endotoxin
[62, 63]. Alcohol-induced sensitization of macrophages to
LPS has been attributed to ROS production [59, 60, 64].
Previous studies from Nagy and colleagues [64, 65] also show
that chronic ethanol feeding increases the sensitivity of Kupf-
fer cells to lipopolysaccharide (LPS), leading to increased
tumor necrosis factor alpha (TNFα) expression. NADPH
oxidase and ROS generation exhibit direct interaction with
the TLR4 receptor and activation of down-stream kinases
and transcription factors [61]. Studies by Gustot et al. [59]
show that oxidative stress regulates TLR 2, 4, 6, and 9
mRNA expression in alcoholic liver. Thus, it appears that
TLR mRNA, protein expression, and immune signaling can
be strongly influenced by oxidative stress in ALD making
these two events dependent on each other and not mutually
exclusive. Besides ROS, TLRs also mediate responses to host
molecules including intracellular mediators [66]. Amongst
the well-characterized DAMPs, high-mobility group box
1 (HMGB1), S100 proteins, hyaluronan, and heat shock
protein 60 (hsp60) are known to be recognized by TLR2 and

TLR4 [66, 67]. In addition, necrotic or apoptotic cells are also
recognized as DAMPs by TLRs [67]. In alcoholic liver injury,
apoptotic bodies, generated due to alcohol-induced oxidative
stress, could be recognized by DAMPs [68] and contribute to
inflammatory responses in the liver.

Activation of TLR4 recruits IRAK-1 to the TLR4 complex
via interaction with MyD88 and IRAK-4 [69]. The role of
MyD88, the common TLR4 adaptor molecule, was evaluated
in a mouse model of alcoholic liver injury [60]. These
studies showed that MyD88 knockout mice were highly
susceptible to alcohol-induced fatty liver [60]. While alcohol
feeding in TLR4 deficient mice prevented activation of
NADPH oxidase, alcohol-fed MyD88 deficient mice showed
high NADPH oxidase activity and increased oxidative stress
resulting in liver injury [60].

Increasing evidence suggests that downstream signaling
components activated by TLRs as well as cytokines and
chemokines produced can be regulated by oxidative stress
pathways. These interactions of stress pathways leading to
inflammation could contribute largely to initiation and
perpetuation of alcohol-related injury in the liver. The cross-
talk of stress regulated intracellular molecules with TLRs,
intracellular kinases and transcription factors resulting in
alterations in cytokines/chemokines in ALD are of great
importance.

4.2. MAPKs and IKKs. LPS/TLR4-induced ROS activation
[61] plays an important role in activation of downstream
signaling molecules such as IRAK1/4, TRAF6 leading to
activation of MAP kinases and NFκB during chronic
alcohol exposure [69]. Mitogen-activated protein kinase
[MAPK] signaling cascade plays an essential role in several
cellular processes including proliferation, differentiation,
and apoptosis. Acute alcohol exposure results in activa-
tion of baseline p42/44 MAPK in hepatocytes [70] while
chronic alcohol exposure causes potentiation of endotoxin-
stimulated p42/44 MAPK, and p38 MAPK signaling in
Kupffer cells leading to increased synthesis of TNFα [71,
72]. LPS stimulation of Kupffer cells in vitro exposed to
chronic alcohol in vivo exhibited increased p38 activity and
decreased JNK activity [71, 73]. Inhibition of p38 activation
impaired alcohol-mediated stabilization of TNFα mRNA
likely via interaction with tristetraprolin (TTP) [74]. On the
other hand, ERK1/2 inhibition did not alter TNFα mRNA
stability but affected mRNA transcription in chronic alcohol-
exposed macrophages via Egr-1 binding to the promoter
[75]. Whether alcohol-induced ROS plays a role in MAPK
activation in ALD is not yet determined.

TLR4-induced MyD88-dependent and independent
pathways lead to IKK kinase activation resulting in proin-
flammatory cytokine production [71]. Oxidative stress and
ROS-mediated molecular chaperones such as hsp90 are
shown to facilitate IKK kinase activity and downstream
NFκB nuclear activation [51]. Studies show that chronic
alcohol-induced NFκB activation in macrophages is due to
increased hsp90 resulting in elevated IKK kinase activity
[49]. Inhibition of hsp90 in chronic alcohol-exposed macro-
phages resulted in decreased IKK kinase activity and NFκB
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binding suggesting a cross-talk between cellular stress and
inflammatory pathways [49].

4.3. Transcription Factors in ALD. The transcription fac-
tor NFκB is a ubiquitous transcription factor that can
be activated by a large number of extracellular stimuli
such as cytokines, chemokines, growth factors, and bac-
terial or viral products [76]. NFκB activation triggers the
induction of inflammatory genes and plays an important
role in initiation and progression of alcoholic liver dis-
ease [69, 77]. While TLR-mediated activation of NFκB is
well established, ROS-induced activation of NFκB occurs
but remains poorly understood. Chronic alcohol exposure
induces LPS/TLR4-mediated NFκB activation in human
monocytes and macrophages contributing to production
of proinflammatory cytokine, TNFα [77]. Whether ROS
mediates activation of NFκB directly during ALD is unclear.
TLR4-induced MyD88-independent signaling leads to acti-
vation of IKKε and interferon regulatory factor 3 (IRF3) and
downstream Type I IFN activation [78, 79]. Previous studies
show that ROS mediates LPS-induced IRF3 activation [80].
Investigators found that IRF3 binds to the TNFα promoter
in macrophages after chronic alcohol administration [81]
and induces TNFα production. Whether alcohol-induced
ROS mediates IRF3 induction to increase proinflammatory
cytokines and liver injury needs further investigation.

Alcohol-mediated fatty liver injury is associated with
increased expression of genes regulating fatty acid synthesis
and suppression of genes involved in fatty acid oxidation
[82]. Transcription factors like SREBP and PPARα play a
pivotal role in fatty acid metabolism and rodent models
as well as in vitro treatment studies with alcohol show
downregulation of PPARα mRNA [83]. Further, DNA-
binding activity of PPARα is significantly reduced resulting
in decreased expression of target genes involved in fatty acid
metabolism after alcohol exposure [83]. Decreased PPARα
activity was accompanied by increased oxidative stress in the
liver resulting in increased sensitization of TNFα-induced
liver injury [83].

Another transcription factor, STAT3, in alcoholic liver
injury was recently investigated in hepatocyte-specific STAT3
knockout (H-STAT3KO) mice and macrophage/neutrophil-
specific STAT3 KO (M/N-STAT3KO) and endothelial STAT3
mice [84]. Compared with wild-type mice, Kupffer cells from
alcohol-fed hepatocyte-specific STAT3KO mice produced
similar amounts of ROS and hepatic proinflammatory
cytokines compared to control mice [85]. On the other hand,
Kupffer cells from M/N-STAT3KO mice produced higher
ROS and TNFα compared with wild-type controls. These
results suggest that STAT3 in hepatocytes promotes ROS
production and inflammation whereas myeloid cell STAT3
reduces ROS and hepatic inflammation during alcoholic liver
injury [85]. Thus, STAT3 may regulate hepatic inflammatory
cytokines via ROS production.

5. Stress and Immune Signaling:
How Are They Linked in ALD?

Cellular stress responses during alcohol exposure include
oxidative stress due to metabolism of alcohol in the liver,

ER stress, mitochondrial imbalance, heat shock protein
induction, and inflammatory processes. Numerous mouse
models have been used to study the discrete role of each
of the stress responses in alcohol-mediated liver pathology.
Yet, accumulating evidence suggests that these pathways
cannot be regarded separately and are tightly interrelated.
Similar to other inflammatory diseases [86], alcoholic liver
disease is multifactorial and it is important to take into
account interactions between various cellular responses
for a better understanding of the pathogenesis of ALD.
Based on studies so far, a clear relationship between
oxidative stress and inflammation is emerging in ALD. It
is increasingly apparent that in addition to gut-derived
endotoxin, alcohol-induced upregulation of oxidative stress
mediators plays a major part in activation of receptors,
intracellular kinases, and transcription factors in innate
immune cells (Figure 1). Pathways described above that
are interrelated in ALD include ROS-mediated activation
of TLR4 in macrophages, mitochondrial ROS regulation
of transcriptional activators such as PGC-1α and HIF-1α
promoting TNFα induction, ROS and autophagy associated
enhancement of proinflammatory cytokine production [86],
ER stress-associated innate immune cell activation, hsp-
mediated activation of proinflammatory signaling kinases,
and finally direct activation of transcription factors such as
NFκB and STAT3 by ROS. Alcoholic liver disease exhibits
enhanced inflammatory responses and exaggerated TNFα
production leading to liver injury. While TNFRI knockout
mice are protected from alcohol-induced liver injury [87],
alcohol-induced ROS production was unaffected in TNFRI
knockout mice indicating that ROS predominantly serves
as a redox signal for proinflammatory cytokine production
and may not be a direct toxicant to hepatocytes [87]. These
studies argue against the direct role of ROS or oxidative stress
in alcoholic liver injury and in fact support the notion that
oxidative stress/ROS primarily affects and is indispensable to
proinflammatory activation and cytokine induction in ALD
creating a vicious cycle of the two pathways (Figure 1). Thus,
attempts to further clarify the importance of oxidative stress
and its cross-talk with inflammatory pathways will provide
an insight into pathogenesis of ALD and open avenues for
novel therapeutic targets.

6. Conclusion

This paper clearly implicates the role of oxidative stress
in proinflammatory signaling and macrophage activation
during liver injury providing a feed-forward mechanism
in ALD. Therefore, targeting redox-sensitive inflammatory
pathways and transcription factors offers great promise for
treatment of ALD. Investigation of agents that interfere with
oxidative stress mediators directly hampering inflammatory
cytokine production is needed. Whether these agents will
then alleviate alcoholic liver disease in patients should be
tested.
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High levels of profibrinogenic cytokine transforming factor beta (TGF-β), metalloprotease (MMP2), and tissue inhibitor of matrix
metalloprotease 1 (TIMP1) contribute to fibrogenesis in hepatitis C virus (HCV) infection and in alcohol-induced liver disease
(ALD). The aim of our study was to correlate noninvasive serum markers in ALD and HCV patients with various degrees of
inflammation and fibrosis in their biopsies. Methods. Serum cytokines levels in HCV-infected individuals in the presence or absence
of ALD were measured. Student’s-t-test with Bonferroni correction determined the significance between the groups. Results. Both
tumor-necrosis-factor- (TNF)-α and TGF-β levels increased significantly with the severity of inflammation and fibrosis. TGF-β
levels increased significantly in ALD patients versus the HCV patients. Proinflammatory cytokines’ responses to viral and/or toxic
injury differed with the severity of liver inflammation. A combination of these markers was useful in predicting and diagnosing
the stages of inflammation and fibrosis in HCV and ALD. Conclusion. Therapeutic monitoring of TGF-β and metalloproteases
provides important insights into fibrosis.

1. Introduction

Alcohol-induced liver disease (ALD) encompasses a spec-
trum of hepatic injury, ranging from simple steatosis to
cirrhosis. Alcohol ethylic (ethanol), a hepatotoxin, produces
the oldest form of liver injury known to humankind [1–4].
In addition, ethanol-inducible cytochrome P-450 (CYP2E1)

increases vulnerability of the heavy drinker to commonly
prescribed drugs [5–7]. Moreover, dysregulated cytokines,
including TNF-α and downstream cytokines, play a pivotal
role in the pathophysiology of ALD [8, 9]. In addition,
Th1 cells produce interleukin (IL)-2, interferon (IFN)-γ,
and TNF-α, that promote inflammation and cell-mediated
immunity in an attempt to control infection [10–12]. Th2
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cells produce IL-10 [10] and IL-4, inducing fibrogenesis
[13–17]. In HCV, an impaired HCV-specific CD4+ T-cell
response can lead to persistence of the virus characterized
by inflammation [18–22]. The expression of suppressor of
cytokine signaling (SOCS) proteins permits the host to better
respond to therapies [23].

The initial liver histological changes are characterized by
accumulation of inflammatory cells and matrix deposition
around the portal vein [24–26]. In liver disease, including
ALD and HCV, liver fibrosis is defined as the abnormal accu-
mulation of extracellular matrix (ECM) [26–33]. In all cases,
inflammation plays a crucial role [24, 34]. TGF-β mediates
the effects through signal mothers against decapentaplegic
(Smad) proteins [35, 36].

In response to liver injury neutrophils migrate to
the site of infection through chemokines. Distinct pat-
terns of expression of each chemokine were noted on
Kupffer cells (IL-8) (CXC) [4, 36], sinusoidal endothelial
cells macrophage inflammatory protein 1 (MIP-1) (CC)
[37], hepatocytes (CXC chemokines, IL-8) [38], lympho-
cytes (MIP-1), (CX3C) [39], hepatic stellate cells (HSCs)
{monocyte chemoattractant protein 1 (MCP-1) [40–42],
regulated upon activation of normal T-cell expressed and
presumably secreted (RANTES) (CC)} [42]. Other biomark-
ers that are attributed to HSC activity include levels of TIMPs
[43, 44]. MMP-1 levels, on the other hand, significantly
decreased during fibrogenesis [45]. Alcohol consumption in
HCV-infected people is known to cause accelerated progres-
sion of liver fibrosis, a higher frequency of cirrhosis, and an
increased incidence of HCC [46–48]. Genes associated with
fibrosis/cell adhesion/ECM were not specific to alcohol and
have been reported in HCV-induced liver cirrhosis [49].

Previously, we reported that sera levels of RANTES, TNF-
α, IL-6, IL-8, and IL-12 as well as TGF-β in HCV-infected
individuals are higher as compared to healthy controls [34].
A strong correlation was observed between the degree of
inflammation, as shown by the histological activity index,
and TNF-α levels, thus indicating the possibility of using
TNF-α levels as a marker of the degree of liver inflammation.
Furthermore, TGF-β levels were significantly higher among
those with moderate and mild fibrosis (F2-F3) regardless
of the inflammation, suggesting the role TGF-β in HCV
patients takes place mostly in earlier stages of the disease
before cirrhosis is well established [34].

The aim of our present study was to correlate noninvasive
serum markers: cytokines, chemokines in ALD, and chronic
HCV patients with various degrees of inflammation and
fibrosis in their biopsies.

2. Methods

2.1. Patients. We studied 260 AH : 140 (mild histological
activity index (HAI), 60, high HAI, and 60 cirrhotics; AH,
comorbidity, 60 HCV (30 cirrhotics). From 1180 HCV (that
declared not drinking) : 170—low fibrosis—HAI; 450—mild
fibrosis—low HAI; 440—moderate fibrosis—HAI; 120—
high fibrosis—high HAI. ALD was considered as resulting
from long-term heavy drinking (over 80 mg/alcohol/day).

The patient population was 98% Caucasian, treated in
Canada, France, and Israel.

2.1.1. Chemical Measurements. The laboratory services at
each of the participating sites performed routine blood tests
including alanine aminotransferase (ALT), aspartate amino
transferase (AST), bilirubin, albumin, and platelet counts.

2.1.2. Liver Biopsy. After submitting an informed consent
document, all patients underwent a percutaneous liver
biopsy to ascertain the diagnosis and their stage of liver
injury. Biopsy specimens were fixed, paraffin-embedded, and
stained with haematoxylin and eosin, Masson’s trichrome,
and Sirius red. All specimens were examined and graded
by the pathologists of the specific medical center. A fibrosis
score from 0 to 4 and an inflammatory score from 0 to
16 were adopted according to the severity and the extent
of damage. Liver fibrosis was evaluated according to the
METAVIR scoring system. Fibrosis (F) was staged on a scale
of 0 to 4: F0, no fibrosis; F1, portal fibrosis without septa; F2,
few septa; F3, numerous septa without cirrhosis; F4, cirrhosis
[32].

2.1.3. Inclusion/Exclusion Criteria. Each treating physician
established a diagnosis based upon the following criteria:
clinical presentation, a history of excessive alcohol con-
sumption, and exclusion of other etiology, elevated liver
transaminases, neutrophil counts, serum bilirubin, and
impaired coagulation. In addition, diagnosis was reached
using appropriate virological and histological criteria.

HCV-infected patients tested positive for antibody to
HCV on third-generation enzyme-linked immunosorbent-
assay (ELISA) or recombinant immunoblot assay (Abbott
Laboratories, Chicago, IL, USA). After that the viral load was
measured. The patients had persistently elevated serum ALT
levels for more than 6 months and no evidence of infection
with hepatitis B virus (absence of detectable hepatitis B
surface antigen). Additionally, there was no presence of
antihuman immunodeficiency virus antibodies. Also other
causes of chronic liver disease (hepatotoxic drugs, autoim-
mune chronic hepatitis, hemochromatosis, Wilson’s disease,
and -1 antitrypsin deficiency) and a history of decom-
pensated cirrhosis (ascites, bleeding esophageal varices, or
hepatic encephalopathy) were excluded. Moreover, none of
these patients had received immunomodulatory or antiviral
therapy. Liver histology showed lesions characteristic of
chronic hepatitis.

All the patients described in the study had been treated
for their disease in the specific medical facility in his (her)
own country. The Ethics Committees of the specific Medical
Centre approved this study, which is in concordance with
the ethical guidelines of the 1975 Declaration of Helsinki
for research involving human participants. Informed consent
was obtained from all participating patients.

2.1.4. Characteristics Studied. The following characteristics
were compared between the groups: sex, age, duration of
HCV infection, or alcohol use (80 g or more/day for at least
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Table 1: Baseline characteristics ALD patients.

Characteristics F2 (n = 140) F3 (n = 60) F4 (n = 60)

Age (years) 27 ± 8 46 ± 12 64 ± 5∗

Sex (F/M) 24/116 8/52 0/60

Alcohol consumption (years) 10 ± 4 20 ± 6 28 ± 16

ALT (U/L) 46.0± 3.0 65.0± 11.0∗∗ 57.0± 12.0∗∗

AST (U/L) 45.5± 4.5 80.5± 15.0∗∗ 77.0± 10.0∗∗

Bilirubin (mg/dL) 1.2± 0.5 1.96± 1.20 5.80± 1.50

Values represent mean ± S.D. ∗P < 0.05 higher than F2 and F3; ∗∗P < 0.001 higher, when compared to F2.

Table 2: Baseline characteristics: HCV-infected individuals.

Characteristics F0-F1 (n = 170) F2 (n = 450) F3 (n = 440) F4 (n = 120)

Age (years) 39 ± 16 47 ± 6 46 ± 7 54 ± 10∗

Sex (F/M) 48/122 177/273 132/308 50/70

HCV infection (years) 15 ± 6 18 ± 7 22 ± 8 27 ± 12

ALT (U/L) 70.0± 20.0 79.0± 10.0 99.0± 5.0∗∗ 86.0± 20.0

AST (U/L) 32.0± 4.0 42.0± 8.0 40.5± 15.0 50.8± 5.0

Bilirubin (mg/dL) 0.26± 0.5 3.6± 2.5 5.5± 3.50 8.5± 5.5

Values represent means ± S.D; ∗P < 0.05 higher when compared to F0-F1, F2, and F3; ∗∗P < 0.001 higher when compared to F0 or F2.

1 year), liver histology, HCV genotype, and viral load. Tables
1, 2, and 3 record the characteristics of the patients studied.

2.1.5. Laboratory Methods. We measured serum: IL-6, IL-
8, TNF-α, TGF-β, RANTES, Fas-ligand (FAS-L), hyaluronic
acid (HA), TIMP, and apoptosome (M30). We also per-
formed the correlation between these cytokines, chemokines,
and apoptosis markers with the degree of inflammation and
fibrosis as shown by light microscopy (LM) as well as with
other biochemical parameters such as ALT, AST, bilirubin,
albumin, ferritin as well as HCV genotype, and viral load.
Patient serum specimens were kept at 4◦C immediately after
collection, centrifuged, aliquoted for each measurement, and
frozen at −80◦C within 2 h of being drawn. This provides
the optimal conditions for reliable results [11]. Cytoscreen
Immunoassay kits (BioSource International, Camarillo, CA,
USA) for human IL-6, IL-8, TNF-α, TGF-β, RANTES,
TIMP quantified the cytokines as described previously
[23].

2.2. Fas/sFasL Measurements. Cytoscreen, Immunoassay
Kits, Human Fas (BioSource International, Camarillo, CA,
USA), and soluble FasL (Bender MedSystems, Vienna,
Austria) were used for the quantitative determination of
Fas/sFasL in serum as previously described [50]. The cor-
relation coefficient was linear (Fas r = 0.996; FasL r =
0.998) in a concentration range between 0.23 and 15 ng/mL
for Fas and between 0.16 and 10 ng/mL for FasL. The
samples having higher concentrations were diluted. Each
specimen was analyzed in triplicate with a sensitivity and
specificity of 96% and 92%, respectively. We used standards
and reference reagents available from the National Institute
for Biological Standards and Controls (NIBSC, Herts., UK).
These methods are standardized in our laboratory according
to the procedures described [11, 50, 51].

2.3. Apoptosis Measurements. Apoptosis was measured using
the M30-Apoptosense ELISA (Bender MedSystems, Vienna,
Austria) using the manufacturer instruction. It is a solid-
phase, two-site immunosorbent assay. The absorbance was
measured in a microplate reader at 450 nm. The corre-
lation coefficient was linear (r = 0.995) in a concen-
tration range between 50 and 1000 U/mL. The samples
having higher concentrations were diluted. Each speci-
men was analyzed in triplicate with a sensitivity of 95%
and specificity of 90%. We used standards and refer-
ence reagents available from Bender MedSystems (Vienna
Austria).

2.4. Detection of Serum Hepatitis C Virus RNA. For quan-
titation of HCV RNA in human we used “AMPLICOR
HCV MONITOR test (Roche Diagnostic, PQ, Canada and
Neuilly, France)”. The test is specially designed for assessing
viral load with the low linear sensitivity 6 × 102. The
procedure is based on five major steps required by the
specimen preparation, reverse transcription of target RNA to
generate complementary DNA (cDNA), PCR amplification
of target cDNA using HCV-specific complementary primers,
hybridization of the amplified DNA to oligonucleotide
probes specific to the target, and detection of the probe
bind amplifier. In 100 patients we have evaluated the
performance of newly developed automated real-time PCR
assay, the COBAS Ampliprep/COBAS TaqMan (CAP/CTM)
with AMPLICOR HCV MONITOR test (Roche Diagnostic,
PQ, Canada) COBAS as previously described [52]. The
overall concordance for negative/positive results was 100%
for HCV. All assays were equally able to quantify HCV in
genotype 1. The results indicate that the real-time PCR
assay covers better viral dynamic. Serum HCV RNA detec-
tion and HCV genotyping were performed for diagnostic
purposes.
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Table 3: Baseline characteristics ALD infected with HCV.

Characteristics F2 (n = 10) F3 (n = 40) F4 (n = 30)

Age (years) 50 ± 15 66 ± 27 64 ± 32

Sex (F/M) 0/10 2/38 5/25

HCV infection (years) 22 ± 7 25 ± 15 35 ± 25

ALT (U/L) 34.5± 10.5 60.5± 14.0∗ 126.0± 42.0∗∗

AST (U/L) 70.0± 25.0 154.0± 45.0 250.0± 75.0

Bilirubin (mg/dL) 0.36± 0.5 5.5± 2.50 12.80± 8.00

Values represent means ± S.D; ∗P < 0.05 higher when compared to F2; ∗∗P < 0.001 higher when compared to F2 or F3.

2.5. Genotyping of Hepatitis C Virus. HCV genotyping was
performed at initiation of treatment in the 5′ untranslated
region of the HCV genome, using reverse hybridization with
the line probe assay (InGeN, Rungis, France). The HCV
line-probe assay contains 15 probe lines, allowing identifi-
cation of HCV types 1 to 5 as well as their subtypes a and b
[23].

2.6. Statistical Analysis. We calculated the statistical signifi-
cance of parameters by using SPSS 9.0 for windows (SPSS
Inc., Chicago, Illinois, USA). Normality of the data was tested
by means of Shapiro and Wilk’s W-test. Most of the data
was in a normal distribution. All statistical significance was
assessed at the 0.05 levels. Baseline data were descriptively
summarized. To test differences between groups, we com-
pared mean and standard deviation (S.D.) of each parameter
using either parametric or nonparametric tests. Differences
among groups were determined by the use of confidence
intervals and analysis of variance. The 2 test or Fisher’s
exact test was used to compare frequency data between
groups. The initial histological lesions were evaluated by
the non-parametric rank correlation for each parameter.
Mann-Whitney and Wilcoxon rank-sum tests were used
to compare values of continuous variables. Correlations
between variables were analyzed calculating the Spearman
rank correlation coefficient. To determine the independent
prognostic value of the selected characteristics, a logistic
regression model was used.

3. Results

3.1. Patient Characteristics. Baseline demographics and dis-
ease characteristics were comparable across groups (HCV.
HCV-ALD, and ALD), as shown in Tables 1, 2, and 3,
confirmed by the Kruskal-Wallis test. All subjects had
clinically compensated but active liver disease based on
evaluations of liver biopsies and ALT and AST levels. A num-
ber of laboratory abnormalities, including elevated serum
aminotransferases, were seen in patients with alcoholic liver
injury, in the presence or absence of HCV. In Tables 1 and 3
we reported a specific feature used to diagnose ALD patients:
the AST/ALT ratio which was higher than 1.2. Ratios of
AST/ALT greater than 1 are considered suggestive of alcohol-
induced etiology.

Serum AST/ALT was typically elevated 1.2–2 times in
ALD individuals as well as in HCV-ALD patients. In alcoholic

hepatitis, the levels of AST and ALT were 2–6 times higher
than the upper limits of normal levels in healthy individuals.

Table 2 presents the characteristic analysis of HCV-
patients. Consistent with previous studies and with patient
populations in Europe and North America, the majority of
HCV-subjects had genotype 1 and 98% of all the patients
were Caucasians.

The viral load was not significantly different between the
HCV (7.3± 6.4× 106) and ALD-HCV (6.8± 5.8× 106).

In patients with mild fibrosis (F3), there was a dramatic
increase in the HAI score as compared to those with
moderate fibrosis (F2; P < 0.001). Additionally, as the
fibrosis progressed to high levels seen in cirrhotic patients
(F4), the HAI significantly increased as compared to patients
with mild fibrosis (F3; P < 0.05).

In Figures 1(a) and 1(b), in the upper panel, the ALT
values were plotted versus the HAI. As can be seen, the
level of ALT was higher when compared to the normal
level. However, the ALT was not significantly different in
ALD patients or HCV patients in spite of the different HAI
levels. Notably, there was a significant increase in TNF-α
levels as the HAI increased (Figure 1(a) (HCV patients) and
Figure 1(b) (ALD patients)). Moreover, the TNF-α levels
in ALD patients were significantly higher (P < 0.05) when
compared with TNF-α levels at the same HAI in HCV
infected individuals.

Regardless the presence or absence of HCV-infection
in the ALD patients, there were no significant differences
between the levels of TNF-α. A positive correlation was
found between the degree of inflammation and TNF-α levels
(r = 0.90, P < 0.001) in all patients. Also, there was a
significant increase in the levels of IL-8 and RANTES at
moderate HAI as compared to patients presenting lower
HAI (r = 0.89; P < 0.001), followed by a continued
increase in IL-8 levels and more profoundly RANTES
levels (r = 0.92, P < 0.001). This pattern was observed
in all ALD, HCV, and ALD-HCV patients. There were
no significant differences between the levels of IL-8 and
RANTES between the 3 types of patients. Finally, the levels
of IL 6 between these individuals did not differ and were
not significantly distinct when compared with the level of
HAI.

As seen in the upper panel of Figure 1, ALT values do not
differ with increased severity of inflammation. In contrast,
as seen in the lower panel of the graph, TNF-α values differ
significantly with the increased severity of inflammation (P <
0.05) up until the moderate inflammatory response. There
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Figure 1: (a) Correlation between the ALT ± SD measured in U/L (upper panel) (triangles) and HAI (columns: minimal, mild, moderate,
and high inflammation by histology) in HCV. The lower panel presents the correlation between TNF-α ± SD ((pg/mL) rhomboid) and
histological activity index (HAI-columns) in the same set of patients. (b) Correlation between the ALT (U/L ± SD (triangles)) and HAI
(solid black columns) is presented in the upper panel graph. TNF-α ((pg/mL ± SD) rhomboid) is correlated in the lower panel with HAI
(solid black columns HAI-0, mild, moderate, high) in patients with ALD.

is no significant difference in the levels of TNF -α between
moderate and high inflammatory index.

ALT (IU/L) values do not differ with the increased sever-
ity of inflammation neither in HCV Figure 1(a), nor in ALD
individuals (Figure 1(b)). On the contrary, TNF-α values
increase significantly with the increased severity of inflam-
mation (P < 0.05) as described by a histologic inflammatory
response. Both in HCV and in ALD the TNF-α gradually
increases, paralleling the increase in HAI until the moderate
HAI. There is a significant difference between the levels of
TNF-α in high HAI versus the moderate HAI in patients
with ALD (P < 0.05). This is an exclusive feature for the
ALD individuals since in HCV-infected individuals there is
a plateau of TNF-α (Figure 1(a)), between the patients with
moderate and high HAI.

Additionally, apoptosis (M-30) increased dramatically
in the moderate and high HAI. When correlating IL-8
and TNF-α levels with HCV genotype, no significance was
observed. There was no correlation between the levels of
ALT and AST with the severity of inflammation. There was
a significant increase in the level of FAS-L when comparing
patients with mild HAI to those with minimal HAI (r = 0.80,
P < 0.05). The level of FAS-L was maintained in patients with
moderate HAI, whereas in patients with high HAI a major
increase was seen (P < 0.001). Also in ALD-HCV significant
increase in FAS levels was observed in patients with moderate

HAI as compared to those with minimal and mild HAI
(r = 0.78, P < 0.05). This level was maintained in patients
with high HAI. The same pattern was seen with M-30.
A good correlation was observed between the apoptosome
levels and TNF-α in patients presenting the same degree of
inflammation (r = 0.82).

In patients with higher HAI, the levels of apoptosis
and proinflammatory cytokines were significantly higher
(P < 0.001) in patients with ALD when compared with
patients with HCV.

The levels of TGF-β increased with the severity of liver
fibrosis in HCV (Figure 2). The patients with ALD and HCV
had comparable levels of TGF-β in the stages of fibrosis F2-
F3. The ALD patients with F4 had levels of TGF-β two times
as high as the patients with HCV. There is no statistical
difference between the TGF-β levels of in HCV and ALD
patients at F0–F3. At the highest fibrosis level (F4) there is
a statistical difference (P < 0.05) in TGFβ between HCV and
ALD patients.

Hyaluronic acid is a glycosaminoglycan synthesized by
HSCs. HA is eliminated from the circulation by sinusoidal
endothelial cells. In our patients HA levels followed the same
pattern as TGF-β in HCV, increasing significantly from 54±
16 (ng/mL) (F0-1) to 122 ± 32 (F2) (P < 0.05), 207 ±
45 (F3) (P < 0.05); 567 ± 85 (F4) (P < 0.05). In ALD
patients, the levels of HA (ng/mL) also increased significantly



6 International Journal of Hepatology

F2 F3 F4

0
1
2
3
4

20

40

60

80

100

Fi
br

os
is

 in
de

x/
T

G
F-

(n
g/

m
L)

F0-1

Figure 2: Correlation between the levels of TGF-β (ng/mL) in patients with HCV (triangle) and ALD (circle) and fibrosis score (solid black
columns: fibrosis 0-1 (F0-1); fibrosis 2 (F2), fibrosis 3 (F3), cirrhosis (F4)).

versus the previous fibrosis stage 82±16 (F2), 128±25 (F3)
(P < 0.05); 497 ± 53 (F4) (P < 0.001). No statistically
significant difference in HA was observed between the HCV-
ALD patients and the patients with non-HCV-infected ALD.
Their values were 65±35 (F2); 120±44 (F3); 360±125 (F4).

In HCV-infected individuals, it is important to observe
the increase of TIMP1 values (ng/mL) (F0-1) 65 ±
12 to 126 ± 12 (F2); 147 ± 45 (F3); 672 ± 58 (F4) (P <
0.001 versus the previous fibrosis stages). In ALD subjects,
the TIMP1 values increased from 105 ± 65 (F2), 205 ±
45 (F3), 872 ± 83 (F4) (P < 0.001 versus the previous
fibrosis stages). The levels of TIMP1 (ng/mL) in ALD-HCV
individuals were significantly different when compared with
HCV individuals at the same HAI (P < 0.001) but not
significantly different from the ALD patients.

Patients with moderate fibrosis presented a dramatic
increase in the HAI as compared to those with mild fibrosis
(P < 0.001). In addition, as the fibrosis progressed to
higher levels in the cirrhotic patients, the HAI significantly
increased as compared to patients with moderate fibrosis
(P < 0.05). The levels of apoptosome (M30) were within
the normal ranges in all patients that presented minimal
inflammation. This level was maintained in patients with
moderate HAI. There is a sequential increase in apoptosome
in ALD patients. However, major increase was seen in ALD
patients (P < 0.001) versus the moderate HAI. Additionally,
in HCV individuals, a significant increase of M30 was
observed (P < 0.05). The same pattern was seen in the
levels of M30 in ALD-HCV (P < 0.05) increased versus the
moderate HAI.

4. Discussion

The pattern of alcohol consumption is expressed and regu-
lated differently in diverse geographical regions. Considering
the fact that our population was recruited from Europe and
North America we defined high risk drinking on the average
80 g alcohol intake/day.

Over the past fifteen years our laboratory has been focus-
ing on the alterations of the cytokine network in patients
with HCV. We have reported a correlation between TNFα-
as a mediator of inflammation and the degree of HAI.
In addition, in our previous studies with noncirrhotics,
we have established that TGFβ- levels reflect the histology
fibrosis score [9]. Thus, measuring TNFα-and TGFβ-levels
and correlating them with HAI and fibrosis scores should
bring vital information in assessing and monitoring the
natural history of the disease in patients with HCV. In the
present study we aimed to evaluate the cytokine-chemokine
network in ALD in the presence or absence of HCV
infection. Moreover, we aimed to correlate serum cytokine
and chemokine levels, with the severity of the disease and
to compare the same parameters in ALD patients in the
presence of absence of HCV infection.

Liver fibrosis, regardless of its cause, is characterized
by excess deposition of collagens and ECM proteins in the
parenchyma [26]. The accumulation of interstitial collagens
and ECM proteins results from an imbalance between their
production and degradation by the MMPs. Fibrosis is now
increasingly used as an end point for clinical trials in liver
disease, as stated by the international fibrosis group [53, 54].

The tissue inhibitors of metalloproteinases designated
TIMP-1, TIMP-2, and TIMP-3 regulate the extracellular
activity of their MMPs, which become activated when
released from the cells. TIMPs overexpression correlates
with decreased activity of ECM removing MMPs. Current
evidence indicates that TIMP-1 is the most important
endogenous inhibitor of interstitial collagenase, whereas
TIMP-2 is particularly important in the inhibition of MMP-2
[55, 56].

TIMP has also emerged as a molecule with dual action.
It inhibits the activity of MMPs and prevents stellate cells
apoptosis [57].

Another component of the ECM is HA, synthesized by
HSCs and eliminated from the circulation by sinusoidal
endothelial cells equipped with a specific receptor [58–60].
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Levels of this ECM protein and other parameters of liver
damage have been proposed to assess the progression of
fibrosis in ALD [61, 62], as well as in patients with HCV [63].
Therefore the importance of the present work lies in defining
these biomarkers and their role in ALD.

An additional aim of the present study was to evaluate
several markers of fibrosis in a cohort of subjects with a
primary etiology HCV and ALD in the presence or absence
of HCV infection. The overall goal of this paper was to
analyze in HCV and ALD possible markers of inflammation
and fibrosis with focus on the ones that correlate best
with the morphologic grade of inflammation and fibrosis.
Moreover, special focus has been placed on three markers
(TGF-β, TIMP1, and HA). Other scientists [64–66] also
aimed at establishing tools needed to facilitate diagnosis
and appropriate treatment by using circulating markers
to replace some of the repeated liver biopsies currently
required in the management of many patients with liver
disease.

We report here for the first time detailed analyses of
markers of liver inflammation and fibrosis in a subgroup of
HCV and alcoholic patients whose liver biopsy was available.
Although the liver biopsy has limitations, the gold standard
of determining and scoring fibrosis is its histological assess-
ment. [67]. Accordingly, a number of circulating markers of
hepatic inflammation and fibrogenesis have been proposed
as an alternative to this procedure. Therefore, in addition
to morphologic stages of fibrosis, serum markers of fibrosis
have also been considered to predict the vulnerability for
the future development and progression of the fibrosis. In
chronic HCV patients the combination of several tests in
addition to a liver biopsy improved the diagnostic scores
[68]. In addition, the concept of “rate of fibrosis progression”
has been the search of noninvasive surrogate measures of
liver fibrosis [69]. In ALD, Lieber’s team has shown that
chronic alcohol consumption may affect the levels of some
of these fibrosis markers [70–72]. In addition, the role
of nutrition in ALD had been emphasized [73]. In view
of the present work, we consider promising candidates as
noninvasive fibrosis markers: TIMP1, HA, TGF-β. However,
the greatest clinical usefulness of this test resided in its ability
to exclude cirrhosis. Better predictors of inflammation and
fibrosis can be obtained by combining panels of noninvasive
biomarkers in which the accuracy has been analyzed by
a series of algorithms [74, 75]. A combination of new
specific biomarkers like the ones we described in this
paper with the well-established laboratory changes such
as AST/ALT ratio [76] might help in distinguishing the
etiology of hepatitis. Studies demonstrated that the presence
of HCV and drinking habits are cofactors of risk for alcohol-
induced liver damage [77]. Moreover, practice guidelines in
treating alcoholic liver disease recognized the importance
of biomarkers in identifying the seriousness of the damage
[78, 79]. In addition, the genetic polymorphism in ALD
was evaluated [80]. In a genome-wide association study
performed in 61089 individuals, there were identified loci
associated with high plasma liver enzyme in individuals with
liver disease. Genes of inflammation and immunity (CD276,
CDH6, GCKR, HNF1A, HPR, ITGA1, RORA, and STAT4)

have been shown to be expressed in liver disease patients
[81].

Our study is important, therefore, as it examines the
correlation between liver inflammation and serum inflam-
matory markers. Serum biomarkers play a substantial role in
identifying and scoring the severity of liver injury induced by
alcohol and its comorbidity with HCV. These findings need
to be further investigated in patient samples with biopsy-
based assessment of inflammation, apoptosis, and fibrosis as
we evaluate in the present cohort.

Since 98% of the entire patient population, originat-
ing from Canada, France, and Israel, was Caucasian, our
study lacked diversity. Though limiting upon first glance,
this aspect can actually be useful in that this population
might represent a more homogeneous group regarding their
genetic, immune, and environmental setting. This point
was clearly demonstrated also by the recent study that
investigated the role of Genotype PNPLA3 rs738409(GG)
which is associated with alcoholic liver cirrhosis in alcoholic
Caucasians of German ancestry [82]. In addition, excellent
correlation was found between TGF-β and procollagen IIIN-
peptide (PIIINP) and peptide in patients with alcoholic liver
disease [83]. New approaches using transient elastography
(Fibroscan) may add additional information to evaluate the
degree of fibrosis in hepatitis C and alcohol patients [84, 85].

In summary, all of the inflammatory biomarkers were
elevated both in ALD and in HCV, but some of the
biomarkers that were effective for HCV did not perform
as well, in a subgroup with alcoholic fibrosis as primary
etiology. It should be noted that these results are based on a
relatively small cohort of ALD when compared with the very
large cohort of HCV.

Many individual clinical and laboratory features, along
with specific histological characteristics, have also been tested
as measures of disease prognosis.

Cytokines play a specific role in determining the ALD
and HCV progression of liver disease. There is significant
imbalance in cytokine milieu that leads to the impairment of
the healing process in both ALD and HCV. This paper brings
evidence suggesting that dysregulated cytokines, including
TNF-α and downstream cytokines, play a pivotal role in
the pathophysiology of ALD, HCV, and their comorbidity.
Environmental factors such as the continued use of heavy
alcohol can accelerate the progression of ALD disease by
activating HSC and enhancing the profibrinogenic cytokine
expression in the liver. However, the progression of fibrosis
is highly variable, with some individuals progressing rapidly
over time whereas other individuals have stable liver disease.
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Ethanol administration has been shown to alter receptor-mediated endocytosis in the liver. We have developed a recombinant
hepatic cell line stably transfected with murine alcohol dehydrogenase cDNA to serve as an in vitro model to investigate these
ethanol-induced impairments. In the present study, transfected cells were maintained in the absence or presence of 25 mM
ethanol for 7 days, and alterations in endocytosis by the asialoglycoprotein receptor were determined. The role of acetaldehyde
in this dysfunction was also examined by inclusion of the aldehyde dehydrogenase inhibitor, cyanamide. Our results showed that
ethanol metabolism impaired internalization of asialoorosomucoid, a ligand for the asialoglycoprotein receptor. The addition of
cyanamide potentiated the ethanol-induced defect in internalization and also impaired degradation of the ligand in the presence
of ethanol. These results indicate that the ethanol-induced impairment in endocytosis is exacerbated by the inhibition of aldehyde
dehydrogenase, suggesting the involvement of acetaldehyde in this dysfunction.

1. Introduction

Previous work from our laboratories has shown that etha-
nol administration impairs multiple aspects of the process
of receptor-mediated endocytosis (RME) in isolated hepato-
cytes [1–8]. Decreased binding, internalization, and degrada-
tion of two ligands known to be internalized by RME, asial-
oorosomucoid (ASOR) and epidermal growth factor (EGF),
have been described. These impairments appear to be due to
the metabolism, and not to the acute presence, of ethanol.
However, the direct involvement of ethanol metabolism in
these impairments has yet to be demonstrated. In order to
study these impairments in more detail, we have developed a
cell culture system. Using the differentiated hepatoblastoma
cell line Hep G2, which does not efficiently metabolize
ethanol, we have established a stably transfected cell line
that expresses alcohol dehydrogenase activity [9]. Hep G2
cells were chosen since previous work has shown that
the cells actively bind, internalize, and degrade ASOR by
RME in a similar fashion to that which is seen with rat

hepatocytes [10]. These cells, designated HAD (for having
alcohol dehydrogenase), have previously been shown to
metabolize ethanol efficiently and produce physiological
amounts of acetaldehyde. In addition, impaired binding of
the ligand, ASOR, to the asialoglycoprotein receptor has been
demonstrated in these cells after chronic incubation with
ethanol [11]. The impaired ligand binding was alleviated
by the addition of pyrazole (an alcohol dehydrogenase in-
hibitor). These results indicated that the impairment in
binding of ASOR was dependent on the oxidation of ethanol,
providing very strong evidence for a requirement of ethanol
metabolism in this dysfunction. In the current study, we have
further characterized the impaired RME by investigating the
effects of 7 days of ethanol administration on internalization,
degradation, and binding of ASOR in HAD cells. We also
incubated cells in the presence of ethanol and cyanamide (an
aldehyde dehydrogenase inhibitor), to increase steady-state
levels of acetaldehyde in the cultures in order to examine the
involvement of acetaldehyde in the impairments.
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2. Materials and Methods

2.1. Establishment of Recombinant HAD Cells. HepG2 cells
were stably transfected with pIC-14, an eukaryotic expres-
sion plasmid containing a cDNA copy of the murine alcohol
dehydrogenase gene Adh-1 as described in a previous paper
[9].

2.2. Cells and Culture Conditions. Hep G2 cells [12] were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining high glucose supplemented with 2 mM L-glutamine,
10% fetal bovine serum, and 50 ug/mL gentamicin. Recom-
binant HAD cells were cultured in the same medium con-
taining 200 ug/mL hygromycin B. All cells were cultured at
37◦C for 7 days in a humidified environment containing
5% CO2. During ethanol and acetaldehyde metabolism
studies, the growth media were supplemented with 25 mM
ethanol or 0.1 mM cyanamide (or both) and were culture in
sealed 25 cm2 flasks to minimize evaporation of ethanol and
acetaldehyde.

2.3. Binding of ASOR and Antiasialoglycoprotein Receptor
(ASGP-R) Antibody to Intact Cells. Cells were removed from
the plates with Eagle’s medium containing 2 mM EDTA and
washed twice with Eagle’s/0.1%BSA before binding exper-
iments were initiated. (A) Ligand binding was performed
for 3 hours at 4◦C in the presence of 2 ug/mL 125I-ASOR.
After the 3 hours, cells were washed 4-5 times with Eagle’s
medium, and amounts of radioactive ligand bound were
determined. Nonspecific binding (less than 10% of specific
binding) was determined in the presence of 100-fold excess
unlabeled ligand. (B) Antibody binding was also performed
at 4◦C, but in this case, the cells were incubated with primary
antibody (1 : 100 final dilution) for 1 hour, washed, and
then incubated with 125I-protein A for 1 hour [8]. Cells
were then washed, and radioactivity associated with the cells
was determined. Nonspecific binding was determined in the
presence of nonimmune serum.

2.4. Internalization and Degradation of ASOR. Internaliza-
tion and degradation of 125I-ASOR was determined over a
time course of 5 hours. 125I-ASOR was added to cell cultures
at a final concentration of 2 ug/mL, and at the indicated
times, the flasks were placed on ice and the cells removed
from the plate by the addition of 2 mM EDTA to the wells.
Degradation products in the media were determined by
the presence of acid-soluble radioactivity, while internalized
ligand was represented by radioactivity in the cell pellet.

2.5. General. Results are expressed as fmoles ASOR bound,
internalized or degraded per million cells. A normalized
value of 11 ug DNA per million cells was used for these
calculations [9]. Statistical analysis was determined using the
Student’s t test. A probability of 0.05 or less was considered
significant.

3. Results

Initially, we examined the ability of the ligand, ASOR, to bind
to the ASGP-R after culturing HAD cells in the presence of
25 mM ethanol for 7 days either in the presence or absence
of the aldehyde dehydrogenase inhibitor, cyanamide. These
data are shown in Figure 1. The addition of ethanol alone to
the growth media did not result in changes in ASOR bind-
ing. In the presence of cyanamide, which increases acetalde-
hyde concentrations to uM levels in these cells [9], the bind-
ing was significantly impaired by 55% (Figure 1(a)). These
data show that there was no measurable impairment in
ligand binding in the presence of ethanol alone in this series
of experiments, but that during ethanol metabolism and in-
hibition of aldehyde dehydrogenase activity ligand binding
was significantly decreased. Monitoring acetaldehyde levels
revealed that acetaldehyde levels in cells cultured in the pre-
sence of ethanol and cyanamide peaked at approximately 150
uM at 36 hours and then gradually declined.

We next examined the ability of a polyclonal antibody
against human ASGP-R to bind to the cells under these ex-
perimental conditions. No differences in antibody binding
were seen in the HAD cell populations, regardless of treat-
ment conditions (Figure 1(b)). Thus, the levels of the recep-
tor protein are unchanged in these cultures. The data presen-
ted here, along with that from Figure 1(a), indicate an
inactivation of the receptor as a result of acetaldehyde-in-
duced inhibition of ligand binding in the ethanol-treated
cultures containing cyanamide (a powerful inhibitor of alde-
hyde dehydrogenase). This inactivation phenomenon is sim-
ilar to that observed in rat hepatocytes after ethanol admin-
istration for 1-2 weeks [8].

We also examined the effects of ethanol oxidation on the
ability of the asialoglycoprotein receptor to internalize lig-
and. The results indicated that internalization of ASOR was
significantly impaired early in the time course of internal-
ization (the first 150 min, Figure 2(a)), and that the addi-
tion of cyanamide further potentiated this impairment
(Figure 2(b)). Since cyanamide alone (in the absence of
ethanol) did not alter internalization of ASOR, the results
implicate a role for acetaldehyde in the impaired internaliza-
tion in these cells.

We also investigated the degradation of ASOR in these
cell populations. In the presence of ethanol alone, degrada-
tion of ligand was unaltered over the 150 min time course
of the experiment (Figure 3(a)). However, in the presence of
cyanamide in the culture medium, the degradation was de-
creased over the 5-hour course (Figure 3(b)). Again, these
data implicate the direct involvement of acetaldehyde in these
dysfunctions and further support the suggestion that aceta-
ldehyde mediates many of the impairments associated with
ethanol-induced hepatic cytotoxicity.

4. Discussion

We have previously reported the establishment of a recom-
binant hepatic cell line (HAD) that stably expresses alcohol
dehydrogenase and oxidizes ethanol to acetaldehyde. During
ethanol metabolism, ligand binding to the ASGP-R was
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Figure 1: (a) Effects of ethanol (25 mM) and cyanamide (0.1 mM) on binding of 125I-ASOR to HAD cells treated for 7 days. HAD cells were
grown to confluence and treated as described in Section 2. Ligand binding was performed at 4◦C for 3 hours and non-specific binding was
determined in the presence of 100-fold excess unlabeled ligand. Data are presented as means ± SEM for 6–10 sets of cells. Legends: control:
HAD cells cultured in the absence of added ethanol; ethanol: HAD cells cultured in the presence of 25 mM ethanol. Values significantly
different from controls are indicated, ∗P < 0.05. (b) Effects of ethanol administration (25 mM) and cyanamide (0.1 mM) on binding of
anti-ASGP-R antibody to HAD cells. Cell cultures were obtained from the same conditions as in Figure 1(a). Binding of antibody was
determined by the ability of cells to bind a polyclonal antihuman ASGP-receptor antibody, followed by radiolabeled detection of 125I-protein
A. Data are presented as means± SEM for 6–10 experiments. Legends: control: HAD cells cultured in the absence of added ethanol; ethanol:
HAD cells cultured in the presence of 25 mM ethanol.
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Figure 2: Kinetics of internalization (a) and degradation (b) of 125I-ASOR in HAD cells after 7 days of treatment with 25 mM ethanol. Cells
were treated with (�) or without (�) ethanol for 7 days as previously described. At the end of the treatment period, cells were incubated with
Eagles medium containing 1% BSA and 2 ug per mL iodinated ASOR. At the indicated times, duplicate plates were removed from the 37◦C
incubator, the cells were removed from the plates with 2 mM EDTA, and internalization (pellet associated, a) and degradation (acid-soluble
media radioactivity, b) were determined. Data are presented as fmoles internalized or degraded per million cells and are means ± SEM for
6–10 experiments. Values significantly different from controls are indicated, ∗P < 0.05.
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Figure 3: Effects of cyanamide on kinetics of internalization (a) and degradation (b) of 125I-ASOR in HAD cell cultures grown in the presence
(�) or absence (��) of 25 mM ethanol. Internalization (a) and degradation (b) of ASOR were determined as described in Figure 3. Data are
presented as fmoles ASOR degraded or internalized per million cells and are means ± SEM for 4-5 separate experiments. Values significantly
different from controls are indicated, ∗P < 0.05.

shown to be decreased, and the impairment was alleviated
upon the addition of an alcohol dehydrogenase inhibitor,
pyrazole. These results suggested that ethanol metabolism
was necessary for the observed impairments in ligand
binding. Data presented in this study demonstrate that after 7
days of ethanol exposure in HAD cells, ligand internalization
is also impaired. These impairments were most apparent
in the early times of internalization of the ligand. Upon
addition of cyanamide, an aldehyde dehydrogenase inhibitor
known to increase acetaldehyde levels in cells actively metab-
olizing ethanol, the impairments in internalization of ASOR
were potentiated dramatically. In addition, degradation of
ASOR and binding to its receptor were both significantly
decreased when the cells were incubated with ethanol and
cyanamide, but not with ethanol alone. The presence of
cyanamide alone, in the absence of ethanol, did not alter
any aspect of endocytosis tested. Additionally, we have
demonstrated that higher levels of acetaldehyde increase the
severity of other ethanol-metabolism-mediated impairments
[13]. Taken together these data from the present study as well
as previous data implicate an important role for acetaldehyde
in the ethanol-induced impairments in endocytosis in HAD
cells.

These findings are important and relevant to our under-
standing and examination of ethanol-induced alterations in
protein trafficking in the liver. It has been suggested that
the production of acetaldehyde may be responsible for some
of the hepatic impairments attributed to the oxidation of
ethanol [14, 15], and the formation of acetaldehyde-protein
adducts could be the mechanism by which alcohol ultimately

damages cells [16, 17]. Although acetaldehyde is strongly
implicated as a mediator of the ethanol-induced dysfunction
in hepatic protein secretion, the role of acetaldehyde in im-
paired RME and signal transduction has not been es-
tablished. In addition, this has been difficult to examine
mechanistically in a culture system, since the ability of hepat-
ocytes to efficiently metabolize ethanol, as well as many
other liver-specific functions, are rapidly lost in culture [18].
The development of a hepatic cell line which is capable of
oxidizing ethanol, along with results presented in this study
showing a direct involvement of acetaldehyde in ethanol-
impaired RME in these cells, allows a differentiation between
the hepatotoxic effects of ethanol itself and its oxidation pro-
ducts. This is the first report for a direct effect of acetaldehyde
on a continuous endocytic process, such as internalization
and degradation of ligands by RME. The results of these stud-
ies should aid in an examination of the hypothesis that the
production of acetaldehyde and its presence in the cell could
lead to the formation of acetaldehyde-protein adducts and
through their accumulation eventually cause hepatic dys-
function.

In conclusion, these studies show a direct involvement
for ethanol metabolism and subsequent acetaldehyde pro-
duction during the impaired receptor-mediated endocytosis
which occurs after ethanol administration. Use of the HAD
cells allows us to have the ability to examine the mechani-
sm(s) which are responsible for the ethanol-induced impair-
ments in liver cell function, which we feel are related to the
progression of alcoholic liver injury. Future work with the
HAD cells will aid in the elucidation of ethanol’s effects on
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altered endocytosis, signalling events, and protein trafficking
events in the liver. In addition, we can now examine the role
of acetaldehyde in the impairments.
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Alcoholic liver disease (ALD) is a major global health problem. Chronic alcohol use results in inflammation and fatty liver, and in
some cases, it leads to fibrosis and cirrhosis or hepatocellular carcinoma. Increased proinflammatory cytokines, particularly TNF
alpha, play a central role in the pathogenesis of ALD. TNF alpha is tightly regulated at transcriptional and posttranscriptional levels.
Recently, microRNAs (miRNAs) have been shown to modulate gene functions. The role of miRNAs in ALD is getting attention,
and recent studies suggest that alcohol modulates miRNAs. Recently, we showed that alcohol induces miR-155 expression both
in vitro (RAW 264.7 macrophage) and in vivo (Kupffer cells, KCs of alcohol-fed mice). Induction of miR-155 contributed to
increased TNF alpha production and to the sensitization of KCs to produce more TNF alpha in response to LPS. In this paper, we
summarize the current knowledge of miRNAs in ALD and also report increased expression of miR-155 and miR-132 in the total
liver as well as in isolated hepatocytes and KCs of alcohol-fed mice. Our novel finding of the alcohol-induced increase of miRNAs
in hepatocytes and KCs after alcohol feeding provides further insight into the evolving knowledge regarding the role of miRNAs in
ALD.

1. Introduction

MicroRNAs (miRNAs) are 20–22 nucleotides long noncod-
ing RNAs that were first described in 1993 [1]. MiRNAs
play a central role in diverse cellular processes including
development, immunity, cell-cycle control, metabolism, viral
or bacterial disease, stem-cell differentiation, and oncogen-
esis [2–4]. In general, miRNAs are transcribed from RNA
polymerase II or III in the nucleus and transported to the
cytoplasm, where they are processed into mature miRNAs
[4]. Mature miRNAs can target hundreds of genes by either
binding to the 3′ or 5′ untranslated (UTR) region of mRNA
[4]. Emerging evidence suggests that miRNAs not only
target mRNAs but also they are capable of modulating
transcription and methylation processes [5–7]. Moreover,
not only the sense strand (miRNA) of mature miRNA
modulates gene function, but also the antisense strand (star
form; ∗) plays an important role in the miRNA regulatory
network [8]. However, the biological significance of the
antisense strand (star form) is largely unknown but is slowly
getting attention. In a short time, miRNA research has
received tremendous attention due to their fine-tuning roles

in almost all biological pathways. Moreover, disease-specific
tissue miRNA signatures have been identified in various
etiologies such as hepatocellular carcinoma (HCC), hepatitis
C virus (HCV), hepatitis B virus (HBV), cardiac disease,
neuroinflammation, rheumatic arthritis (RA), and various
cancers [3, 9–14]. In this paper, we highlight the emerging
roles of miRNAs in alcoholic liver disease.

1.1. MiRNA in Innate Immune Response. Innate immunity
is the first line of host defense against foreign pathogens
and also in response to damaged self (endogenous danger
signals). Toll-like receptors (TLRs) are the most widely stud-
ied danger signal sensors. MiRNAs have been implicated in
various immune responses and are believed to be essential
regulators of these processes [15]. The number of miRNAs
involved in immune responses is growing, and among them,
miR-155, -146a, -125b, -132, -9, -212 and -181, are the
key players and are elegantly reviewed in [16, 17]. The
inflammation-related miRNAs deserve attention in ALD, as
the activation of the innate immune system is a hallmark of
alcoholic steatohepatitis.



2 International Journal of Hepatology

2. MiRNA in Alcoholic Liver Disease

2.1. Alcoholic Liver Disease (ALD). Alcoholic liver disease
(ALD) is a global health-related problem, which contributes
significantly to liver-related mortality. Increased inflamma-
tion and fat accumulation are the hallmarks of ALD. The
progression of ALD involves a complex network of signaling
molecules and chronic alcohol abuse in some cases leads
to liver cirrhosis [18]. Alcohol alone or its metabolites (ac-
etaldehyde) act on multiple signaling pathways and result
in increased intestine permeability and ROS generation
[19, 20]. Increased gut permeability is associated with
translocation of bacteria and bacterial products into the
lumen of the intestine, which results in the imbalance of
intestine homeostasis [20]. LPS is a major component of
a Gram-negative bacterial cell wall, and it is detoxified in
the liver via both parenchymal and nonparenchymal cells
[21, 22]. It is believed that increased LPS in the circulation
disrupts the liver homeostasis, resulting in Kupffer cell
(KC; liver macrophages) activation. Upon activation, KCs
produce TNF alpha, which then induces the activation of
other signaling cascades to amplify the inflammation. TNF
alpha-induced inflammation is more prevalent in alcoholic
hepatitis [23]. The role of the LPS/TLR4 axis has been
appreciated in ALD, since TLR4 KO mice have been shown
to be protected from liver damage in a mouse model of ALD
[24].

2.2. MiRNA Profiling in the Livers of Alcohol-Fed Mice.
Alcohol has been shown to modulate the epigenetic factors
in various organs including liver and brain and was reviewed
recently [25]. As alcohol exerts epigenetic effects, it is con-
ceivable that alcohol might target miRNAs to regulate gene
functions. To date, there are very few studies related to
the roles of miRNAs in ALD. Previously, our laboratory
demonstrated the differential expression of some miRNAs
in the livers of alcohol-fed mice by microarray analysis
[26]. MiR-27b, miR-214, miR-199a-3p, miR-182, miR-183,
miR-200a, and miR-322 were found to be downregulated,
whereas miR-705 and miR-1224 were increased after 4 weeks
of alcohol feeding in mice [26]. However, the physiological
relevance of these miRNAs in ALD has yet to be determined.

2.3. The Role of miRNA in Alcohol-Induced Intestinal Perme-
ability. Alcohol and its metabolites are known to increase
intestinal permeability [27]. In the past, various signaling
molecules and transcription factors were reported to be
involved in alcohol-mediated intestinal permeability. Re-
cently, miR-212 has been identified as a new player and
implicated in alcohol-induced intestinal permeability, where
it targets a major tight junction protein, Zonula occludens 1
(ZO-1) [28]. ZO-1 plays an essential role in the regulation of
intestinal permeability. Induction of miR-212 and decrease
in ZO-1 protein were observed both in colon biopsy samples
from patients with ALD and in alcohol-treated CaCO-2 cells
[28].

Recently, miR-29a and miR-122a were reported to mod-
ulate intestinal membrane permeability. MiR-29a regulates
intestinal membrane permeability in patients with irritable

bowel syndrome (IBS) [29]. Increased expression of miR-
29a was found in blood microvesicles, small bowel, and
colon tissues of IBS patients. MiR-29a targets the glutamine
synthetase gene (GLUL), which in turn regulates intestinal
membrane permeability [29]. MiR-122a was found to target
occludin (a transmembrane tight junction protein) both
in Caco-2 cells and mice enterocytes and hence plays an
important role in regulating intestinal permeability [30]. The
potential role of these miRNAs in alcohol-induced intestinal
permeability is yet to be determined.

2.4. Potential Role of miRNA in Alcohol-Mediated Oxidative
Stress. Not only does increased circulating endotoxin play
a crucial role in ALD, but also increased reactive oxygen
species (ROS and oxidative stress) production contributes to
the pathogenesis of ALD [20, 27]. In agreement with this,
NADPH oxidase is reported as a major source of oxidants
in ALD, and mice deficient in this oxidase (p47phox−/−) were
protected from early alcohol-induced liver injury [31]. In
general, the potential role of miRNAs in oxidative stress-
mediated etiologies is emerging. In line with this, miR-
27a∗, miR-27b∗, miR-29b∗, miR-24-2∗, and miR-21∗ were
reported to be differentially expressed in response to H2O2-
induced oxidative stress in RAW 264.7 macrophage [32].
Furthermore, overexpression of miR-27b∗ suppressed LPS-
induced activation of NF-κB [32]. These data suggest that
macrophage function can be regulated by oxidative stress-
responsive miRNAs via modulating the NF-κB pathway [32].
Interestingly, in this study, only the star form of mature
miRNA was found to play a role in H2O2-induced oxidative
stress. To our knowledge, there are no studies indicating the
direct involvement of miRNAs in alcohol-induced oxidative
stress.

Alcohol has been shown to downregulate miR-199 in
rat liver sinusoidal endothelial cells (LSECs) and human en-
dothelial cells [33]. Decreased miR-199 was associated with
increased mRNA expression of endothelin-1 (ET-1) and hyp-
oxia-inducible factor-1α (HIF-1α) [33]. Authors concluded
that alcohol-induced ET-1 likely contributes to inflammation
in patients with cirrhosis.

2.5. Role of miRNA-155 in Kupffer Cell Activation in Alcoholic
Liver Disease. Previous studies from our laboratory and
others have shown increased TNF alpha in vivo and in
vitro alcohol models [34, 35]. Moreover, increased TNF
alpha was found in patients with alcoholic hepatitis [23].
Previously, alcohol has been shown to regulate TNF alpha
mRNA stability in RAW 264.7 macrophage and KCs [35].
Furthermore, miRNAs modulate gene expression both at
posttranscriptional and translational levels [3, 5, 6]. Recently,
we have shown that prolonged alcohol exposure induces
miR-155 in RAW264.7 macrophage and KCs [34]. However,
no changes were found in the expression of miR-146a and
-125b, which are also involved in immune responses. This
observation suggests that alcohol particularly targets miR-
155 [34]. We further showed that miR-155 expression corre-
lates with TNF alpha levels. Functionally, miR-155 regulates
TNF alpha mRNA stability, and thereby contributes to
increased TNF alpha in KCs of alcohol-fed mice. TNF alpha
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is tightly regulated both at transcriptional and posttranscrip-
tional levels. Posttranscriptional regulation of TNF alpha
includes mRNA stability, polyadenylation, and translational
initiation, which target adenine and uridine- (AU-) rich
elements (AREs) in its 3UTR [36]. Trans-acting factors such
as HuR, tristetraprolin (TTP), and TIA-1, bind to 3UTR of
TNF alpha and modulate its expression either by stabilizing
or destabilizing its transcripts [36]. Interestingly, chronic al-
cohol has been shown to increase TNF alpha mRNA stability
via HuR protein [35, 37, 38]. As our results indicated
that miR-155 enhances TNF alpha transcript stability, it is
plausible to suggest that miR-155 might be exerting its effect
via targeting HuR or other trans-acting factors. Hence, our
study directly or indirectly implicates the role of miR-155 in
TNF alpha regulation. Given the fact that one miRNA can
regulate multiple genes of a pathway; it is likely that miR-155
might regulate other genes, which are directly or indirectly
involved in TNF alpha regulation.

2.6. Induction of miRNA in the Livers of Alcohol-Fed Mice.
As described above, previously, we found induction of miR-
155 in alcohol-exposed RAW264.7 macrophage and KCs
of alcohol-fed animals [34]. Here, we examined the liver
expression of other miRNA including miR-132, -125b, and
-146a which also regulate various immune responses. MiR-
132 was shown to play a role in neuroinflammation [39]
and also regulates innate antiviral immunity, where it targets
the p300 transcriptional coactivator [40]. However, the role
of miR-132 in the alcohol-mediated TLR response is yet
to be elucidated; therefore, in this study, we determined
the effect of alcohol on miR-132. MiR-146a is linked with
endotoxin tolerance, where it regulates IRAK-1 and TRAF-
6 and acts as a negative regulator of TLR4 signaling [41],
whereas miR-125b limits TNF alpha production in RAW
264.7 macrophage [42].

Among the miRNAs tested, we found significant induc-
tion of miR-132 in the livers of alcohol-fed mice (Figure 1).
As expected, a significant increase in miR-155 was also
observed in the livers of alcohol-fed mice (Figure 1), and
this result was consistent with our previous report [21].
Contrary to this observation, no significant changes were
observed in miR-125b and -146a expression (Figure 1). The
mice used in the study were housed and cared for as per
animal protocols approved by the Institutional Animal Use
and Care Committee of the University of Massachusetts
Medical School.

2.7. Increase in miR-155 in Hepatocytes of Alcohol-Fed Mice.
Because of the crucial role of miR-155 in inflammation,
most studies are focused on its role in immune cells such
as monocytes, macrophages, dendritic cells, and T cells (re-
viewed in [16, 17, 41]). Induction of miR-155 has been
reported in various inflammatory-related diseases such as
RA, neuro- or autoimmune-inflammation and various can-
cers [43–46]. The concept of cell-specific effects of miRNA
is emerging, and reports showing the role of immune-
related miRNAs in hepatocytes are sparse. Recent studies
suggest that hepatocytes do respond to LPS-induced TLR
signaling and express functional NOD1 and 2 receptors [47].
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Figure 1: Increased expression of miR-155 and miR-132 in the
livers of alcohol-fed mice. C57BL/6 eight-week-old female mice
(n = 6/group) were fed with Lieber-Decarli diet either containing
5% alcohol (ethanol-fed) or isocaloric liquid diet (pair-fed) for 4
weeks. After 4 weeks, the livers were isolated and stored in RNA
later (Qiagen) for RNA analysis at −80◦C. Total RNA from livers
was isolated using the miRNeasy kit (Qiagen), and quantification
of miRNAs was carried out by TaqMan miRNA assays (Applied
Biosystems). The data were normalized to SnoRNA202 (endoge-
nous control) and shown as fold change over the pair-fed control
group. Data represent mean values ± S.E.M. Statistical significance
was determined using T-test (two-tailed).

Therefore, next, we examined the effect of alcohol on miRNA
expression in hepatocytes, which are the predominant liver-
cell population.

Hepatocytes were isolated from mice fed with Lieber-
DeCalri diet either with 5% alcohol (ethanol-fed) or isoca-
loric diet (pair-fed) for 4 weeks [34]. Hepatocytes isolation
was performed with the method described earlier by our
group [24]. Total RNA was isolated with the miRNeasy kit
(Qiagen) and subjected to miRNA analysis as described
previously [34]. Briefly, TaqMan miRNA assay (Applied Bi-
osystems) was used, and snoRNA202 was used as internal
control to normalize the technical variations between the
samples. Fold change was calculated in comparison to pair-
fed mice.

Interestingly, we found increased expression of miR-155
in hepatocytes of alcohol-fed mice compared to pair-fed mice
(Figure 2). To our best knowledge, this is the first study
reporting the induction of miR-155 in hepatocytes after
alcohol feeding. No obvious changes were observed in miR-
146a expression and there was minimal increase in miR-132
expression in hepatocytes of alcohol-fed mice (Figure 2). In
contrast, expression of miR-125b was found to be downreg-
ulated in hepatocytes after alcohol feeding (Figure 2). The
physiological relevance of alcohol-induced miR-155 in hepa-
tocytes is the subject of ongoing investigation.

In diet-induced (methyl-deficient diet) nonalcoholic
steaohepatitis, increased miR-155 was associated with de-
creased levels of C/EBP-β and SOCS1 proteins [48]. In vitro
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Figure 2: Induction of miR-155 in hepatocytes of alcohol-fed mice.
Hepatocytes were isolated from the mice (n = 5-6) after 4 weeks
of feeding. Briefly, the livers were perfused, followed by digestion.
Parenchymal cells (hepatocytes) were collected after low-speed
centrifugation, washed, and were plated onto 6-well collagen-coated
plates (BD-Biosciences). After 3 h, floating cells were removed,
and adherent cells were washed twice with PBS and lysed in
QIAzole (Qiagen). Total RNA was isolated and miRNA expression
was quantified by TaqMan miRNA assays (Applied Biosystems).
The data were normalized to SnoRNA202 (endogenous control)
and shown as the fold change over the pair-fed control group.
Data represent mean values ± S.E.M. Statistical significance was
determined using non-parametric Mann-Whitney test.

overexpression of miR-155 in mouse primary hepatocytes
resulted in a decreased level of C/EBP-β and SOCS1 proteins
[48]. Both C/EBP-β and SOCS1 are tumor suppressors [49]
and often downregulated in hepatocellular carcinomas and
hepatoblastomas [50]. The relevance of C/EBP-β and SOCS1
could be translated to ALD due to the fact that SOCS1 not
only acts as a tumor suppressor, but also is a negative
regulator of LPS signaling, while chronic alcohol use results
in increased inflammatory cytokine production. Moreover,
SOCS1 is also an important mediator of cellular oxidative
stress [51].

C/EBP-β regulates several hepatic genes such as catalase
and methionine adenosyltransferase 1a that are involved in
regulation of oxidative stress [52, 53]. As oxidative stress
plays an essential role in the pathogenesis of ALD, it is reason-
able to argue that increased miR-155 observed in hepatocytes
of alcohol-fed mice might contribute to increased oxidative
stress via the regulation of genes involved in oxidative stress
pathways. However, further studies are needed to prove this
speculation in ALD.

More recently, miR-155 has been demonstrated to play
a role in antiviral immunity against HBV infection in
human hepatoma cells, HepG2 [54]. Overexpression of miR-
155 resulted in decreased SOCS1, which enhances STAT 1
and 3 phosphorylation [54]. Increased expression of sev-
eral interferon-inducible antiviral genes was observed after
ectopic expression of miR-155 in human hepatoma cells [54].
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Figure 3: Upregulation of miR-155 and -132 in Kupffer cells of
alcohol-fed mice. Kupffer cells were isolated either from pair-fed
or alcohol-fed mice (n = 12–14/group, cells from two mice were
pooled) after 4 weeks of feeding. Cells were plated and after 2 h
of incubation nonadherent cells were removed. Fresh medium was
added to the adherent, and they were rested overnight. Next day,
cells were washed with PBS and lysed with QIAzole (Qiagen). Total
RNA isolated using the miRNeasy kit was used quantify miRNA as
described above. Data represent mean values ± S.E.M. Statistical
significance was determined using T-test (two-tailed).

It was concluded that miR-155 acts as a positive regulator of
JAK/STAT signaling via targeting SOCS1 and hence increases
the expression of some IFN-inducible antiviral genes such as
ISG15 and MxA [54].

In this study, we also found decreased miR-125b in
hepatocytes of alcohol-fed mice (Figure 2). Downregulation
of miR-125b has been reported in HCC and is associated with
increased placenta growth factor (PIGF) [55]. However, the
physiological relevance of miR-125b downregulation in ALD
has yet to be explored.

2.8. Increase of miR-155 and miR-132 in Kupffer Cells of
Alcohol-Fed Mice. Next, we examined the expression of
miRNAs in KCs of alcohol-fed mice. KCs were isolated as
described earlier [34]. We focused our study on miR-155 and
miR-132, as the expression of these miRNAs was increased
in the livers after alcohol feeding (Figure 1). Interestingly,
we not only observed a significant increase in miR-155,
which was consistent with our previous report [34], but
also induction of miR-132 in the KCs of alcohol-fed mice
(Figure 3).

Induction of miR-132 in alcohol-fed mice is interesting,
as the role of this miRNA in innate immunity is not
much appreciated. Recently, miR-132 was shown to play a
role in the innate viral response, where it targets p300, a
transcriptional coactivator [40]. Chronic alcohol use predis-
poses individuals to infections (bacterial and viral), and the
induction of miR-132 after alcohol feeding is of great interest.
We also found a modest increase of miR-132 in hepatocytes
of alcohol-fed mice. The physiological relevance of miR-132
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in the alcohol-mediated immune response is currently under
investigation.

Collectively, our results indicate an increase in miR-155
in different cell populations of the liver after alcohol feeding.
It is most likely that the induction of miR-155 we observed in
hepatocytes of alcohol-fed mice is involved in both LPS and
oxidative stress signaling pathways, and hence contributes to
the progression of ALD.

3. Conclusions

Our understanding of the role of miRNAs in liver disease
is expanding, and the current studies suggest that miRNAs
play a crucial role in alcoholic liver disease. However, in-
depth understanding of association of miRNAs with their
cell-specific roles in ALD is yet to be explored. We not
only showed induction of miR-155, but also miR-132 in the
livers and KCs of alcohol-fed mice. Furthermore, an increase
in miR-155 was also observed in hepatocytes of alcohol-
fed mice. The cell-specific effect of these miRNAs in ALD
deserves further investigation.
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Introduction. Mitochondrial damage and disruption in oxidative phosphorylation contributes to the pathogenesis of alcoholic liver
injury. Herein, we tested the hypothesis that the hepatoprotective actions of betaine against alcoholic liver injury occur at the level
of the mitochondrial proteome. Methods. Male Wister rats were pair-fed control or ethanol-containing liquid diets supplemented
with or without betaine (10 mg/mL) for 4-5 wks. Liver was examined for triglyceride accumulation, levels of methionine cycle
metabolites, and alterations in mitochondrial proteins. Results. Chronic ethanol ingestion resulted in triglyceride accumulation
which was attenuated in the ethanol plus betaine group. Blue native gel electrophoresis (BN-PAGE) revealed significant decreases in
the content of the intact oxidative phosphorylation complexes in mitochondria from ethanol-fed animals. The alcohol-dependent
loss in many of the low molecular weight oxidative phosphorylation proteins was prevented by betaine supplementation. This
protection by betaine was associated with normalization of SAM : S-adenosylhomocysteine (SAH) ratios and the attenuation of
the ethanol-induced increase in inducible nitric oxide synthase and nitric oxide generation in the liver. Discussion/Conclusion. In
summary, betaine attenuates alcoholic steatosis and alterations to the oxidative phosphorylation system. Therefore, preservation
of mitochondrial function may be another key molecular mechanism responsible for betaine hepatoprotection.

1. Introduction

Chronic ethanol exposure has been shown to significantly
alter liver mitochondrial structural and functional integrity.
Ethanol consumption alters mitochondrial morphology, in-
duces mitochondrial DNA damage, and impairs ribosomal
activity and structure [1–4] resulting in depressed mitochon-
drial protein synthesis and associated loss of electron trans-
port chain complexes levels and function. It has also been
shown that alcohol exposure increases the sensitivity of liver
mitochondria to induce mitochondrial permeability transi-
tion pore [5] that may be linked to higher cyclophilin D levels
in liver mitochondria [6]. Together, these chronic ethanol-

induced alterations result in depressed respiratory capacity
and impaired oxidative phosphorylation, events critical to
the development of alcoholic liver injury [7–10].

In recent years, advancements in proteomic technologies
have facilitated the examination of alcohol-dependent altera-
tions to the mitochondrial proteome [11]. Using both con-
ventional and blue native (BN)-PAGE proteomics methods,
Bailey et al. have reported that ethanol exposure results in
the decrease of both nuclear and mitochondrial encoded
gene products of the oxidative phosphorylation system [11].
Similar defects in the mitochondrial proteome such as reduc-
tions in cytochrome c oxidase subunits and mitochondrial
membrane potential, have also been reported in genetically
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altered mice exhibiting deficiency in liver levels of SAM [12],
buttressing the concept that SAM plays a critical role in
maintaining proper mitochondrial function.

Several studies including ours have demonstrated that
while the alcohol-induced decrease in hepatic SAM levels is
detrimental, it is the decreased hepatocellular SAM : S-ade-
nosylhomocysteine (SAH) ratio that adversely affects many
crucial SAM-dependent methylation reactions and the ulti-
mate generation of many hallmark features of alcoholic liver
disease [13–16]. We have further shown that the addition of
SAM can normalize alcohol-induced SAM : SAH ratios [17]
and preserve mitochondrial respiratory capacity by main-
taining the mitochondrial genome and proteome while at-
tenuating alcohol-dependent increases in mitochondrial su-
peroxide production [3, 18].

Betaine, a methyl donor and another key metabolite of
the methionine cycle, has been shown to normalize hepato-
cellular SAM : SAH ratio, correct defective cellular methyla-
tion reactions, and prevent the alcohol-mediated steatosis,
apoptosis, and accumulation of damaged proteins [14, 17,
19–23]. Based on this, we investigated whether betaine pre-
vents alcohol-induced changes to the mitochondrial oxida-
tive phosphorylation system in a rat model of chronic alcohol
exposure. This assessment was complemented by determina-
tions of liver cytochrome P450 2E1 (CYP2E1) protein and
activity, glutathione (GSH) levels, SAM : SAH ratios, NOS2
expression, NO generation, and triglyceride levels.

2. Materials and Methods

2.1. Diet Formulation. Nutritionally adequate Lieber-DeCarli
control and ethanol liquid diets [24] were purchased from
Dyets, Inc. (Bethlehem, Pa, USA). The ethanol diet consisted
of 18% of total energy as protein, 35% as fat, 11% as carbo-
hydrate, and 36% as ethanol. In the control diet, ethanol
was replaced isocalorically with carbohydrate such that both
ethanol and control rats consumed identical amounts of all
nutrients except carbohydrate.

2.2. Ethanol and Betaine Feeding Procedure. Male Wistar
rats (Charles River Laboratories, Wilmington, Mass, USA)
weighing 180 to 200 g (approximately 45–48 days old) were
weight-matched and divided into four groups. Group 1 was
fed the control diet. Group 2 was fed the same diet as Group
1 except 1% (w/v) betaine was added to the diet. Group 3
was fed the ethanol diet, and Group 4 was fed the ethanol
diet containing 1% (w/v) betaine. Rats in groups 1–3 were
fed the amount of diet consumed by rats in group 4. Overall,
each group consisted of 8 rats fed the appropriate diet for 4-
5 weeks. Twenty four hours before sacrifice, the total daily
volume of the diet was divided with 1/4 given at 8:00 am, 1/4
at 12:00 noon, and 1/2 at 4:00 pm. In addition, animals were
given 1/4 their respective diets 60–90 minutes prior to death.
This regimen was followed to minimize differences in feeding
patterns that exists between the groups of rats. The care,
use, and procedures performed on these rats were approved
by the Institutional Animal Care and Use Committee at the
Omaha Veterans Affairs Medical Center and complied with
NIH guidelines.

2.3. Liver Histology and Detection of Lipid Accumulation.
Formalin fixed liver tissue was processed for hematoxylin-
eosin staining and evaluated for steatosis and inflammation.
In addition, fresh frozen liver sections were fixed in 4% w/v
paraformaldehyde in 50 mM PIPES, pH 7.0, and the ac-
cumulated lipid were visualized by staining with 1 μg/mL
BODIPY 493/503 (Invitrogen, Carlsbad, Calif, USA). After
incubation, slides were washed twice with PBS and mounted
with “Vectashield with DAPI” (Vector laboratories, Burm-
ingham, Calif, USA). Images were obtained with a Zeiss
510 Meta Confocal Laser Scanning Microscope using an ex-
citation wavelength of 488 nm and an emission wavelength
of 505 nm.

2.4. Triglycerides. Total lipids were extracted from the liver
to quantify the triglyceride mass using the triglyceride diag-
nostics kit (Thermo DMA kit, Thermo Electron Clinical
Chemistry, Louisville, Colo, USA) as detailed in our publi-
cation [14].

2.5. Mitochondria Isolation. Pieces of fresh liver were homog-
enized in cold 5 mmol/L Tris (pH 7.4) containing 0.25 mol/L
sucrose and 1 mmol/L EDTA, and liver mitochondria were
isolated by differential centrifugation techniques [3].

2.6. Blue Native Gel Electrophoresis. Ethanol and/or betaine
effects on the levels of mitochondrial proteins that comprise
the oxidative phosphorylation system were assessed using
BN-PAGE proteomics as detailed [3]. Image analysis on two-
dimensional BN-PAGE gels was performed using Quantity
One software (Bio-Rad Laboratories, Hercules, Calif, USA).

2.7. SAM, SAH, and GSH Levels. The perchloric acid extract
of total liver was filtered through a 0.22 μm membrane filter
and directly subjected to HPLC analysis for the determina-
tion of SAM, SAH, and GSH levels, as detailed [14]. GSH
levels in the mitochondrial fractions were also determined.

2.8. CYP2E1 Activity. The activity was measured in liver
homogenates by the formation of 4-nitrocatechol (4-NC),
as previously described [25]. CYP2E1 specific activity is ex-
pressed as nmol 4-NC produced per hr per mg protein.

2.9. NOS2 Gene Expression. NOS2 gene expression was
determined by real-time quantitative PCR. Total hepatic
RNA was extracted, treated with DNase I (Invitrogen, Carls-
bad, Calif, USA) and used to synthesize cDNA using Taqman
Reverse Transcription reaction kits (Applied Biosystems,
Foster City, Calif, USA). After amplification, real-time quan-
titative PCR was performed using an Applied Biosystems
7500 Real-Time PCR System and Taqman Assay-on-Demand
gene expression assays for rat NOS2 and β-actin (housekeep-
ing gene) according to the manufacturer’s instructions. The
comparative Ct method was used to determine the relative
concentration of the RNA transcript and the result expressed
as “fold change” relative to the housekeeping gene.

2.10. Western Blotting. Immunoblots were performed by
loading equal amounts of homogenate or mitochondrial
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proteins onto SDS-PAGE gels. Isolated liver mitochondria
were used to detect mitochondria proteins, while total liver
homogenates were used for examining inducible nitric oxide
synthase (NOS2) and CYP2E1. Levels of NOS2 protein were
detected using a 1 : 1,000 dilution of antibody (BD/Pharm-
ingen, San Diego, Calif, USA). CYP2E1 protein was detected
using a 1 : 2,000 dilution (Calbiochem, Gibbstown, NJ, USA).
Cytochrome c oxidase subunit I was detected using 1 : 5,000
dilution (Molecular Probes, Eugene, Ore, USA). After mem-
branes had been incubated with the appropriate secondary
antibodies, proteins were visualized using standard enhanced
chemiluminescence detection methods. The intensities of
immunoreactive protein bands were quantified using Quan-
tity One software (Bio-Rad Laboratories, Hercules, Calif,
USA).

2.11. Mitochondrial NO. Levels of nitrates and nitrites (the
end product of nitric oxide, NO) were measured in the mito-
chondrial fraction using the Griess reaction as detailed [26].

2.12. Statistical Analysis. Data were analyzed by ANOVA,
followed by Student’s Newman-Keuls post hoc test. A P value
<0.05 was regarded as statistically significant.

3. Results

3.1. Liver Histopathology, Triglycerides, and SAM : SAH Ratios.
The histopathological evaluation of livers within each group
were consistent with our previously published data [14]. Liv-
ers from the rats fed ethanol for 4-5 weeks displayed micro-
and macrovesicular steatosis; however, no steatosis was ob-
served in livers of rats fed the betaine-supplemented ethanol
diet (Figure 1). Indeed, these livers showing similar histology
as the livers of control or the betaine-supplemented control
rats (Figure 1). Visualization of lipid droplets using green
fluorescent BODIPY 493/503 showed considerable accumu-
lation of neutral lipids, including esterified cholesterol in
ethanol-fed rat livers (Figure 1). Minimal lipid accumulation
was observed in the controls, or betaine-supplemented eth-
anol fed-rat livers (Figure 1). Biochemical analysis of the liver
triglycerides levels corroborated the histopathology and neu-
tral fat staining results. A significant attenuation of hepatic
triglyceride content was observed in rats fed the betaine-
supplemented ethanol diet as compared to the rats fed eth-
anol alone (Figure 2).

Ethanol consumption for 4 weeks had no effect on hep-
atic SAM levels, but dramatically increased SAH levels [13,
14], resulting in a lower SAM : SAH ratio as compared with
controls (Figure 3). Feeding rats a betaine-supplemented
control or ethanol diet increased hepatic SAM levels 3- and 6-
fold, respectively (data not shown). SAH levels followed the
same pattern as SAM in these two groups (data not shown).
These relative changes in the levels of SAM and SAH in
both betaine-supplemented groups resulted in comparable
hepatic SAM : SAH ratios as in the controls. These results
were similar to our previous observations [14].

3.2. Liver NOS2 and NO Generation. Chronic ethanol con-
sumption caused induction of NOS2 both at the gene ex-

pression and the protein level (Figures 4(a) and 4(b), resp.),
which is in agreement with other reports [27]. As a conse-
quence of NOS2 induction, increased levels of nitrite/nitrate,
byproducts of nitric oxide metabolism, were detected in
mitochondrial fractions of ethanol-fed rats (Figure 4(c)).
Interestingly, the ethanol-dependent increase in hepatic
NOS2 and nitrite/nitrate levels were attenuated by supple-
mentation of the ethanol diet with betaine (Figures 4(a)–
4(c)).

3.3. Liver CYP2E1 Activity and Protein Levels. Chronic eth-
anol consumption induced a 10-fold increase in CYP2E1 ac-
tivity (Figure 5(a)). This increase in activity was also reflected
by an induction in CYP2E1 protein level (Figure 5(b)). A
marginal, but statistically significant, decrease (∼12%) in
both CYP2E1 protein and activity was observed in livers of
rats fed the betaine-supplemented ethanol diet (Figures 5(a)
and 5(b)).

3.4. Mitochondrial GSH Levels. While chronic ethanol con-
sumption decreased total liver GSH in the current study
(Figure 6(a)), mitochondrial GSH was increased following
chronic ethanol consumption (Figure 6(b)). Betaine treat-
ment had no effect on the ethanol-induced decrease in total
liver GSH or increased mitochondrial GSH levels observed
(Figures 6(a) and 6(b)).

3.5. Assessment of Oxidative Phosphorylation Proteins. Exam-
ination of oxidative phosphorylation proteins by BN-PAGE
revealed that betaine prevented an ethanol-induced loss of
oxidative phosphorylation proteins. Representative one- and
two-dimension BN-PAGE proteomic maps are shown in
Figures 7(a) and 7(c). Similar to our previously published
data [3], the two-dimensional proteomic maps revealed a
loss of respiratory chain proteins following chronic ethanol
exposure. This was more apparent for proteins that comprise
cytochrome c oxidase (i.e., complex IV) and the NADH de-
hydrogenase (i.e., complex I) (Figure 7(b)). Supplementa-
tion of the ethanol diet with betaine significantly attenuated
the ethanol-induced loss in these mitochondrial proteins.
The effects of ethanol and betaine were also reflected in West-
ern blot analysis of complex IV. Representative data for com-
plex IV is shown in Figure 7(d). For example, the ethanol-de-
pendent loss in complex IV subunit I was attenuated by the
inclusion of betaine in the ethanol diet.

4. Discussion

The role of mitochondrial dysfunction in the pathogenesis of
alcoholic liver disease has long been documented by multiple
laboratories [2–4, 7–10]. Mitochondria are a recognized
source of reactive oxygen and reactive nitrogen species fol-
lowing ethanol consumption and are also a key target of sub-
sequent oxidative posttranslational modifications including
components of the oxidative phosphorylation system [10].
Recent studies using BN-PAGE proteomics, show that chron-
ic ethanol consumption decreases the levels of several nuclear
and mitochondrial encoded proteins that comprise the indi-
vidual oxidative phosphorylation complexes [3]. We have
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Figure 1: Betaine attenuates chronic ethanol-dependent steatosis. Hematoxylin-eosin (A) and BODIPY 493/503-DAPI (B, green BODIPY-
labeled lipid droplets, nuclei blue) stained images from representative livers of (a) control; (b) control + betaine; (c) ethanol; (d) ethanol
+ betaine rats (n = 8 rats’/group) fed the respective diets for 4-5 weeks. Liver sections of the representative ethanol-fed rat stained with
hematoxylin-eosin or BODIPY 493/503-DAPI shows micro- and macrovesicular steatosis (arrows).

Figure 2: Betaine attenuates chronic ethanol-mediated increase in
hepatic triglyceride levels. Triglyceride content in the liver lipid
extract was quantified using the diagnostics kit (Thermo Electron
Clinical Chemistry, Louisville, Colo, USA). Data represent the mean
± S.E.M. for n = 8 animals per treatment group. Values not sharing
a common letter are statistically different, P < 0.05.

Figure 3: Betaine prevents the chronic ethanol-dependent decrease
in the hepatic SAM : SAH ratio. Liver SAM and SAH levels were
determined by HPLC analysis, and the SAM : SAH ratio was
calculated as previously described [14]. Data represent the mean ±
S.E.M. for n = 8 animals per group. Values not sharing a common
letter are statistically different, P < 0.05.
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(a) (b)

(c)

Figure 4: Betaine attenuates chronic ethanol-induced increase hepatic NOS2 gene and protein expression and elevates mitochondrial
nitrite/nitrate levels. (a) Liver NOS2 mRNA levels were measured by quantitative PCR using the comparative Ct concentration method.
The data shown are mean ± SEM of eight determinations from each group. Values not sharing a common subscript letter are statistically
different, P < 0.05. (b) Hepatic NOS2 (130 kDa) protein expression was measured by immunoblotting and normalized to β-actin (45 kDa).
Representative immunoblots of NOS2 protein for one pair of untreated and one pair of betaine-treated control and ethanol animals is shown.
The bar graph results below represent the mean volume integration units (V.I.U) of NOS2 ± S.E.M. for n = 8 animals per group. Values not
sharing a common letter are statistically different, P < 0.05. (c) Total mitochondrial nitrite and nitrate levels were measured by the Griess
reaction as detailed [26]. The bar graph results represent the mean ± S.E.M. for n = 8 animals per group. Values not sharing a common
letter are statistically different, P < 0.05.



6 International Journal of Hepatology

(a) (b)

Figure 5: Betaine has minimal effect on chronic ethanol-dependent increase in CYP2E1 activity and protein. (a) Hepatic CYP2E1 activity
was determined as detailed in Section 2. Data represent the mean ± S.E.M. for n = 8 animal per groups. Values not sharing a common
letter are statistically different, P < 0.05. (b) CYP2E1 protein levels were measured by immunoblotting. The bar graph results represent the
mean volume integration units (V.I.U) ± S.E.M. for n = 8 animals per group. Values not sharing a common letter are statistically different,
P < 0.05. The top figure shows representative immunoblots of CYP2E1 protein for one pair of untreated and one pair of betaine-treated
control and ethanol animals.

further shown that SAM treatment prevented these losses,
particularly, select subunits of Complexes I and IV, which
may explain, in part, how SAM maintains mitochondrial
function and protects against the development of alcoholic
liver injury [3, 18].

In this current study, we show for the first time that
dietary supplementation with the methionine cycle metabo-
lite, betaine, also protects against an ethanol-induced loss in
oxidative phosphorylation system proteins. While the exact
mechanism for this protection at the organelle level is not
known, we propose that by preventing NOS2 induction
and NO generation, betaine preserves the functioning of
the electron transport chain, maintains the integrity of the
liver, and protects against the development of alcoholic liver
injury. Moreover, we propose that changes are associated
with the normalization of hepatic SAM : SAH ratio and
maintenance of methylation potential in response to betaine
supplementation during chronic ethanol ingestion.

It is notable that NOS2 is absent in healthy, normal liver
until it is transcriptionally activated by proinflammatory
stimuli to produce large amounts of nitric oxide [27, 28].
Arguably, the chronic ethanol-mediated decrease in the
SAM : SAH ratio in liver could be responsible for the ethanol-
dependent increase in NOS2 expression, since studies have
shown that impaired methylation increases NOS2 gene
expression and nitric oxide [29]. Thus, lower hepatocellular
SAM : SAH ratios would favor hypomethylation of the NOS2
promoter leading to increased NOS2 gene transcription and
subsequent NOS2 protein increase and NO generation as

seen in the current study (Figure 4). Conversely, it has also
been shown that hypermethylation of the NOS2 gene pro-
moter silences and downregulates NOS2 expression in foam
cells [30]. In agreement with these results, we observed that
concurrent supplementation with betaine in the ethanol diet
suppressed ethanol-induced NOS2 gene and protein expres-
sion and NO generation. This finding suggests that betaine
through maintenance of the SAM : SAH ratio and the meth-
ylation potential in liver could prevent the upregulation of
NOS2 at the level of transcription.

Studies by Wu and Cederbaum have proposed that
CYP2E1-mediated oxidative stress causes oxidative injury to
the mitochondrion [31]. It has further been suggested that
the alcohol-dependent increase in CYP2E1 may be partial-
ly related to decreased proteolysis of this protein in response
to impaired proteasome function in the alcoholic liver [32].
Recently, we reported that the proteasome activity is direct-
ly impaired at ratios of SAM : SAH that correspond to those
observed in livers of ethanol-fed rats [33]. Indeed, these
results corroborate previous observations of a negative cor-
relation between alcohol-induced increases in liver mRNA
and protein levels of CYP2E1 with SAM : SAH ratios [34].
It should also be noted that SAM interacts and inhibits the
catalytic activity of CYP2E1 in a reversible and noncom-
petitive manner in vitro [35]. However, despite elevated
SAM levels and normal SAM : SAH ratios, CYP2E1 activ-
ity was only modestly inhibited (∼12%) in rats fed the
betaine-supplemented ethanol diets (Figures 5(a) and 5(b)).
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(a) (b)

Figure 6: Betaine and ethanol increase mitochondrial GSH levels. HPLC was employed to determine GSH levels in (a) liver and the (b)
mitochondrial fractions from control, ethanol, control + betaine, or ethanol + betaine groups. Data represent the mean ± S.E.M. for n = 8
animals per group. Values not sharing a common letter are statistically different, P < 0.05.

Regardless of elevated CYP2E1 in the livers of betaine-sup-
plemented ethanol-fed rat, indices of steatosis nor defects in
the mitochondrial respiratory chain was observed in these
animals [14, 17, 19–23]. Taken together, these results suggest
that the increased CYP2E1 activity is not sufficient to cause
and the onset of liver steatosis or mitochondrial proteome
defects.

Early studies demonstrated that chronic ethanol feeding
specifically caused marginal decrease in total and a marked
decrease in mitochondrial GSH levels compared to controls,
which was associated with mitochondrial lipid peroxidation
and progression of liver damage [36, 37]. Subsequently,
studies showed that feeding SAM attenuated both ethanol-
induced depletion of mitochondrial GSH and mitochondrial
dysfunction [38]. Contrary to these studies, an alcohol-
mediated increase in mitochondrial GSH has also been
reported [3, 39]. Betaine treatment has been shown to restore
alcohol-induced hepatic depletion of total GSH levels [40–
43]. None of these studies, however, examined mitochondrial
GSH status in particular following betaine treatment. In our
study, we observe a significant decrease in total liver GSH
(Figure 6(a)) but an (albeit small) increase in mitochondrial
GSH in response to alcohol (Figure 6(b)) corroborating pre-
vious reports [3, 39]. We further observed that betaine treat-
ment was unable to correct alcohol-induced changes in liver
or mitochondrial GSH levels (Figures 6(a) and 6(b)). Our
results suggest that neither the ethanol-induced defects nor
the protective role of betaine on the various parameters ex-
amined in this study appears to be mechanistically related to
the status of total or mitochondrial GSH level per se.

The present data reiterates that the normal mitochon-
drial proteome and function relies on the maintenance of

methylation reactions. Indeed, supplementation with methyl
donors, SAM [3, 4], and betaine (present study) at con-
centrations that maintain methylation reactions preserves
mitochondrial proteome [3, 4] as well as prevents ethanol-
dependent defects in mitochondrial respiration, mitochon-
drial ribosome dissociation, increases in mitochondrial
superoxide production, and mitochondrial DNA damage
[3, 4]. While the protective action of SAM and betaine at the
level of the mitochondrion is now recognized, the mecha-
nisms responsible for this protection are not clear. Similarly,
how an alteration in the SAM : SAH directly or indirectly
influences the composition of the mitochondrial proteome
is undefined. Recent studies by Bailey and colleagues, using a
comprehensive proteomics approach, demonstrate multiple
ethanol and SAM specific alterations in key proteins involved
in the oxidative phosphorylation system, as well as methio-
nine, choline, and sulfur metabolism and chaperone systems
[18]. Particularly, the SAM-dependent impacts on methio-
nine and choline metabolism enzymes may be especially
important, as these effects are predicted to protect methyl-
transferase reactions through boosting SAM levels. Simi-
larly, the analyses on the oxidative phosphorylation system
provided further support for an association among SAM,
methylation, and respiratory chain maintenance as multiple
subunits of the respiratory complexes were preserved in the
SAM-supplemented ethanol group [18]. These findings are
further validated in the current study, as we observed the
ability of betaine to attenuate the alcohol-dependent loss
in complex I and IV subunits. Methylation reactions have
been reported to play an important role in the biosynthesis
of lipoic acid, ubiquinone and biotin [44]; key cofactors of
multiple cellular and mitochondrial enzyme systems. Taken
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(a) (b)

(c)

(d)

Figure 7: Betaine prevents the chronic ethanol-mediated loss in oxidative phosphorylation proteins. Representative (a) one- and (c) two-
dimension blue native (BN)-PAGE proteomic gels of mitochondria isolated from rats fed control, ethanol, control + betaine, or ethanol +
betaine diets as detailed in Section 2. (a) For these gels, 250 μg of mitochondrial protein were subjected to 1D BN-PAGE. (c) The 1D gel strips
were overlaid across a Tris-Tricine-SDS-PAGE gel to resolve the individual polypeptides that comprise each oxidative phosphorylation system
complex. The proteins that comprise each complex (I, V, III, IV, and II) appear as vertically aligned spots on the 2D gel. (b) Comparison
of the relative quantities of complexes I, V, III, and IV in liver mitochondria from the control; control + betaine; ethanol, and ethanol +
betaine. Statistical analyses for data presented in panel B: 2-factor ANOVA on raw densitometry values—complex I: ethanol P = 0.0002,
betaine P = 0.92, interaction P = 0.02; complex V: ethanol P = 0.016, betaine P = 0.72, interaction P = 0.23; complex III: ethanol
P = 0.005, betaine P = 0.92, interaction P = 0.31; complex IV: ethanol P = 0.15, betaine P = 0.62, interaction P = 0.045; complex II:
ethanol P = 0.54, betaine P = 0.98, interaction P = 0.80. (d) Complex IV, subunit 1 protein levels were measured by immunoblotting. The
bar graph results represent the mean volume integration units (V.I.U) ± S.E.M. for n = 8 animals per group. Values not sharing a common
letter are statistically different, P < 0.05. The top figure shows representative immunoblots of subunit 1 protein for control, ethanol, and
betaine supplemented control and ethanol-fed rats.
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together, future experiments will be directed at determining
whether alcohol-dependent disruption in the activity of spe-
cific mitochondrial SAM-dependent methyltransferase(s) as
a consequence of low SAM : SAH ratio is directly responsible
for alterations in mitochondrion proteome and function.

In conclusion, this study shows for the first time that
betaine prevents or blunts chronic ethanol-mediated alter-
ations to the oxidative phosphorylation system proteome.
We propose that the mitochondrial protection afforded
by betaine is associated with the maintenance of hepatic
SAM : SAH ratios and by blocking the ethanol-induced in-
duction of NOS2 and NO, a key source of protein mod-
ification and damage. Moreover, this study demonstrates
that proteomic-based methods like BN-PAGE are powerful
tools to aid in the identification in the molecular targets of
disease. Thus, maintenance of mitochondria function may be
another key molecular target underlying the hepatoprotec-
tive effect of betaine against ethanol hepatotoxicity and fatty
liver disease.
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ADH 1 and ADH 3 are major two ADH isozymes in the liver, which participate in systemic alcohol metabolism, mainly distributing
in parenchymal and in sinusoidal endothelial cells of the liver, respectively. We investigated how these two ADHs contribute to the
elimination kinetics of blood ethanol by administering ethanol to mice at various doses, and by measuring liver ADH activity
and liver contents of both ADHs. The normalized AUC (AUC/dose) showed a concave increase with an increase in ethanol dose,
inversely correlating with β. CLT (dose/AUC) linearly correlated with liver ADH activity and also with both the ADH-1 and -3
contents (mg/kg B.W.). When ADH-1 activity was calculated by multiplying ADH-1 content by its Vmax/mg (4.0) and normalized
by the ratio of liver ADH activity of each ethanol dose to that of the control, the theoretical ADH-1 activity decreased dose-
dependently, correlating with β. On the other hand, the theoretical ADH-3 activity, which was calculated by subtracting ADH-1
activity from liver ADH activity and normalized, increased dose-dependently, correlating with the normalized AUC. These results
suggested that the elimination kinetics of blood ethanol in mice was dose-dependently changed, accompanied by a shift of the
dominant metabolizing enzyme from ADH 1 to ADH 3.

1. Introduction

Alcohol dehydrogenase (ADH; EC 1.1.1.1) in the liver is
generally accepted to be the primary enzyme responsible for
ethanol metabolism. This is supported by evidence that the
level of liver ADH activity is closely correlated with the rate
of ethanol metabolism [1–3] and that the metabolism in
vivo is markedly depressed in animals treated with pyrazoles
of ADH inhibitors [4, 5] and in ones genetically lacking
ADH [6]. The process by which blood ethanol is eliminated
was traditionally assumed to follow zero-order [7] or single
Michaelis-Menten (M-M) kinetics [8, 9], even though mam-
malian livers actually contain three kinds of ADH isozymes
(Class I, II, III) with different Kms for ethanol [10, 11].
Thus, it was commonly thought that the elimination process
was regulated by Class I ADH (ADH 1), which distributes
mainly in parenchymal liver cells [12], because this classically
known ADH has the lowest Km among the three liver ADH

isozymes and because its activity saturates at millimolar
levels of ethanol. Indeed, mice genetically lacking ADH 1
have been used to demonstrate that ADH 1 is a key enzyme
in systemic ethanol metabolism [13, 14]. However, studies
on these ADH-1-deficient animals have also shown that
ethanol metabolism in vivo cannot be explained solely by
ADH 1 [13, 14]. Although the microsomal ethanol oxidizing
system (MEOS) including CYP2E1 as a main component,
and catalase have been discussed for many years as candidates
for non-ADH 1 pathways [15, 16], these studies have failed to
clarify their roles in ethanol metabolism in mice genetically
lacking these enzymes [17–19]. Moreover, the process of the
elimination of blood ethanol has been shown to involve first-
order kinetics [20–23], suggesting that alcohol-metabolizing
enzymes with a very high Km participate in systemic ethanol
metabolism. ADH 3 (Class III), another major ADH, which
distributes mainly in sinusoidal endothelial cells of the liver
[12], has very high Km for ethanol. Therefore, it shows very
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little activity when assayed by the conventional method with
millimolar levels of ethanol as a substrate; but its activity
increases up to the molar level of ethanol [10, 24]. Addi-
tionally, this ADH has been demonstrated to be markedly
activated under hydrophobic conditions, which lower its
Km [14, 25]. Previously, liver ADH activity was assumed to
be attributable solely to ADH 1 because it was responsible
for most of the activity due to its low Km [10, 24]. However,
we have used ethanol-treated mice to show that liver ADH
activity assayed by the conventional method depends not
only on ADH 1 but also on ADH 3 and governs the elimi-
nation rate of blood ethanol [3]. Moreover, we have recently
demonstrated using Adh3-null mice that ADH 3 participates
in systemic ethanol metabolism dose-dependently [14].

These data suggest that systemic ethanol metabolism in
mice involves both liver ADH 1 and ADH 3, possibly through
the regulation of their contents and/or enzymatic kinetics.
However, how these two ADH isozymes contribute to the
elimination kinetics of ethanol is largely unknown.

In the present study, we investigated how these two liver
ADHs contribute to the elimination kinetics of ethanol in
mice by statistically analyzing the pharmacokinetic parame-
ters of blood ethanol and the enzymatic parameters of ADH,
based on a two-ADH model that ascribes liver ADH activity
to both ADH 1 and ADH 3.

2. Methods

2.1. Measurement of Pharmacokinetic Parameters of Blood
Ethanol. As previously described [3], male ddY mice (9
weeks old) were injected with ethanol (i.p.) at a dose of 1,
2, 3, 4.5, or 5 g/kg body weight, while the control mice were
injected with saline (0 g/kg). For each dose, blood samples
were taken from the tails of mice (n = 3) at scheduled times
(0.5, 1, 2, 4, 8, and 12 h) after ethanol administration.

Blood ethanol concentration was measured with a head-
space gas chromatograph [3]. The rate of ethanol elimina-
tion from blood was expressed as a β-value (mmol/L/h),
which was calculated from a regression line fitted to the
blood ethanol concentrations at various times by the lin-
ear least-squares method [26]. The area under the blood
concentration-time curve (AUC) was calculated by trape-
zoidal integration using the extrapolation of time course
curves to obtain the normalized AUC (AUC/dose) and body
clearance of ethanol (CLT : the reciprocal of the normalized
AUC) [23].

All animals received humane care in compliance with our
institutional guidelines “The Regulations on Animal Exper-
imentation of Nippon Medical School,” which was based on
“The Guidelines of the International Committee on Labora-
tory Animals 1974”.

2.2. Measurement of Liver ADH Parameters. In order to
obtain liver samples, mice were sacrificed by cervical dislo-
cation at scheduled times during ethanol metabolism at each
dose (0.5, 1, and 2 h for 1 and 2 g/kg; 0.5, 1, 2, 4, and 8 h
for 3 g/kg; 0.5, 1, 2, 4, 8, and 12 h for 0, 4.5, and 5 g/kg)
(n = 3 at each time in each dose). Each liver was homog-
enized in 6 vol (w/v) of extraction buffer (0.5 mM NAD,

0.65 mM DTT/5 mM Tris-HCL, pH 8.5) and centrifuged at
105, 000 ×g for 1 h to obtain a liver extract.

ADH activity was measured at pH 10.7 by the conven-
tional assay with 15 mM ethanol as a substrate, using liver
extract during the times of ethanol metabolism at each dose.
The ADH 1 and ADH 3 contents of liver were measured by
EIA using isozyme-specific antibodies on the same samples
as those used for ADH activity [3], excluding the samples
at doses of 2 and 4.5 g/kg. The ADH activity and content of
liver were expressed in terms of liver weight/kg body weight
because these units are not influenced by hepatomegaly or
variations in the total liver weight with respect to body
weight. These liver ADH parameters were averaged over
the ethanol-metabolizing time for each dose of ethanol and
termed the liver ADH activity, the liver ADH 1 content, and
the liver ADH 3 content.

The apparent Km and Vmax of ADH activity were
determined from a Lineweaver-Burk plot with ethanol (0.1–
100 mM) as a substrate, using liver extracts obtained at 1 and
4 h after ethanol administration for all doses (n = 3 at each
time in each dose). Vmax is expressed in units/mg of the sum
of the ADH 1 and ADH 3 contents.

2.3. Two-ADH-Complex Model of Liver ADH Activity. The
two-ADH-complex model, which ascribes liver ADH activity
to both ADH 1 and ADH 3, is described by the function
[y (ADH activity) = f (ADH 1 activity, ADH 1 content,
ADH 3 activity, ADH 3 content)] for each liver extract. The
Vmax of ADH 1 in liver extract is assumed to be a constant
4.0 units/mg, regardless of ethanol dose, because purified
mouse ADH 1 usually exhibits a relatively constant Vmax of
around 4.0 units/mg, a value that was obtained with around
15 mM ethanol as a substrate at pH 10.7 [3]. In the complex
model, therefore, ADH 1 activity was calculated from [ADH
1 content × 4.0], while ADH 3 activity was assumed to
be [ADH activity − ADH 1 activity] in each liver. These
assumptions are based on two facts: (1) ADH 2 (the third
ADH isozyme in liver) is only responsible for a very small
portion of total ADH activity in mice liver (<3%) [3], and (2)
ADH 3 is activated depending on the conditions of medium
[14, 25]. The calculated ADH 1 and ADH 3 activities were
then averaged over the ethanol-metabolizing time for each
dose of ethanol and normalized by the ratio of the average
liver ADH activity of each ethanol group to that of the
control. These normalized ADH activities were termed the
theoretical ADH 1 and ADH 3 activities. These parameters
were used for statistical analyses and correlation studies.

3. Results

3.1. Effect of Dose on Pharmacokinetics of Blood Ethanol.
Figure 1 shows the time course of blood ethanol concentra-
tion in mice after the administration of ethanol at various
doses. Blood ethanol elimination roughly followed zero-
order or M-M kinetics, reaching a constant Vmax at every
dose of ethanol, as shown by the regression lines fitted to
the blood ethanol concentrations at various times (r2 =
0.996, 0.996, 0.999, 1.000, and 0.945 for doses of 1, 2, 3,
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Figure 1: Time course of blood ethanol concentration in mice after
ethanol administration (i.p.) at various doses. Each plot represents
the mean ± SD of 3 mice. © 1 g/kg; � 2 g/kg; � 3 g/kg; � 4.5 g/kg;
� 5 g/kg.

4.5, and 5 g/kg, resp.). The β values were 16.9, 16.5, 14.5,
8.7, and 6.9 mmol/L/h and the blood ethanol concentrations
extrapolated to a time of zero (C0) were 25.2, 54.1, 74.8,
94.9, and 104.2 mM for doses of 1, 2, 3, 4.5, and 5 g/kg,
respectively. The β values were almost constant at low
doses (1 and 2 g/kg) but decreased when the dose exceeded
2 g/kg (r2 = 0.997) (Figure 2(a)). On the other hand, the
normalized AUC (AUC/dose), which negatively correlated
with β (r2 = 0.974) (Figure 2(b)), showed a concave increase
with dose (r2 = 0.991) (Figure 2(a)) and, therefore, exhibited
a linear correlation with the square of the dose (r2 = 0.993)
(data not shown). The CLT of ethanol, that is, the reciprocal
of the normalized AUC, decreased dose-dependently along
a concave curve (data not shown). This differed from the
behavior of β, which exhibited a convex decrease.

3.2. Effect of Ethanol Dose on Liver ADH Parameters. Liver
ADH activity (the average over the ethanol-metabolizing
time for each ethanol dose) was higher for the 1 g/kg dose
(P < 0.001), but lower for doses above 2 g/kg (P < 0.005 for
4.5 and 5 g/kg) than that of the control (Figure 3(a)). Liver
ADH 1 content (the average over the ethanol-metabolizing
time) increased for the 1 g/kg dose (P < 0.0001) but
decreased at higher doses (P < 0.05 for 3 g/kg, P < 0.0001 for
5 g/kg). Liver ADH 3 content (the average over the ethanol-
metabolizing time) also increased for the 1 g/kg dose (P <
0.0001) and showed no significant decrease at higher doses
(Figure 3(b)). Within ethanol groups, liver ADH activity and
liver ADH 1 content decreased dose-dependently (Figures
3(a) and 3(b)), while the ratio of ADH 3 content to ADH 1
content increased dose-dependently (Figure 3(c)). Both the
ADH 1 and ADH 3 contents correlated linearly with liver
ADH activity (r2 = 1.000 for each) (Figure 4). The Vmax/Km

of ADH activity of liver extract increased dose-dependently,
when measured at 1 or 4 h after administration of ethanol
(Figure 5).

3.3. Correlation Between Liver ADH Parameters and Phar-
macokinetic Parameters. Although β showed a convex cor-
relation with liver ADH activity, the CLT showed a linear
correlation with that activity (r2 = 0.972) (Figure 6), and
with both liver ADH 1 and ADH 3 contents (r2 = 0.988 and
0.987, resp.) (Figure 7).

3.4. Two-ADH-Complex Model of Liver ADH Activity. Analy-
sis of the data based on the two-ADH-complex model of liver
ADH activity revealed that the theoretical ADH 1 activity in
the liver decreased dose-dependently, whereas the theoretical
ADH 3 activity increased dose-dependently (r2 = 1.000 for
each) (Figure 8). As shown in Figure 9, the increase in the
ratio of theoretical activities of ADH 3 to ADH 1 correlated
positively with the normalized AUC (r2 = 1.000), but
negatively with β (r2 = 0.984).

4. Discussion

The elimination rate of alcohol from the blood (β) is usually
assumed to be constant regardless of the blood ethanol
level and to correspond to the rate constant of zero-order
or the Vmax of single Michaelis-Menten (M-M) elimination
kinetics [7–9]. However, the present study in mice showed
that β decreased dose-dependently at higher doses (3–5 g/kg)
(Figure 2(a)), which was accompanied by a decrease in liver
ADH activity (Figure 3(a)). β was found to be constant only
when liver ADH activity was sufficiently high at low doses of
ethanol (1 and 2 g/kg), in which case the liver ADH activity
was greater than that of the control. These results mean that,
as the ethanol dose increases, the elimination kinetics of
ethanol in mice changes from M-M to other kinetics, which
involves the decrease of liver ADH activity. Similar results
have been reported for rats; β or the clearance rate decreased
dose-dependently at doses above 2 g/kg, accompanied by
dose-dependent decreases of liver ADH activity [27, 28].

AUC, which represents the total amount of ethanol
involved in systemic exposure, is an important pharmacoki-
netic parameter on the bioavailability or toxicity of ethanol.
In the present study, the normalized AUC (AUC/dose)
showed a concave increase against ethanol dose (Figure 2(a)),
probably due to the decrease of liver ADH activity at higher
doses of ethanol (Figure 3(a)). Therefore, it showed a linear
correlation with the square of the dose, but not with dose
itself (see Section 3). These data also indicate that over a wide
range of doses the ethanol pharmacokinetics in mice does not
simply follow zero-order [7] or M-M kinetics [9], in which
the relation between the normalized AUC and ethanol dose
shows a proportional correlation.

Several studies have suggested that the elimination of
blood ethanol involves first-order kinetics. In humans [29]
and rabbits [23], β gradually increased, even at doses
of 2 or 3 g/kg, even though the concentration of blood
ethanol exceeded that at which the activity of ADH 1, the key
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metabolic enzyme, is saturated [10, 24]. This type of elimi-
nation of blood ethanol is probably due to the participation
in ethanol metabolism of higher Km enzyme(s) without a
decrease of liver ADH activity. Fujimiya et al. [23] have
proposed a parallel first-order and M-M kinetics for this
type of ethanol elimination, in which the relation between
the normalized AUC and ethanol dose is also linearly
proportional. However, our present results for mice suggest
that, just as in humans and rabbits, β decreases at higher
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doses of ethanol than 3 g/kg due to a decrease in liver ADH
activity.

The first-order kinetics in alcohol elimination from
the blood has been clearly observed in highly intoxicated
men with several hundred mM of blood ethanol [20, 21].
ADH− deer mice, which have a low liver ADH activity due
to genetically lacking ADH 1 [6], also eliminated blood
ethanol following kinetics similar to first-order one up to an
ethanol dose of 6 g/kg, at which the maximum blood ethanol
concentration reached around 130 mM [30]. These cases of
ethanol elimination are probably carried out by a very high-
Km enzyme rather than the key enzyme of ADH 1.
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As non-ADH 1 pathways, MEOS and catalase have been
assumed to participate in ethanol metabolism when the
blood ethanol level is high because their Kms for ethanol is
higher than that of ADH 1 [16, 31–33]. However, neither of
these enzymes can explain the first-order kinetics observed
at such high levels of blood ethanol in humans and ADH−

deer mice because their activities saturate around 50 mM
of ethanol [34, 35]. Moreover, any contributions of these
two enzymes to systemic alcohol metabolism have not been
demonstrated even by using CYP2E1-null or acatalasemic
mouse, which genetically lacks MEOS or catalase activity,
respectively [17–19]. On the other hand, ADH 4, which
mainly localizes in the stomach and also has a higher Km

for ethanol than ADH 1 [36], may play an important role
in first-pass metabolism (FPM) to lower BAC and AUC
[37]. However, the effect of FPM on BAC is distinct only
at low doses of ethanol, which becomes unclear at 2 g/kg
and more [37, 38]. In addition, ethanol was injected to mice
intraperitoneally in our study. Therefore, the contribution of
ADH 4 to BAC and β value may be negligible in this study.

We have recently proposed the participation of ADH 3,
which has a very high Km for ethanol, as a non-ADH 1
pathway of ethanol metabolism. Experiments on ADH 3−/−

mice showed that ADH 3 dose-dependently contributed to
the elimination of blood ethanol, probably through first-
order kinetics [14]. We focused on liver ADH activity and
two ADH isozymes, ADH 1 and ADH 3, to analyze elimina-
tion kinetics of blood alcohol because the total ADH activity
of the liver is closely correlated with the elimination rate
of blood alcohol [1–3] and both ADH isozymes have been
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demonstrated in vivo to contribute to alcohol metabolism
[13, 14].

Although β does not always correlate with total liver
ADH activity when the activity is excessive [39, Figure 6],
body clearance (CLT) exhibited a linear correlation with liver
ADH activity (Figure 6). CLT , which is the reciprocal of the
normalized AUC, is an important parameter indicating the
ethanol elimination capacity of the whole body. Many studies
have demonstrated that the rate of ethanol elimination in the
whole body (CLT or μmoles/h/animal) correlates with the
total liver ADH activity [1, 2, 28, 40]. However, the ethanol
elimination in the body cannot be explained solely by ADH
1 [6, 13, 14]. The present study showed that CLT , which
correlated with liver ADH activity (Figure 6), also correlated
with both contents of ADH 1 and ADH 3 (Figures 4 and 7).
Therefore, it is considered that the capacity to eliminate
ethanol from the whole body involves not only ADH 1 but
also ADH 3, depending primarily on the level of total liver
ADH activity [3].

In the two-ADH-complex model, which ascribes liver
ADH activity to both ADH 1 and ADH 3, the theoreti-
cal ADH 1 activity decreased dose-dependently (Figure 8),
which is experimentally supported by the dose-dependent
decrease in liver ADH 1 content (Figure 3(b)). On the
other hand, the theoretical ADH 3 activity increased dose-
dependently (Figure 8). This is supported by the dose-
dependent increase in the apparent Vmax/Km of ADH activity
of liver extract, which is expressed in units/mg of the sum
of the ADH 1 and ADH 3 contents (Figure 5). The kinetic
activation of liver ADH 3 at large doses of ethanol (3–
5 g/kg) was also suggested by our previous study [3]. In
addition, the theoretical ADH 3 activity also correlated with
the ratio of the ADH 3 to the ADH 1 content, which increased
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dose-dependently (Figure 3(c)). All these experimental data
support the idea that the activity of ADH 3 increases dose-
dependently due to changes in its content and/or enzyme
kinetics in the liver.

The changes in β and the normalized AUC against
ethanol dose, which showed an inverse linear correlation
(Figure 2(b)), may be ascribed to the changes in ADH 1
and ADH 3 activities in the liver (Figure 9). Theoretical
ADH 3 activity and normalized AUC show similar dose-
dependent increases, whereas theoretical ADH 1 activity
and β show similar dose-dependent decreases (Figures 2(a)
and 8). The hypothesis that the increase in ADH 3 activity
accompanying the decrease in ADH 1 activity in the liver
increases the normalized AUC and decreases β (Figure 9) is
supported by the fact that the ethanol-oxidizing efficiency
of ADH 3 is much less than that of ADH 1 due to its low
affinity for ethanol. Thus, the two-ADH-complex model of
liver ADH activity explains well the dose-dependent changes
in the pharmacokinetic parameters in mice. The greater
participation of ADH 3 and the smaller participation of ADH
1 into ethanol metabolism increase AUC, which in turn raises
the ratio of ADH 3 activity to ADH 1 activity (Figure 9).
This interdependent increase in the activity ratio and AUC
may elevate the bioavailability or toxicity of ethanol. This
dynamic theory of the elimination kinetics of ethanol based
on the two-ADH-complex model seems to be applicable to
alcoholism; regarding patients with alcoholic liver disease,
we already reported that the ADH 3 activity increased but
the ADH 1 activity decreased with an increase in alcohol
intake. Furthermore, the ratio of ADH 3 to ADH 1 activity
is significantly related to the incidence of alcoholic cirrhosis
of the liver [41].

5. Conclusion

The present study suggests that the elimination kinetics
of ethanol in mice changes dose-dependently from M-M
kinetics to first-order kinetics due to a shift of the dominant
metabolizing enzyme from low-Km ADH 1 to very high-
Km ADH 3. Such a change in the enzymatic pathway of
ethanol metabolism may elevate the toxicity of ethanol by
nonlinearly increasing AUC due to a decrease in liver ADH
activity and sustaining the metabolism through an increase
in ADH 3 activity. Thus, ADH 1 and ADH 3, which distribute
mainly in parenchymal cells and in sinusoidal endothelial
cells of the liver, respectively, seem to regulate pathological
effects of alcohol by sharing alcohol metabolism, depending
on their catalytic efficiencies, intralobular locations, and
responsive potentials to ethanol dose.
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Chronic liver disease (CLD) is increasing worldwide yet there has been no major advance in effective therapies for almost five
decades. There is mounting evidence that adult haematopoietic stem cells (HSC) are capable of differentiating into many types of
tissue, including skeletal and cardiac muscle, neuronal cells, pneumocytes and hepatocytes. These recent advances in regenerative
medicine have brought hope for patients with liver cirrhosis awaiting transplantation. New findings in adult stem cell biology are
transforming our understanding of tissue repair raising hopes of successful regenerative hepatology. Although all clinical trials to
date have shown some improvement in liver function and CD34+ cells have been used safely for BM transplantation for over 20
years, only randomised controlled clinical trials will be able to fully assess the potential clinical benefit of adult stem cell therapy for
patients with CLD. This article focuses on the potential of bone marrow stem cells (BMSCs) in the management of CLD and the
unresolved issues regarding their role. We also outline the different mechanisms by which stem cells may impact on liver disease.

1. Introduction

The liver has a remarkable capacity to regenerate in response
to injury; however, in severe cases its regenerative capacity
may prove to be insufficient, and the liver injury may
progress to end-stage liver disease (ESLD) and subsequent
liver failure. Up to two million people suffer from chronic
liver disease in the UK, many of whom remain unaware of
their illness [1, 2]. Chronic liver disease is the fifth leading
cause of death in the UK after cancer, cardiovascular disease,
stroke, and respiratory disease [2]. Alcoholic liver disease
(ALD), one of the major medical complications of alcohol
abuse, is the commonest cause of ESLD in Europe and North
America and is one of the most controversial indications
for transplantation. Alcohol abuse accounts for 80% of all
liver cirrhosis cases seen in district general hospitals in the
United Kingdom [3] and for a substantial and increasing
proportion of all liver transplants performed. Chronic liver
disease (CLD) due to alcohol abuse continues to rise [4]. In
2005, 4,160 people died in England and Wales from alcoholic
liver disease, an increase of 37% since 1999 [1]. Alcoholic
liver cirrhosis (ALC) has an unfavourable prognosis, with

a mortality of 49% and 90% after 1 and 15 yr of followup,
respectively [5].

At present orthotopic liver transplantation is the only
therapeutic option for patients with acute and chronic
ESLDs. Liver transplantation, however, has the disadvantage
of requiring lifelong immunosuppression and followup,
with 10–15% of patients dying whilst on the waiting list
due to the shortage of donated organs [6]. In 2005, only
one-third of patients waiting for a liver transplant were
transplanted [6]. With the number of donor organs likely
to decrease over the coming decades, research into the
alternative methods of treatment of whole-organ transplant
is essential. Hepatocyte transplantation has been suggested
as an alternative to liver transplantation, especially for
hepatic disorders caused by inherited protein deficiency [7].
The widespread application of hepatocyte transplantation,
however, is also limited by organ availability, by problems
with viability of isolated hepatocytes after cryopreservation,
and by the potential formation of hepatocyte aggregates
during injection subsequently obstructing liver sinusoids and
resulting in portal hypertension or fatal emboli.
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Recent advances in the understanding of stem cell
biology and plasticity have raised expectations for using
stem cells as a new type of cellular therapy in regener-
ative medicine. In particular, adult hematopoietic stem-
cell (HSC-) based treatment is evolving as a viable clinical
alternative. These cells are capable of differentiating into
many types of tissues, including skeletal and cardiac muscles,
neuronal cells, pneumocytes, and hepatocytes [8]. Although
stem cell therapy is not classically considered within the
realm of clinical medicine, this technology will become
increasingly important for clinicians in the future.

The BM compartment is largely made up of HSCs,
committed progenitor cells, and noncirculating stromal
cells called mesenchymal stem cells (MSC) which have
the ability to develop into mesenchymal lineages [9, 10].
Haematopoietic stem cells are adult stem cells that can be
identified by their ability to differentiate into all blood cell
types and reconstitute the haematopoietic system in a host
that has been lethally myeloablated [11]. It was previously
thought that adult stem cells were lineage restricted, but
recent studies have shown that BM-derived progenitors
participate in the regeneration of ischaemic myocardium
[12], damaged skeletal muscle [13], and neurogenesis [14],
in addition to haematopoiesis. This paper focuses on the
potential of HSCs in the management of CLD, concentrating
on experimental models in animal and human tissue along
with the current status of clinical trials.

2. The Role of Bone Marrow Stem Cells (BMSCs)
in Liver Repair

One of the first demonstrations of the ability of BMSCs to
reconstitute liver was reported by Petersen and colleagues in
1999. Lethally irradiated female rats with induced hepatic
injury, treated with 2-aminoacetylfluorine to prevent hepatic
proliferation, and were rescued using bone marrow trans-
plants from syngeneic males. The Y-chromosome markers
dipeptidyl peptidase IV enzyme (DPPIV) and L21-6 antigen
were used to identify liver cells of BM origin. This cross-
sex model allowed the identification of male liver cells in the
female rats’ livers indicating that BM-derived HSCs have the
capacity to transdifferentiate into hepatocytes [15].

Although evidence of transdifferentiation to hepatocytes
is compelling from animal studies, few have examined this
possibility in humans. Alison and associates detected Y-
chromosome-positive cells in a retrospective analysis of the
livers of 9 female recipients of bone marrow transplants from
male donors. Cells were confirmed as being hepatocytes due
to their expression of cytokeratin-8 [16]. The authors also
looked for the presence of Y-chromosome-positive cells in
11 female livers transplanted to male recipients that were
later removed due to recurrent disease, finding a number that
expressed cytokeratin-8 (0.5%–2%). This confirmed that
circulating extrahepatic stem cells colonise the liver [16].

3. Mechanism of Hepatocyte Regeneration

There is much controversy concerning the mechanism by
which BMSCs contribute to hepatocyte regeneration or to

liver repair. Transdifferentiation into hepatocytes represents
genomic plasticity in response to the microenvironment and
has been shown in several experiments in vivo [17–19].
However, some authors have proposed that conversion to
hepatocytes may occur via cell fusion [20, 21]. The so-called
“bystander effect” is postulated to be due to factors secreted
by BMSCs that are chemoattracted to the site of injury,
leading to the stimulation of mitosis of endogenous liver
cells. This mechanism is thought to recruit endogenous BM
for cardiac repair following myocardial infarction following
administration of granulocyte colony-stimulating factor (G-
CSF) [22].

Other possible explanations for target organ regeneration
and improvement in function include facilitating the release
of vascular endothelial growth factor (VEGF) by stem cells,
thus, increasing the blood supply to cells and helping to
repair damaged tissue [23]. Stem cells may also act by up-
regulating the Bcl-2 gene and suppressing apoptosis [24] or
by suppressing inflammation in the diseased organ via the
interleukin-6 (IL-6) pathway [25]. Both of these processes
are thought to contribute to the regeneration of normal cells
in the damaged organ. Finally, HSCs may stimulate tissue-
specific stem cells, such as oval cells in the liver, facilitating
regeneration of the target organ [26].

4. Animal Studies

Jang and colleagues transplanted enriched CD45+ HSCs into
lethally irradiated mice treated with a single dose of carbon
tetrachloride (CCl4) [19]. In this model, 7.6% of liver cells
were of donor origin within 7 days of transplantation. There
was early amelioration of liver disease with some improve-
ment in liver function in transplanted mice compared to
controls. The most promising study to date demonstrates
liver disease reversal following transplantation of enriched
HSCs into fumarylacetoacetate hydrolase- (FAH-) deficient
mice, an animal model of tyrosinemia type I [27]. Bone
marrow from metabolically competent donor mice was
transplanted into a lethally irradiated FAH-deficient mouse
strain, resulting in the proliferation of large numbers of
donor LacZ+ hepatocytes and restoration of liver biochem-
ical function. However, an animal study to investigate
whether transplantation of HSCs CD34+ could improve
hepatic fibrosis by their differentiation into hepatocytes
found differing results [28]. HSCs from human umbilical
cord blood were purified, transduced with a lentiviral vector
containing the green fluorescent protein (GFP) gene, and
injected via the portal vein into rats with liver cirrhosis
induced by the four-month administration of thioacetamide.
Rats were killed at 15 and 60 days following transplantation.
Up to 37% and 22% fluorescent cells were observed in
the blood of control and cirrhotic rats respectively, at 15
days after transplantation. At 60 days after transplantation;
however, fluorescent cells were completely absent from the
blood. Fluorescence was not detected in liver sections at
either 15 or 60 days after transplantation. A polymerase chain
reaction study to detect the GFP gene ruled out silencing
of the transgene. These results suggest that the transplanted



International Journal of Hepatology 3

cells did not engraft in the liver and were eliminated from the
rats.

Oyagi and associates have transplanted MSCs, induced
to adopt hepatocyte phenotype in vitro, intravenously into
nonirradiated CCl4-damaged recipients and observed both
a rise in serum albumin and a histological decrease in
hepatic fibrosis [29]. Similarly, Jiang et al. transplanted
ROSA26 mouse multipotent adult progenitor cells (MAPC)
into nonobese diabetic/severe combined immunodeficiency
disease (NOD/SCID) mice sacrificing them 4–24 weeks later.
Recipient livers contained 5–10% donor cells colocalised
with the hepatocyte markers CK18 and albumin. Since there
was no noxious liver injury creating a donor cell survival
advantage, there was no increase in the number of donor cells
in the 6-month after transplant period [30].

Persistent injury has been found to induce efficient trans-
differentiation of BMCs into functional hepatocytes [18].
Green fluorescent protein- (GFP-) transfected BMCs from
nontreated mice injected into those with liver cirrhosis
induced by CCl4 efficiently migrated into the periportal
area of liver lobules after one day, repopulating 25% of
the recipient liver by 4 weeks. In contrast, no GFP-positive
BMCs were detected following transplantation into control
mice with undamaged livers. Serum albumin levels were
significantly elevated to compensate for chronic liver failure
in BMC transplantation suggesting that recipient conditions
and microenvironments are key factors for successful cell
therapy using BMCs.

5. Clinical Studies

Several studies have demonstrated the presence of cells
of bone marrow origin in the human liver. Alison and
colleagues [16] elegantly demonstrated that adult human
liver cells can be derived from stem cells originating in
bone marrow. Analysing livers from female patients who had
received a bone marrow transplantation from a male donor,
they found Y-chromosome- and CK8- positive hepatocytes,
thus, suggesting that extrahepatic stem cells can engraft in
the liver. Theise et al. [31] also studied autopsy and liver
biopsy tissue from recipients of sex-mismatched therapeutic
bone marrow and orthotopic liver transplantations. They
identified hepatocytes and cholangiocytes of bone marrow
origin by immunocytochemistry staining for CK8, CK18,
and CK19 and FISH analysis for the Y-chromosome. They
found up to 43% of hepatocytes and 38% of cholangiocytes
were engrafted, showing that these cells can be derived
and differentiated from bone marrow to replenish the liver.
Other studies, however, have found lower numbers. Korbling
and associates [32], for example, confirmed bone marrow-
derived hepatocytes in liver biopsies of sex-mismatched
bone marrow transplantation, but these represented only
4%–7% of hepatocytes. Similarly, Ng et al. [33] showed
that only a small proportion of hepatocytes (1.6%) were
recipient derived in the liver allografts. The inconsistency
of these studies may relate to the use of varying techniques
and markers to identify recipient-derived hepatocytes in the
transplanted patients.

Although studies have shown that bone marrow stem
cells can give rise to hepatocytes, the use of bone marrow
stem cells as therapeutic agents is still in its infancy. These
studies generally involve the mobilisation of bone marrow
stem cells using granulocyte colony-stimulating factor (G-
CSF) or infusion of collected bone marrow stem cells, either
peripherally or directly into the hepatic vasculature (Table 1).
Our group conducted a phase I clinical trial of the infusion
of CD34+ cells into the portal vein or the hepatic artery
of five patients with chronic liver disease with no adverse
effects [34]. Although these patients received relatively low
numbers of cells (2 × 106), a moderate improvement in
serum bilirubin was seen in 3 of the 5 patients which
lasted for more than 18 months [35]. Our experience is
in keeping with the observations made by Am Esch II
and associates, who in their first publication demonstrated
increased liver regeneration in 3 patients following intra-
portal administration of autologous CD133+ BM cells into
the left lateral portal vein branches during right portal vein
embolisation (PVE). By CT criteria, left lateral segment
hypertrophy was 2.5-fold higher compared to 3 patients that
had right PVE only [36]. In their second publication, which
included patients from the first study, they recruited a total
of 13 patients [37]. There was a significant increase in the
daily liver growth in patients who had stem cell infusions in
addition to PVE (n = 6) when compared to patients with
PVE alone (n = 7).

Terai and colleagues have also shown improvement in
liver function following peripheral infusion of autologous
BM cells in patients with liver cirrhosis. Nine patients
who received a peripheral vein infusion of an average of
5.2 × 109 autologous mononuclear cells (CD34+, CD45+,
and ckit+) demonstrated significant improvement in the
Child-Pugh Scores and serum levels of albumin. Liver
biopsies were taken in 3 patients revealing an increase
in proliferating cell nuclear antigen staining, an indirect
marker of hepatocyte turnover [38]. Yannaki and associates
have reported 2 patients with alcohol-induced liver cir-
rhosis treated with autologous mobilised HSCs [39]. Each
patient underwent three rounds of G-CSF mobilisation and
peripheral vein infusion of CD34+ cells. The procedure was
well tolerated, and both patients improved their baseline
Child-Turcotte-Pugh (CTP) and model for end-stage liver
disease (MELD) scores during 30 months of followup. A
further 2 patients with hepatitis-B-related decompensated
liver cirrhosis treated with mobilised autologous peripheral
blood monocytes (PBMC) also showed an improvement in
serum albumin, bilirubin, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and CTP scores for
greater than one year following transfusion [40].

Lyra and associates performed a study on 10 patients
with chronic end-stage liver disease, receiving committed
progenitor cells and no BM cells via the hepatic artery. This
study showed improvement in serum bilirubin, albumin,
and international normalised ratio (INR) [41]. They went
on to perform the first randomised controlled study of
autologous BMC transplantation in liver disease [42]. Thirty
patients were randomised to receive either a placebo or
BMC, in the form of an autologous mononuclear cell
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preparation infused into the hepatic artery. After 3 months
followup, the treated patients had a significant improvement
in albumin compared to controls (16% versus 2%) and a
significant reduction in their Child-Pugh status (−8% versus
+4%). There was no change in the INR between the two
groups. Gasbarrini et al. have also reported the successful
use of autologous CD34+ BMSCs via the portal vein as a
rescue treatment in a patient with drug-induced acute liver
failure [43]. A liver biopsy performed at 20 days following
infusion showed increased hepatocyte replication around
necrotic foci; there was also improvement in synthetic liver
function within the first 30 days. The patient, however,
died secondary to multiorgan failure related to bacterial
infection. In a study by Khan and colleagues, four patients
with liver insufficiency were given G-CSF to mobilise stem
cells. CD34+ cells (0.1 × 108) were injected into the hepatic
artery [44]. All patients showed improvements in serum
albumin, bilirubin, and ALT after one month from the cell
infusion.

In contrast to the previous studies, a trial of 4 patients
with decompensated cirrhosis treated with CD34+ stem
cells via the hepatic artery was stopped prematurely due
to one patient developing nephropathy and hepatorenal
syndrome secondary to radiocontrast [45]. The same group
showed that MSC transplantation in a further 4 patients
with decompensated liver cirrhosis, this time via a peripheral
vein, was well tolerated and resulted in a MELD score
improvement in two [46]. Another study injecting MSC into
either peripheral veins or the portal vein of patients with
ESLD having a MELD score ≥10 (n = 8) showed significant
improvement in their MELD score [47]. Kim et al. reported
significant improvement in serum albumin, quality of life,
and the Child-Pugh Score in ten patients with advanced liver
cirrhosis due to hepatitis B infection following autologous
bone marrow infusion [48]. Finally, our group has published
the results of administering autologous expanded mobilised
adult BM CD34+ cells via the hepatic artery in 9 patients
with alcoholic liver cirrhosis. Significant decreases in serum
bilirubin, ALT, and AST levels were observed, whilst the
Child-Pugh Scores and radiological ascites improved in 7 and
5 patients, respectively [49].

6. Limitations of Studies and Future Issues

Although all clinical trials to date have shown some improve-
ment in liver function, it must be remembered that the
natural history of cirrhosis tends to be variable. Thus,
one would expect some patients to improve with time,
particularly in compliant patients who can be followed
up and remain abstinent from alcohol. The liver contains
approximately 2.8 × 1011 hepatocytes, and the required
mass of cells to correct a single enzyme biochemical defect
is likely to be significantly less than that required for
treatment of chronic or acute liver failure. There is evidence
to suggest that transplantation of only 1–5% of the total
liver mass may be sufficient to restore adequate functional
activity [7, 50]. Cells can be delivered to patients via
a peripheral vein, the portal vein, hepatic artery, or an

intrasplenic injection. As both fulminant and chronic, liver
failure requires the replacement of greater than 10% of
functional liver; the cell mass required for transplantation
will be significantly higher. The liver cell mass is restored
primarily through division of mature hepatocytes. Stimula-
tion of regeneration, such as a partial hepatectomy, promotes
increases in carbamoyl phosphate synthetase I activity with
subsequent liver hypertrophy [51]. This early experience
suggests that this therapeutic approach has the potential of
both enhancing and accelerating hepatic regeneration in a
clinical setting.

Unlike hepatocytes, the use of BMSCs for liver regen-
eration does not depend on the procurement of cadaveric
livers whose donors are often immunologically disparate
and also in short supply. The use of adult stem cells is
attractive as it overcomes the moral and ethical barriers of ES
cell manipulation. Further advantages of the use of BMSCs
are that they are multipotent, there is already considerable
experience in their use, they are easily accessible, and there
is unlimited supply. Conversely, concerns have been raised
about the adverse long-term effects of stem cell therapy.
There is evidence to suggest that treatment with BMSCs
may provide liver fibrogenic cells (hepatic stellate cells and
myofibroblasts) which contribute to fibrosis and could have
a deleterious effect on already decompensated cirrhotic livers
[52, 53]. Similarly, there are concerns that hepatocellular
carcinoma (HCC) originates from hepatic oval cells and
BMSCs [54]. Much of the data concerning the malignant
potential of BMSCs, however, originates from genetically
modified rodent models and may not be present in humans
[55].

New findings in adult stem cell biology are transforming
our understanding of tissue repair raising hopes of successful
regenerative hepatology. Although all clinical trials to date
have shown some improvement in liver function and CD34+

cells have been used safely for BM transplantation for over
20 years, only randomised controlled clinical trials will be
able to fully assess the potential clinical benefit of adult stem
cell therapy for patients with liver insufficiency secondary to
ALD.
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Hepcidin, a key regulator of iron metabolism, is activated by bone morphogenetic proteins (BMPs). Mice pair-fed with regular and
ethanol-containing L. De Carli diets were employed to study the effect of alcohol on BMP signaling and hepcidin transcription in
the liver. Alcohol induced steatosis and TGF-beta expression. Liver BMP2, but not BMP4 or BMP6, expression was significantly
elevated. Despite increased BMP expression, the BMP receptor, and transcription factors, Smad1 and Smad5, were not activated.
In contrast, alcohol stimulated Smad2 phosphorylation. However, Smad4 DNA-binding activity and the binding of Smad4 to
hepcidin promoter were attenuated. In summary, alcohol stimulates TGF-beta and BMP2 expression, and Smad2 phosphorylation
but inhibits BMP receptor, and Smad1 and Smad5 activation. Smad signaling pathway in the liver may therefore be involved
in the regulation of hepcidin transcription and iron metabolism by alcohol. These findings may help to further understand the
mechanisms of alcohol and iron-induced liver injury.

1. Introduction

Alcoholic liver-disease patients frequently display evidence
of iron overload [1–5]. Alcohol-induced iron overload
enhances the production of free radicals and proinflamma-
tory cytokines [6, 7]. However, the underlying mechanisms
of iron accumulation observed in alcoholic liver disease
are unclear. We and others have recently shown a role
for hepcidin in alcohol-induced increases in iron transport
[8–13]. Hepcidin is a circulatory antimicrobial peptide
synthesized by the liver [14, 15]. It plays a pivotal role in
iron homeostasis by inhibiting iron uptake in the duodenum
and iron export in reticuloendothelial macrophages [16,
17]. Alcohol downregulates hepcidin expression in the liver,
which leads to an increase in duodenal iron transporter
expression [9]. However, how alcohol suppresses hepcidin
transcription in the liver is still unclear.

Bone morphogenetic proteins (BMPs) belong to the
transforming growth factor beta (TGF-β), superfamily of

growth factors [18]. BMP2, BMP4, BMP6 and BMP9
have all been reported to regulate hepcidin transcription
[19–22]. However, transgenic mouse studies have recently
suggested that BMP6, is involved in the regulation of
hepcidin expression in vivo [23, 24]. Moreover, iron has
been shown to induce BMP6 mRNA expression and Smad5
phosphorylation [25–27]. Similar to TGF-β receptor, the
binding of BMP ligands to type I and type II BMP receptor
serine/threonine kinases leads to the phosphorylation and
activation of type I BMP receptor (BMPR-I) [28]. Activated
BMPR-I in turn phosphorylates the receptor-regulated Smad
(R-Smad) family of transcription factors: Smad1, Smad5,
and Smad8 [29]. On the other hand, activated TGF-β
receptor induces the phosphorylation of Smad2 and Smad3.
Upon phosphorylation, these R-Smads form a complex with
the common mediator of Smad signaling, Smad4. The Smad
complexes subsequently translocate into the nucleus where
they participate in the regulation of gene transcription [30,
31]. Of note, liver-specific disruption of Smad4 leads to
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Figure 1: Liver Histology. The fixed liver sections of mice fed with regular (a) or ethanol-containing (b) Lieber-De Carli liquid diets were
stained with hematoxylin and eosin (a, b), as described in Materials and Methods (original magnification 20X). The arrows indicate steatosis
(b).

a decrease in hepcidin expression and accumulation of iron
in liver, kidney, and pancreas [32].

The involvement of the profibrogenic cytokine, TGF-
β in alcohol-induced liver injury has been well-established
[33, 34]. However, the role of BMPs and BMP receptor-
mediated signaling in alcoholic liver disease is largely
unknown. In this study, we examine the effect of alcohol on
BMP expression and BMP receptor-mediated regulation of
hepcidin transcription in the liver in vivo. Alcohol and iron
play a synergistic role in the pathogenesis of alcoholic liver
disease. These studies will help us to further understand the
mechanisms of liver injury induced by iron and alcohol.

2. Materials and Methods

2.1. Animal Experiments. Animal experiments were ap-
proved by the Animal Ethics Committee at the University of
Nebraska Medical Center. C57BL/6 NCR male mice (NIH)
were housed individually and pair-fed with either regular
or ethanol-containing Lieber De Carli liquid diets (Dyets,
Inc., cat no: 710027, 710260, resp.), as described previously
[12]. The ethanol content of the diet was gradually increased
over a 9-day period to 5% (no ethanol for 3 days, 1% for 2
days, 2% for 2 days, and 3% for 2 days). Mice were exposed
to 5% ethanol for 4 weeks. For iron experiments, mice
were fed initially with a custom prepared egg-white-based
solid rodent diet [35] containing 0.02% carbonyl iron (F614,
Bio-Serv, Inc.) for one week to achieve a basal hepcidin
expression level. Subsequently, they were fed with 0.2% or
2% carbonyl iron diets for 3 weeks to achieve normal and
iron overload states, respectively, as published previously
[12].

2.2. RNA Isolation, cDNA Synthesis, and Real-Time Quan-
titative PCR Analysis. RNA isolation, cDNA synthesis, and
quantitative PCR were performed, as published previously
[9]. The sequences of Taqman fluorescent probe (5

′
6-

[FAM]; 3
′

[TAMRA-Q]) and primers are shown in Table 1.

2.3. Western Blotting, Immunoprecipitation, and Immuno-
histochemistry. Total liver cell lysates were prepared by

homogenizing mouse livers in lysis buffer [10 mM Tris/HCl
(pH 7.4), 100 mM NaCl, 5 mM EDTA, 10% glycerol, 1 mM
PMSF, complete protease inhibitor cocktail (Roche Diag-
nostics Corp.), phosphatase inhibitor cocktail A (Santa
Cruz, sc-45044), and 1% Triton-X-100]. The lysates were
subsequently incubated on ice for 20 min. and centrifuged
(3000x g) for 5 min. at 4◦C. Supernatants were employed for
western blot or immunoprecipitation experiments. Western
blots were performed, as described previously [12, 36].
Anti-phospho-Smad2, anti-phosho-Smad1/5, anti-Smad2,
and anti-Smad5 antibodies were obtained commercially (cell
signaling). For immunoprecipitations, 500 μg of liver lysate
protein was incubated with BMPR-I antibody or normal
rabbit IgG (Santa Cruz) and protein A/G PLUS-Agarose pre-
blocked with BSA (Santa Cruz). Immunocomplexes eluted
by nonreducing SDS buffer were resolved on 10% polyacry-
lamide gels and immunoblotted with anti-phosphoserine
(Millipore) or BMPR-I antibodies (Santa Cruz). Alkaline
phosphatase-conjugated anti-mouse (Millipore) or anti-
rabbit (SouthernBiotech) light chain-specific immunoglob-
ulins were used as secondary antibodies. Immunostaining
of paraffin embedded liver sections with TGF-β (Abcam) or
BMP2 (Santo Cruz) antibodies were performed by Vectastain
ABC kit (Vector Labs), according to manufacturer’s instruc-
tions.

2.4. Electrophoretic Mobility Gelshift Assay (EMSA). Mouse
liver nuclear lysate isolation and EMSA were performed,
as described [9]. Briefly, the consensus and mutant Smad4
oligonucleotides (Santa Cruz) were labeled by T4 polynu-
cleotide kinase and 32P-γ-ATP (Perkin Elmer, 3.000 Ci/moL,
10 mCi/mL). 7 μg of nuclear extract protein and 100.000 cpm
of 32P-labeled Smad probes were used for each binding
reaction. Protein and DNA complexes were resolved on
7% nondenaturing polyacrylamide gels and radiolabeled
bands were visualized by autoradiography. For competition
assays, unlabeled consensus Smad oligonucleotide in 30-
fold excess was incubated with nuclear lysates on ice
prior to the addition of the 32P-labeled consensus Smad
probe.
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Figure 2: TGF-β Expression. The fixed liver sections of mice fed with regular (a) or ethanol-containing (b) Lieber-De Carli liquid diets were
immunostained with an anti-TGF-β antibody, as described in Materials and Methods. Liver sections from mice injected (i.p.) with sunflower
oil, as control (c) or carbon tetrachloride (d) for 8 weeks were also immunostained with the anti-TGF-β antibody to serve as positive controls
for TGF-β staining. The arrows indicate TGF-β expression (b, d) (original magnification 20X). Whole cell lysates isolated from the livers of
mice fed with regular (control) or ethanol-containing (alcohol) Lieber-De Carli liquid diets were employed to determine TGF-β protein
expression by western blotting, as described in Materials and Methods (e). An anti-gapdh antibody was employed to confirm equal protein
loading (f). TGF-β protein expression, normalized to gapdh, in alcohol-treated mice was expressed as fold expression of that in control mice
and was quantified by scanning autoradiographs by a densitometer (g).
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Figure 3: Smad2 Activation. The phosphorylation of Smad2 protein in the liver lysates of mice fed with regular (control) or ethanol-
containing (alcohol) Lieber-De Carli liquid diets was determined by western blotting employing an anti-phospho-Smad2 antibody, as
described in Materials and Methods. (b) An antibody recognizing the total levels of Smad2 protein was employed as a control to confirm
equal protein loading. (c) Autoradiographs from different experiments (n = 3) were scanned by a densitometer, and phospho-Smad2 (p-
Smad2) expression in each sample was quantified by normalizing to total Smad2 protein expression. Normalized phospho-Smad2 expression
in alcohol-treated mice was expressed as fold expression of that in control mice.

Table 1: Mouse-specific sequences of real-time quantitative PCR probe and primers.

Gene Forward primer (5
′
-3

′
) Reverse primer (5

′
-3

′
) Taqman probe (5

′
-3

′
)

BMP2 GCATCCAGCCGACCCTT GCCTCAACTCAAATTCGCTGA TCCCGGCCTTCGGAAGACGTC

BMP4 GGACTTCGAGGCGACACTTC TTGCTAGGCTGCGGACG ACAGATGTTTGGGCTGCGCCG

BMP6 CCTCTTCTTCGGGCTTCCTC CCTTTTGCATCTCCCGCTT ATCGGCGGCTCAAGACCCACG

Hepcidin ACTCGGACCCAGGCTGC AGATAGGTGGTGCTGCTCAGG TGTCTCCTGCTTCTCCTCCTTGCCA

2.5. Chromatin Immunoprecipitation (CHIP). CHIP was
performed, as described [37]. Chromatin isolated from
formalin-fixed mouse liver was sheared by sonication and
immunoprecipitated by using control IgG (cell signaling) or
anti-Smad4 antibody (cell signaling) and protein A/G beads
(Santa Cruz). An aliquot of precleared chromatin was saved
as total input DNA prior to the immunoprecipitation. Coim-
munoprecipitated DNA and total input DNA were analyzed
by PCR using primers (forward 5

′
-gccatactgaaggcactga

′
3;

reverse 5
′
-gtgtggtggctgtctagg-3

′
) specific for mouse hepcidin

promoter.

2.6. Statistical Analysis. Statistical analysis of differences in
treatment groups was performed by using the nonparametric
Mann-Whitney test and Student’s t-test.

3. Results

In order to study the effect of chronic alcohol consumption
on the expression of different bone morphogenetic proteins

(BMPs) and signaling in the liver, we employed wild-type
mice pair-fed with regular (control) or ethanol-containing
Lieber De Carli diets, as described in Materials and Methods.
Mice fed with alcohol for 4 weeks displayed significant lipid
accumulation in the liver, compared to control mice fed
with regular L. De Carli diet, as shown by hematoxylin and
eosin staining (Figures 1(a) and 1(b)). Similarly, chronic
alcohol consumption resulted in increased transforming
growth factor beta (TGF-β) expression in the liver, as shown
by immunostaining and western blotting (Figure 2). TGF-β
is known to induce the phosphorylation and activation of
the transcription factor, Smad2 [29]. Accordingly, western
blot analysis indicated a significant twofold increase in the
level of phospho-Smad2 protein expression in the livers of
alcohol-fed mice compared to control mice (Figures 3(a)
and 3(c)). The level of total Smad2 protein expression in
the liver was not altered by alcohol (Figure 3(b)). BMPs
also belong to the TGF-β superfamily of growth factors and
activate the Smad signaling pathway [18]. However, the effect
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Figure 4: Alcohol and BMP2, BMP4, BMP6 Expression. (a) cDNA was synthesized from liver RNA of mice fed with regular (control) or
ethanol-containing (alcohol) Lieber-De Carli liquid diets, as described in Materials and Methods. It was employed in real-time PCR to
detect bone morphogenetic protein (BMP) expression. The mRNA expression in alcohol-fed mice was expressed as fold of that in pair-fed
control mice fed with regular diet (mean ± S.E.M.; n = 3, 4 mice per group). Asterisks indicate statistical significance (P < 0.05). The fixed
liver sections of mice fed with regular (b) or ethanol-containing (c) Lieber-De Carli liquid diets were immunostained with an anti-BMP2
antibody, as described in Materials and Methods. The arrows indicate BMP2 expression (original magnification 20X).
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Figure 5: Alcohol and Hepcidin Expression. cDNA was synthesized from liver RNA of mice fed with regular (control) or ethanol-containing
(alcohol) Lieber-De Carli liquid diets, as described in Materials and Methods. It was employed in real-time PCR to detect hepcidin expression.
The mRNA expression in alcohol-fed mice was expressed as-fold of that in pair-fed control mice fed with regular diet (mean± S.E.M.; n = 3,
4 mice per group). Asterisks indicate statistical significance (P < 0.05).
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Figure 6: Activation of Smad1 and Smad5. (a) The phosphorylation of Smad1 and Smad5 proteins in the liver lysates of mice fed with
regular (control) or ethanol-containing (alcohol) Lieber-De Carli liquid diets, and of mice fed with diets containing 0.2% (normal) or 2%
(overload) carbonyl iron was determined by western blotting employing an anti-phospho-Smad1/5 antibody, as described in Materials and
Methods. (b) An antibody recognizing the total levels of Smad5 protein was employed as a control to confirm equal protein loading. (c)
Autoradiographs from different experiments (n = 3) were scanned by a densitometer, and phospho-Smad1/5 (p-Smad5) expression in each
sample was quantified by normalizing to total Smad5 protein expression. Normalized phospho-Smad expression in alcohol or iron-fed mice
was expressed as fold expression of that in the control mice.

of alcohol on BMP expression is unknown. Compared to
control mice, mice with chronic alcohol exposure displayed
an increase in BMP2, BMP4, and BMP6 mRNA expression
in the liver (Figure 4(a)). However, the median response
differences in BMP4 and BMP6 expression between alcohol-
fed and control mice were not statistically significant (P >
0.05) (Figure 4(a)). In contrast, the alcohol-induced increase
in BMP2 mRNA expression in the liver was statistically
significant (P < 0.05) (Figure 4(a)). The livers of alcohol-
treated mice also exhibited an increase in BMP2 protein
expression compared to control mice (Figures 4(b) and 4(c)).
Mice with chronic alcohol exposure displayed a significant
(P < 0.05) decrease in hepcidin mRNA expression in the liver
(Figure 5).

Bone morphogenetic proteins induce intracellular sig-
naling via the phosphorylation of the transcription factors,
Smad1, Smad5, and Smad8. We performed western blots
by using an antibody which recognizes both Smad1 and
Smad5 phosphorylated on serine residues, as described in
Materials and Methods. Unlike Smad 2 (see above), our
western blot analysis did not detect a significant change in the
phosphorylation of Smad1 and Smad5 proteins in the livers

of alcohol-treated mice, compared to the controls (Figures
6(a) and 6(c)). Since iron has been reported to induce BMP
signaling and Smad5 phosphorylation [25, 27], the livers of
mice fed with iron diets (see Materials and Methods) were
employed as internal controls. Accordingly, our western blot
analysis detected a significant increase in Smad1 and Smad5
phosphorylation in the livers of mice with iron overload,
compared to control mice with a normal iron state (Figures
6(a) and 6(c)). The level of total Smad5 protein expression
in the liver was not altered by alcohol or iron treatments
(Figure 6(b)).

Bone morphogenetic proteins bind to and signal through
type I and type II serine/threonine kinase receptors, BMPR-
I and BMPR-II. Upon ligand binding, BMPR-I is phos-
phorylated. To determine the activation of BMPR-I, we
performed immunoprecipitation experiments followed by
western blotting, as described in Materials and Methods.
BMPR-I immunocomplexes from mouse livers were blotted
with an anti-phosphoserine antibody. The level of BMPR-
I phosphorylation on serine residues in alcohol-fed mice
was not significantly different than that in control mice
(Figures 7(a) and 7(c)). However, BMPR-I phosphorylation
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Figure 7: Activation of BMPR-I. Bone morphogenetic protein receptor type I (BMPR-I) was immunoprecipitated from the liver lysates of
mice fed with regular (control) or ethanol-containing (alcohol) Lieber-De Carli liquid diets, and of mice fed with diets containing 0.2%
(normal) or 2% (overload) carbonyl iron, as described in Materials and Methods. The phosphorylation of BMPR-I on serine residues
in the immune complexes was determined by western blotting employing an anti-phosphoserine antibody (a), and the total levels of
BMPR-I protein were detected by western blotting with an anti-BMPR-I antibody (b). (c) Autoradiographs from different experiments
(n = 2) were scanned by a densitometer, and phospho-BMPR-I (p-BMPR-I) expression in each sample was quantified by normalizing
to immunoprecipitated BMPR-I protein level. Normalized p-BMPR-I expression in alcohol or high iron-fed mice was expressed as fold
expression of that in the control mice or in mice fed with normal iron diet.

was induced in the livers of mice fed with high iron
diets, which were used as internal controls (Figures 7(a)
and 7(c)). We also confirmed by western blotting that
equal levels of BMPR-I protein were immunoprecipitated
from the livers of alcohol or iron-treated and control mice
(Figure 7(b)). Furthermore, control samples, which were
immunoprecipitated with normal rabbit IgG also showed no
significant BMPR-I phosphorylation (Figure 7(a)).

Smad4 forms a complex with phosphorylated R-Smads
and regulates the transcription of target genes. In order
to determine the effect of alcohol on Smad4 DNA-binding
activity in the liver, we performed electromobility shift
assays, as described in Materials and Methods. The DNA-
binding activity of Smad4 in liver nuclear lysates from mice
with chronic alcohol exposure was not significantly different
than that of control mice (Figure 8). However, iron, used
as internal control, induced Smad DNA-binding activity
(Figure 8). The specificity of DNA-binding activity was also
confirmed with both competition tests, using unlabeled
(cold) Smad consensus oligonucleotides, and by employing
32P-labeled mutant Smad oligonucleotide as a probe in

gelshift assays, as described in Materials and Methods
(Figure 8).

In order to determine the effect of chronic alcohol
exposure on Smad4-mediated transcription of hepcidin, we
performed chromatin immunoprecipitation experiments, as
described in Materials and Methods. The binding of Smad4
to hepcidin promoter was significantly attenuated in the
livers of mice treated with alcohol compared to control
mice (Figures 9(a) and 9(d)). We have also confirmed that
the level of total input DNA (see Materials and Methods)
was similar in all samples (Figure 9(b)). Furthermore, no
significant amplification of hepcidin promoter was observed
in chromatin samples, which were immunoprecipitated with
the control IgG (Figure 9(c)).

4. Discussion

Hepcidin, mainly synthesized in the liver, is the key regulator
of iron homeostasis and its expression is also regulated by
iron. Alcohol has been shown to suppress hepcidin tran-
scription in the liver leading to elevated iron absorption in
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Figure 8: Smad4 DNA-Binding Activity. Smad DNA-binding activity was determined by electrophoretic mobility gelshift assays (EMSA),
as described in Materials and Methods. 7 μg of nuclear lysate protein isolated from the livers of mice fed with regular (control) or ethanol-
containing (alcohol) Lieber-De Carli liquid diets, and of mice fed with diets containing 0.2% (normal) or 2% (overload) carbonyl iron was
employed in EMSA. Cold competition with unlabeled Smad consensus (cons.) oligonucleotides and 32P-labeled mutant Smad probe were
employed to test the specificity of DNA binding, as described in Materials and Methods. The arrows indicate specific Smad DNA complexes
and unbound (free) probes. The results are representative of multiple EMSA experiments (n = 3).

the duodenum [9–11, 13]. However, how alcohol attenuates
liver hepcidin transcription and function is not completely
understood.

Various signaling mechanisms including BMP-mediated
Smad signaling are involved in the regulation of hepcidin
transcription in the liver [23–25, 27]. The deletion of Smad4
in the liver also attenuates hepcidin expression and causes
pronounced hepatic iron accumulation in mice [32]. BMPs
belong to the TGF-β superfamily of growth factors. TGF-β is
one of the main profibrogenic cytokines, which is involved
in the progression of alcoholic liver disease [33, 34, 38].
However, the role of BMPs in alcoholic liver disease is
unclear. Here, we show that alcohol significantly induces the
expression of BMP2 in the liver in vivo. Although alcohol
is known to alter iron homeostasis [3, 5, 39], unlike iron
[25, 27], chronic alcohol exposure did not significantly
upregulate the expression of BMP6 in the liver.

Ligand binding induces the phosphorylation of type I
BMP receptor (BMPR-I). Upon phosphorylation, BMPR-
I stimulates BMP signaling by phosphorylating Smad1,
Smad5, and Smad8. Interestingly, despite an alcohol-induced
increase in BMP expression, the phosphorylation of Smad1
and Smad5 was not elevated in the livers of mice with
chronic alcohol exposure. In contrast, TGF-β-mediated
phosphorylation of Smad2 was induced by alcohol. BMPR-
I receptor is expressed on the plasma membrane. It is feasible

that alcohol-mediated inhibition of BMP-mediated Smad
signaling may occur in proximity to the cell surface. Our
immunoprecipitation studies clearly demonstrate a lack of
BMPR-I phosphorylation in the livers of mice with chronic
alcohol exposure. The specificity of immune complexes was
confirmed by employing control antibodies and IgG light-
chain-specific secondary antibodies for western blotting (see
Figure 7). Furthermore, we have also confirmed that iron, as
an internal control, upregulates the phosphorylation of both
BMPR-I, and Smad1 and Smad5 proteins. Of note, we have
previously reported that alcohol renders hepcidin insensitive
to body iron levels and abolishes its protective role in iron
overload [12]. However, whether or not alcohol interferes
with iron-mediated activation of hepcidin transcription via
BMP/Smad signaling in the liver warrants further investiga-
tion.

The inhibition of BMP receptor activation and signal-
ing by alcohol may involve various mechanisms. Alcohol
metabolism is well known to increase the NADH:NAD+

ratio and induce hypoxia in the liver. Accordingly, hypoxia
has recently been suggested to inhibit hepcidin expression
by attenuating Smad signaling in human Huh7 hepatoma
cells [40]. Furthermore, hypoxia-induced changes in the
NADH : NAD+ ratio have been reported to attenuate BMP
receptor activation in lung cells [41]. However, it should
be noted that alcohol-induced hypoxia is limited to the
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Figure 9: Smad4 Binding to Mouse Hepcidin Promoter. Chro-
matin was isolated from the livers of mice fed with regular
(control) or ethanol-containing (alcohol) Lieber-De Carli liquid
diets. Chromatin immunoprecipitation was performed with anti-
Smad4 antibody (a) or normal rabbit IgG (control) (c). The
coimmunoprecipitated DNA and total input DNA (control) (b)
were subjected to PCR to amplify a 321 base pair mouse hepcidin
promoter region, as described in Materials and Methods. (d)
Ethidium bromide-stained agarose gels from different experiments
(n = 3) were scanned to quantify the amount of Smad4 co-
immunoprecipitated DNA by normalizing to input DNA.

centrilobular region of the liver [42]. It is therefore possible
that other mechanisms besides hypoxia may be involved in
alcohol-induced inhibition of BMP-mediated Smad signal-
ing in the liver. For example, changes in inhibitory Smads
or a competition between R-Smads activated by TGF-β
(Smad2, Smad3) and BMPs (Smad1, Smad5, and Smad8).
Of note, TGF-β receptor has been reported to interact with
BMPR-I and inhibit BMP-mediated Smad signaling [43].

Accordingly, we have observed the activation of Smad2,
but not of Smad1 or Smad5, in the livers of mice with
chronic alcohol exposure. Conversely, recombinant BMP6
has been shown to inhibit TGF-β-mediated Smad signaling
[44]. Nevertheless, our findings showing alcohol-induced
inhibition of Smad DNA-binding activity and the binding of
Smad4 to hepcidin promoter strongly suggest that alcohol
can directly interfere with nuclear Smad DNA complexes.
The regulation of Smad signaling complexes by alcohol
may therefore be one of the mechanisms by which alcohol
suppresses hepcidin transcription in the liver in vivo.

Alcohol metabolism in the liver produces toxic metabo-
lites, such as acetaldehyde and lipid peroxidation products
[45, 46]. They, in turn, activate TGF-β production and
lead to the secretion of extracellular matrix proteins [33].
BMPs have been reported to interact with and antagonize
TGF-β blocking its profibrogenic activity [47, 48]. By
blocking TGF-β, BMPs can also modulate cell adhesion and
migration [49, 50]. It is therefore possible that the induction
of BMP expression in the liver in response to chronic
alcohol exposure is associated with antifibrogenic response
mechanisms. Furthermore, the inverse effect of alcohol on
TGF-β and BMP-mediated Smad signaling may be one of the
mechanisms involved in the progression of liver fibrosis in
alcoholic liver disease.

The alcohol-induced inhibition of Smad4 binding to
hepcidin promoter and suppression of hepcidin transcrip-
tion in the liver is expected to gradually elevate intestinal
iron uptake and iron storage in Kupffer cells. Accordingly,
we have previously reported the elevation of hepatic iron
levels in rats with chronic alcohol exposure [12]. Iron and
alcohol are known to act synergistically to induce liver
injury [51–53]. Interestingly, the inhibition of BMP signaling
has also been reported in Hfe knockout mice, an animal
model for the commonest iron overload disorder, genetic
hemochromatosis [54, 55]. This study therefore indicates a
role for Smad signaling in the regulation of iron metabolism
by alcohol, which may have implications for alcoholic liver
disease and also genetic hemochromatosis in conjunction
with alcohol.

5. Conclusions

Bone morphogenetic protein signaling has recently been
shown to induce hepcidin transcription in the liver. BMP
and TGF-β both belong to the same family of growth
factors and stimulate the Smad signaling pathway. Alcohol
is known to induce TGF-β expression, which plays a role in
liver fibrinogenesis, whereas the effect of alcohol on BMP
signaling is unknown. Here, we show that similar to TGF-
β, BMP protein expression was also upregulated in the
liver. However, alcohol exerted different effects on TGF-
β-mediated Smad2 activation and BMP-mediated Smad1
and Smad5 activation. The inhibitory effect of alcohol on
BMP-mediated Smad signaling may occur in proximity to
the cell surface by interfering with the activation of BMP
receptor type I. This subsequently resulted in the inhibition
of Smad4 binding to hepcidin promoter in the livers of
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mice with chronic alcohol exposure. Collectively, these
findings strongly suggest that the simultaneous inhibition of
BMP-mediated Smad activation and stimulation of TGF-β-
mediated Smad activation by alcohol may be involved in the
suppression of liver hepcidin transcription and deregulation
of iron metabolism by alcohol in vivo. Iron and alcohol act
synergistically to induce liver injury. Further understanding
of the role of alcohol in Smad signaling and hepcidin
transcription will help to elucidate the mechanisms of liver
injury observed in patients with alcoholic liver disease or
with genetic hemochromatosis and alcohol abuse.

Acknowledgments

The authors thank Dr. Robert G. Bennett (Omaha VA
Medical Center) for providing the livers from mice treated
with carbon tetrachloride. These studies were supported by
funds from the University of Nebraska Medical Center and
R01 Grant (AA017738) to D. Harrison-Findik.

References

[1] J. B. Whitfield, G. Zhu, A. C. Heath, L. W. Powell, and N.
G. Martin, “Effects of alcohol consumption on indices of
iron stores and of iron stores on alcohol intake markers,”
Alcoholism: Clinical and Experimental Research, vol. 25, no. 7,
pp. 1037–1045, 2001.

[2] M. G. Irving, J. W. Halliday, and L. W. Powell, “Association
between alcoholism and increased hepatic iron stores,” Alco-
holism: Clinical and Experimental Research, vol. 12, no. 1, pp.
7–13, 1988.

[3] G. N. Ioannou, J. A. Dominitz, N. S. Weiss, P. J. Heagerty,
and K. V. Kowdley, “The effect of alcohol consumption on
the prevalence of iron overload, iron deficiency, and iron
deficiency anemia,” Gastroenterology, vol. 126, no. 5, pp. 1293–
1301, 2004.

[4] A. S. Tavill and A. M. Qadri, “Alcohol and iron,” Seminars in
Liver Disease, vol. 24, no. 3, pp. 317–325, 2004.

[5] P. Duane, K. B. Raja, R. J. Simpson, and T. J. Peters, “Intestinal
iron absorption in chronic alcoholics,” Alcohol and Alcoholism,
vol. 27, no. 5, pp. 539–544, 1992.

[6] L. G. Valerio, T. Parks, and D. R. Petersen, “Alcohol mediates
increases in hepatic and serum nonheme iron stores in a rat
model for alcohol-induced liver injury,” Alcoholism: Clinical
and Experimental Research, vol. 20, no. 8, pp. 1352–1361, 1996.

[7] M. Lin, R. A. Rippe, O. Niemela, G. Brittenham, and H.
Tsukamoto, “Role of iron in NF-kappa B activation and
cytokine gene expression by rat hepatic macrophages,” The
American Journal of Physiology, vol. 272, pp. G1355–G1364,
1997.

[8] D. D. Harrison-Findik, “Is the iron regulatory hormone
hepcidin a risk factor for alcoholic liver disease?” World
Journal of Gastroenterology, vol. 15, no. 10, pp. 1186–1193,
2009.

[9] D. D. Harrison-Findik, D. Schafer, E. Klein et al., “Alcohol
metabolism-mediated oxidative stress down-regulates hep-
cidin transcription and leads to increased duodenal iron
transporter expression,” Journal of Biological Chemistry, vol.
281, no. 32, pp. 22974–22982, 2006.

[10] K. R. Bridle, T. K. Cheung, T. L. Murphy et al., “Hepcidin
is down-regulated in alcoholic liver injury: implications for

the pathogenesis of alcoholic liver disease,” Alcoholism: Clinical
and Experimental Research, vol. 30, no. 1, pp. 106–112, 2006.

[11] T. Ohtake, H. Saito, Y. Hosoki et al., “Hepcidin is down-
regulated in alcohol loading,” Alcoholism: Clinical and Experi-
mental Research, vol. 31, no. 1, pp. S2–S8, 2007.

[12] D. D. Harrison-Findik, E. Klein, C. Crist, J. Evans, N.
Timchenko, and J. Gollan, “Iron-mediated regulation of liver
hepcidin expression in rats and mice is abolished by alcohol,”
Hepatology, vol. 46, no. 6, pp. 1979–1985, 2007.

[13] J. M. Flanagan, H. Peng, and E. Beutler, “Effects of alcohol
consumption on iron metabolism in mice with hemochro-
matosis mutations,” Alcoholism: Clinical and Experimental
Research, vol. 31, no. 1, pp. 138–143, 2007.

[14] C. Pigeon, G. Ilyin, B. Courselaud et al., “A new mouse
liver-specific gene, encoding a protein homologous to human
antimicrobial peptide hepcidin, is overexpressed during iron
overload,” Journal of Biological Chemistry, vol. 276, no. 11, pp.
7811–7819, 2001.

[15] C. H. Park, E. V. Valore, A. J. Waring, and T. Ganz, “Hepcidin,
a urinary antimicrobial peptide synthesized in the liver,”
Journal of Biological Chemistry, vol. 276, no. 11, pp. 7806–
7810, 2001.

[16] G. Nicolas, L. Viatte, M. Bennoun, C. Beaumont, A. Kahn, and
S. Vaulont, “Hepcidin, a new iron regulatory peptide,” Blood
Cells, Molecules & Diseases, vol. 29, no. 3, pp. 327–335, 2002.

[17] E. Nemeth, M. S. Tuttle, J. Powelson et al., “Hepcidin
regulates iron efflux by binding to ferroportin and inducing
its internalization,” Science, vol. 306, no. 5704, pp. 2090–2093,
2004.

[18] D. M. Kingsley, “The TGF-β superfamily: new members,
new receptors, and new genetic tests of function in different
organisms,” Genes and Development, vol. 8, no. 2, pp. 133–146,
1994.

[19] L. Lin, E. V. Valore, E. Nemeth, J. B. Goodnough, V. Gabayan,
and T. Ganz, “Iron transferrin regulates hepcidin synthesis
in primary hepatocyte culture through hemojuvelin and
BMP2/4,” Blood, vol. 110, no. 6, pp. 2182–2189, 2007.

[20] J. Truksa, H. Peng, P. Lee, and E. Beutler, “Bone morpho-
genetic proteins 2, 4, and 9 stimulate murine hepcidin 1
expression independently of Hfe, transferrin receptor 2 (Tfr2),
and IL-6,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 103, no. 27, pp. 10289–10293,
2006.

[21] J. L. Babitt, F. W. Huang, Y. Xia, Y. Sidis, N. C. Andrews, and H.
Y. Lin, “Modulation of bone morphogenetic protein signaling
in vivo regulates systemic iron balance,” Journal of Clinical
Investigation, vol. 117, no. 7, pp. 1933–1939, 2007.

[22] J. L. Babitt, F. W. Huang, D. M. Wrighting et al., “Bone
morphogenetic protein signaling by hemojuvelin regulates
hepcidin expression,” Nature Genetics, vol. 38, no. 5, pp. 531–
539, 2006.

[23] B. Andriopoulos, E. Corradini Jr., Y. Xia et al., “BMP6 is a
key endogenous regulator of hepcidin expression and iron
metabolism,” Nature Genetics, vol. 41, no. 4, pp. 482–487,
2009.

[24] D. Meynard, L. Kautz, V. Darnaud, F. Canonne-Hergaux, H.
Coppin, and M. P. Roth, “Lack of the bone morphogenetic
protein BMP6 induces massive iron overload,” Nature Genet-
ics, vol. 41, no. 4, pp. 478–481, 2009.

[25] L. Kautz, D. Meynard, A. Monnier et al., “Iron regulates
phosphorylation of Smad1/5/8 and gene expression of Bmp6,
Smad7, Id1, and Atoh8 in the mouse liver,” Blood, vol. 112, no.
4, pp. 1503–1509, 2008.



International Journal of Hepatology 11

[26] S. Arndt, U. Maegdefrau, C. Dorn, K. Schardt, C. Hellerbrand,
and A. K. Bosserhoff, “Iron-induced expression of bone
morphogenic protein 6 in intestinal cells is the main regulator
of hepatic hepcidin expression in vivo,” Gastroenterology, vol.
138, no. 1, pp. 372–382, 2010.

[27] L. Kautz, C. Besson-Fournier, D. Meynard, C. Latour, and M.
P. Roth, “Iron overload induces BMP6 expression in the liver
but not in the duodenum,” Haematologica, vol. 96, pp. 199–
203, 2011.

[28] D. Chen, M. Zhao, and G. R. Mundy, “Bone morphogenetic
proteins,” Growth Factors, vol. 22, no. 4, pp. 233–241, 2004.

[29] J. Massague, J. Seoane, and D. Wotton, “Smad transcription
factors,” Genes and Development, vol. 19, no. 23, pp. 2783–
2810, 2005.

[30] E. Piek, C. H. Heldin, and P. T. Dijke, “Specificity, diversity,
and regulation in TGF-β superfamily signaling,” FASEB Jour-
nal, vol. 13, no. 15, pp. 2105–2124, 1999.

[31] C. H. Heldin, K. Miyazono, and P. Ten Dijke, “TGF-β
signalling from cell membrane to nucleus through SMAD
proteins,” Nature, vol. 390, no. 6659, pp. 465–471, 1997.

[32] R. H. Wang, C. Li, X. Xu et al., “A role of SMAD4 in
iron metabolism through the positive regulation of hepcidin
expression,” Cell Metabolism, vol. 2, no. 6, pp. 399–409, 2005.

[33] S. V. Siegmund, S. Dooley, and D. A. Brenner, “Molecular
mechanisms of alcohol-induced hepatic fibrosis,” Digestive
Diseases, vol. 23, no. 3-4, pp. 264–274, 2006.

[34] C. Meyer, N. M. Meindl-Beinker, and S. Dooley, “TGF-
beta signaling in alcohol induced hepatic injury,” Frontiers in
Bioscience, vol. 15, pp. 740–749, 2010.

[35] P. Coyle, J. C. Philcox, and A. M. Rofe, “Metallothionein-null
mice absorb less Zn from an egg-white diet, but a similar
amount from solutions, although with altered intertissue Zn
distribution,” Journal of Nutrition, vol. 129, no. 2, pp. 372–379,
1999.

[36] D. D. Harrison-Findik, E. Klein, J. Evans, and J. Gollan, “Reg-
ulation of liver hepcidin expression by alcohol in vivo does
not involve Kupffer cell activation or TNF-alpha signaling,”
The American Journal of Physiology—Gastrointestinal and Liver
Physiology, vol. 296, pp. G112–G118, 2009.

[37] A. S. Weinmann, S. M. Bartley, T. Zhang, M. Q. Zhang, and P.
J. Farnham, “Use of chromatin immunoprecipitation to clone
novel E2F target promoters,” Molecular and Cellular Biology,
vol. 21, no. 20, pp. 6820–6832, 2001.

[38] K. Breitkopf, S. Haas, E. Wiercinska, M. V. Singer, and S.
Dooley, “Anti-TGF-β strategies for the treatment of chronic
liver disease,” Alcoholism: Clinical and Experimental Research,
vol. 29, no. 11, pp. 121S–131S, 2005.

[39] D. D. Harrison-Findik, “Role of alcohol in the regulation of
iron metabolism,” World Journal of Gastroenterology, vol. 13,
no. 37, pp. 4925–4930, 2007.

[40] T. B. Chaston, P. Matak, K. Pourvali, S. K. Srai, A. T.
McKie, and P. A. Sharp, “Hypoxia inhibits hepcidin expression
in HuH7 hepatoma cells via decreased SMAD4 signaling,”
American Journal of Physiology—Cell Physiology, vol. 300, no.
4, pp. C888–C895, 2011.

[41] X. Wu, M. S. Chang, S. A. Mitsialis, and S. Kourembanas,
“Hypoxia regulates bone morphogenetic protein signaling
through C-terminal-binding protein 1,” Circulation Research,
vol. 99, no. 3, pp. 240–247, 2006.

[42] S. W. French, N. C. Benson, and P. S. Sun, “Centrilobular
liver necrosis induced by hypoxia in chronic ethanol-fed rats,”
Hepatology, vol. 4, no. 5, pp. 912–917, 1984.

[43] N. Dumont and C. L. Arteaga, “A kinase-inactive type II TGF-
beta receptor impairs BMP signaling in human breast cancer
cells,” Biochemical and Biophysical Research Communications,
vol. 301, pp. 108–112, 2003.

[44] J. D. Yan, S. Yang, J. Zhang, and T. H. Zhu, “BMP6 reverses
TGF-β1-induced changes in HK-2 cells: implications for the
treatment of renal fibrosis,” Acta Pharmacologica Sinica, vol.
30, no. 7, pp. 994–1000, 2009.

[45] A. I. Cederbaum, “Role of lipid peroxidation and oxidative
stress in alcohol toxicity,” Free Radical Biology and Medicine,
vol. 7, no. 5, pp. 537–539, 1989.

[46] H. Tsukamoto, Y. Takei, C. J. McClain et al., “How is the liver
primed or sensitized for alcoholic liver disease?” Alcoholism:
Clinical and Experimental Research, vol. 25, no. 5, pp. 171S–
181S, 2001.

[47] S. Wang and R. Hirschberg, “BMP7 antagonizes TGF-β-
dependent fibrogenesis in mesangial cells,” The American
Journal of Physiology, vol. 284, no. 5, pp. F1006–F1013, 2003.

[48] G. M. Mitu, S. Wang, and R. Hirschberg, “BMP7 is a podocyte
survival factor and rescues podocytes from diabetic injury,”
The American Journal of Physiology—Renal Physiology, vol.
293, no. 5, pp. F1641–F1648, 2007.

[49] E. Fransvea, U. Angelotti, S. Antonaci, and G. Giannelli,
“Blocking transforming growth factor-beta up-regulates E-
cadherin and reduces migration and invasion of hepatocellular
carcinoma cells,” Hepatology, vol. 47, no. 5, pp. 1557–1566,
2008.

[50] S. Yang, J. Du, Z. Wang et al., “BMP-6 promotes E-cadherin
expression through repressing δEF1 in breast cancer cells,”
BMC Cancer, vol. 7, article 211, 2007.

[51] H. Tsukamoto, W. Horne, S. Kamimura et al., “Experimental
liver cirrhosis induced by alcohol and iron,” Journal of Clinical
Investigation, vol. 96, no. 1, pp. 620–630, 1995.

[52] A. I. Cederbaum, “Iron and CYP2E1-dependent oxidative
stress and toxicity,” Alcohol, vol. 30, no. 2, pp. 115–120, 2003.

[53] L. M. Fletcher and L. W. Powell, “Hemochromatosis and
alcoholic liver disease,” Alcohol, vol. 30, no. 2, pp. 131–136,
2003.

[54] E. Corradini, C. Garuti, G. Montosi et al., “Bone morpho-
genetic protein signaling is impaired in an HFE knockout
mouse model of hemochromatosis,” Gastroenterology, vol.
137, no. 4, pp. 1489–1497, 2009.

[55] L. Kautz, D. Meynard, C. Besson-Fournier et al., “BMP/Smad
signaling is not enhanced in Hfe-deficient mice despite
increased Bmp6 expression,” Blood, vol. 114, no. 12, pp. 2515–
2520, 2009.



Hindawi Publishing Corporation
International Journal of Hepatology
Volume 2012, Article ID 582790, 19 pages
doi:10.1155/2012/582790

Review Article

CYP2E1 Sensitizes the Liver to LPS- and TNF α-Induced Toxicity
via Elevated Oxidative and Nitrosative Stress and Activation of
ASK-1 and JNK Mitogen-Activated Kinases

Arthur I. Cederbaum, Lili Yang, Xiaodong Wang, and Defeng Wu

Department of Pharmacology and Systems Therapeutics, Mount Sinai School of Medicine, P.O. Box 1603, One Gustave L. Levy Place,
New York, NY 10029, USA

Correspondence should be addressed to Arthur I. Cederbaum, Arthur.cederbaum@mssm.edu

Received 17 May 2011; Revised 10 August 2011; Accepted 10 August 2011

Academic Editor: Kusum Kharbanda

Copyright © 2012 Arthur I. Cederbaum et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The mechanisms by which alcohol causes cell injury are not clear. A major mechanism is the role of lipid peroxidation and
oxidative stress in alcohol toxicity. Many pathways have been suggested to play a role in how alcohol induces oxidative stress.
Considerable attention has been given to alcohol elevated production of lipopolysaccharide (LPS) and TNFα and to alcohol
induction of CYP2E1. These two pathways are not exclusive of each other; however, interactions between them, have not been
extensively evaluated. Increased oxidative stress from induction of CYP2E1 sensitizes hepatocytes to LPS and TNFα toxicity
and oxidants, activation of inducible nitric oxide synthase and p38 and JNK MAP kinases, and mitochondrial dysfunction
are downstream mediators of this CYP2E1-LPS/TNFα-potentiated hepatotoxicity. This paper will summarize studies showing
potentiated interactions between these two risk factors in promoting liver injury and the mechanisms involved including activation
of the mitogen-activated kinase kinase kinase ASK-1. Decreasing either cytosolic or mitochondrial thioredoxin in HepG2 cells
expressing CYP2E1 causes loss of cell viability and elevated oxidative stress via an ASK-1/JNK-dependent mechanism. We
hypothesize that similar interactions occur as a result of ethanol induction of CYP2E1 and TNFα.

1. Introduction

The ability of acute and chronic ethanol treatment to increase
production of reactive oxygen species and enhance peroxi-
dation of lipids, protein, and DNA has been demonstrated
in a variety of systems, cells, and species, including humans
[1]. Despite a tremendous growth in understanding alcohol
metabolism and actions, the mechanism(s) by which alcohol
causes cell injury are still not clear. A variety of leading
mechanisms have been briefly summarized [2–4], and it is
likely that many of them ultimately converge as they reflect
a spectrum of the organism’s response to the myriad of
direct and indirect actions of alcohol. A major mechanism
that is a focus of considerable research is the role of lipid
peroxidation and oxidative stress in alcohol toxicity. Under
certain conditions, such as acute or chronic alcohol exposure,
production of reactive oxygen species (ROS) is enhanced
and/or the level or activity of antioxidants is reduced. The

resulting state, which is characterized by a disturbance in the
balance between ROS production, on one hand, and ROS
removal and repair of damaged complex molecules, on the
other is called oxidative stress.

ROS have been implicated in many of the major diseases
that plague mankind, including the toxicity of O2 itself;
hyperbaric O2; ischemia-reperfusion injury; cardiovascu-
lar diseases; atherosclerosis; carcinogenesis; diabetes; neu-
rodegenerative diseases, including Parkinson’s disease and
Alzheimer’s disease; toxicity of heavy metals, for example,
iron; asbestos injury; radiation injury; vitamin deficiency;
drug (e.g., redox cycling agents) toxicity; aging; inflamma-
tion; smoke toxicity; emphysema; toxicity of acute and
chronic ethanol treatment [2–6]. ROS can be produced
from many systems in cells including the mitochondrial
respiratory chain [7], the cytochrome P450s [8, 9], oxida-
tive enzymes such as xanthine oxidase, aldehyde oxidase,
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cyclooxygenase, monoamine oxidase, and the NADPH oxi-
dase complex [10], autooxidation of heme proteins such
as ferrohemoglobin or myoglobin, or biochemicals such as
catecholamines, quinones, or tetrahydrobiopterins. In ad-
dition to these cellular sources of ROS, environmental sour-
ces of ROS include radiation, UV light, smoke, and certain
drugs which are metabolized to radical intermediates or
which can redox cycle. ROS are toxic to cells because they
can react with most cellular macromolecules inactiving en-
zymes or denaturing proteins, causing DNA damage such
as strand breaks, base removal, or base modifications which
can result in mutation, peroxidation of lipids which can re-
sult in destruction of biological membranes and produce re-
active aldehydic products such as malondialdehyde or 4-hy-
droxynonenal. A variety of enzymatic and non-enzymatic
mechanisms have evolved to protect cells against ROS, in-
cluding the superoxide dismutases, which remove O2

−; cata-
lase and the glutathione (GSH) peroxidase system which re-
move H2O2; glutathione transferases which can remove re-
active intermediates and lipid aldehydes, metallothioneins,
heme oxygenase, thioredoxin which remove various ROS;
ceruloplasmin and ferritin which help remove metals such as
iron which promote oxidative reactions; nonenzymatic, low-
molecular-weight antioxidants such as GSH itself, vitamin
E, ascorbate (vitamin C), vitamin A, ubiquinone, uric acid,
and bilirubin [11, 12]. Oxidative stress or toxicity by ROS
reflects a balance between the rates of production of ROS
compared to the rates of removal of ROS plus repair of dam-
aged cellular macromolecules. While excess ROS can cause
toxicity, macrophages and neutrophils contain an NADPH
oxidase which produces ROS to destroy foreign organisms
[13], and the enzyme myeloperoxidase catalyzes a reaction
between H2O2 and chloride to produce the powerful oxidant
hypochlorite (bleach) to help destroy foreign invaders. In
addition, ROS at low concentrations, especially H2O2, may
be important in signal transduction mechanisms in cells and
thus be involved in cellular physiology and metabolism [14].

Many pathways have been suggested to play a key role in
how ethanol induces “oxidative stress” [1–4]. Some of these
include redox state changes (decrease in the NAD+/NADH
redox ratio) produced as a result of ethanol oxidation by
alcohol and aldehyde dehydrogenases; production of the
reactive product acetaldehyde as a consequence of ethanol
oxidation by all major oxidative pathways; damage to mito-
chondria which results in decreased ATP production; direct
or membrane effects caused by hydrophobic ethanol inter-
action with either phospholipids or protein components or
enzymes; ethanol-induced hypoxia, especially in the peri-
central zone of the liver acinus as oxygen is consumed in
order for the liver to detoxify ethanol via oxidation; etha-
nol effects on the immune system and altered cytokine pro-
duction; ethanol-induced increase in bacterial-derived endo-
toxin with subsequent activation of Kupffer cells; ethanol
induction of CYP2E1; ethanol mobilization of iron which
results in enhanced levels of low-molecular-weight nonheme
iron; effects on antioxidant enzymes and chemicals, particu-
larly mitochondrial and cytosolic glutathione; one electron
oxidation of ethanol to the 1-hydroxy ethyl radical; con-
version of xanthine dehydrogenase to the xanthine oxidase

form. Again, many of these pathways are not exclusive of one
another, and it is likely that several, indeed many, systems
contribute to the ability of ethanol to induce a state of oxi-
dative stress.

2. Kupffer Cells and Alcoholic Liver Disease

Kupffer cells are stimulated by chronic ethanol treatment
to produce free radicals and cytokines, including TNFα,
which plays a role in ALD [15, 16]. This stimulation
is mediated by bacterial-derived endotoxin, and ALD is
decreased when gram-negative bacteria are depleted from
the gut by treatment with lactobacillus or antibiotics [17].
The TNFα receptor superfamily consists of several members
sharing a sequence homology, the death domain, located
in the intracellular portion of the receptor. These “death”
receptors, including Fas, TNF-R1, and TRAIL-R1/TRAIL-
R2, are expressed in hepatocytes and when stimulated by
their respective ligands, FasL, TNFα, or TRAIL, hepato-
cyte injury can occur [18]. Lipopolysaccharide (LPS) is
a component of the outer wall of gram-negative bacteria
that normally inhabit the gut. LPS penetrates the gut
epithelium only in trace amounts; however, LPS absorption
can be elevated under pathophysiological conditions such as
alcoholic liver disease [19]. When LPS is released from gram-
negative bacteria and enters the blood stream, the liver tightly
regulates the entry and processing of LPS by virtue of its
ability to clear LPS and respond to LPS [20]. In addition
to its ability to clear LPS, the liver also responds to LPS
and produces cytokines. LPS directly causes liver injury by
mechanisms involving inflammatory cells such as Kupffer
cells, and chemical mediators such as superoxide, nitric
oxide, and tumor necrosis factor (TNFα) and other cytokines
[21–23]. In addition, LPS potentiates liver damage induced
by hepatotoxins including ethanol [24–29]. In experimental
alcoholic liver disease, the combination of LPS and chronic
ethanol produce hepatic necrosis and inflammation [27–
29]. Ethanol alters gut microflora, the source of LPS,
and ethanol increases the permeability of the gut, thus
increasing the distribution of LPS from the gut into the portal
circulation (endotoxemia). This causes activation of Kupffer
cells, the resident macrophages in liver, resulting in release of
chemical mediators including cytokines and reactive oxygen
species (ROS), and subsequently, alcoholic liver disease
[30]. Destruction of Kupffer cells with gadolinium chloride
attenuated ALD [15]. A major advance was the finding that
anti-TNFα antibodies protect against ALD [16]. NADPH
oxidase was identified as a key enzyme for generating ROS
in Kupffer cells after ethanol treatment [31]. Moreover, in
mice deficient in a subunit of NADPH oxidase, p47phox, the
ethanol-induced increase in ROS and TNFα and liver injury
was decreased [32]. The role of TNFα in ALD was further
validated by the findings that the ethanol-induced pathology
was nearly blocked in TNFα receptor1 knockout mice [33].

The transcription factor nuclear factor-kappaB (NF-κB)
in Kupffer cells regulates activation of many inflammatory
genes, including TNFα. Endotoxin activates NF-κB, leading
to the hypothesis that inhibition of NF-κB in Kupffer cells
would prevent ALD [34]. Administration of an adenovirus
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encoding for the IkB superrepressor to rats chronically
infused with ethanol blunted the ethanol-induced activation
of NF-κB, TNFα production, and pathological changes. A
general scheme to explain these results is that chronic ethanol
treatment elevates endotoxin levels, endotoxin activates
Kupffer cells to produce free radicals via NADPH oxidase, the
free radicals activate NF-κB, leading to an increase in produc-
tion of TNFα, followed eventually by tissue damage [29].

3. CYP2E1

CYP2E1 metabolizes a variety of small, hydrophobic sub-
strates including solvents such as chloroform and carbon
tetrachloride, aromatic hydrocarbons such as benzene and
toluene, alcohols such as ethanol and pentanol, aldehy-
des such as acetaldehyde, halogenated anesthetics such
as enflurane and halothane, nitrosamines such as N,N-
dimethylnitrosamine, and drugs such as chlorzoxazone and
acetaminophen [35–41]. From a toxicological point of
view, interest in CYP2E1 revolves around the ability of
this P450 to metabolize and activate many toxicologically
important compounds such as ethanol, carbon tetrachloride,
acetaminophen, benzene, halothane, and many other halo-
genated substrates. Procarcinogens including nitrosamines
and azo compounds are effective substrates for CYP2E1.
Toxicity by the above compounds is enhanced after induction
of CYP2E1, for example, by ethanol treatment, and toxicity
is reduced by inhibitors of CYP2E1 or in CYP2E1 knockout
mice [42].

Molecular oxygen itself is likely to be the most important
substrate for CYP2E1 [8, 9]. CYP2E1, relative to several
other P450 enzymes, displays high NADPH oxidase activity
as it appears to be poorly coupled with NADPH-cytochrome
P450 reductase [43, 44]. CYP2E1 was the most efficient
P450 enzyme in the initiation of NADPH-dependent lipid
peroxidation in reconstituted membranes among five dif-
ferent P450 forms investigated. Furthermore, anti-CYP2E1
IgG inhibited microsomal NADPH oxidase activity and
microsomal lipid peroxidation dependent on P450, but
not lipid peroxidation initiated by the action of NADPH-
cytochrome P450 reductase [43]. In our laboratory, we found
that microsomes isolated from rats fed ethanol chronically
were about twofold to threefold more reactive in generating
superoxide radical and H2O2, and in the presence of ferric
complexes, in generating hydroxyl radical and undergoing
lipid peroxidation [45–48]. CYP2E1 levels were elevated
about threefold to fivefold in liver microsomes after feeding
rats the Lieber-DeCarli diet for four weeks. In all the above
systems, the enhanced effectiveness of microsomes isolated
from the ethanol-fed rats was prevented by addition of
chemical inhibitors of CYP2E1 and by polyclonal antibody
raised against CYP2E1 purified from pyrazole-treated rats,
confirming that the increased activity in these microsomes
was due to CYP2E1.

Since CYP2E1 can generate ROS during its catalytic
cycle, and its levels are elevated by chronic treatment with
ethanol, CYP2E1 has been suggested as a major contributor
to ethanol-induced oxidative stress, and to ethanol-induced
liver injury [49–53]. Experimentally, a decrease in CYP2E1

induction was found to be associated with a reduction in
alcohol-induced liver injury [54–58]. A CYP2E1 transgenic
mouse model was developed that overexpressed CYP2E1.
When treated with ethanol, the CYP2E1 overexpressing
mice displayed higher transaminase levels and histological
features of liver injury compared with the control mice [59].
We developed an adenoviral vector which expresses hu-
man CYP2E1 and showed that infection of HepG2 cells with
this adenovirus potentiated acetaminophen toxicity as com-
pared to HepG2 cells infected with a LacZ expressing ade-
novirus [60]. Administration of the CYP2E1 adenovirus in
vivo to mice elevated CYP2E1 levels and activity and pro-
duced significant liver injury compared to the LacZ-infected
mice as reflected by histopathology and elevated transam-
inase levels [61]. However, other studies suggested that
CYP2E1 may not play a role in alcohol liver injury based
upon studies with gadolinium chloride or CYP2E1 knockout
mice [62, 63]. Bradford et al. [64] using CYP2E1 and
NADPH oxidase knockout mice concluded that CYP2E1
was required for ethanol induction of oxidative stress to
DNA, whereas NADPH oxidase was required for ethanol-in-
duced liver injury. As mentioned earlier, it is likely that
several mechanisms contribute to alcohol-induced liver
injury and that ethanol-induced oxidative stress is likely to
arise from several sources, including CYP2E1, mitochondria,
and activated Kupffer cells.

4. LPS/TNFα-CYP2E1 Interactions

As discussed above, abnormal cytokine metabolism is a
major feature of alcoholic liver disease. Rats chronically fed
ethanol were more sensitive to the hepatotoxic effects of
administration of LPS and had higher plasma levels of TNFα
than control rats [65, 66]. In the intragastric model of chron-
ic ethanol administration, the development of liver injury
coincided with an increase in TNFα, associated with an
increase in serum LPS [29]. Anti-TNFα antibody prevented
alcohol liver injury in rats [16], and mice lacking the TNFR1
receptor did not develop alcohol liver injury [33]. Taken as
a whole, these and other studies clearly implicate TNFα as
a major risk factor for the development of alcoholic liver
injury. One complication in this central role for TNFα is that
hepatocytes are normally resistant to TNFα-induced toxicity.
This led to the hypothesis that besides elevating TNFα, alco-
hol somehow sensitizes or primes the liver to become
susceptible to TNFα [67, 68]. Known factors which sensitize
the liver to TNFα are inhibitors of mRNA or protein
synthesis, which likely prevent the synthesis of protective
factors, inhibition of NF-κB activation in hepatocytes to
lower synthesis of such protective factors, depletion of
GSH, especially mitochondrial GSH, lowering of S-adenosyl
methionine (SAM) coupled to elevation of S-adenosyl hom-
ocysteine (SAH), that is, a decline in the SAM/SAH ratio,
or inhibition of the proteasome. Combined treatment with
ethanol plus TNFα is more toxic to hepatocytes and HepG2
E47 cells which express high levels of CYP2E1 than control
hepatocytes with lower levels of CYP2E1 or HepG2 C34
cells which do not express CYP2E1 [69]. RALA hepatocytes
with increased expression of CYP2E1 were sensitized to
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Figure 1: Effect of pyrazole or LPS or LPS plus pyrazole on serum ALT (a) or AST (b) or liver histopathology (c). In (c), panels refer to (A)
saline; (B) pyrazole-treated; (C) LPS-treated; (D) LPS plus pyrazole treated. Arrows show necrotic foci with inflammatory cell infiltration.
Note: combined treatment with pyrazole plus TNFα produces liver injury. The CYP2E1 inhibitor, chlormethiazole (CMZ), protects against
LPS plus pyrazole toxicity in mice. (d) ALT/AST levels. Sal: Saline-treated; P + L: pyrazole plus LPS treated: C + P + L, CMZ plus pyrazole plus
LPS treated. (e) histopathology (top panels); 3-nitrotyrosine protein adducts (middle panels); 4-hydroxynonenal adducts (bottom panels).
In all panels, panel (a) is the saline treated; panel (b) is the LPS plus pyrazole treated; panel (c) refers to the CMZ plus LPS plus pyrazole
treated.

TNFα-mediated cell death [70]. These results suggest that
increased oxidative stress from CYP2E1 may sensitize isolat-
ed hepatocytes to TNFα-induced toxicity.

Either LPS or CYP2E1 is considered independent risk
factors involved in alcoholic liver disease, but mutual rela-
tionships or interactions between them are unknown. We
initiated studies to evaluate whether CYP2E1 contributes
or potentiates LPS- or TNFα-mediated liver injury in vivo.
These studies may provide an experimental model to better
understand mechanisms of ethanol-induced liver damage.

5. Pyrazole Potentiates LPS Toxicity [71, 72]

Male, Sprague-Dawley rats (160–180 g) were injected intra-
peritoneally with pyrazole (PY), 200 mg per kg body wt,
once a day for 2 days to induce CYP2E1. After an overnight
fast, either saline or LPS (Sigma, serotype 055: BS, 10 mg/kg

body wt) was injected via the tail vein. Rats were killed 8–
10 hr after the LPS or saline injection and blood and liver
tissue collected. Neither pyrazole alone or LPS alone caused
liver injury as reflected by transaminase (ALT, AST) levels
or liver histopathology (Figures 1(a) and 1(b)). However,
the combination of LPS plus pyrazole increased AST and
ALT levels about fourfold over the levels in the pyrazole
alone or LPS alone groups (Figures 1(a) and 1(b)). LPS-plus-
pyrazole-treatment induced extensive necrosis of hepato-
cytes, mainly located both in periportal and pericentral zones
of the liver, accompanied by strong infiltration of inflam-
matory cells (Figure 1(c)). LPS alone treatment caused some
apoptosis and activation of caspases 3 and 9, whereas pyra-
zole treatment alone had no effect. LPS plus pyrazole
treatment was not any more effective than LPS alone in in-
creasing apoptosis, unlike the increases in necrosis and in-
flammation.
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To assess whether oxidative stress occurs after the various
treatments, malondialdehyde (MDA) levels as a reflection
of lipid peroxidation were assayed. Whereas pyrazole alone
or LPS alone did not elevate MDA levels over those found
with saline controls, the combination of LPS plus pyrazole
increased MDA levels about 65% (P < 0.05 compared to
the other 3 groups). Protein carbonyl formation as a marker
for oxidized protein formation was determined. Low levels
of protein carbonyls were found in saline control livers.
Treatment with either LPS alone or pyrazole alone elevated
protein carbonyl levels; however, striking increases in protein
carbonyls were found in the combined LPS plus pyrazole
group. In situ detection of superoxide was measured using
the oxidation-dependent fluorescent dye dihydroethidium.
Red fluorescence was weak in saline control livers, was
slightly increased in either the LPS or pyrazole livers, and was
highest in the LPS plus pyrazole livers. 3-Nitrotyrosine (3-
NT) protein adducts were detected by a slot blot technique.
3-NT adducts were highest in livers from the LPS-plus-
pyrazole-treated mice. Thus, several parameters of oxida-
tive/nitrosative stress were elevated in livers from the LPS
plus pyrazole-treated mice.

CYP2E1 catalytic activity (oxidation of P-nitrophenol to
p-nitrocatechol) was increased about 2-fold by either the
pyrazole alone or the pyrazole plus LPS treatments. LPS
alone slightly but not significantly decreased CYP2E1 activi-
ty. Levels of CYP2E1 protein, measured by immunoblot anal-
ysis, showed similar trends, being increased about 2-fold by
pyrazole or pyrazole plus LPS treatments. These results show
that pyrazole treatment enhanced LPS-induced necrosis,
not apoptosis. This enhanced liver injury is associated with
elevated levels of CYP2E1 and increased oxidative/nitrosative
stress generated by the combination of LPS plus elevated
CYP2E1.

To validate the role of CYP2E1 in the potentiation of
LPS toxicity by pyrazole, experiments with chlormethiazole
(CMZ) an inhibitor of CYP2E1 and with CYP2E1 knockout
mice were carried out [71]. C57BL/6 mice were injected
intraperitoneally with pyrazole, 150 mg/kg body wt once a
day for 2 days or 0.9% saline. After an overnight fast, LPS,
4 mg/kg body wt, or saline was injected IP. CMZ was inject-
ed in some mice at a concentration of 50 mg/kg body wt
15 hours before and 30 minutes after the LPS treatment.
Mice were killed 3, 8, or 24 h after LPS or saline injection. In
other experiments, CYP2E1 knockout mice, kindly provided
by Dr. Frank Gonzalez, NCI, NIH, and their genetic back-
ground SV129 controls were treated with pyrazole and LPS
as above. Initial experiments showed that neither pyra-
zole alone nor LPS alone produced liver injury under those
conditions. However, the LPS-plus-pyrazole-treatment pro-
duced significant liver injury in mice, as was previously
shown in rats. Little injury occurred at 3 or 8 hr after
the LPS administration, but did occur at 24 h. The injury
in the LPS-plus-pyrazole-treated mice was associated with
an elevation in oxidative/nitrosative stress as reflected by
increases in 3-NT and 4-hydroxynonenal (HNE) protein ad-
ducts. Administration of CMZ to the LPS-plus-pyrazole-
treated mice decreased the elevated ALT and AST levels by
about 55 and 65%, respectively, (Figure 1(d)). Pathological

evaluation showed large necrotic areas in the livers from
the LPS-plus-pyrazole-treated-mice, but only small necrotic
foci were observed after treatment with CMZ (Figure 1(e)).
The treatment with CMZ also lowered the elevated oxida-
tive/nitrosative stress produced by the LPS plus pyrazole
treatment as only weak signals for formation of 4-HNE
adducts and 3-NT adducts were found after the CMZ treat-
ment (Figure 1(e)). The pyrazole plus LPS treatment pro-
duced a 2-fold increase in CYP2E1 catalytic activity, which
was prevented after the administration of CMZ. Thus, CMZ
blocked the elevation of CYP2E1 in the LPS-plus-pyrazole-
treated mice, and this was associated with a decline in
oxidative/nitrosative stress and blunting of liver injury.

To further evaluate a role for CYP2E1 in the LPS plus
pyrazole toxicity, CYP2E1 knockout or wild-type con-
trol SV129 mice were treated with LPS plus pyrazole. As
with C57Bl/6 mice, liver injury was observed in the wild-
type SV129 mice treated with LPS plus pyrazole, but not
mice treated with LPS alone or pyrazole alone. Serum ALT
and AST levels were about 50% lower in LPS-plus-pyra-
zole-treated CYP2E1 knockout mice as compared to wild-
type mice. Pathological evaluation showed large necrotic
areas and widespread necrotic foci in wild-type mice, where-
as almost normal histology was found in the LPS-plus-
pyrazole-treated CYP2E1 knockout mice. Positive TUNEL
staining was also significantly lower in the CYP2E1 null
mice compared to wild-type mice. Immunoblots confirmed
the absence of CYP2E1 protein in the knockout mice, while
strong signals from CYP2E1 were detected in immunoblots
of the wild type mice. Thus, in both rats and mice,
the CYP2E1 inducer pyrazole potentiates LPS-induced
liver injury. This potentiation is associated with elevated
oxidative/nitrosative stress and is blocked by the CYP2E1
inhibitor CMZ and blunted in CYP2E1 knockout mice. We
hypothesize that CYP2E1-mediated oxidative stress may
synergize with LPS-generated oxidative stress in this model
to produce liver injury.

6. Pyrazole Potentiates TNFα Toxicity [73, 74].

Since TNFα levels are elevated after LPS administration and
TNFα plays an important role in the effects of LPS, we
determined if pyrazole treatment to induce CYP2E1 po-
tentiates TNFα toxicity as it did with LPS toxicity. Basically,
the same approaches described above were used, with injec-
tion of TNFα (50 ug/kg body wt.) replacing the LPS treat-
ment.

Figure 2(a) shows that ALT and AST levels were low in
the saline control mice and in the pyrazole-treated mice
challenged with saline. Treatment of control mice with TNFα
elevated transaminase levels by about 2-3-fold. Treatment of
the pyrazole mice with TNFα elevated transaminase levels
more than 3-fold over the TNFα-saline control treated mice.
Liver sections were stained with H&E for morphological
evaluation. The saline and TNFα treated mice showed
normal liver morphology. Liver from pyrazole treated
mice showed some vacuolar degeneration. Liver from the
TNFα-plus-pyrazole-treated mice showed several necrotic
loci (arrows), and typical pathology morphology changes
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Figure 2: Pyrazole potentiates TNFα hepatotoxicity and oxidative stress in mice. Mice were treated with either saline or pyrazole alone or
TNFα alone or pyrazole plus TNFα followed by assays for (a) serum ALT/AST, (b) histopathology (arrows show necrotic zones), (c) lipid
peroxidation as reflected by levels of TBARs in liver cell lysates and in isolated mitochondrial fractions. Note: combined treatment with TNFα
plus pyrazole produces liver injury. (d) Serum ALT and AST levels in pyrazole plus TNFα-treated wild type (WT) and CYP2E1 knockout
(KO) mice. (e) Histopathology in pyrazole plus TNFα-treated KO (panel a) and WT (panel b). Note: liver injury is decreased in CYP2E1
knockout mice compared to WT mice.

including nuclear pyknosis, karyorrhexis, and karyolysis
were observed (Figure 2(b)). The treatment with pyrazole
did not significantly alter the levels of thiobarbituric acid-
reactive substrates (TBARS) in the total liver extract or the
mitochondria (Figure 2(c)). TNFα treatment of control mice
elevated levels of TBARS about 2-3 fold. TBARS in the
homogenates and the mitochondria were further elevated
when TNFα was administered to the pyrazole-treated mice.
Highest liver and mitochondrial TBARs levels were observed
in the pyrazole-plus-TNFα-treated mice (Figure 2(c)). Liver
GSH levels were similar in the saline, pyrazole-treated, and
TNFα-treated mice but were decreased about 40% in the liver
extracts from the pyrazole-plus-TNFα-treated mice. GSH
levels were lowered 40% in the liver mitochondria from the
pyrazole plus TNFα-treated mice compared to the TNFα
alone treated mice. These results suggest that the combined
pyrazole plus TNFα treatment produces elevated oxidative

stress in the liver compared to TNFα alone or pyrazole alone,
and that mitochondrial oxidative stress may occur in livers of
the pyrazole-plus-TNFα-treated mice.

As expected, CYP2E1 activity as reflected by the NADPH-
dependent microsomal oxidation of p-nitrophenol and the
content of CYP2E1 (Western blot analysis) were elevated 2-
to 3-fold by pyrazole or by pyrazole plus TNFα treatment,
over the saline or TNFα alone treated mice. Thus, TNFα
alone or in combination with pyrazole did not alter CYP2E1
activity or content. Also, induction of CYP2E1 alone by
pyrazole is not sufficient to induce liver injury; rather, a sec-
ond “hit,” for example, TNFα is required. What is the evi-
dence that induction of CYP2E1 by pyrazole is important for
the elevated injury found in the pyrazole-plus-TNFα-treated
mice? We used CYP2E1 knockout mice to address this ques-
tion. Large increases in ALT and AST levels were found after
TNFα administration to pyrazole-treated SV129 wild type
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Figure 3: Treatment with TNFα plus pyrazole causes mitochondrial injury. TNFα plus pyrazole causes mitochondrial injury as reflected
by (a) increased mitochondrial swelling (decreased absorbance at 540 nm) or (b) decreased mitochondrial membrane potential as assayed
by succinate-dependent decline in rhodamine 123 fluorescence. The decline in fluorescence after addition of succinate is reflective of the
mitochondrial membrane potential. Note: this decline is very small in the mitochondria isolated from TNFα plus pyrazole-treated mice.
In (a) the increased swelling produced by TNFα plus pyrazole is prevented by cyclosporine A (CsA), an inhibitor of the mitochondrial
permeability transition.

mice. TNFα treatment of pyrazole-treated CYP2E1 knockout
mice did not elevate transaminase levels (Figure 2(d)).
Similarly, TBARs levels in liver homogenates and isolated
mitochondria were not elevated in the TNFα plus pyrazole-
treated CYP2E1 knockout mice but were increased in the
wild-type mice. Normal liver pathology was observed after
pyrazole plus TNFα treatment of CYP2E1 knockout mice.
(Figure 2(e)). The failure of TNFα to induce liver injury in
pyrazole-treated CYP2E1 knockout mice supports a critical
role for CYP2E1 in the potentiated injury observed in the
wild-type mice.

7. Mitochondrial Dysfunction

Alcohol can cause mitochondrial dysfunction [75, 76]. We
hypothesized that mitochondria are an eventual target for
developing liver injury induced by TNFα when CYP2E1 is
elevated by pyrazole. Initiation of a mitochondrial perme-
ability transition was determined by assessing mitochondrial
swelling in the absence and presence of 100 μM calcium. Suc-
cinate (10 mM) was the respiratory substrate. As shown in
Figure 3(a), in the absence of calcium, swelling (decrease in
absorbance at 540 nm) was low with all mitochondrial prepa-
rations although there was some basal swelling with the
mitochondria from the pyrazole plus TNFα-treated mice.
The addition of 100 μM calcium caused a low rate of swelling
in the saline or TNFα alone mitochondria; swelling was

somewhat elevated in the pyrazole alone mitochondria.
Swelling was very rapid without any lag phase with the
mitochondria from the pyrazole-plus-TNFα-treated mice
(Figure 3(a)). Importantly, this rapid swelling was blocked
by cyclosporine A (2 μM), a classic inhibitor of the mito-
chondrial permeability transition. Calcium elevates mito-
chondrial swelling in the saline-, TNFα alone-, and pyrazole
alone groups, which was most pronounced in the TNFα plus
pyrazole group. The calcium-induced swelling was sensitive
to cyclosporine A in all groups. The basal swelling, in the
absence of added calcium, was also higher in the TNFα
plus pyrazole group, further suggestive of mitochondrial dys-
function.

The electrochemical potential of the proton gradient gen-
erated across the mitochondrial membrane (ΔΨ) was as-
sessed by monitoring fluorescence quenching of rhodamine
123. Addition of 10 mM succinate at one minute caused
a decrease in fluorescence reflective of a high ΔΨ corre-
sponding to state 4 of respiration (Figure 3(b)). The decline
in fluorescence averaged about 40 arbitrary units per minute
with mitochondria from the saline or TNFα alone treated
mice and 30 arbitrary units per minute with mitochondria
from the pyrazole-treated mice. However, the decline in fluo-
rescence was only about 14 arbitrary units with mitochon-
dria from the TNFα-plus-pyrazole-treated mice. Addition of
ADP at 3 minutes caused an enhancement of fluorescence
which corresponds to state 3 respiration as part of the proton
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motive force is utilized to synthesize ATP. This enhancement
of fluorescence averaged 15, 14, 12, and 4 arbitrary units
per minute for mitochondria from the saline, TNFα alone,
pyrazole alone, and TNFα plus pyrazole treated mice, respec-
tively. Taken as a whole, these initial data suggest a small
decline in ΔΨ in mitochondria from the pyrazole-treated
mice and a more pronounced decline in mitochondria from
the pyrazole-plus-TNFα-treated mice.

8. Cyclosporine A (CsA) Prevents Pyrazole
Plus LPS-Induced Liver Injury [77]

We evaluated whether cyclosporine A (CsA), an inhibitor
of the mitochondrial permeability transition, could protect
against the TNFα-plus-pyrazole-induced liver injury. Such
an experiment could validate that mitochondrial dysfunction
is a key downstream target in this injury. Male C57BL/6 mice
were treated with saline, pyrazole, LPS, or pyrazole plus
LPS plus corn oil or pyrazole plus LPS plus 1 dose of CsA
(100 mg/kg body wt, dissolved in corn oil). Serum ALT and
AST levels were elevated in the PY + LPS + corn oil group
compared to the other 3 groups. CsA treatment attenuated
this increase in transaminases. H&E staining of liver tissue
showed that the PY + LPS + corn oil treatment induced
extensive liver zonal necrosis and that the CsA treatment pre-
vented this. Mitochondrial swelling was increased in mito-
chondria isolated from the PY + LPS + corn oil treated mice
compared to mitochondria from the saline + corn oil mice.
The in vivo treatment with CsA prevented this increase in
mitochondrial swelling, which likely explains the protection
against LPS-plus-pyrazole-induced liver injury. The LPS
plus pyrazole elevation of 4-HNE and 3-NT protein adducts
were also decreased by CsA, suggesting that mitochondrial
dysfunction plays an important role in the increase in
oxidative/nitrosative stress.

9. Activation of MAP Kinases

Mitogen-activated protein kinases (MAPKs) are serine-thre-
onine kinases that mediate intracellular signaling associated
with a variety of cellular activities including cell proliferation,
differentiation, survival, death, and transformation. The
mammalian MAPK family consists of extracellular signal-
regulated kinase (ERK), p38 MAPK, and c-Jun NH2-termi-
nal kinase (JNK; also known as stress-activated protein kin-
ase or SAPK) [78]. The MAPK signaling cascade consists
of three distinct members of the protein kinase family, in-
cluding MAP kinase (MAPK), MAPK kinase (MAPKK), and
MAPKK kinase (MAPKKK). MAPKKK phosphorylates and
thereby activates MAPKK, and the activated form of MAPKK
in turn phosphorylates and activates MAPK. Activated
MAPK may translocate to the cell nucleus and regulate the
activities of transcription factors and thereby control gene
expression [79, 80]. In either in vivo or in vitro models
of alcoholic liver disease, an increase of gene expression of
the MAPK pathway was found [81, 82]. Compatible data in
protein expression levels were seen in many studies. Intra-
peritoneal injection of alcohol to rats induced rapid phos-
phorylation of p38 MAPK, and JNK after only 1 hr of ethanol

injection, and this was accompanied with apoptosis of the
liver [83]. In human stellate cells, increased phosphorylation
of p38 MAPK and JNK was found to be associated with
ethanol-induced stellate cell activation, toxicity, and apop-
tosis [84]. JNK and p38 MAPK may become activated simul-
taneously, while some studies have shown that JNK and p38
MAPK may even react in the opposite way according to the
specific treatments. In one study, after chronic alcohol feed-
ing, LPS stimulation of Kupffer cells increased p38 MAPK
activity, whereas it decreased JNK activity [85]. In human
monocytes, acute alcohol exposure increased JNK phosphor-
ylation, while chronic alcohol exposure decreased JNK ac-
tivity [86]. Apparently, further studies are needed to clarify
why MAPK can react differently depending on the stimuli or
in different cell lines.

MAP kinases such as JNK or p38 MAPK have been
shown to play important roles in several models of liver
injury, including CYP2E1-dependent toxicity [69, 70, 87–
92]. We evaluated possible activation of MAP kinases in
our pyrazole/LPS or pyrazole/TNFα hepatotoxicity models
by assaying for the phosphorylated MAPK. As shown in
Figure 4(a), LPS treatment alone did not cause significant
JNK activation or p38 MAPK activation as reflected by the
low p-JNK and pp38 MAPK levels relative to total JNK
and p38 MAPK levels. Similar low ratios were found for
the saline or the pyrazole alone treated mice (Figure 4(a)).
However, both JNK and p38 MAPK were activated in livers
of the pyrazole plus LPS-treated mice. A similar activation of
JNK and p38 MAPK was observed after pyrazole plus TNFα
but not in mice treated with TNFα or pyrazole alone [73].
ERK was not altered by TNFα alone or pyrazole plus TNFα
treatment. To evaluate the significance of these changes in
MAPK activation, the effect of SP600125, an inhibitor of
JNK, and SB203580, an inhibitor of p38MAPK, on the hepat-
otoxicity was determined. The TNFα plus pyrazole elevation
of transaminases was blunted by administration of SP600125
(15 mg/kg) or SB203580 (15 mg/kg) (Figure 4(b)). The
MAPK inhibitors also lowered the necrosis (Figure 4(c))
and partially blocked the increased oxidative stress produced
by the pyrazole plus TNFα treatment, but had no effect on
CYP2E1 activity or protein levels. These results suggest the
CYP2E1 elevation of TNFα liver injury and oxidative stress
is MAPK dependent. The activation of JNK in the pyra-
zole plus TNFα group was blocked by SP600125 but not
SB203580 whereas the activation of p38 MAPK was blocked
by SB203580 but not SP600125.

10. Activation of ASK-1 and Downstream
Map Kinase Kinases

The upstream mediators of JNK and p38 MAPK activation
were not identified in these previous studies. For mechanistic
and therapeutic implications, it would be important to
evaluate the MAP kinase kinase kinase and MAP kinase
kinase which activate JNK and p38 MAPK in this PY plus
TNFαmodel. Apoptosis signal-regulating kinase 1 (ASK-1) is
a member of the MAP3K family which is responsive to stress-
induced cell damage. Activation of ASK-1 can determine
cell fate by regulation of both the MKK4/MKK7-JNK and
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Figure 4: MAP kinase activation. (a) LPS plus pyrazole treatment activates JNK and p38 MAPK. The pJNK/JNK and the pp38
MAPK/p38MAPK ratios are shown below the blots. (b) Either the JNK inhibitor SP600125 (SP) or the p38 MAPK inhibitor SB203508
(SB) prevents TNFα plus pyrazole-induced elevation of ALT and AST or (c) liver pathology.

the MKK3/MKK6-p38 MAPK signaling cascades [93]. ASK-
1 is activated by oxidative stress, ER stress, and inflammatory
cytokines such as TNFα [94]. In resting cells, ASK-1 forms
an inactive complex with reduced thioredoxin (Trx). Under
conditions of stress by TNFα or ROS, ASK-1 dissociates from
Trx and becomes activated [95] (Figure 5). Oxidation of Trx
by ROS causes dissociation of ASK-1 from the oxidized Trx
which switches the inactive form of ASK-1 to the active
kinase. The Trx-ASK complex is thought to be a redox sensor,
which functions as a molecular switch turning the cellular
redox state into a MAP kinase signaling pathway [96]. Ac-
tivated ASK-1 then promotes activation (phosphorylation)
of the downstream MAPKK, MKK4/MKK7 which can ac-
tivate JNK, and MKK3/MKK6 which can activate p38 MAPK
[93–96] (Figure 5). We evaluated whether CYP2E1 plus-
TNFα-induced ROS promote release of ASK-1 from the Trx-
ASK1 complex and activate ASK-1 followed by the phos-
phorylation of MKK4/MKK7 and/or MKK3/MKK6 which
subsequently regulate the phosphorylation of JNK and p38
MAPK and contribute to the liver injury.

Wild-type mice treated with PY plus TNFα developed
liver injury between 8 and 12 h after TNFα administration as
reflected by the high levels of ALT and AST at 12 h. Oxidative
stress is a likely key factor to trigger signaling and liver injury
in CYP2E1-mediated hepatotoxicity [97]. A time course for
oxidative stress after PY plus TNFα treatment was studied.
GSH was decreased in wild-type mice after 4 h and remained
at lower levels for at least 12 h as compared to the TNFα
alone group. Lipid peroxidation increased significantly at 4 h
in the PY-plus-TNFα-treated mice and remained elevated up
to 12 h. These results show that oxidative stress occurs at
an earlier time after administration of TNFα than does liver
injury in the TNFα-plus-PY-treated mice. Treatment with PY
increased the levels of CYP2E1 prior to the administration of
TNFα, and CYP2E1 levels remained about 2-fold elevated at
least until 8 h after administration of TNFα in the PY-treated
mice.

Since previous results showed a key role of JNK and
p38 MAPK in the TNFα-plus-PY-induced liver injury, we
evaluated whether upstream MAPKK and MAPKKK were
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Figure 5: Scheme for activation of ASK-1 by ROS/RNS and
downstream MAP kinase kinases (MKK4/7 and MKK 3/6) and
MAP kinase JNK and p38 MAPK by ROS/RNS. Dissociation of
the inhibitory thioredoxin (TRX) from the TRX-ASK-1 complex by
ROS/RNS activates ASK-1. MKPS and MAP kinase phosphatases
which deactivate activated JNK and p38 MAPK by dephosphoryla-
tion are inhibited by ROS/RNS thereby sustaining the activation of
JNK and p38 MAPK.

activated, the time course for their activation in relation to
the hepatic injury, and the role of CYP2E1. We focused on
ASK-1 since this MAPKKK has been shown to be important
as a target for TNFα signaling [93, 94, 96]. TNFα or
pretreatment with PY alone did not activate ASK-1. TNFα
plus PY treatment activated ASK-1 3-fold compared with
the 0 hour control at 4 h after TNFα treatment. Activation
of ASK-1 decreased at 8 and 12 h. Immunoprecipitation
experiments showed that ASK-1 was bound to Trx-1 at 0 h
but was released from the Trx-ASK1 complex at 4 h and
remained free from binding to Trx1 at 8 and 12 h. No
ASK-1 release from the Trx-ASK1 complex was found in
TNFα alone treated mice. ASK-1 was not activated in PY-
plus-TNFα treated CYP2E1−/− mice, and no ASK-1 was
released from the Trx-ASK1 complex in CYP2E1−/− mice.
Thus, activation of ASK-1 by treatment with TNFα plus PY
is associated with its release from the Trx-ASK1 complex,
occurs prior to the liver injury, and requires CYP2E1.

MKK4/7 and MKK3/6 are the MAPKK which activate
downstream JNK or p38 MAPK, respectively, [98]. They are
also targets for activation by ASK-1 [99, 100]. Treatment of
wild-type mice with PY plus TNFα activated MKK4 at 4,
8, and 12 h compared with the TNFα alone groups [101].
No activation of MKK4 was found in TNFα or TNFα + PY
treated CYP2E1−/− mice [92]. MKK7 was activated only
at 12 h. MKK3 was activated as early as 4 h in the TNFα-
plus-PY-treated mice, while MKK6 was activated at 8 h. JNK
was activated in the TNFα + PY mice at 8 and 12 h, and
p38 MAPK was activated at 12 h when compared with TNFα
alone. In CYP2E1−/− mice, neither MKK4/7, MKK3/6,
JNK, nor p38 MAPK was activated. Thus, the time course
experiments suggest MKK4 may be the MAPK responsible
for activation of JNK, while either MKK3 or MKK6 may be
the MAPKK responsible for the activation of p38 MAPK.

In summary, a time course of in vivo liver injury induced
by PY plus TNFα was carried out to determine the sequence

of events and relationships between induction of CYP2E1,
oxidative stress, the activation of ASK-1, MKK3/MKK6,
MKK4/MKK7, p38 MAPK and JNK with the development
of liver injury [101]. The liver injury occurs at 8 to 12 h after
the addition of TNFα. Since ROS is postulated to be a critical
factor in the mechanism by which TNFα plus PY induce liver
injury, development of ROS should precede the liver injury.
Indeed, hepatic GSH levels were decreased and TBARS levels
were elevated 4h after administration of TNFα to PY-treated
mice. Thus oxidative stress precedes the liver injury. A like-
ly contributor to the increase in oxidative stress is the induc-
tion of CYP2E1 by the pyrazole treatment as no injury or
oxidative stress was observed in CYP2E1 knockout mice.
CYP2E1 levels were already elevated at the time of TNFα
administration (0 h) since the mice were treated for two days
prior to this injection of TNFα on day 3. ASK-1, a member of
the MAPKKK family, activates both MKK4/MKK7-JNK and
MKK3/MKK6-p38 MAPK signaling cascades. ASK-1 was
activated in PY-treated mice at 4 h after the administration
of TNFα. Immunoprecipitation analysis showed that ASK-
1 was dissociated from the inactive Trx-ASK complex at
4 h, consistent with the activation of ASK-1 at 4 h. In
CYP2E1−/− mice, pyrazole plus TNFα treatment failed to
activate ASK-1 and ASK-1 was not dissociated from the Trx-
ASK1 complex. If CYP2E1-generated ROS is important for
the release and activation of ASK-1, elevation of CYP2E1
and in oxidative stress should occur as early events. Increases
in CYP2E1 and ROS occur at 4 h, at least consistent with
the activation of ASK-1 at 4 h, although future experiments
with shorter time intervals will be necessary to evaluate these
relationships in more detail. Our results implicate a role for
ASK-1 in CYP2E1 potentiation of TNFα-induced liver injury.
Future experiments with ASK-1 knockout mice [102] would
be interesting to further validate the role of ASK-1 in the
PY/TNFα model. JNK or p38 MAPK activities are increased
upon phosphorylation by MAPK kinase (MKK4/MKK7
or MKK3/MKK6) [98]. The activity of ASK-1 modulates
and regulates the phosphorylation of MKK4/MKK7 and
MKK3/MKK6. PY plus TNFα treatment increased MKK4
phosphorylation at 4, 8, and 12 h, while activation of MKK7
was delayed until 12 h. MKK3 and MKK6 phosphorylations
were also increased at 4 to 8 h. In CYP2E1−/− mice, no
MAPKK was activated at any observation time point. TNFα
alone did not significantly activate the MAPKK in wild-type
or CYP2E1−/− mice. The activation of MKK4 and MKK3/6
(4–8 h) occur prior to the onset of liver injury (8–12 h).

The role of CYP2E1 in the activation of ASK-1, MKK4/
MKK7 or MKK3/MKK6 is apparent, since TNFα treatment
only induced such activations in wild type mice treated with
PY to induce CYP2E1 but not in CYP2E1−/− mice. We hy-
pothesize that TNFα alone- or CYP2E1 alone-generated ROS
stress is not sufficient to trigger the dissociation of ASK-
1 from the Trx-ASK complex. The CYP2E1 sensitization of
TNFα-induced liver injury may occur through a synergistic
effect with TNFα to produce an enhanced ROS stress con-
sistent with the so-called “Two Hit” hypothesis. We speculate
that similar interactions between CYP2E1 and TNFα may be
important for alcohol-induced liver injury.
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11. Thioredoxin-CYP2E1-ASK-1-JNK1
Interactions

The thioredoxin system plays a key role in modulating redox
signaling pathways which regulate physiological as well as
pathophysiological processes [103, 104]. The thioredoxin
system includes thioredoxin, thioredoxin reductase, and
thioredoxin peroxidases. Thioredoxin has a conserved cat-
alytic site (-Cys-Gly-Pro-Cys-Lys-) that undergoes reversible
oxidation to the cystine disulfide. Oxidized thioredoxin is
a major substrate for thioredoxin reductase, and reduced
thioredoxin serves as an electron carrier to reduce peroxire-
doxins. The oxidized thioredoxin is reduced back to the re-
duced form by thioredoxin reductase [105, 106]. There are
two main thioredoxins: thioredoxin-1 (TRX-1), a cytosolic
form; thioredoxin-2 (TRX-2), a mitochondrial form [105].
Modification of thiols in thioredoxin interrupts signaling
mechanisms involved in cell growth, proliferation, and apop-
tosis. The role of thioredoxin in the regulation of the ac-
tivation of apoptosis signal-regulating kinase-1 (ASK-1) and
downstream apoptosis pathways has been reported in multi-
ple studies [95, 96, 106, 107]. Thioredoxin can associate with
the N-terminal portion of ASK-1 in vitro and in vivo. Ex-
pression of thioredoxin inhibited ASK-1 kinase activity and
the subsequent ASK-1-dependent apoptosis [107]. In resting
cells, endogenous ASK-1 constitutively forms a complex
which includes thioredoxin. Upon ROS stimulation, the
ASK-1 unbinds from thioredoxin and forms a fully activated
higher-molecular-mass complex. As discussed above, TNFα
increases oxidative stress in mice with elevated CYP2E1, with
subsequent activation of ASK-1 via a mechanism involving
thioredoxin-ASK-1 dissociation, followed by activation of
downstream MKK and MAPK [101].

Both TRX-1 and TRX-2 are involved in the protection
from oxidative stress. TRX-2 plays an important role in pro-
tecting the mitochondria against oxidative stress and in pro-
tecting cells from ROS-induced apoptosis. Supplementation
of human recombinant TRX-1 to mice fed a Lieber-DeCarli
ethanol diet decreased several markers of oxidative stress,
inflammatory cytokine expression, and apoptosis in liver
[108]. Since thioredoxin is a reducing molecule which can
decrease oxidative stress, we evaluated [109] whether thiore-
doxin can inhibit the oxidative stress induced by CYP2E1,
and whether there is any difference in the function of TRX-
1 versus TRX-2 in blunting CYP2E1 oxidant stress. SiRNA
for either TRX-1 or TRX-2 was added to HepG2 cells with
CYP2E1 expression (E47 cells) or without CYP2E1 expres-
sion (C34 cells) to test (1) whether thioredoxin decreases
oxidative stress and injury induced by CYP2E1; (2) consider-
ing the compartmentation of thioredoxin, whether TRX-1 or
TRX-2 has a stronger protective effect in preventing against
this injury and oxidative stress; (3) what the mechanism of
the protection by thioredoxin from cell death in CYP2E1-
expressing cells is [109].

Both E47 and C34 cells were treated with either control
siRNA, TRX-1 siRNA, or TRX-2 siRNA, or both TRX-1 and
TRX-2 siRNA for 72 hrs. TRX-1 expression was decreased
by 90% by either TRX-1 siRNA alone or TRX-1 and TRX-
2 siRNA together in both cell lines. TRX-2 expression was

decreased by 80–90% by TRX-2 siRNA alone or TRX-1 and
TRX-2 siRNA together in both cell lines. TRX-1 siRNA is
specific for cytosolic thioredoxin and had no effect on levels
of mitochondrial thioredoxin, and TRX-2 siRNA is specific
for decreasing mitochondrial thioredoxin and had no effect
on levels of cytosolic thioredoxin.

Knockdown of TRX-1 or TRX-2 or both decreased cell
viability of E47 cells by 40–60%, but cell viability of C34
cells was not affected with the knockdown of either TRX-1
or TRX-2 or both (Figure 6(a)). These results indicate that
cell death induced by thioredoxin knockdown under these
conditions is CYP2E1 dependent and that decreasing either
TRX-1 or TRX-2 promotes this toxicity. To assess the mode
of cell death, experiments studying uptake of propidium
iodide or annexin V staining were carried out. Uptake of pro-
pidium iodide into E47 cells was elevated upon knockdown
of either TRX-1 or TRX-2 or both. Annexin V staining, taken
as a reflection of apoptosis, was also elevated in the E47 cells
upon knockdown of TRX-1 or TRX-2 or both. Thus, the cell
death appears to be a mix of necrosis plus apoptosis, that
is, necroptosis. We next evaluated whether knocking down
of thioredoxin intracellularly by siRNA induces ROS pro-
duction and lipid peroxidation. Total ROS was detected
both by fluorescence microscopy, flow cytometry assay, and
spectrofluorimetry assay. An increase of ROS production
was detected in E47 cells but not in C34 cells after 72 hrs
treatment with either TRX-1 or TRX-2 siRNA or both.
Quantification of ROS production by spectrofluorimetry
indicated that total ROS production was elevated 50–100%
by thioredoxin knockdown in E47 cells (Figure 6(b)). There
were no increases in ROS production in C34 cells upon
thioredoxin knockdown. There were significant increases of
ROS production when either TRX-1 or TRX-2 was lowered.
This suggests that TRX-1 alone or TRX-2 alone is not suf-
ficient to protect the E47 cells from oxidative stress. It would
appear that both TRX-1 or TRX-2 are essential for the
protection of E47 cells from oxidative stress. The production
of superoxide was assayed using dihydroethidium (DHE) as
the probe. Knockdown of TRX-1 or TRX-2 or both increased
DHE fluorescence in E47 cells, but not C34 cells. 4-HNE
adduct formation was analyzed by immunocytochemistry
with fixed E47 and C34 cells. At baseline, 4-HNE adduct
expression is higher in E47 cells than C34 cells when control
siRNA was applied, similar to the increase in fluorescence
of E47 compared to C34 cells. There was no increase of
4-HNE adducts in C34 cells, but a significant increase of
4-HNE adducts was observed in E47 cells when comparing
either TRX-1 or TRX-2 or both siRNA treatment to control
siRNA treatment. Treatment with either TRX-1 or TRX-2
siRNA or both did not cause a significant change of total
glutathione level in C34 cells, while a 50% decrease was
found in E47 cells (Figure 6(c)). This suggests that with
knockdown of thioredoxin, glutathione was consumed as a
major reducing molecule and antioxidant. Addition to the
culture medium of glutathione ethyl ester prevented E47
cell death caused by either TRX-1 or TRX-2 siRNA or both
together (Figure 6(d)). The lowering of, as well as the pro-
tection by, glutathione suggests that the knockdown of thi-
oredoxin-induced cell death is related to oxidative stress.
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Figure 6: Effect of thioredoxin (TRX) knockdown on E47 (express CYP2E1) and C34 (do not express CYP2E1) HepG2 cell viability. E47
and C34 cells were treated with control siRNA or cytosolic TRX-1 siRNA or mitochondrial TRX-2 siRNA or both TRX-1 and TRX-2 siRNAs
for 72 hours. (a) Cell viability was determined by a MTT assay. (b) ROS production was determined by a fluorescence assay. Arbitrary
units of fluorescence by the E47 and C34 cells. (c) Cellular levels of glutathione (GSH). The GSH level in each group was expressed as the
value relative to that of the control siRNA treatment group in E47 cells. (d) Supplementation with GSH restores E47 cell viability after TRX
knockdown. At 24 hours, 5 mM glutathione ethyl ester (GSSE) was added to the cell culture medium, and the cells were incubated with the
indicated siRNA for 48 hours followed by MTT assay. Note: both cytosolic and mitochondrial TRX are important in protection of HepG2
cells from CYP2E1-generated oxidant stress.

Since thioredoxin is bound to ASK-1 and inhibits the
activation of ASK-1, experiments were carried out to evaluate
whether thioredoxin knockdown activates ASK-1 and down-
stream MAPK signaling pathways in the E47 cells. Increased
ASK-1 phosphorylation was seen by immunohistochemistry
in E47 cells upon treatment with TRX-1 or TRX-2 siRNA
or both at 5, 24, and 48 hrs, but not after 72 hrs of
siRNA treatment. Western blot analysis revealed a 2–4-fold
increase in the pASK-1/ASK-1 ratio 24 hrs and 48 hrs but
not after 72 hrs of thioredoxin knockdown. ASK-1 activates
downstream MAPK such as JNK and p38 MAPK, ultimately
by promoting their phosphorylation to pJNK or pp38 MAPK

[95, 96]. Increased JNK1 but not JNK2 phosphorylation was
seen in E47 cells treated with either TRX-1 or TRX-2 siRNA
for 48 hrs (Figure 7(b)). No such activation persisted at 72
hrs after treatment. Thus, activation of JNK1 occurs after
the earlier activation of ASK-1 (5–48 hrs) and declines when
activation of ASK-1 terminates (72 hrs). p38 MAPK was not
activated under these conditions as there was no increase in
pp38 MAPK levels. One downstream target of JNK1 is cJUN
phosphorylation. There was an increase in the pc-JUN/c-
JUN ratio 72 hrs after treatment with siRNA for TRX-1,
TRX-2, or both, a time point after the activation of JNK1
(48 hrs).
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Figure 7: A JNK inhibitor protects the E47 cells from loss of viability produced by TRX knockdown. The E 47 cells were incubated with
and without 5 uM of the JNK inhibitor L-JNKI1for 3 hours followed by treatment with the indicated siRNA for 48 or 72 hours. (a) MTT
assay to determine cell viability. (b) The effect of TRX knockdown on the activation of JNK in the absence and presence of the JNK inhibitor.
Numbers under the blots refer to the pJNK/JNK ratio.

Could the CYP2E1 plus thioredoxin knockdown induced
cell death be mediated through ASK-1 and JNK1 signaling
pathways? The JNK inhibitor, L-JNKI1, which specifically
inhibits the phosphorylation of JNK, lowered the decline
in E47 cell viability from 45–50% in the absence of L-
JNKI1 to about 20–30% in the presence of L-JNKI1 plus
TRX-1, or TRX-2 siRNA, or both TRX-1 and TRX-2 siRNA
treatment (Figure 7(a)). Under these conditions, L-JNKI1
strongly blunted the activation of JNK which occurs 48 hrs
after thioredoxin knockdown; the pJNK1/JNK1 ratio was
elevated 2- to 4-fold by siRNA for TRX-1 or TRX-2 or both
in the absence of JNKI1, whereas no increase in pJNK1/JNK1
was observed in the presence of the inhibitor (Figure 7(b)).
The partial protection by L-JNKI1 suggests that the cell
death induced by thioredoxin knockdown was partly via JNK
signaling pathways, although non-JNK-dependent pathways
are also likely involved.

In conclusion, both cytosolic and mitochondrial thiore-
doxin are important in protecting HepG2 cells from cell
death by oxidative stress induced by CYP2E1. Thioredox-

in knockdown increased cellular production of ROS and
increased lipid peroxidation in HepG2 cells expressing
CYP2E1. The signaling pathway which induced cell death
by thioredoxin knockdown may involve, at least in part, the
activation of ASK-1 and JNK1. This protection by both TRX-
1 and TRX-2 against CYP2E1-dependent toxicity may play a
role in the ability of thioredoxin to protect against ethanol-
induced hepatotoxicity [108] and suggests that antioxidative
protection in both the cytosol and mitochondria is necessary
for effective protection against liver injury potentiated by
CYP2E1.

12. Effect of N-Acetylcysteine (NAC)

We evaluated [74] the effect of NAC, a general antioxidant
and a precursor of GSH, on the potentiation of TNFα toxicity
by pyrazole as a proof of principle that oxidative stress plays
an important role in the overall liver injury. C57BL/6 mice
were treated with pyrazole for two days and then challenged
with either saline or TNFα. Some mice in each group were
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Figure 8: TNFα-plus-pyrazole-induced hepatotoxicity and oxidative stress are decreased in iNOS knockout mice. B6-129 WT mice and
B6-129 iNOS knockout mice (NOS2−/−) were treated with either saline or pyrazole alone or TNFα alone or pyrazole plus TNFα for 3 days
followed by assays of (a) ALT/AST, (b) TBARS, and (c) GSH. Note: liver injury and oxidant stress were much lower in the NOS2−/− mice
than the WT mice indicating a role for NO and NO metabolites in the TNFα-plus-pyrazole-induced liver injury and oxidative stress.
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Figure 9: Model for the potentiation of TNFα-induced hepatotoxicity, oxidative stress mitochondrial dysfunction, and activation of MAPK
by pyrazole induction of CYP2E1. Pyrazole induction of CYP2E1 coupled to TNFα induction of iNOS results in elevated oxidative/nitrosative
stress in hepatocytes. This results in activation of JNK and p38 MAPK which, along with the elevated ROS/RNS, damage mitochondrial
function ultimately leading to liver injury.

also treated with 150 mg/kg NAC on the second day of
treatment with pyrazole and on day 3 prior to the challenge
with TNFα. The elevation in ALT and AST and the necrosis
caused by the pyrazole plus TNFα treatment were lowered
by NAC. The increase in TBARs produced by pyrazole plus

TNFα and the decline in liver GSH were both prevented
by NAC. Treatment with NAC had no effect on CYP2E1
protein levels or CYP2E1 catalytic activity. The activation of
JNK or p38 MAPK by the pyrazole plus TNFα treatment,
compared to pyrazole alone, was blocked by NAC. The
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pyrazole plus TNFα treatment elevated levels of iNOS 2.6-
fold, and this increase in iNOS was blunted by NAC to a 1.4-
fold increase. These results with NAC suggest that elevated
oxidative stress is central to the activation of JNK and p38
MAPK, to peroxynitrite formation, and to the liver injury
produced by treatment with pyrazole plus TNFα.

13. Pyrazole/TNFα Hepatotoxicity in
iNOS Knockout Mice

The inducible nitric oxide synthase (iNOS) has been shown
to play an important role in alcohol-induced liver injury
[110]. We hypothesized that induction of CYP2E1 by pyra-
zole and induction of iNOS by LPS/TNFα result in the for-
mation of the powerful oxidant peroxynitrite, ONOO, de-
rived from the reaction between O2

−• and NO. 3-Nitroty-
rosine protein adducts (3-NT) were elevated in the liver after
pyrazole plus LPS treatment [71, 72]. We believe that ONOO
plays a key role in the oxidative/nitrosative stress and hepato-
toxicity produced by the pyrazole plus LPS/TNFα treatment.
If correct, oxidative/nitrosative stress and hepatotoxicity pro-
duced by pyrazole plus LPS/TNFα treatment should be
blunted in iNOS null mice. NOS2 (iNOS) knockout mice
(B6-129P2) and genetic background control B6-129PF2/J
mice were purchased from Jackson Laboratory and treated
with saline or pyrazole alone or TNFα alone or pyrazole
plus TNFα. The pyrazole plus TNFα treatment elevated ALT
or AST levels about 2-fold (P < 0.05) in iNOS null mice
as compared to treatment with saline or pyrazole alone or
TNFα alone (Figure 8(a)). Pyrazole plus TNFα elevated ALT
and AST about four- to fivefold in the genetic background
mice (Figure 8(a)) (P < .01 compared to the increase in
ALT and AST in iNOS null mice). In NOS2−/−mice, TNFα
plus PY induced some hepatocyte degeneration change in
the pericentral area but no loci of necrosis were found. In
the control wild-type B6-129PF2/J mice, TNFα plus PY in-
duced more severe liver injury and necrotic loci were found
in several pericentral areas. TNFα plus PY slightly in-
creased lipid peroxidation in NOS2−/−mice compared with
saline-, PY-, or TNFα-treated mice. Lipid peroxidation was
more significantly elevated by TNFα-plus-PY treatment in
B6-129PF2/J mice (4-fold increase) compared to the other
groups and to the TNFα plus PY treated NOS2−/− mice
(2-fold increase, Figure 8(b)). TNFα plus PY lowered GSH
levels by 25% in NOS2−/− mice, while a more pronounced
decline in GSH occurred in the control mice (67% decrease,
Figure 8(c)). Levels of CYP2E1 were elevated to comparable
extents by pyrazole in the wild-type and the iNOS knockout
mice (about 2.5–3-fold); thus, the lower liver injury in the
iNOS knockout mice is not due to lower levels of CYP2E1.
These results suggest that while TNFα plus PY does induce
some liver injury and oxidant stress in the NOS2−/− mice,
a more severe liver injury and oxidant stress is induced
by TNFα plus PY in the control mice. We hypothesize
that NO derived from iNOS reacts with superoxide radical
produced from CYP2E1 to generate the powerful oxidant
peroxynitrite which plays a critical role in the liver injury
produced by TNF plus pyrazole. The absence of iNOS in the
knockout mice with the accompanying decline in NO would

prevent formation of significant amounts of peroxynitrite
even though superoxide continues to be produced from the
elevated CYP2E1 and therefore liver injury is lowered.

14. Conclusions

This paper has focused on two major contributors to mech-
anisms by which ethanol causes liver injury, induction of
CYP2E1, and elevated endotoxin (LPS) levels followed by in-
creased production of TNFα. Each of these has been ex-
tensively studied, but there are few studies in which both
factors have been evaluated simultaneously. We have shown
that induction of CYP2E1 by pyrazole potentiates LPS- or
TNF-induced hepatotoxicity. Evidence for a role for CYP2E1
comes from studies in which the CYP2E1 inhibitor CMZ
blocks the liver injury, and from studies with CYP2E1 knock-
out mice where pyrazole plus LPS toxicity is blunted. The
potentiated toxicity is associated with an increase in oxidative
and nitrosative stress. Prevention of such increases, for ex-
ample, treatment with the antioxidant NAC or administra-
tion of TNFα plus pyrazole to iNOS knockout mice, blunts
the liver injury thus validating that the elevated oxidative/
nitrosative stress plays a key role in producing the liver in-
jury rather than occurs because of liver injury. JNK and
P38 MAP kinases are activated by the combined pyrazole
plus LPS/TNFα treatment. Preventing activation of JNK with
SP600125 or activation of P38 MAPK with SB203580 de-
creases the liver injury. Inhibition of CYP2E1 or use of
CYP2E1 knockout or iNOS knockout mice or preventing
the oxidative/nitrosative stress decreases the activation of
JNK and P38 MAPK. We hypothesize that the increase in
oxidative/nitrosative stress and the activation of MAP kinases
ultimately impact on mitochondrial integrity and function as
shown by the increase in mitochondrial swelling and decline
in mitochondrial membrane potential. Protection of mito-
chondrial integrity with cyclosporine A prevents the TNFα-
plus-pyrazole-induced hepatotoxicity and oxidative stress. In
HepG2 cells expressing CYP2E1, both cytosolic and mito-
chondrial TRX are necessary for protection against CYP2E1-
generated oxidative stress, and cell toxicity. We hypothesize
that similar interactions involving activation of MAP kinases,
oxidative stress and mitochondrial dysfunction occur as a
result of ethanol induction of CYP2E1 and elevation of
LPS/TNFα, and our working scheme is shown in Figure 9.
Induction of CYP2E1 by pyrazole or ethanol increases super-
oxide radical production, while elevation of LPS/TNFα by
ethanol activates iNOS and NO production. The interaction
between superoxide and NO produces the powerful oxidant
peroxynitrite. Downstream targets for ROS and RNS include
activation of ASK-1 and subsequently JNK and mitochon-
drial dysfunction which contribute to loss of viability.
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Stimulation of innate immunity is increasingly recognized to play an important role in the pathogenesis of alcoholic liver
disease (ALD), while the contribution of adaptive immunity has received less attention. Clinical and experimental data show
the involvement of Th-1 and Th-17 T-lymphocytes in alcoholic hepatitis. Nonetheless, the mechanisms by which alcohol triggers
adaptive immunity are still incompletely characterized. Patients with advanced ALD have circulating IgG and T-lymphocytes
recognizing epitopes derived from protein modification by hydroxyethyl free radicals and end products of lipid-peroxidation. High
titers of IgG against lipid peroxidation-derived antigens are associated with an increased hepatic production of proinflammatory
cytokines/chemokines. Moreover, the same antigens favor the breaking of self-tolerance towards liver constituents. In particular,
autoantibodies against cytochrome P4502E1 (CYP2E1) are evident in a subset of ALD patients. Altogether these results suggest
that allo- and autoimmune reactions triggered by oxidative stress might contribute to hepatic inflammation during the progression
of ALD.

1. Introduction

According to the World Health Organization, alcohol-related
diseases are the third cause of death and disability in most
well-developed countries and a leading cause of disease in the
developing countries in Eastern Europe, Central and South
America, and East Asia [1]. Although several organs are in-
jured by ethanol, alcoholic liver disease (ALD) is the most
common medical consequence of excessive alcohol intake
accounting for about 70% of the recorded mortality [2].
Thus, understanding the mechanisms responsible for alcohol
liver injury has a relevant clinical and social impact. Current
view indicates that multiple factors including oxidative stress,
endoplasmic reticulum stress, metabolic alterations, and in-
terferences with the transduction of intracellular signals are
involved in ALD pathogenesis [3]. Furthermore, emerging
evidence suggests that chronic inflammation represents the
driving force in the evolution of alcohol liver injury. In this
context, a large number of studies have investigate the role
of innate immunity in ALD ([4–8] for recent review), while
the contribution of adaptive immunity to alcohol-induced
hepatic inflammation has received much less attention. This
paper will give an overview of the possible implications of

adaptive immunity in the inflammatory processes associated
with ALD.

Early studies have shown that liver inflammatory infil-
trates in alcoholic hepatitis and active alcoholic cirrhosis
contain both CD8+ and CD4+ T-lymphocytes [9]. In
either chronic alcohol-treated mice or alcohol abusers liver-
infiltrating T cells express an activation/memory phenotype
and respond to T-cell receptor stimulation by producing Th-
1 cytokines such as interferon-γ (IFN-γ) and TNF-α [10, 11].
A Th-1 cytokine pattern is also evident in peripheral blood
T cells from active drinkers with or without ALD [12]. In
agreement with these observations, Paronetto [13] reported
the presence in ALD patients of circulating antibodies
targeting alcohol-altered autologous hepatocytes. Hyperpro-
duction of polyclonal gamma globulins is also frequent in al-
cohol abusers in association with tissues deposition of IgA
[14]. Moreover, ALD patients do not rarely have signs of
auto-immunity consisting in increased titers of circulating
antibodies directed against non-organ-specific and liver-
specific autoantigens [15]. In particular, antiphospholipid
antibodies can be observed in up to 80% of patients with
alcoholic hepatitis or cirrhosis, but are not infrequent in
heavy drinkers with milder liver damage [16, 17]. A further
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evidence supporting the implication of adaptive immunity
in ALD comes from the recent demonstration that IL-17-
producing T helper (Th-17) lymphocytes are evident in
hepatic inflammatory infiltrates of patients with alcoholic
hepatitis/cirrhosis in concomitance with an increase in IL-17
plasma levels [18]. The implication of Th-17 T-cells in ALD
is particularly important considering the increasing impor-
tance ascribed to these cells in the pathogenesis of several
chronic inflammatory diseases including viral hepatitis B and
C and primary biliary cirrhosis [19].

2. Role of Oxidative Stress in
Alcohol-Induced Immune Reactions

The mechanisms by which alcohol triggers adaptive immu-
nity are still incompletely characterized. Pioneering study
by Israel and colleagues [20] has shown that the adducts
originating from acetaldehyde binding to hepatic proteins
cause the production of specific antibodies when injected
into experimental animals. The presence of antiacetaldehyde
antibodies has been subsequently confirmed in rats chroni-
cally exposed to alcohol as well as in alcoholic patients [21,
22]. Guinea pig immunization with acetaldehyde-modified
hemoglobin followed by alcohol feeding reproduces several
features of alcoholic hepatitis [23]. However, the interest for
ace taldehyde-induced immune responses is hampered by the
uncertainty regarding identity of the antigens involved and
by the low specificity for ALD of anti-acetaldehyde antibod-
ies [24]. Subsequent studies demonstrate that another meta-
bolite of ethanol, that is, hydroxyethyl free radical (HER),
produced during cytochrome P4502E1- (CYP2E1-) depen-
dent ethanol oxidation, can interact with proteins generating
antigens distinct from those derived from acetaldehyde [25].
Anti-HER IgG are detectable in chronically ethanol-fed rats
as well as in alcohol abusers [26, 27]. Human anti-HER IgG
are recognized as main antigen HER-modified CYP2E1 [28],
and their presence strictly correlates with CYP2E1 activity
[29].

Oxidative stress is one of the feature of alcohol hepato-
toxicity and significantly contributes to liver injury [30]. One
of the consequence of oxidative stress is the stimulation of
lipid peroxidation with the generation of wide array of re-
active lipid breakdown products including aldehydes such as
malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), and
lipid hydroperoxides that are readily detectable in the serum
and the liver of ALD patients and alcohol-fed rodents [30].
Many lipid peroxidation products are highly reactive and
by interacting with cellular constituents generate antigenic
products that have been implicated in the stimulation
of immune responses associated with atherosclerosis and
several autoimmune diseases [31, 32]. We have observed
that a large proportion (55–70%) of the patients with ad-
vanced ALD (alcoholic hepatitis and/or cirrhosis), but not
heavy drinkers with fatty liver only, have elevated titers
of circulating IgG against proteins adducted by MDA, 4-
HNE, and oxidized arachidonic acid [33]. In about 35%
of these patients, the presence of anti-MDA antibodies is
associated with the detection of peripheral blood CD4+ T

cells responsive to MDA adducts, indicating the capability
of lipid oxidation antigens to trigger both the humoral and
cellular branches of adaptive immunity [34]. At present,
the chemical identity of the different antigens involved is
still incompletely characterized. Studies by Tuma and Thiele
have shown that the reaction between MDA, acetaldehyde,
and lysine ε-amino groups generates condensation products
named malondialdehyde-acetaldehyde adducts (MAA) that
not only are highly immunogenic, but also can stimulate in-
flammation [35]. MAA adducts have been detected in the
liver of ethanol-fed rats, and their formation is responsible
for the increased titers of IgG recognizing MAA-modified
proteins in patients with advanced ALD [36]. Considering
that appreciable amounts of acetaldehyde and MDA are
generated in the liver during alcohol intoxication, it is well
possible that MAA adducts might significantly contribute
to immune response in ALD. It is noteworthy that rodents
and humans have circulating natural antibodies, mainly of
the IgM class, targeting oxidation-derived epitopes including
MDA and MAA adducts [37, 38]. These natural antibodies
display protective action against atherosclerosis by scaveng-
ing oxidized LDL and preventing inflammation [37]. In our
hands, the antibody responses observed in ALD patients
specifically involve only IgG, while IgM against MDA and
MAA adducts do not differ from those in healthy controls
[33, 36]. This suggests that the extensive lipid peroxidation
caused by alcohol abuse might overcome the scavenging
capacity of natural IgM antibodies and, in combination with
inflammatory stimuli, favors the activation of B- and T-cell
clones recognizing a variety of oxidation-derived antigens.
Oxidative stress also likely accounts for the development
of ALD-associated antiphospholipid antibodies, since they
recognize as antigens oxidized phospholipids, namely, oxi-
dized cardiolipin and phosphatidylserine [39, 40]. Inter-
estingly, the presence of IgG targeting lipid-peroxidation-
derived antigens is evident in patients with chronic hepatitis
C (CHC) consuming moderate amounts of alcohol and
increases in a dose-dependent manner with alcohol intake
[41]. This is consistent with recent observations about the
synergic action of ethanol and hepatitis C virus in promoting
oxidative stress within the hepatocytes [42].

3. Mechanisms Possibly Involved in the
Recruitment of Adaptive Immunity in
Alcoholic Liver Disease

It is known since long time that excessive alcohol consump-
tion affects the innate and adaptive immunity increasing
the susceptibility to infections and compromising tissue res-
ponse to injury [5]. In particular, both acute and chronic
alcohol intakes depress antigen presentation by monocytes
and dendritic cells, affect the expression costimulatory mole-
cules, and reduce T-cell proliferation [5]. It is possible that,
during the evolution of ALD, the production of proinflam-
matory cytokines/chemokines by Kupffer cells and NKT
lymphocytes might overcome alcohol-dependent immune
depression promoting the response of intraportal lymphoid
follicles to antigens derived from oxidatively damaged
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hepatocytes. Alcohol-induced oxidative stress can specif-
ically facilitate this process through several mechanism.
In either rodents and humans, chronic alcohol exposure
increases the levels of circulating bioactive oxidized phos-
pholipids able to interact with plated activating factor (PAF)
receptors and to stimulate inflammation [43]. Further-
more, oxidized lipid and protein adducted by lipid peroxi-
dation end products act as danger-associated molecular
patterns (DAMPs) and are capable of activating inflamma-
tory and immune cells through the interaction with pattern
recognition receptors (PRRs) such as scavenger receptors
(SRA-1,2, CD36, SR-B1, and LOX-1) and toll-like receptors
(TLR-4) [44]. In particular, CD36 efficiently recognizes
free and protein-bound oxidized lipids favoring their inter-
nalization by macrophages and antigen-presenting cells
with their subsequent presentation to immune cells [44].
The interaction between CD36 and TLR-4 also promotes
proinflammatory activation of macrophages and vascular
endothelial cells in response to oxidation-specific epitopes
[44]. In the liver, the presentation of oxidative-stress-derived
antigens by hepatic stellate cells (HSCs) might represent an
additional pathway for CD4+ and CD8+ T-cell activation,
as human HSCs are efficient professional antigen presenting
cells [45] and have the capacity to internalize oxidatively
modified proteins through CD36 [46]. According to this sce-
nario, time course experiments performed in enteral alcohol-
fed rats show that the hepatic mRNAs expression of Th-
1 cytokines (TNF-α, IL-12) has a biphasic pattern peaking
after 14 days of alcohol feeding and then rising again after 35
days [47]. Oxidative stress is evident already after few days of
alcohol exposure, but lipid-peroxidation-derived antibodies
are evident in concomitance with the late increase cytokine
production [47] and their formation is prevented by the
antioxidant N-acetylcysteine [48]. Moreover, stimulation of
B cells through Toll-like receptor 9 (TLR-9) has been impli-
cated in causing hyperimmunoglobulinemia in patients with
alcoholic cirrhosis [49]. The immune responses in ALD
might be influenced by alterations of the immunoregulatory
mechanisms. Hepatic steatosis and oxidative stress lower re-
gulatory T-cells (Tregs) population in the liver [50]. This
might impact on B- and T-cell activation by oxidation-speci-
fic epitopes, as, during the evolution of atherosclerosis, Tregs
impairment favors lymphocyte responses against oxidized
LDL [51]. Finally, further stimuli to adaptive immunity in
ALD might involve osteopontin and the adipokines leptin
and adiponectin. Osteopontin is a cytokine produced by
many cell types, including macrophages and T-lymphocytes,
that promotes macrophage and T-cell activation, stimulates
lymphocyte Th-1 and Th-17 differentiation, and induces B-
cell proliferation and antibody production [52, 53]. Increas-
ed osteopontin is a feature of several inflammatory and
autoimmune diseases, where it directs the recruitment of
autoreactive T cells and lymphocyte Th-1 and Th-17 differ-
entiation [53]. An increased liver production of osteopontin
correlates with the extent of inflammation in alcohol-fed
rodents [54], while hepatic osteopontin mRNA expression
is higher in patients with alcoholic hepatitis than in heavy
drinkers with fatty liver only [55]. Leptin and adiponectin
originating from the adipose tissue have immunoregulatory

functions: leptin stimulates lymphocyte survival and prolif-
eration favoring Th-1 reactions, while adiponectin downreg-
ulates macrophage activity and B- and T-cells proliferation
[56]. Alcohol influences adipocyte production of adipokines
increasing serum leptin in patients with alcoholic liver
disease (ALD) [57] and lowering adiponectin secretion [58].

Little is known about the origin of antiphospholipid
antibodies often associated with ALD. In the recent years,
increasing evidence has linked defects in the disposal of
apoptotic cells with the development of antiphospholipid
antibodies [59, 60]. In particular, phagocytosis of apoptotic
bodies by immature dendritic cells in an inflammatory
context can lead to the presentation of apoptotic cell-derived
self-antigens to T-lymphocytes [59, 60]. We have observ-
ed that antiphospholipid antibodies from the sera of ALD
patients bind to apoptotic, but not to living cells, by specifi-
cally targeting oxidized phosphatidylserine expressed on the
cell surface [40]. This is consistent with the detection of
oxidized phosphatidylserine on surface of apoptotic bodies
[61] and suggests that ALD-associated antiphospholipid
antibodies may originate from alterations in the disposal
of apoptotic hepatocytes. Indeed, growing evidence points
to the importance of apoptosis-derived antigens as targets
of antiphospholipid antibodies [62]. Hepatocyte apoptosis
is one of the consequence of chronic alcohol intake [30],
and an increase in apoptotic bodies is well evident in liver
biopsies of ALD patients [63]. At the same time, alcohol
impairs the capacity of neighboring hepatocytes to dispose
apoptotic cells through asialoglycoprotein receptor-mediated
phagocytosis [64] and primes Kupffer cells to produce TNF-
α and IL-6 when exposed to apoptotic bodies [65].

The presence of both non-organ-specific and liver-
specific autoantibodies is a common feature in ALD. Among
these latter, we have reported that alcohol-fed rats as well
as about 40% of the patients with advanced ALD develop
circulating IgG directed against CYP2E1 [66, 67]. Anti-
CYP2E1 autoantibodies from ALD patients are similar to
those associated with halothane hepatitis and recognize at
least two distinct conformational epitopes on the molecule
surface, in a position compatible with the targeting of
CYP2E1 present on the outer layer of the hepatocyte plasma
membranes [68]. The development of anti-cytochrome P450
(CYP) isoenzymes is rather common in liver diseases such
as type-2 autoimmune hepatitis, drug-induced hepatitis, and
hepatitis C [69]. In drug-induced hepatitis, it has been
postulated that the binding of reactive metabolites to CYPs
promotes both humoral immune responses against the drug-
derived epitope(s) and, at the same time, favors the activation
of normally quiescent autoreactive lymphocytes recognizing
the native CYP molecules [69]. ALD patients with anti-HER
antibodies have a 4-fold increased risk of developing anti-
CYP2E1 autoreactivity as compared to patients without anti-
HER IgG [67]. This indicates that CYP2E1 alkylation by
HER is involved in the development of ALD anti-CYP2E1
autoantibodies. Nonetheless, additional factors might favor
the breaking of self-tolerance in ALD. We have observed that
a polymorphism (Thr17→Ala substitution) in the cytotoxic-
T-lymphocyte-associated antigen-4 (CTLA-4) gene increases
by 3.8-fold the risk of developing anti-CYP2E1 IgG without



4 International Journal of Hepatology

influencing the formation of anti-HER antibodies [67]. ALD
patients having both anti-HER IgG and mutated CTLA-
4 show a prevalence of anti-CYP2E1 autoreactivity 23-fold
higher than those negative for both these factors [67].
CTLA-4 is a membrane receptor expressed by activated T-
lymphocytes and by CD25+ CD4+ Tregs that downmodulates
T-cell-mediated responses to antigens [70]. Accordingly, in
humans, CTLA-4 genetic polymorphisms are risk factors for
several autoimmune diseases, including primary biliary cir-
rhosis and type-1 autoimmune hepatitis [71]. More recently,
Thiele and coworkers have shown that mice immunization
with MAA-modified liver cytosolic proteins in the absence
of adjuvants is able to promote autoimmune injury in the
liver [72]. This indicates that, in some ALD patients, the
combination of CYP2E1 modification by HERs, impaired
CTLA-4 control of T-cell proliferation, and the stimulation
of immune system by lipid peroxidation products can lead
to the breaking of self-tolerance. Preliminary data shows that
high titers of anti-CYP2E1 autoantibodies correlate with the
extension of lymphocyte infiltration and the frequency of
apoptotic hepatocytes, suggesting that in a subset of ALD
autoimmune mechanisms might contribute to tissue injury.

4. Possible Role of Adaptive Immunity
in the Progression of Alcohol Liver Damage

So far little is known about the mechanisms by which adap-
tive immunity might contribute to hepatic inflammation in
ALD. However, data emerging from experimental models
of atherosclerosis indicate that IFN-γ, TNF-α, and CD40
ligand (CD154) produced by Th-1 CD4+ T-cell responsive
to antigens in oxidized LDL drive plaque macrophages to
produce reactive oxygen species, NO, and proinflamma-
tory cyto/chemokines [73]. Studies in alcohol-fed rodents
show that the development of antibodies against lipid-
peroxidation-derived epitopes associate with the hepatic
expression of proinflammatory cytokines and histological
evidence of steatohepatitis [47, 48]. In humans, a prospective
survey has evidenced an association between the presence
of antibodies toward alcohol-modified hepatocytes and an
increased risk of developing alcoholic liver cirrhosis [74].
On the same line, heavy drinkers with lipid-peroxidation-
derived antibodies have a 5-fold higher prevalence of elevated
plasma TNF-α levels than alcohol abusers with these anti-
bodies within the control range [75]. Moreover, in these
subjects, the combination of high TNF-α and lipid-per-
oxidation-induced antibodies increases by 11-fold the risk of
developing advanced ALD [75]. Interestingly, the combina-
tion of steatosis and high titers of antibodies against lipid-
peroxidation-derived adducts is an independent predictor
of advanced fibrosis/cirrhosis in alcohol-consuming patients
with chronic hepatitis C [76]. Further evidence in favor of a
possible contribution of oxidative-stress-mediated immunity
in sustaining hepatic inflammation comes from studies in
nonalcoholic steatohepatitis (NASH). We have observed that
antibodies against lipid-peroxidation-derived antigens simi-
lar to those detected in ALD, are present in rodent models of
NASH [77] as well as in about 40% of adult NAFLD/NASH

patients [78] and in 60% of children with NASH [79].
Experiments comparing the development of NASH induced
by mice feeding with a methionine/choline deficient (MCD)
diet demonstrate that C57BL/6, but not BALB/C, mice
have an increased prevalence of liver infiltrating T and B
cells and generate antibodies against MDA adducts. Hepatic
necroinflammation and the expression of TNF-α and IL-12
are significantly higher in C57BL/6 mice than in BALB/C
mice. Among MCD-treated mice, a significant positive
correlation is also evident between the titers of anti-MDA
antibodies and the number of hepatic necroinflammatory
foci [80]. In line with these findings, in children with
NAFLD, high titers of anti-MDA adduct IgG, but not of
other oxidative stress markers, are associated with more
severe lobular inflammation and with 13-fold increased
risk of overt steatohepatitis [79]. We have observed that in
mice with NASH, anti-MDA IgG target specific antigens in
hepatic necroinflammatory foci leading to the formation
of immunocomplexes. Furthermore, Rensen and coworkers
have detected extensive deposition of different complement
fractions in liver biopsies form NASH patients that associates
with increased hepatocyte apoptosis, granulocyte infiltration
and higher liver expression of IL-1β, IL-6, and IL-8 mRNAs
[81]. This suggests the possibility that complement activation
might bridge adaptive and innate immune responses during
ALD evolution. Supporting this view, recent observations by
Nagy’s group demonstrate complement activation within the
liver of alcohol-fed mice that leads to increased production
of C3a anaphylatoxin [82]. Moreover, mice deficient of C3
and C5 are protected against hepatic injury, while the lack of
the complement-regulating protein CD55/DAF exacerbates
alcohol hepatotoxicity [82].

5. Conclusion and Future Perspectives

In conclusion, data so far obtained indicates that alcohol-
induced oxidative modifications of hepatic constituents
trigger specific immune responses and, in some conditions,
may favor the breaking of the self-tolerance toward liver con-
stituents. The development of adaptive immune responses
is likely favored by the capacity of alcohol to stimulate by
different ways innate immunity [4–8]. Although still indirect,
available evidence also suggests that the development of
humoral and cellular immunity may contribute to hepatic
inflammation during the evolution of ALD. Nonetheless,
during the progression of ALD to cirrhosis, additional
mechanisms may be at work. Recent data indicate that the
interactions between myofibroblast-like hepatic stellate cells
(HSC/MFs), Kupffer cells, and CD4+ T-lymphocytes are cri-
tical for the regulation of fibrogenic responses [83, 84]. In
particular, by expressing adhesion molecules (VCAM-1 and
ICAM-1) and chemokines (CCL2, CXCL9/10, CXCL16, and
fractalin), HSC/MFs are essential for the liver recruitment
of lymphocytes and provide the milieu for their survival
and activation [84]. On the other hand, Th-2 cytokines
(IL-4 and IL-13) from CD4+ T cells directly sustain matrix
deposition by HSC/MFs and favor “alternative” M2 activa-
tion of macrophages with the production of chemokines
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(CCL6 and CCL17), IL-10, TGF-β, and VEGFs that drive
healing responses and angiogenesis [83, 84]. At present, it
is not known whether T-cell stimulation by oxidative-stress-
derived antigens might promote Th-2 lymphocyte develop-
ment and M2 macrophage polarization, contributing to
fibrogenesis.

From the clinical point of view, prospective studies are
required to dissect out the precise role of immune responses
in the progression of human ALD. If supported by further
data, the concept that adaptive immunity has a role in alcohol
hepatotoxicity might lead to the development of simple im-
munometric assays to discriminate ALD patients at risk of
progressing to hepatitis and/or fibrosis and moreover, the
identification of alcohol abusers with a prominent immune
or autoimmune component in their hepatic disease that
might lead to a targeted use of immune-suppressive therapy
in ALD.
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The pathogenesis of alcoholic steatohepatitis (ASH) involves ethanol-induced aberrations in hepatic methionine metabolism that
decrease levels of S-adenosylmethionine (SAM), a compound which regulates the synthesis of the antioxidant glutathione and is
the principal methyl donor in the epigenetic regulation of genes relevant to liver injury. The present paper describes the effects
of ethanol on the hepatic methionine cycle, followed by evidence for the central role of reduced SAM in the pathogenesis of ASH
according to clinical data and experiments in ethanol-fed animals and in cell models. The efficacy of supplemental SAM in the
prevention of ASH in animal models and in the clinical treatment of ASH will be discussed.

1. Introduction

Alcoholic steatohepatitis (ASH) represents the intermedi-
ate stage of liver injury in the progression of steatosis,
inflammation, and hepatocellular apoptosis and necrosis that
occurs in the development of alcoholic cirrhosis. This paper
will address the role of ethanol-induced aberrant hepatic
methionine metabolism in the pathogenesis of ASH, in
particular through its epigenetic effects on the expressions
of genes relevant to alcoholic liver injury. Initially, we will
discuss the normal hepatic methionine metabolic cycle,
including its interactions with folate, vitamin B12, and
vitamin B6, and its relevance to the epigenetic regulation
of gene expression. This will be followed by experimental
evidence for multiple effects of ethanol on the methionine
metabolic cycle that lead to liver injury through altered
methylation and expressions of genes relevant to steatosis,
apoptosis, and oxidative stress. We will summarize data
from experimental and clinical studies that support these
concepts.

2. Normal Hepatic Methionine Metabolism

Hepatic methionine metabolism can be visualized in two
parts, the transmethylation cycle for production of S-
adenosylmethionine (SAM) and its metabolism to homo-
cysteine and the transsulfuration pathway for the reduc-
tion of homocysteine for the synthesis of glutathione
(GSH) (Figure 1). Endogenous 5-methyltetrahydrofolate (5-
MTHF) that is derived from dietary folate is substrate for
the initial vitamin-B12-dependent reaction of methionine
synthase (MS) that converts homocysteine to methionine.
The additional pathway of betaine homocysteine methyl-
transferase (BHMT) uses the choline product betaine as
substrate with homocysteine for methionine synthesis and
is considered a salvage pathway when MS is compromised
by toxins including ethanol. Methionine is metabolized to
SAM by methionine adenosyltransferase (MAT), which is a
product of the MAT1A gene in adult liver. SAM is utilized at
a rate of 6–8 grams per day [1], primarily by different methyl-
transferase reactions that include phosphatidylethanolamine
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Figure 1: Normal hepatic methionine metabolism. 5-MTHF:
5-methyltetrahydrofolate; THF: tetrahydrofolate; MS: methion-
ine synthase; BHMT: betaine hydroxy methyltransferase; DMG:
dimethylglycine; MAT: methionine adenosyl transferase; SAM: S-
adenosylmethionine; MT: methyltransferase; PE: phosphatidyleth-
anolamine; PEMT: phosphatidylethanolamine methyltransferase;
PC: phosphatidylcholine; SAH: S-adenosylhomocysteine; SAHH:
SAH hydrolase; CβS: cystathionine beta synthase; ABU: α-amino-
butyrate; GSH: glutathione.

transferase (PEMT) to yield phosphatidylcholine (PC) and
many others that methylate gene-specific DNA and various
histone residues. In addition, SAM levels are regulated by
the activity of glycine-n-methyltransferase (GNMT) with
sarcosine as its end product (not shown in Figure 1). While
SAM is the sole substrate for methyltransferase reactions,
its product S-adenosylhomocysteine (SAH) is the principal
inhibitor of the same reactions. Consequently, the SAM-to-
SAH ratio is used conveniently as an index of methylation
capacity since the Km and Ki for most of these reactions
are in similar range [2]. SAH is hydrolyzed to homocysteine
by SAH hydrolase (SAHH), which is a reversible enzyme
depending upon the abundance of each product. The initial
reaction in the transsulfuration pathway is facilitated by SAM
and involves the reduction of homocysteine through the
cystathionine beta synthase (CβS) reaction to cystathionine
[3]. Both CβS and the subsequent cystathionase reaction
require vitamin B6 as cofactor. Therefore, it may be predicted
that conditions that limit the production of SAM and the
availability of vitamin B6 reduce the production of GSH
and its antioxidant properties. Summarizing the key points,
homocysteine is regulated by three enzymes, MS, SAHH,
and CβS, each of which can be compromised to result in
homocysteine elevation which is involved in the pathogenesis
of ASH. The metabolite SAM plays a key role in regulating

gene methylation and expression and a second one by
regulating the production of the principal antioxidant GSH.

3. Effects of Ethanol Exposure on Hepatic
Methionine Metabolism

There is abundant and accumulating evidence that experi-
mental ethanol exposure and chronic alcoholism influence
the expressions and activities of several enzymes in the
hepatic methionine cycle. For example, transcript expres-
sions of MS, MAT1A, and CβS were decreased in liver
biopsies from ASH patients [4], while decreased expressions
and activities of MS, MAT1A, and SAHH, but increased
GNMT, were found in chronic ethanol-fed micropigs with
histologically proven ASH [5]. Reduced activities of MS with
compensatory increase in BHMT expressions and activities
were also found in ethanol-fed rats [6–8]. Since MAT1A
is susceptible to oxidation and nitrosylation of its cysteine
121 residue, its reduced activity in ASH may be attributed
to the generation of reactive oxygen species (ROS) that are
produced by the ethanol metabolizing enzyme cytochrome
p4502E1 (CYP2E1) [9, 10]. Thus, since SAM regulates the
generation of GSH through its facilitating effect on CβS
[3], the reduced antioxidant potential caused by reduced
GSH would predictably decrease the effectiveness of MAT1A
to generate SAM. These relationships were supported by
in vitro studies in chemically treated primary hepatocytes
in which elevation of prooxidant CYP2E1 was associated
with reduced SAM levels [11]. Also, studies in ethanol-fed
baboons and micropigs showed close correlations between
liver levels of GSH and SAM [12, 13].

4. Effects of Aberrant Methionine Metabolism
on the Pathogenesis of ASH

The conventional understanding of the pathogenesis of ASH
includes a series of events that are triggered by ethanol-
induced transport of enterotoxic lipopolysaccharide (LPS)
from the intestine to hepatic Kupffer cells that are in
turn induced to release cytokines such as tumor necrosis
factor alpha (TNFα) which initiates pathways of hepatocyte
apoptosis, inflammation, and necrosis. These processes are
facilitated by the effect of the ethanol metabolizing hepato-
cyte enzyme CYP2E1 which is a powerful producer of ROS
[14]. In addition, the metabolism of ethanol by alcohol to
acetaldehyde alters the NADH/NAD redox potential which
promotes steatosis through its effects on fatty acid oxidation
in the liver [15]. Steatosis, which is an early sign in devel-
opment of ASH, represents the combination of increased
hepatic lipogenesis and decreased fatty acid oxidation and
reduced triglyceride export. Many of these avenues of injury
have been linked to ethanol-induced aberrant methionine
metabolism in experimental animal models, as described
below.

Studies that used the model of the intragastric ethanol-
fed C57BL6 mouse linked enhanced lipogenesis and apop-
tosis to hyperhomocysteinemia, which is known to trigger
endoplasmic reticulum (ER) stress pathways that include
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upregulation of the chaperone glucose-regulated protein
(GRP78), the transcription factor sterol response element
binding protein (SREBP1-c) and its downstream lipogenesis
genes, and the growth arrest and DNA damage (GADD153)
pathway for apoptosis. Since the histopathology of steatosis
and apoptosis and these gene activations were prevented by
concomitant provision of betaine which lowered homocys-
teine through the BHMT salvage pathway (Figure 1), the
authors concluded that there is a specific role for ethanol-
induced hyperhomocysteinemia in the pathogenesis of ASH
by activation of ER stress pathways [16]. More recent studies
in the ethanol-fed rat model of ASH associated apoptosis
with increased liver SAH and steatosis with reduced activity
of PEMT which regulates triglyceride export from the liver
[17–19]. Others associated apoptosis in ethanol-fed mice
with increased levels of SAH which sensitized isolated
primary hepatocytes to the effects of TNFα [20], while a
later study in the same model associated this effect with
reduced mitochondrial SAM (mSAM) caused by competitive
inhibition of its mitochondrial transport by elevated SAH
[21]. The original finding of a mitochondrial transporter
for cytoplasmic SAM that is inhibited by SAH [22] was
complemented by discovery of a mitochondrial GSH trans-
porter that is inactivated by ethanol but is sustained by
coadministration of SAM [23]. A role for mSAM in preven-
tion of the prooxidant effects of ethanol was supported by
intervention studies that demonstrated a protective effect of
SAM against decreased mitochondrial respiration [24] and
increased levels of mitochondrial superoxide and inducible
nitric oxide synthase (iNOS) [25]. SAM may also play a role
in prevention of hepatocellular carcinoma (HCC) in ALD by
inhibition of angiogenesis genes [26].

5. Role of Altered Gene Methylation Capacity in
the Pathogenesis of ASH

The pathogenesis of ASH includes activations of many genes
involved in liver injury, each of which are potentially and
epigenetically regulated by alterations in hepatic levels of
SAM and SAH and their methylation capacity ratio. Our
laboratory explored these relationships in two ethanol-fed
animal models, the micropig and the genetically altered
mouse. An initial study demonstrated the suitability of the
micropig for study of the pathogenesis of ASH, in which its
characteristic histopathology was induced by feeding ethanol
at 40% of kcal over 12 months [27] together with progressive
increase in serum homocysteine levels and reduced gene
methylation capacity as shown by decrease in the liver SAM
and the SAM-to-SAH ratio [28]. Subsequently, we included
folate deficiency in the dietary regimen in order to accentuate
changes in methionine metabolism through reduction of the
initial methyl donor 5-MTHF (Figure 1), with the additional
rationale of the well-known association of folate deficiency
with chronic alcoholism [29, 30]. In contrast to the findings
in the previous study [27] only 3 months were required
for the development of the histopathology of ASH, while
increases in timed serum homocysteine levels and lowering
of the hepatic SAM-to-SAH ratio were the greatest in the

group fed the combined folate-deficient and ethanol diet
compared to groups fed either diet alone [12]. Using liver
samples from the same groups of micropigs, we found
progressive increase in transcript and protein levels of
genes relevant to steatosis and liver injury from micropigs
fed control, folate-deficient, ethanol, and ethanol with
folate-deficient diets, together with increased expressions
of CYP2E1 and ER stress pathway genes for the marker
GRP 78, lipogenesis that included SREBP 1-c and fatty
acid synthase (FAS), and apoptosis including GADD 153
[31]. The finding that these gene expressions correlated with
changes in the SAM-to-SAH ratio supported the relationship
of the pathogenesis of ASH to ethanol-induced reduction of
gene methylation capacity. This concept was supported by
subsequent studies in which the coadministration of SAM
sustained normal histology while preventing changes in the
SAM-to-SAH ratio, and activations of the same ER stress
genes for lipogenesis and apoptosis [32], as well as genes
relevant to oxidative liver injury including CYP2E1, nicoti-
namide adenine dinucleotide phosphate oxidase (NOX1),
and inducible nitric oxide synthase (iNOS) [33].

6. ASH Is Mediated through the
Epigenetic Effects of Ethanol-Induced
Altered Methionine Metabolism

Epigenetics refers to the effects of external factors on the
expressions of genes that are unrelated to changes in their
DNA sequences. Gene expression is regulated at the levels
of both DNA and its histone infrastructures that exist
within nuclear chromatin. In the context of the present
paper, such changes can be attributed to the regulatory
effects of increased or decreased methylation on DNA and
histones, since folate contains the parent methyl group and
SAM is the principal methyl donor in all methyltransferase
reactions (Figure 1). As described in recent reviews, the
effect of chronic ethanol exposure on the activation or
suppression of selected ASH-related genes can be ascribed to
different methylation effects at histone 3 lysine (K) residues,
whereby gene expression is enhanced by methylation at
H3meK4 but is silenced by methylation at H3meK9 [34, 35].
Furthermore, ethanol exposure enhances gene expression
by acetylation at H3AcK9[35], whereas sirtuin1, a known
histone de-acetylase, is reduced in livers of ethanol-fed mice
[36]. Therefore, the effects of ethanol exposure on specific
histone methyltransferases, acetylases, and deacetylases may
be crucial to the epigenetic control of the expressions of genes
relevant to liver injury. Further epigenetic regulation occurs
at the level of DNA, where increased methylation of pro-
moter region cytosine residues suppresses gene expression
and vice versa. For example, global DNA hypomethylation
occurred in the ethanol-fed SAM-deficient rat [37] and
MAT1A knockout mouse with enhanced carcinogenesis [38],
as well as in our folate-deficient chronic alcoholic micropig
model in association with increased DNA oxidation and
strand breaks [12]. Others found reduced expression of the
DNA methyltransferase DNMT3b that correlated negatively
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with increased blood alcohol levels in chronic alcoholics
together with increased global DNA methylation [39].

We explored epigenetic regulation of ASH in a novel
model of the C57BL6 CβS-deficient mouse fed intragastric
ethanol at 37% of kCal for 4 weeks. This model is particularly
relevant since, as noted above, the same method was used
to induce ASH in C57BL6 wild-type mice with findings of
altered methionine metabolism, all of which were corrected
by the methyl donor betaine [16]. Since CβS heterozygosity
is known to increase serum homocysteine levels [40] and
ethanol exposure inhibits MS expression and activity [5,
6] we reasoned that both ethanol exposure and genotype
would accentuate aberrant methionine metabolism with the
greatest effect in the combined group. Our study showed all
the histopathological features of severe ASH in the combined
ethanol-fed heterozygous group, which also showed the
greatest reduction in the SAM-to-SAH ratio and the greatest
increase in expressions of the ER stress genes SREBP 1-
c, GRP78, and GADD153 [41]. While immunohistological
staining of liver slices showed that methylated histone residue
H3K9 was specifically reduced in centrilobular regions which
were the sites of maximal steatosis in the ethanol-fed
heterozygous group, the chromatin immunoprecipitation
(ChIP) assay using antibody to H3K9 showed its reduced
presence in the promoter regions of the same ER stress
genes. Since H3K9 associates with gene suppression, its
reduced presence in liver from the combined ethanol-fed
heterozygous group is consistent with activation of these
genes. Furthermore, the transcript expression of G9a, a
histone methyltransferase that is required for methylation
of K9 residues, was specifically reduced in both ethanol-
fed groups in contrast to other K9 methyltransferases [41].
The mechanism for reduced expression of the histone
methyltransferase G9a is unclear, but others have shown
effects of ethanol-induced ROS on chromatin remodeling
as a mechanism for changes in histone acetylation reactions
[42]. Summarizing, these studies provided an epigenetic
mechanism for the relationship of ethanol-induced aberrant
methionine metabolism on the epigenetic regulation of
expression of selected ER stress genes that are relevant to
lipogenesis and apoptosis in ASH [41].

Using the ChIP assay in a mouse macrophage RAW
cell line and in vivo in LPS-treated mice, others showed
that SAM inhibited the LPS-induced activations of TNFα
and iNOS by blocking the binding of H3meK4 to the
promoter regions of these genes [43]. Data from two groups
suggest epigenetic regulation of proteosome inhibition as a
mechanism for enhanced liver injury. In one study in an
ethanol-fed rat model, proteosome inhibition was associated
with alterations in histone acetylation and methylation [44],
whereas methylation of a specific subunit by provision of
SAM prevented proteosome degradation in ethanol-exposed
hepatocytes [45].

7. Clinical Studies

A study of patients with cirrhosis of diverse etiologies
including alcoholism found significant elevations in serum
homocysteine and cystathionine, which was suggestive of

a block in the transsulfuration pathway for homocysteine
elimination and production of GSH [46]. Compared to
healthy subjects, we found increased serum homocysteine
levels in alcoholics with or without ASH in association
with elevated serum SAH levels [47]. While others have
described elevated homocysteine levels in chronic alcoholics
in association with deficiencies of folate and vitamin B6
[48], we found that ASH patients also had marked increase
in serum levels of cystathionine, the substrate for vitamin-
B6-dependent cystathionase (Figure 1), with comparable
reduction in its product α-aminobutyrate (ABU). Further-
more, cystathionine levels and the ABU-to-cystathionine
ratio correlated with vitamin B6 levels and the ABU-to-
cystathionine ratio was a positive predictor of the presence
of ASH among alcohol drinkers [47].

The growing experimental evidence linking impaired
methionine metabolism with the onset and development of
alcoholic liver disease prompted several clinical trials that
attempted to demonstrate a role for SAM in its treatment.
One study showed that 15 days of intravenous SAM at
2 g/day increased red blood cell GSH in 20 patients with ASH
[49]. Hepatic GSH levels were low in liver biopsies from 17
patients with ASH or other chronic liver diseases and were
normalized by SAM treatment at 1.2 g/day in a 6-month
controlled study [50]. A later 2-year multicenter European
trial of 123 ASH patients found reduction in mortality
or incidence of liver transplant from 30% in the placebo
group to 16% in the SAM group, which was significant
after exclusion of Childs class C patients from the analysis
[51]. A 2006 meta-analysis of 9 studies found insufficient
evidence for the effective use of SAM in the treatment
of alcoholic liver disease [52]. Whereas the PC derivative
polyenylphosphatidylcholine (PPC) was known to restore
liver SAM levels in ethanol fed rats [53], there was no benefit
of this compound according to liver histopathology in 412
ASH patients who underwent liver biopsies at baseline and
after 24 months of treatment [54].

We conducted a randomized treatment trial in 26 ASH
patients who participated in our baseline study [47] and
then received SAM at 1.2 g/d or placebo daily for 24 weeks
[55]. All biochemical parameters of liver function improved
over time with no differences between the groups. Although
serum SAM levels rose over time with treatment, there were
no changes in other methionine metabolites in either group.
Furthermore, there were no differences between groups in
histopathology scores for steatosis, inflammation, or fibrosis
in 14 patients who underwent liver biopsies before and after
treatment [55].

Summarizing, the results from several clinical trials of
SAM in treatment of ASH are inconclusive as to its effect.
Previous positive studies included patients with other causes
of liver disease and showed no comprehensive histological
data on the efficacy of SAM. While our study is the
first to provide data on potential changes in methionine
metabolite levels and documents the lack of differences
in histopathology, its limitations include relatively short
exposure to SAM and relatively small number of subjects.
Unlike studies in animal models that showed the efficacy of
SAM in prevention of ASH [13, 32, 33], the use of SAM in the
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treatment of established liver disease may be compromised
by lack of retention of SAM by injured hepatocytes as well
as decreased numbers of normally functioning hepatocytes.
Also, based on our methionine metabolite findings at base-
line [47] and the role of vitamin B6 in the transsulfuration
pathway (Figure 1), there may be a requirement for vitamin
B6 supplementation in addition to SAM in longer-term
treatment of ASH.

8. Conclusions

Abundant evidence now exists for the central role of aberrant
hepatic methionine metabolism in the pathogenesis of ASH.
Ethanol and its ROS products inhibit key enzymes in
the methionine cycle, in particular those involved in the
synthesis of SAM. Since SAM is the principal methyl donor
for histones and DNA and facilitates the production of
GSH, its reduction influences the methylation and hence
epigenetic regulation of many genes involved in alcoholic
liver injury as well as the capacity for antioxidant defense
in the pathogenesis of ASH. Whereas SAM supplementation
has been proven to prevent ASH and its mechanisms in
experimental animal models, clinical trials have failed to
demonstrate a definitive effect of SAM in the treatment of
established ASH.
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[10] E. Sánchez-Góngora, F. Ruiz, J. Mingorance, W. An, F. J.
Corrales, and J. M. Mato, “Interaction of liver methionine
adenosyltransferase with hydroxyl radical,” FASEB Journal,
vol. 11, no. 12, pp. 1013–1019, 1997.

[11] J. Zhuge and A. I. Cederbaum, “Depletion of S-adenosyl-l-
methionine with cycloleucine potentiates cytochrome P450
2E1 toxicity in primary rat hepatocytes,” Archives of Biochem-
istry and Biophysics, vol. 466, no. 2, pp. 177–185, 2007.

[12] C. H. Halsted, J. A. Villanueva, A. M. Devlin et al., “Folate defi-
ciency disturbs hepatic methionine metabolism and promotes
liver injury in the ethanol-fed micropig,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 99, no. 15, pp. 10072–10077, 2002.

[13] C. S. Lieber, A. Casini, L. M. DeCarli et al., “S-adenosyl-
L-methionine attenuates alcohol-induced liver injury in the
baboon,” Hepatology, vol. 11, no. 2, pp. 165–172, 1990.

[14] H. Tilg and A. M. Diehl, “Mechanisms of disease: cytokines
in alcoholic and nonalcoholic steatohepatitis,” New England
Journal of Medicine, vol. 343, no. 20, pp. 1467–1476, 2000.

[15] M. You and D. W. Crabb, “Recent advances in alcoholic liver
disease II. Minireview: molecular mechanisms of alcoholic
fatty liver,” American Journal of Physiology—Gastrointestinal
and Liver Physiology, vol. 287, no. 1, pp. G1–G6, 2004.

[16] C. Ji and N. Kaplowitz, “Betaine decreases hyperhomocys-
teinemia, endoplasmic reticulum stress, and liver injury in
alcohol-fed mice,” Gastroenterology, vol. 124, no. 5, pp. 1488–
1499, 2003.

[17] K. K. Kharbanda, M. E. Mailliard, C. R. Baldwin, H. C.
Beckenhauer, M. F. Sorrell, and D. J. Tuma, “Betaine attenuates
alcoholic steatosis by restoring phosphatidylcholine gener-
ation via the phosphatidylethanolamine methyltransferase
pathway,” Journal of Hepatology, vol. 46, no. 2, pp. 314–321,
2007.

[18] K. K. Kharbanda, D. D. Rogers, M. E. Mailliard et al., “A com-
parison of the effects of betaine and S-adenosylmethionine
on ethanol-induced changes in methionine metabolism and
steatosis in rat hepatocytes,” Journal of Nutrition, vol. 135, no.
3, pp. 519–524, 2005.

[19] K. K. Kharbanda, S. L. Todero, B. W. Ward, J. J. Cannella,
and D. J. Tuma, “Betaine administration corrects ethanol-
induced defective VLDL secretion,” Molecular and Cellular
Biochemistry, vol. 327, no. 1-2, pp. 75–78, 2009.

[20] Z. Song, Z. Zhou, S. Uriarte et al., “S-adenosylhomocysteine
sensitizes to TNF-α hepatotoxicity in mice and liver cells: a
possible etiological factor in alcoholic liver disease,” Hepatol-
ogy, vol. 40, no. 4, pp. 989–997, 2004.

[21] Z. Song, Z. Zhou, M. Song et al., “Alcohol-induced S-
adenosylhomocysteine accumulation in the liver sensitizes to
TNF hepatotoxicity: possible involvement of mitochondrial
S-adenosylmethionine transport,” Biochemical Pharmacology,
vol. 74, no. 3, pp. 521–531, 2007.



6 International Journal of Hepatology

[22] D. W. Horne, R. S. Holloway, and C. Wagner, “Transport
of S-adenosylmethionine in isolated rat liver mitochondria,”
Archives of Biochemistry and Biophysics, vol. 343, no. 2, pp.
201–206, 1997.

[23] A. Colell et al., “Transport of reduced glutathione in hep-
atic mitochondria and mitoplasts from ethanol-treated rats:
effect of membrane physical properties and S-adenosyl-L-
methionine,” Hepatology, vol. 26, no. 3, pp. 699–708, 1997.

[24] P. Sykora, K. K. Kharbanda, S. E. Crumm, and A. Cahill,
“S-adenosyl-L-methionine co-administration prevents the
ethanol-elicited dissociation of hepatic mitochondrial ribo-
somes in male rats,” Alcoholism: Clinical and Experimental
Research, vol. 33, no. 1, pp. 1–9, 2009.

[25] S. M. Bailey, G. Robinson, A. Pinner et al., “S-adenosyl-
methionine prevents chronic alcohol-induced mitochondrial
dysfunction in the rat liver,” American Journal of Physiology—
Gastrointestinal and Liver Physiology, vol. 291, no. 5, pp. G857–
G867, 2006.

[26] S. C. Lu, K. Ramani, X. Ou et al., “S-adenosylmethionine
in the chemoprevention and treatment of hepatocellular
carcinoma in a rat model,” Hepatology, vol. 50, no. 2, pp. 462–
471, 2009.

[27] C. H. Halsted, J. Villanueva, C. J. Chandler et al., “Centrilob-
ular distribution of acetaldehyde and collagen in the ethanol-
fed micropig,” Hepatology, vol. 18, no. 4, pp. 954–960, 1993.

[28] C. H. Halsted, J. Villanueva, C. J. Chandler et al., “Ethanol
feeding of micropigs alters methionine metabolism and
increases hepatocellular apoptosis and proliferation,” Hepatol-
ogy, vol. 23, no. 3, pp. 497–505, 1996.

[29] V. Herbert, R. Zalusky, and C. S. Davidson, “Correlation of
folate deficiency with alcoholism and associated macrocytosis,
anemia, and liver disease,” Annals of Internal Medicine, vol. 58,
pp. 977–988, 1963.

[30] D. Savage and J. Lindenbaum, “Anemia in alcoholics,”
Medicine, vol. 65, no. 5, pp. 322–338, 1986.

[31] F. Esfandiari, J. A. Villanueva, D. H. Wong, S. W. French, and
C. H. Halsted, “Chronic ethanol feeding and folate deficiency
activate hepatic endoplasmic reticulum stress pathway in
micropigs,” American Journal of Physiology—Gastrointestinal
and Liver Physiology, vol. 289, no. 1, pp. G54–G63, 2005.

[32] F. Esfandiari, M. You, J. A. Villanueva, D. H. Wong, S. W.
French, and C. H. Halsted, “S-adenosylmethionine attenuates
hepatic lipid synthesis in micropigs fed ethanol with a folate-
deficient diet,” Alcoholism: Clinical and Experimental Research,
vol. 31, no. 7, pp. 1231–1239, 2007.

[33] J. A. Villanueva, F. Esfandiari, M. E. White, S. Devaraj, S. W.
French, and C. H. Halsted, “S-adenosylmethionine attenuates
oxidative liver injury in micropigs fed ethanol with a folate-
deficient diet,” Alcoholism: Clinical and Experimental Research,
vol. 31, no. 11, pp. 1934–1943, 2007.

[34] P. Mandrekar and G. Szabo, “Signalling pathways in alcohol-
induced liver inflammation,” Journal of Hepatology, vol. 50, no.
6, pp. 1258–1266, 2009.

[35] S. D. Shukla, J. Velazquez, S. W. French, S. C. Lu, M. K. Ticku,
and S. Zakhari, “Emerging role of epigenetics in the actions of
alcohol,” Alcoholism: Clinical and Experimental Research, vol.
32, no. 9, pp. 1525–1534, 2008.

[36] M. You, X. Liang, J. M. Ajmo, and G. C. Ness, “Involvement
of mammalian sirtuin 1 in the action of ethanol in the liver,”
American Journal of Physiology—Gastrointestinal and Liver
Physiology, vol. 294, no. 4, pp. G892–G898, 2008.

[37] S. C. Lu, Z. Z. Huang, H. Yang, J. M. Mato, M. A. Avila, and
H. Tsukamoto, “Changes in methionine adenosyltransferase
and S-adenosylmethionine homeostasis in alcoholic rat liver,”

American Journal of Physiology—Gastrointestinal and Liver
Physiology, vol. 279, no. 1, pp. G178–G185, 2000.

[38] S. C. Lu and J. M. Mato, “Role of methionine adenosyltrans-
ferase and S-adenosylmethionine in alcohol-associated liver
cancer,” Alcohol, vol. 35, no. 3, pp. 227–234, 2005.
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