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Tumor necrosis factor-� (TNF-�) production is a crit-
ical factor in the pathogenesis of alcoholic liver in-
jury. Both oxidative stress and endotoxin have been
implicated in the process of alcohol-induced TNF-�
production. However, a cause-and-effect relationship
between these factors has not been fully defined. The
present study was undertaken to determine the me-
diators of acute alcohol-induced TNF-� production
using a mouse model of acute alcohol hepatotoxicity.
Alcohol administration via gavage at a dose of 6 g/kg
to 129/Sv mice induced hepatic TNF-� production in
Kupffer cells as demonstrated by measuring protein
levels, immunohistochemical localization, and mRNA
expression. Alcohol intoxication caused liver injury
in association with increases in plasma endotoxin
and hepatic lipid peroxidation. Treatment with an
endotoxin neutralizing protein significantly sup-
pressed alcohol-induced elevation of plasma endo-
toxin, hepatic lipid peroxidation, and inhibited
TNF-� production. Treatment with antioxidants, N-
ACETYL-L-CYSTEINE, or dimethylsulfoxide, failed to atten-
uate plasma endotoxin elevation, but significantly in-
hibited alcohol-induced hepatic lipid peroxidation,
TNF-� production and steatosis. All treatments pre-
vented alcohol-induced necrotic cell death in the
liver. This study thus systemically dissected the rela-
tionship among plasma endotoxin elevation, hepatic
oxidative stress, and TNF-� production following
acute alcohol administration, and the results demon-
strate that oxidative stress mediates endotoxin-in-
duced hepatic TNF-� production in acute alcohol in-
toxication. (Am J Pathol 2003, 163:1137–1146)

Alcohol consumption is a leading cause of illness and
death from liver disease in the United States.1 Although
some agents have been evaluated for the prevention and
treatment of alcoholic liver disease in experimental mod-

els or clinic trials,2 there are currently no FDA-approved
therapies available. Investigations on the pathogenesis of
alcohol-induced cell injury would likely provide a basis for
developing novel therapies. A number of hypotheses
regarding the mechanisms by which alcohol causes cell
injury have been suggested, with oxidative stress and
proinflammatory cytokine production being leading puta-
tive etiological factors.3–5

Three major pathways for alcohol metabolism exist in
the liver, each located in a different subcellular compart-
ment: alcohol dehydrogenase in the cytosol, microsomal
ethanol oxidizing system in the endoplasmic reticulum,
and aldehyde oxidase in the mitochondria.6,7 All three
result in the generation of reactive oxygen species (ROS),
including superoxide, hydroxyl radical, and hydrogen
peroxide. When the cellular antioxidant capacity is in-
sufficient to cope with ROS accumulation, oxidative
stress occurs in the liver.3,4 Alcohol-induced hepatic
oxidative stress has been repeatedly demonstrated by
detecting ROS8,9 or by measuring lipid peroxida-
tion,10 –12 a marker for oxidative stress in both alcoholic
patients and animal models. The accumulation of ROS in
the liver was found to cause dysfunction of cellular mem-
brane systems, protein and DNA oxidation, and eventually
hepatocyte injury.13–15

Proinflammatory cytokines such as TNF-� play a criti-
cal role in the initiation and development of alcoholic
hepatitis.5 Kupffer cells are the main source of TNF-� in
the liver after alcohol exposure. It has been suggested
that alcohol-induced hepatic TNF-� production is medi-
ated by endotoxin (lipopolysaccharide, LPS).5,16,17 Si-
multaneous increases in the plasma endotoxin level and
hepatic TNF-� expression were repeatedly reported in
alcohol-fed rats.18–20 Mechanistic studies have demon-
strated that endotoxin binds to the LPS CD14/toll-like
receptor 4 complex on Kupffer cells causing NF-�B ac-
tivation and TNF-� expression.16,17,21

Supported in part by National Institutes of Health grants AA13601 (to
Z. Z.), AA01762 and AA10496 (to C. J. M.), and HL63760 and HL59225
(to Y. J. K.); by the University of Louisville School of Medicine, the
Veterans Administration, and the Jewish Hospital Foundation, Louisville,
Kentucky.

Y. J. K. is a Distinguished University Scholar of the University of Louis-
ville.

Accepted for publication May 13, 2003.

Address reprint requests to Dr. Zhanxiang Zhou, University of Louisville
School of Medicine, Department of Medicine, 511 South Floyd Street,
MDR 525, Louisville, KY. E-mail: z0zhou01@louisville.edu.

American Journal of Pathology, Vol. 163, No. 3, September 2003

Copyright © American Society for Investigative Pathology

1137



While the role of endotoxin is well studied, oxidative
stress also plays an important role in alcohol-induced
TNF-� expression. Liver perfusion studies have demon-
strated that Kupffer cells are largely responsible for he-
patic superoxide release during the early phase of acute
alcohol intoxication and the recovery period.22,23 Many
reports are consistent with the hypothesis that alcohol-
induced ROS not only act as toxic substances, but also
stimulate signal transduction by activating redox-sensi-
tive nuclear transcription factor, NF-�B, which in turn
leads to TNF-� production.24–27 However, there is accu-
mulating evidence that TNF-� signaling in the hepatocyte
causes an increase in mitochondrial ROS generation
through ubiquinone cycling via the electron transport
chain.28,29 Thus, whether oxidative stress reflects a re-
sponse to alcohol-induced TNF-� production or serves
as a critical mediator for endotoxin-induced TNF-� pro-
duction remains controversial. The present study was
therefore undertaken to define the relationship among
endotoxin, oxidative stress and TNF-� in a mouse model
of acute alcoholic hepatotoxicity.

Materials and Methods

Animals

129/Sv mice were obtained from the Jackson Laborato-
ries (Bar Harbor, ME) and housed in the animal quarters
at the University of Louisville Research Resources Cen-
ter. They were maintained at 22°C with a 12-hour light/
dark cycle and had free access to rodent chow and tap
water. The mice were used at 9 weeks of age, which has
previously been a routine age selection for the same kind
of studies.24,30 The experimental procedures were ap-
proved by the Institutional Animal Care and Use Commit-
tee, which is certified by the American Association for
Accreditation of Laboratory Animal Care.

Treatments

1) Alcohol administration: one dose of alcohol (Aldrich,
Milwaukee, WI) at 6 g/kg was given by gavage. 2) Endo-
toxin neutralization: to neutralize alcohol-induced plasma
endotoxin elevation, one dose of endotoxin-neutralizing
protein (ENP) (Sigma Chemical Co., St. Louis, MO) at 10
mg/kg was injected intravenously after acute alcohol ad-
ministration. 3) Inhibition of alcohol-induced oxidative
stress: two antioxidants, N-ACETYL-L-CYSTEINE (NAC) and
dimethylsulfoxide (DMSO) were used. Two doses of NAC
(Calbiochem Corp., La Jolla, CA) were given at 150
mg/kg by i.p. injection at 12 hours and 30 minutes before
alcohol treatment. One dose of DMSO was given at 2
g/kg by i.p. injection at 30 minutes before alcohol treat-
ment. To perform a time-course study, plasma and liver
samples were taken at 1.5, 3, 6, and 12 hours after
alcohol administration. Mice were anesthetized with so-
dium pentobarbital (0.05 mg/g body weight). Blood was
drawn with a heparinized syringe from the dorsal vena
cava and plasma was obtained by centrifugation at
500 � g for 10 minutes at 4°C and stored at �80°C. The

liver was perfused with saline and samples were pro-
cessed for the measurements of TNF-� and lipid peroxi-
dation, and for histopathological observation.

Alanine Aminotransferase Assay

Plasma alanine aminotransferase (ALT: EC2.6.1.2.) activ-
ity was colorimetrically measured using a Diagnostic kit
(procedure number 505; Sigma) according to the instruc-
tion provided.

Histopathological Observation

Liver tissues were fixed with 10% neutral formalin and
embedded in paraplast. Tissue sections of 5 �m were cut
and stained by hematoxylin and eosin.

TNF-� Quantification in the Liver

Liver samples for TNF-� assay were prepared according
to a previous report31 with some minor modifications.
Briefly, liver samples were disintegrated in 5 volumes of
ice-cold Ripa buffer.31 After incubation on ice for 30
minutes, samples were centrifuged twice at 20,000 � g
for 15 minutes at 4°C. The resulting supernatants were
used for assay. The TNF-� levels were detected by en-
zyme-linked immunosorbent assay (ELISA) using a mu-
rine kit (BioSource International, Inc., Camarillo, CA), and
expressed as pg/g

Liver Total RNA Isolation and RT-PCR for TNF-�
Expression

Total RNA from liver tissue was extracted by RNeasy Mini
kit (QIAGEN, Valencia, CA) according to the manufactur-
er’s instructions. Two �g total RNA was used for cDNA
synthesis using cDNA CYCLE kit (Invitrogen Corp., Carls-
bad, CA) according to the manufacturer’s instructions.
For polymerase chain reaction (PCR), 5 �l of cDNA from
each preparation were added to 45 �l of Master Mix
containing 5 �l of 10X PCR buffer, 0.1 �l of 100 mmol/L
dNTP mix, 2 �l 50 mmol/L MgSO4, 0.2 �l (5 U/�l)
TaqDNA polymerase (GIBCO-BRL, Grand Island, NY), 2
�l corresponding primers and 35.7 �l ddH2O. Primers for
both murine TNF-� and �-actin were obtained from R&D
Systems (Minneapolis, MN). PCR was initiated in a ther-
mal cycler programmed at 94°C for 4 minutes followed by
96°C for 1 minute, 57°C for 4 minutes for 2 cycles, and
then at 94°C for 1 minute, 59°C for 2 minutes, and 72°C
for 4 minutes (33 cycles). After PCR, the content of each
treatment was analyzed by Ready Gel Precast Gels (Bio-
Rad, Hercules, CA). The bands were visualized with
ethidium bromide.

Immunohistochemical Localization of TNF-� in
the Liver

Cryostat liver sections were cut at 7 �m, air-dried, and
fixed in acetone for 10 minutes at �20°C. Endogenous
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peroxidase activity was quenched by incubating sections
in 3% H2O2. Non-specific binding sites were blocked by
10% normal goat sera for 30 minutes. Sections were
incubated with polyclonal rabbit anti-TNF-� antibody
(BioSource International, Inc.) overnight at 4°C, followed
by incubation with horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit antibody (Zymed Laboratories,
Inc., San Francisco, CA) for 1 hour. The antibody bind-
ing sites were visualized by incubation with DAB-H2O2

solution.

Plasma Endotoxin Levels

A chromogenic endotoxin detection kit (QCL-1000, Whit-
taker Bioproducts Inc., Walkersville, MD) based on limu-
lus amebocyte lysate assay was used for measuring
plasma endotoxin levels following the manufacture’s in-
structions. Briefly, plasma samples were diluted 1:10 and
heated to 75°C for 20 minutes to denature endotoxin
inhibitors in the plasma. Samples were incubated with
limulus amebocyte lysate for 10 minutes at 37°C, followed
by incubation with the provided chromagen for 6 minutes.
Absorbance at 405 nmol was measured, and the endo-
toxin concentrations were expressed as EU/ml.

Lipid Peroxidation Assay

Hepatic lipid peroxidation was quantified by measuring
thiobarbituric acid-reactive substance (TBARS) as de-
scribed previously.32 The TBARS concentrations were
expressed as nmol/g liver.

Statistics

All measurements are expressed as mean � SD (n �
4–6). The data were analyzed by analysis of variance
and Newman-Keuls’ multiple-comparison test. Differ-
ences between groups were considered significant at
P � 0.05.

Results

Alcohol-Induced TNF-� Production and Liver
Injury

TNF-� concentrations, gene expression, and localization
in the liver were determined by ELISA, RT-PCR and im-
munohistochemistry, respectively. As shown in Figure 1,
hepatic TNF-� levels were significantly elevated as early
as 1.5 hours after alcohol treatment. Alcohol-induced
TNF-� production peaked at 6 hours, reaching 4.6-fold
elevation. Although the TNF-� production decreased at
12 hours, the level was still higher than control values.
RT-PCR analysis of TNF-� mRNA in the liver at 3 and 6
hours after alcohol administration demonstrated that
TNF-� gene expression was enhanced by alcohol treat-
ment (Figure 2). By immunohistochemistry, TNF-�-posi-
tive staining was found on the Kupffer cells which localize
on the sinusoid wall (Figure 3).

Alcohol-induced liver injury was estimated by measur-
ing plasma ALT activities and histopathological changes.
As shown in Figure 4, alcohol induced a significant in-
crease in plasma ALT activities at 6 and 12 hours after
alcohol administration, though the value at 12 hours was
significantly lower than 6 hours. Histopathological
changes were observed as early as 3 hours after alcohol
administration (Figure 5). Minor microvesicular steatosis
was found at 3 hours, while necrotic cell death also
occasionally occurred as suggested by cell enlargement,
vacuolization, and nuclear dissolution. However, both mi-
crovesicular steatosis and necrosis were prominent at 6
and 12 hours.

Figure 1. Time-course changes in hepatic TNF-� levels after acute alcohol
administration. One gastric alcohol was given at 6 g/kg, and hepatic TNF-�
levels at different time-points were measured by ELISA. The data were
analyzed by analysis of variance and Newman-Keuls’ multiple-comparison
test. Significant difference (P � 0.05) is identified by various superscript
letters. Cont, control.

Figure 2. Alcohol-induced TNF-� mRNA expression in the liver. Livers were
removed at 3 or 6 hours after alcohol administration (6 g/kg), and TNF-� and
housekeeping gene mRNA were determined by RT-PCR analysis. Alcohol
administration increased TNF-� mRNA expression in the liver at both 3 and
6 hours after treatment. Cont, control.
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Simultaneous Increases in Plasma Endotoxin
and Hepatic Oxidative Stress in Association with
Acute Alcohol Intoxication

Endotoxin is an important factor that has been implicated
to trigger TNF-� production in alcohol-induced liver in-
jury. To determine whether TNF-� production is associ-
ated with endotoxin elevation, plasma endotoxin levels
were measured after ethanol administration. As shown in
Figure 6, plasma endotoxin levels were significantly in-
creased at 1.5 and 3 hours after alcohol administration.
The plasma endotoxin levels decreased to normal after 6
hours.

Because oxidative stress could be the cause or the
result, or both, of TNF-� production, alcohol-induced ox-
idative stress in the liver was assessed by measuring
lipid peroxidation (TBARS concentrations). As shown in
Figure 7, hepatic TBARS concentrations were elevated
as early as 1.5 hours after alcohol administration, and
time-dependent increases in TBARS concentrations were
observed up to 12 hours, a pattern that was different from
that of alcohol-induced hepatic TNF-� elevation.

Role of Endotoxin in Alcohol-Induced Hepatic
TNF-� Production and Liver Injury

To determine the role of endotoxin in hepatic TNF-� production
under acute alcohol exposure, endotoxin neutralization was
performed by i.v. injection of ENP. As shown in Figure 8, ENP
injection significantly inhibited the increase in plasma endo-
toxin level at 1.5 hours after acute alcohol exposure. As shown
in Figure 9, endotoxin neutralization resulted in suppression of
TNF-� production in the liver after acute alcohol administration.
Endotoxin neutralization also partially inhibited acute alcohol-
induced lipid peroxidation in the liver at 6 hours after acute
alcohol administration (Figure 10).

The effects of endotoxin neutralization on alcohol-in-
duced liver injury were assessed by measuring plasma
ALT activity and histopathological changes in the liver. As
shown in Figure 11, alcohol-induced elevation of plasma
ALT activity was abrogated by endotoxin neutralization.
In concurrence, light microscopy demonstrated that en-
dotoxin neutralization resulted in abrogation of alcohol-
induced necrotic cell death (Figure 12c). Furthermore,
alcohol-induced microvesicular steatosis in the liver was
partially inhibited by endotoxin neutralization.

Role of Oxidative Stress in Alcohol-Induced
Hepatic TNF-� Production and Liver Injury

To determine the role of oxidative stress in TNF-� pro-
duction and liver injury, NAC and DMSO, two exoge-

Figure 3. Immunohistochemical staining of TNF-�-positive cells in the liver. Livers were removed 6 hours after alcohol administration (6 g/kg) and 7-�m cryostat
section were made. Sections were incubated with a rabbit polyclonal anti-mouse TNF-� antibody, followed by incubation with HRP-conjugated goat anti-rabbit
IgG antibody. A: Control liver. B: Alcohol-treated liver. Arrowheads: TNF-�-positive cells. Arrows: Liver sinusoid. Magnification, �260.

Figure 4. Time-course changes in plasma ALT activities after acute alcohol
administration. One gastric alcohol was given at 6 g/kg, and plasma ALT
activity was measured by using a Sigma diagnostic kit. The data were
analyzed by analysis of variance and Newman-Keuls’ multiple-comparison
test. Significant difference (P � 0.05) is identified by different letter super-
scripts. Cont, control.
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nous antioxidants, were used to attenuate oxidative
stress after acute alcohol exposure. As shown in Figure
8, treatment with either NAC or DMSO had no effect on
the plasma endotoxin elevation at 1.5 hours after alco-
hol administration. However, the TNF-� production in
the liver at 6 hours after alcohol administration was
significantly inhibited by both NAC and DMSO (Figure
9). Hepatic lipid peroxidation at 6 hours after alcohol
administration was also attenuated by pretreatment
with either NAC or DMSO (Figure 10).

Alcohol-induced liver injury was attenuated by anti-
oxidant treatment as indicated by measurements of
plasma ALT activity and histopathological observation. As
shown in Figure 11, treatment with either NAC or DMSO
abrogated alcohol-induced increase in plasma ALT activity
(Figure 11). Antioxidant (data not shown for DMSO) treat-
ment not only prevented alcohol-induced necrotic cell
death, but also inhibited microvesicular steatosis (Fig-
ure 12).

Discussion

TNF-� production has been repeatedly demonstrated
both in animal models and in patients with alcoholic
hepatitis.5 Many studies demonstrated that TNF-� plays
an important role in the pathogenesis of alcoholic hepa-
titis. Neutralization of TNF-� by a specific antibody has
been shown to attenuate hepatic necrosis and inflamma-
tion caused by chronic alcohol exposure.33 Long-term
alcohol feeding caused liver injury in wild-type mice but
not in the TNF-� receptor-1 knockout mice.26,34 The
present study provided direct evidence that acute alco-
hol administration significantly increases intrahepatic
TNF-� protein levels. While the role of TNF-� in alcoholic
liver injury has been well defined, the mechanisms by
which alcohol consumption leads to TNF-� overproduc-
tion have not been fully understood.

Endotoxemia has long been known to be associated
with alcohol exposure in both animal models and patients

Figure 5. Alcohol-induced histopathological changes in the liver. One gastric alcohol was given at 6 g/kg. A: Control. B: Alcohol for 3 hours. C: Alcohol for 6
hours. D: Alcohol for 12 hours. Alcohol treatment induced prominent microvesicular steatosis (arrows) along with necrosis (arrowheads) in the liver. The
necrotic hepatocytes are characterized by cell enlargement and nuclear dissolution. Hematoxylin and eosin staining; magnification, �260.
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with alcoholic liver disease.18–20,35,36 Alcohol consump-
tion deleteriously affects the anatomical and functional
integrity of intestinal mucosa and increases intestinal per-
meability, thus allowing gut-derived endotoxin to escape
into the blood.37,38 In our experimental paradigm, the
elevation of plasma endotoxin occurred before the in-

crease in hepatic TNF-� production. Moreover, ENP sig-
nificantly suppressed alcohol-induced elevation of
plasma endotoxin levels and inhibited alcohol-induced
hepatic TNF-� production. Thus, this study demonstrated

Figure 6. Time-course changes in plasma endotoxin levels after acute alco-
hol administration. One gastric alcohol was given at 6 g/kg, and plasma
endotoxin levels at different time-points were measured with a chromogenic
detection kit based on limulus amebocyte lysate assay. The data were
analyzed by analysis of variance and Newman-Keuls’ multiple-comparison
test. Significant difference (P � 0.05) is identified by various superscript
letters. Cont, control.

Figure 7. Time-course changes in hepatic lipid peroxidation after acute
alcohol administration. One gastric alcohol was given at 6 g/kg, and hepatic
lipid peroxidation at different time-points was evaluated by measuring
TBARS concentrations. The data were analyzed by analysis of variance and
Newman-Keuls’ multiple-comparison test.

Figure 8. Effects of endotoxin neutralization and antioxidants on alcohol-
induced plasma endotoxin elevation. One gastric alcohol was given at 6 g/kg
for 1.5 hours. ENP (10 mg/kg) was injected intravenously after alcohol
administration. NAC (300 mg/kg) or DMSO (2 g/kg) was injected intrave-
nously before alcohol treatment. Plasma endotoxin levels were measured
with a chromogenic detection kit based on limulus amebocyte lysate assay.
The data were analyzed by analysis of variance and Newman-Keuls’ multi-
ple-comparison test. Significant difference (P � 0.05) is identified by various
superscript letters.

Figure 9. Effects of endotoxin neutralization and antioxidants on alcohol-
induced hepatic TNF-� production. One gastric alcohol was given at 6 g/kg
for 1.5 hours. ENP (10 mg/kg) was injected intravenously after alcohol
administration. NAC (300 mg/kg) or DMSO (2 g/kg) was injected intrave-
nously before alcohol treatment. Hepatic TNF-� levels were measured by
ELISA. The data were analyzed by analysis of variance and Newman-Keuls’
multiple-comparison test. Significant difference (P � 0.05) is identified by
various superscript letters.
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that endotoxin triggers hepatic TNF-� production during
alcohol intoxication.

Oxidative stress, independent of endotoxin, has also
been implicated in TNF-� production. For example, hyp-
oxia per se stimulates NF-�B activation and TNF-� gene

transcription in macrophages.39 To address the role of
oxidative stress in alcohol-induced TNF-� expression in
the liver, several approaches have been used, including
exogenous oxidant inhibitors,40–42 a NADPH oxidase-
deficient mouse model,24 and adenovirus gene trans-
fer.25,27 Investigations with antioxidants demonstrated
that treatment with allopurinol, ebselen, or diphenylenei-
odonium sulfate results in the attenuation of NF-�B acti-
vation and TNF-� expression.40–42 All studies suggest
that oxidative stress plays an important role in alcohol-
induced TNF-� production in the liver. However, a critical
time-course study of the dynamic changes between ox-
idative stress and TNF-� production has not been docu-
mented in acute alcohol hepatotoxicity.

In the present study, time-dependent changes of acute
alcohol-induced oxidative stress and TNF-� production
were compared. Hepatic TNF-� increased at 1.5 hours
after a single dose of a high level of alcohol, reaching a
peak value at 6 hours. Although oxidative stress also
occurred at 1.5 hours after alcohol treatment, this change
continued to increase as a function of time and reached
a peak value at 12 hours after the treatment. Therefore,
there are distinct patterns of changes in oxidative stress
and TNF-� production in response to acute alcohol ad-
ministration. Previous studies have clearly demonstrated
that inhibition of oxidative stress leads to attenuation of
hepatic TNF-� production.24–27,40–42 A critical question
is how oxidative stress affects TNF-� production. Com-
paring the dynamic changes of plasma endotoxin, he-
patic oxidative stress, and TNF-� production, a signifi-
cant increase in oxidative stress occurred between the
peaks of endotoxin and TNF-� production, indicating that
plasma endotoxin may stimulate ROS generation in the
liver. To test this hypothesis, the effect of endotoxin neu-
tralization on oxidative stress in the liver was examined.
ENP treatment significantly inhibited oxidative stress in
addition to attenuating TNF-� production. These results
suggest that oxidative stress may mediate endotoxin-
triggered TNF-� production in the alcohol-intoxicated
liver.

Primary cell cultures have been widely used to test the
hypothesis that oxidative stress mediates LPS-induced
TNF-� production. Although antioxidant treatment has
been known to attenuate LPS-induced TNF-� production
in Kupffer cells/macrophages,43,44 recent studies have
shown that ROS are simultaneously generated with
TNF-� gene transcription after LPS stimulation.45,46 Scav-
enging ROS by NAC led to attenuation of NF-�B activa-
tion and TNF-� gene transcription.47,48 Thus, ROS likely
function as second messengers in the signaling trans-
duction of LPS-induced TNF-� production. However, the
role of oxidative stress in endotoxin-induced TNF-� pro-
duction during alcohol intoxication has been difficult to
address because the relative contributions of oxidative
stress form endotoxin and alcohol metabolism cannot be
dissected. To further define the role of oxidative stress in
alcohol-induced TNF-� production, inhibition of alcohol-
induced oxidative stress was obtained by using NAC and
DMSO. Interestingly, both NAC and DMSO attenuated
alcohol-induced TNF-� production in the liver without
affecting plasma endotoxin elevation. Taken together,

Figure 10. Effects of endotoxin neutralization and antioxidants on alcohol-
induced hepatic lipid peroxidation. One gastric alcohol was given at 6 g/kg
for 1.5 hours. ENP (10 mg/kg) was injected intravenously after alcohol
administration. NAC (300 mg/kg) or DMSO (2 g/kg) was injected intrave-
nously before alcohol treatment. Hepatic lipid peroxidation was evaluated by
measuring TBARS concentrations. The data were analyzed by analysis of
variance and Newman-Keuls’ multiple-comparison test. Significant difference
(P � 0.05) is identified by various superscript letters.

Figure 11. Effects of endotoxin neutralization and antioxidants on alcohol-
induced plasma ALT elevation. One gastric alcohol was given at 6 g/kg for
1.5 hours. ENP (10 mg/kg) was injected intravenously after alcohol admin-
istration. NAC (300 mg/kg) or DMSO (2 g/kg) was injected intravenously
before alcohol treatment. Plasma ALT activity was measured using a Sigma
diagnostic kit. The data were analyzed by analysis of variance and Newman-
Keuls’ multiple-comparison test. Significant difference (P � 0.05) is identified
by various superscript letters.
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these results strongly suggest that oxidative stress at
least partially mediates endotoxin-induced hepatic TNF-�
production during acute alcohol intoxication.

A number of hypotheses regarding the mechanisms by
which alcohol causes cell injury have been suggested
with oxidative stress, endotoxin, and proinflammatory cy-
tokine production being leading putative etiological fac-
tors. However, the relationship among these factors in the
pathogenesis of alcoholic cell injury has not been fully
delineated. In the present study, time-course changes in
plasma ALT and hepatic histopathology after acute alco-
hol intoxication were determined. Minor steatotic and
necrotic changes in the liver were found at 3 hours after
alcohol administration, but both steatosis and necrotic
cell death were prominent at 6 and 12 hours. Liver dam-
age was further demonstrated by significant increases in
plasma ALT at 6 and 12 hours. In comparison with the
time-course changes in endotoxin, oxidative stress, and
TNF-� production, the plasma ALT and hepatic necrotic
cell death are likely associated with intrahepatic TNF-�

production. To further distinguish the role of endotoxin,
oxidative stress, and TNF-� production in acute alcohol-
induced liver injury, endotoxin neutralization and oxidant
inhibition were performed. ENP, NAC, and DMSO treat-
ments abrogated acute alcohol-induced TNF-� produc-
tion as well as necrotic cell death, suggesting both en-
dotoxin and oxidative stress cause necrotic cell death
through TNF-�. However, acute alcohol-induced steatotic
liver injury was attenuated by NAC and DMSO, but less
affected by ENP. Taken together, these results suggest
that acute alcohol-induced necrotic cell death is trig-
gered by TNF-�, while oxidative stress may be more
involved in steatosis.

In conclusion, this study demonstrates that acute alcohol
administration causes liver injury and biochemical alter-
ations in plasma endotoxin levels, hepatic TNF-� produc-
tion and oxidative stress. Endotoxin and oxidative stress are
involved in hepatic TNF-� production and liver injury under
acute alcohol intoxication. Although it may not directly in-
duce intrahepatic TNF-� production, oxidative stress likely

Figure 12. Effects of ENP and NAC on alcohol-induced histopathological changes in the liver. One gastric ethanol was given at 6 g/kg. ENP (10 mg/kg) was
injected intravenously after alcohol administration. NAC (300 mg/kg) was injected intravenously before alcohol treatment. Livers were removed at 6 hours after
alcohol administration. A: Control. B: Alcohol. C: ENP/alcohol. D: NAC/alcohol. Endotoxin neutralization by ENP resulted in abrogation of necrotic cell
death and inhibition of lipid accumulation. NAC treatment attenuated alcohol-induced liver injury, with only minor microvesicular steatosis being found.
Hematoxylin and eosin staining; magnification, �260.
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mediates endotoxin-induced TNF-� production in acute al-
cohol hepatotoxicity. This study also suggests that inhibition
of oxidative stress may be an important strategy in the
prevention/treatment of alcohol-induced liver injury.
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