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Endotoxin (lipopolysaccharide, LPS)-induced tumor
necrosis factor-� (TNF-�) release from Kupffer cells is
critically involved in the pathogenesis of alcohol-in-
duced liver injury. We recently reported that inhibi-
tion of alcohol-induced plasma endotoxin elevation
contributes to the protective action of zinc against
alcoholic hepatotoxicity. The present study was un-
dertaken to determine whether zinc interferes with
the endotoxin-TNF-� signaling pathway, and possible
mechanism(s) by which zinc modulates the endotox-
in-TNF-� signaling. Administration of LPS to metallo-
thionein (MT)-knockout (MT-KO) mice and 129/Sv
wild-type (WT) controls at 4 mg/kg induced hepatic
TNF-� elevation at 1.5 hours, followed by liver injury
at 3 hours. Zinc pretreatment (two doses at 5 mg/kg)
attenuated TNF-� production and liver injury in both
MT-KO and WT mice, indicating a MT-independent
action of zinc. Immunohistochemical detection of the
phosphorylation of I-�B and nuclear factor (NF)-�B in
the liver of MT-KO mice demonstrated that zinc pre-
treatment abrogated LPS-induced NF-�B activation in
the Kupffer cells. Fluorescent microscopy of superox-
ide by dihydroethidine and of zinc ions by Zinquin in
the liver of MT-KO mice showed that zinc pretreat-
ment increased the intracellular labile zinc ions and
inhibited LPS-induced superoxide generation. These
results demonstrate that zinc inhibits LPS-induced he-
patic TNF-� production through abrogation of oxida-
tive stress-sensitive NF-�B pathway, and the action of
zinc is independent of MT. Thus, zinc may be benefi-
cial in the treatment of LPS-induced liver injuries,
such as sepsis and alcoholism. (Am J Pathol 2004,
164:1547–1556)

Tumor necrosis factor-� (TNF-�) is a cytokine involved in
alcoholic liver disease.1–3 The production of TNF-� by
exposure to alcohol has been repeatedly demonstrated
both in animal models and in patients with alcoholic
hepatitis.4–6 These studies often reported elevations in
serum TNF-� protein and hepatic TNF-� mRNA levels.
Neutralizing TNF-� with a polyclonal antibody resulted in
suppression of hepatic necrosis and inflammation
caused by chronic alcohol exposure.7 Blocking TNF-�
signaling in a TNF-� receptor-1 knockout mouse model
also led to attenuation of alcohol-induced liver injury.8,9

These reports strongly suggest that TNF-� plays a critical
role in alcohol-induced liver injury.

Kupffer cells are the main source of TNF-� after alcohol
exposure. Endotoxin has been shown to trigger TNF-�
production in alcohol-induced liver injury. Previous inves-
tigations demonstrated that endotoxin activates Kupffer
cells by binding to the CD14/Toll-like receptor 4 on
Kupffer cells, whose activation leads to increased activity
of NADPH oxidase, nuclear factor (NF)-�B activation,
and, eventually, TNF-� production.10–12 Thus, preventing
endotoxin-induced Kupffer cell activation and TNF-� pro-
duction may be an important strategy in the prevention of
alcohol-induced liver injury.

Zinc is an essential trace element involved in many
physiological functions, including catalytic and structural
roles in metalloenzymes, as well as regulatory roles in
diverse cellular processes such as synaptic signaling
and gene expression. Many reports indicate that zinc
acts as an effective hepatoprotective agent under a va-
riety of toxic conditions.13–15 These reports showed that
the action of zinc is associated with metallothionein (MT)
induction. MT has been known as the major protein re-
sponsible for zinc homeostasis. MT has one-third cys-
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teine residues and functions as an antioxidant. It has
been long debated whether protection by zinc treatment
results from zinc per se or from MT induction. Our recent
studies with a MT-transgenic and MT-knockout (MT-KO)
mouse models demonstrated that zinc, independent of
MT, provides effective protection against acute alcohol-
induced liver injury.16,17 Furthermore, it was found that
zinc prevented alcohol-induced alterations in gut perme-
ability, which was involved in zinc inhibition of alcohol-
induced endotoxin release from gut to blood stream.18

However, it is unclear whether zinc can modulate the
endotoxin-TNF-� signaling in the liver. Therefore, the
present study was undertaken to determine whether zinc
interferes with the endotoxin-TNF-� signaling pathway
and the possible mechanism(s) by which zinc interacts
with the endotoxin-TNF-� signaling.

Materials and Methods

Animals

Homozygous MT-KO mice were obtained from Jackson
Laboratories (Bar Harbor, ME) and were produced on the
129/Sv genetic background. The MT-KO mice lacking
MT-I and MT-II, the major mouse hepatic MT isoforms,
were produced by a gene-targeting technique.19 Both
MT-KO and 129/Sv wild-type (WT) controls were housed
in the animal quarters at the University of Louisville Re-
search Resources Center. They were maintained at 22°C
with a 12-hour light/dark cycle and had free access to
rodent chow and tap water. The experimental procedures
were approved by the Institutional Animal Care and Use
Committee, which is certified by the American Associa-
tion for the Accreditation of Laboratory Animal Care.

Treatments

Nine-week-old male mice (23 to 25 g body weight) were
used in the following experiments. In experiment 1 the
effects of zinc pretreatment on lipopolysaccharide (LPS)-
induced TNF-� production and liver injury were studied.
MT-KO and WT mice were divided into eight groups by a
2 � 2 � 2 factorial design (�/�MT, �/�zinc, �/�LPS).
For zinc treatment, two doses of zinc sulfate in saline at 5
mg of zinc ion/kg were administrated intraperitoneally at
36 hours and 12 hours before LPS (from E. Coli Serotype
0111: B4, Sigma, St. Louis, MO) treatment (4 mg/kg).
Saline was used for controls for both zinc and LPS treat-
ments. To assess intrahepatic TNF-� level, liver samples
were harvested at 1.5 hours after LPS administration. To
evaluate liver injury, plasma and liver samples were har-
vested at 3 hours after LPS administration. In experiment
2 the effects of zinc pretreatment on LPS signal transduc-
tion in the liver were studied. MT-KO mice were divided
into four groups by a 2 � 2 factorial design (�/�zinc,
�/�LPS). Two doses of zinc sulfate in saline at 5 mg of
zinc ion/kg were administrated intraperitoneally at 36
hours and 12 hours before LPS treatment (4 mg/kg).
Saline was used for controls of both zinc and LPS treat-
ments. Dihydroethidine (Molecular Probes, Eugene, OR)

at 5 mg/kg and Zinquin ethyl ester (Sigma) at 2.5 mg/kg
were injected via tail vein immediately after LPS chal-
lenge for in situ detections of superoxide and zinc ions in
the liver. Liver samples were harvested at 1 hour after
LPS administration. At the end of each experiment, the
mice were anesthetized with sodium pentobarbital (0.05
mg/g body weight). Blood was drawn using a heparin-
ized syringe from the dorsal vena cava, and plasma was
obtained by centrifugation using a plasma separator
tube. The liver was perfused with saline and tissue sam-
ples were processed for both pathological and biochem-
ical analysis.

TNF-� Quantification

Liver samples for TNF-� assay were prepared according
to a previous report20 with some minor modifications.

Figure 1. Effects of zinc pretreatment on LPS-induced hepatic TNF-� pro-
duction and plasma ALT activity elevation. MT-KO and WT mice were
administrated with two doses of zinc sulfate at 5 mg of zinc ion/kg, followed
by one dose of LPS at 4 mg/kg. Hepatic TNF-� level at 1.5 hours after LPS
challenge was measured by immunoassay. Plasma ALT activity at 3 hours
after LPS challenge was measured using a Sigma Diagnostic kit. A: Effects of
zinc on LPS-induced TNF-� production in the liver. B: Effects of zinc on
LPS-induced elevation in plasma ALT activity. Results are means � SD (n �
4 to 6). Significant difference (P � 0.05) is identified by different letters.
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Figure 2. Effect of zinc on LPS-induced histopathological changes in the liver. MT-KO and WT mice were administrated with two doses of zinc sulfate at 5 mg
of zinc ion/kg, followed by one dose of LPS at 4 mg/kg. Histopathological changes were observed at 3 hours after LPS challenge. LPS-induced necrotic damages
(arrows) in the liver were inhibited by zinc pretreatment in both WT and MT-KO mice. CV, Central vein. H&E. Original magnifications, �260.
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Briefly, liver samples were disintegrated in 4 vol of ice-
cold Ripa buffer.20 After incubation on ice for 30 minutes,
samples were centrifuged twice at 25,000 � g for 15
minutes at 4°C. The resulting supernatants were used for
the assay. The TNF-� levels in the liver were detected by
immunoassay using a murine kit (BioSource Int., Cama-
rillo, CA) and were expressed as pg/g liver tissue.

Alanine Aminotransferase (ALT) Assay

Plasma ALT (EC 2.6.1.2.) activity was colorimetrically
measured by using a Sigma Diagnostic kit (procedure
no. 505, Sigma) following the instructions provided by the
manufacture.

Histopathological Examination

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

MT Assay

Tissue MT concentrations were determined by a cadmi-
um-hemoglobin affinity assay. Briefly, liver tissues were
homogenized in 4 vol of 10 mmol/L Tris-HCl buffer, pH
7.4, at 4°C. After centrifugation of the homogenate at
10,000 � g for 15 minutes, 200 �l of supernatant were
transferred to microtubes for MT analysis, as described
previously.21

Measurement of Zinc

Hepatic zinc concentrations were determined by induc-
tively coupled argon-plasma emission spectroscopy
(model 1140; Jarrel-Ash, Waltham, MA) after lyophiliza-
tion and digestion of the tissues with nitric acid and
hydrogen peroxide.22 Zinc concentrations in the liver
were expressed as �g/g dry tissue.

Immunohistochemical Detection of p-I-�B,
p-NF-�B, Kupffer Cell, and TNF-� in the Liver

Cryostat liver sections were cut at 5 �m, air-dried, and
fixed in acetone for 20 minutes at �20°C. For p-I-�B and
p-NF-�B immunoperoxidase staining, endogenous per-
oxidase activity was quenched by incubating sections in
3% H2O2. Nonspecific binding sites were blocked by 5%
normal goat serum for 30 minutes. Sections were incu-
bated with polyclonal rabbit anti-TNF-� (BioSource), rab-
bit anti-phospho-I-�B (p-I-�B; Cell Signaling Technology,
Beverly, MA), or rabbit anti-phospho-NF-�B (p-NF-�B,
Cell Signaling) overnight at 4°C, followed by incubation
with DAKO EnVision� horseradish peroxidase-conju-
gated goat anti-rabbit IgG (DAKO, Carpinteria, CA) for 30
minutes. The antibody binding sites were visualized by
incubation with a diaminobenzidine-H2O2 solution. For
double-immunofluorescence staining of Kupffer cells and
TNF-�, TNF-� staining was first performed by incubation

with rabbit anti-TNF-� and Cy3-conjugated donkey anti-
rabbit IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA), and Kupffer cells were then stained by
incubation with monoclonal rat anti-mouse pan tissue-
fixed macrophages (clone EM8; Research Diagnostics,
Flanders, NJ) and fluorescein isothiocyanate-conjugated
donkey anti-rat IgG (Jackson ImmunoResearch Labora-
tories). For double-immunofluorescence staining of
TNF-� and p-NF-�B, p-NF-�B was first stained by incu-
bation with rabbit anti-p-NF-�B and Cy3-conjugated don-
key anti-rabbit IgG, and TNF-� staining was then followed
by incubation with monoclonal rat anti-mouse TNF-� (BD
PharMingen, San Diego, CA) and fluorescein isothiocya-
nate-conjugated donkey anti-rat IgG. All of the reactions
of primary antibodies were conducted at 4°C overnight,
and the fluorescence conjugates were conducted at
room temperature for 1 hour.

Figure 3. Effects of zinc pretreatment on hepatic MT and zinc concentra-
tions. MT-KO and WT mice were administrated with two doses of zinc sulfate
at 5 mg of zinc ion/kg, followed by one dose of LPS at 4 mg/kg. MT and zinc
concentrations in the liver were measured by a cadmium-hemoglobin affinity
assay and by inductively coupled argon plasma emission spectroscopy,
respectively, at 1.5 hours after LPS challenge. A: MT concentrations in the
liver. B: Zinc concentrations in the liver. Results are means � SD (n � 4 to
6). Significant difference (P � 0.05) is identified by different letters.
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Figure 4. In situ detection of LPS-induced NF-�B activation in the liver by immunohistochemistry. MT-KO mice were administrated with one dose of LPS at 4
mg/kg. Livers were removed at 1 hour after LPS challenge, and cryostat sections were cut at 5 �m. NF-�B activation was monitored by immunohistochemical
staining of phospho-I-�B (p-I-�B) and phospho-NF-�B (p-NF-�B). Arrowheads show positive cells immunoreactive to p-I-�B and p-NF-�B. CV, Central vein.
Original magnifications, �260.
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Double-Fluorescence Labeling of Superoxide
and Zinc Ion

Dihydroethidine was used for in situ detection of super-
oxide production in the liver. Dihydroethidine is oxidized
to ethidine (red fluorescence) selectively by superoxide,
but not by other reactive oxygen species (ROS) such
as hydrogen peroxide, hydroxyl radicals, or peroxyni-
trite.23,24 Intracellular zinc ions were detected by Zinquin.
Zinquin is a membrane-permeable, blue fluorescent
probe that fluoresces on binding to zinc ions.25,26 For
simultaneous in situ detection of superoxide and zinc ions
in the liver, dihydroethidine (Molecular Probes) at 5
mg/kg and Zinquin ethyl ester (Sigma) at 2.5 mg/kg were
injected via tail vein 1 hour before tissue harvest, as
described above. Cryostat sections of liver were cut at 5
�m and mounted on glass slides. The fluorescence was
detected with a Nikon 2000S fluorescent microscope.

Statistics

All data are expressed as mean � SD (n � 4 to 6). The
data were analyzed by analysis of variance and New-
man-Keuls multiple-comparison test. Experiments in-
volved in factorial designs were analyzed accordingly.
Differences between groups were considered significant
at P � 0.05.

Results

Zinc Treatment Attenuates LPS-Induced TNF-�
Production and Liver Injury Independent of MT

To determine the role of zinc in inhibition of LPS-induced
TNF-� production and liver injury, WT mice were treated
with zinc before LPS administration. TNF-� was mea-
sured at 1.5 hours and liver injury was assessed at 3
hours after LPS administration based on our preliminary
time-course study at 1.5, 3, 6, and 12 hours, in which
TNF-� production was peaked at 1.5 hours and liver
injury at 3 hours after LPS administration (data not
shown). As shown in Figure 1A, LPS administration in-
duced a 5-fold increase in TNF-� concentrations in the
liver. Zinc pretreatment significantly inhibited LPS-in-
duced TNF-� production in the liver. Plasma ALT activity
also was significantly elevated by LPS administration,
whereas zinc pretreatment attenuated LPS-induced in-
crease in plasma ALT activity (Figure 1B). Corresponding
to plasma ALT elevation, histopathological observation
demonstrated that zinc pretreatment suppressed LPS-
induced necrotic cell death in the liver (Figure 2). To
determine whether zinc inhibition of LPS-induced liver
injury is mediated by MT production, MT-KO mice were
treated in the same manner as the WT mice. As shown in
Figure 1A, zinc significantly inhibited LPS-induced TNF-�

production in the MT-KO mice, although the value was
higher than in WT mice. Furthermore, the inhibitory effect
of zinc on LPS-induced liver injury in the MT-KO mice was
comparable to that observed in the WT mice (Figure 1B,
Figure 2).

To confirm the MT-independent action of zinc in he-
patic protection from LPS damage, MT and zinc concen-
trations in the liver of WT and MT-KO mice were com-
pared. As shown in Figure 3A, zinc treatment induced
more than a 15-fold increase in hepatic MT concentra-
tions in WT mice with or without LPS treatment. However,
LPS per se did not affect MT concentrations in the liver.
When the same treatment was applied to MT-KO mice,
only trace amounts of hepatic MT were detected in all
groups of MT-KO mice. On the other hand, zinc treatment
elevated hepatic zinc concentrations by 2-fold in the WT
mice and 1.5-fold in the MT-KO mice (Figure 3B). LPS per
se did not cause significant change in hepatic zinc con-
centrations in either WT or MT-KO mice.

Zinc Treatment Abrogates LPS-Induced NF-�B
Activation

To determine the molecular mechanism by which zinc
inhibits LPS-induced TNF-� production, the effects of
zinc on NF-�B activation were monitored by immunohis-
tochemical staining of p-I-�B and p-NF-�B at 1 hour after
LPS challenge to WT mice. As shown in Figure 4, there
were no p-I-�B immunoreactive cells that were detected
in the livers of control or zinc-treated mice. In the LPS-
treated mice, there were numerous positive cells found in
the liver, and the positive staining was apparently in the
Kupffer cells that localize on the sinusoid wall. In the
zinc/LPS-treated mice, there were only a few weakly
stained cells found in the liver. Correspondingly, a large
number of Kupffer cells in the LPS-treated mice showed
immunoreactivity to p-NF-�B, and the positive staining
was localized mainly in the nuclei. Zinc pretreatment
abrogated LPS-induced NF-�B activation; there were
only a few Kupffer cells showing weak staining.

To elucidate the link between TNF-� production and
NF-�B activation in the Kupffer cells, double-immunoflu-
orescence staining of Kupffer cell/TNF-� and p-NF-�B/
TNF-� were performed in the liver of MT-KO mice. As
shown in Figure 5A, TNF-� and p-NF-�B were co-local-
ized in the Kupffer cells.

Zinc Inhibits LPS-Induced Oxidative Stress

To understand the mechanism by which zinc abrogates
LPS-induced NF-�B activation, in situ detections of super-
oxide by dihydroethidine and zinc ions by Zinquin in the
liver of MT-KO mice were performed at 1 hour after LPS
challenge. As shown in Figure 5B, only weak ethidine
fluorescence was found in the control and zinc-treated

Figure 5. Double-fluorescence labeling of TNF-�/Kupffer cell, p-NF-�B/TNF-�, and superoxide/zinc ions in the liver. MT-KO mice were administrated with two
doses of zinc sulfate at 5 mg of zinc ion/kg, followed by one dose of LPS at 4 mg/kg. Livers were removed at 1 hour after LPS challenge, and cryostat sections
were cut at 5 �m. A: Co-localization of TNF-�/Kupffer cell (KC) and p-NF-�B/TNF-� by immunofluorescence staining. B: Simultaneous detection of superoxide
(O2

�) by dihydroethidine and zinc ions (Zn2�) by Zinquin. Arrowheads show the Kupffer cells and arrows show hepatocytes. Original magnifications, �520.
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livers. However, strong ethidine fluorescence was de-
tected in the livers of LPS-treated mice. This LPS-induced
ethidine fluorescence was attenuated by zinc pretreat-
ment. The Zinquin fluorescence was slightly increased by
LPS treatment, whereas strong Zinquin fluorescence was
found in the livers of zinc- and zinc/LPS-treated mice.
Co-localization analysis of ethidine and Zinquin fluores-
cence demonstrated that the increased availability of
intracellular zinc ions correlates with decreased superox-
ide accumulation after LPS administration.

Discussion

The results presented in the present study demonstrated
that zinc pretreatment provided effective protection
against LPS-induced liver injury through inhibition of
TNF-� production, and the protective action of zinc was
independent of MT. The mechanistic link through in situ
detection of p-I-�B, p-NF-�B, superoxide, and zinc ions
was found to be likely that zinc pretreatment increased
the availability of intracellular zinc ions and abrogated
LPS-induced oxidative stress and NF-�B activation in the
Kupffer cells. Our results are the first to demonstrate that
zinc protection, independent of MT, against LPS-induced
hepatotoxicity is mediated via abrogating NF-�B activa-
tion and TNF-� production in the Kupffer cells.

TNF-� has been repeatedly reported to be specifically
responsible for LPS-induced liver injury.12 A convinced
evidence is that TNF-� neutralization with an anti-TNF-�
antibody prevented liver injury in LPS-treated rat.27 This
mechanism has been demonstrated in alcoholic liver dis-
ease.1–6,10,11 Alcohol administration increases intestinal
permeability, thereby causing elevation of blood
LPS.28–30 Because the LPS/TNF-� signaling pathway is
critically involved in the pathogenesis of alcoholic liver
injury, abrogating this pathway should attenuate the pro-
gression of alcoholic liver injury. In vitro studies have
generated strong evidence that LPS activates the inflam-
matory response in Kupffer cells through oxidative
stress.31

A number of antioxidants and herbal extracts have
been reported to suppress LPS-induced TNF-� produc-
tion from Kupffer cells and macrophages, including N-
acetyl-L-cysteine,32–34 �-tocopherol,32,33 dilinoleoylphos-
phatidylcholine,35 dimethyl sulfoxide,36 pyrrolidine
dithiocarbamate,37 and extracts of ginkgo biloba38 and
green tea.39 In vitro studies using Kupffer cells or macro-
phages demonstrated that treatments with N-acetyl-L-
cysteine (NAC), �-tocopherol, or dilinoleoylphosphatidyl-
choline inhibit LPS-induced TNF-� release.32,34,35

Similarly, in vivo treatments with pyrrolidine dithiocarbam-
ate, ginkgo biloba, or green tea attenuated LPS-induced
elevation in serum TNF-� level.37–39 However, less atten-
tion was paid to the causes and effects of LPS-induced
intrahepatic TNF-� production and liver injury. The
present study demonstrated that zinc attenuated LPS-
induced TNF-� production in the liver, leading to inhibi-
tion of liver injury.

Zinc is a well-known MT inducer. Many investigations
have demonstrated that zinc treatment provides protec-

tion against a variety of toxic chemicals.13–15 Because
zinc treatment is always associated with MT induction, it
has been postulated that zinc acts as a hepatoprotective
agent through induction of MT synthesis. In this study, we
indeed noted that zinc increased hepatic MT concentra-
tions by 15-fold. The question, then, was whether MT
mediates the zinc protective action. By using an MT-KO
mouse model, we recently demonstrated that zinc, inde-
pendent of MT, provides protection against alcohol-in-
duced oxidative liver injury.17 In the present study, zinc
treatment also prevented LPS-induced liver injury in the
MT-KO mice in association with attenuation of intrahe-
patic TNF-� production. Because zinc treatment in-
creased hepatic zinc level, but not MT, in MT-KO mice,
the protective action by zinc treatment against LPS hep-
atotoxicity is apparently independent of MT induction.
However, MT is important in maintaining high levels of
zinc in the liver.

The signaling transduction cascade that regulates the
LPS-induced TNF-� gene expression in Kupffer cells has
been widely studied. Although several transcription fac-
tors have been implicated in TNF-� gene expression, the
oxidative stress-sensitive transcription factor NF-�B likely
plays a central role.10–12,40 Under unstimulated condi-
tions, NF-�B is retained in the cytoplasm by binding to
inhibitors such as I-�B. Induction of phosphorylation of
I-�B leads to NF-�B release and translocation to the
nucleus, thereby activating TNF-� gene transcription.41

Many in vitro studies have repeatedly demonstrated that
the I-�B/NF-�B pathway is involved in LPS-induced
TNF-� biosynthesis in Kupffer cells. Down-regulation of
TNF-� release from LPS-activated Kupffer cells by anti-
oxidants such as N-acetyl-L-cysteine, �-tocopherol, di-
methyl sulfoxide, and pyrrolidine dithiocarbamate or
herbal extracts such as ginkgo biloba and green tea has
been shown to be accompanied by the inhibition of
NF-�B activation.32–39 However, this I-�B/NF-�B pathway
has yet to be elucidated in vivo. In the present study,
phosphorylations of I-�B and NF-�B in Kupffer cells after
LPS challenge were demonstrated by immunohistochem-
istry. Zinc treatment blocked the LPS-induced I-�B/NF-�B
signaling cascade. This result indicates that zinc down-
regulates LPS-induced TNF-� gene expression by the
modulating I-�B/NF-�B signaling pathway.

Although the role of NF-�B activation is well character-
ized, the precise mechanism by which LPS induces
NF-�B activation has yet to be elucidated. One well-
studied pathway is that endotoxin activates Kupffer cells
through the endotoxin receptor CD14/toll-like receptor 4
complex to produce ROS via NADPH oxidase.3,31 It has
been postulated that ROS serve as a common mecha-
nism for all stimuli of NF-�B activation and are central to
LPS-induced cellular signaling events.42,43 An alternative
explanation is that ROS generation causes an increase in
the cellular ratio of oxidized to reduced thiol, which reg-
ulates NF-�B activation.44 N-acetyl-L-cysteine, a ROS
scavenger and a thiol-modulating agent, often has been
used to test these hypothesis. N-acetyl-L-cysteine treat-
ment has been shown to reduce LPS-induced ROS gen-
eration including superoxide, hydrogen peroxide, and
hydroxyl radical.34 Several reports have demonstrated
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that the inhibitory effect of N-acetyl-L-cysteine on LPS-
induced Kupffer cells/macrophages activation results
from a direct ROS scavenging action.45,46 These studies
indicate that ROS may be the key mediator in LPS-in-
duced NF-�B activation. In the present study, superoxide
generation in the liver after LPS challenge was detected
before TNF-� production. We have recently reported that
oxidative stress plays a critical role in alcoholic hepato-
toxicity and zinc has an inhibitory effect on alcohol-in-
duced oxidative stress in the liver.17,47 The present study
further demonstrated the antioxidant action of zinc in
protection against LPS-induced oxidative stress in the
liver.

Zinquin was used to determine whether zinc pretreat-
ment increases the availability of intracellular zinc ions
under LPS-induced oxidative stress. Zinquin fluores-
cence is highly specific for zinc ions, and is sensitive to
nanomolar zinc ions.48 LPS treatment slightly increased
Zinquin fluorescence in the liver in association with su-
peroxide accumulation. Because exogenous nitric oxide
or a cysteine-reactive agent has been shown to cause
zinc release from thiol groups,49,50 the LPS-induced Zin-
quin fluorescence likely indicates an increase in free zinc
ions rather than the loosely-bound zinc ions. On the other
hand, the strong Zinquin fluorescence in the liver of zinc-
treated mice indicates the increase in intracellular labile
zinc ions. Co-localization of labile zinc ions and superox-
ide demonstrated that the elevation of intracellular labile
zinc ions correlates with the inhibition of superoxide ac-
cumulation after LPS challenge. This result suggests that
inhibition of oxidative stress is involved in the abrogation
of LPS-induced I-�B/NF-�B signaling cascade.

In conclusion, the results of the present study demon-
strated that zinc provides effective production against
LPS hepatotoxicity by inhibition of TNF-� production. The
inhibitory effect of zinc on LPS-induced TNF-� production
results from modulation of oxidative stress-sensitive I-�B/
NF-�B signaling cascade. Our results, thus, suggest that
zinc may have a therapeutic potential in the prevention
and/or treatment of LPS-mediated liver injury under con-
ditions such as sepsis and alcoholism.
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