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Intestinal-derived endotoxins are importantly involved
in alcohol-induced liver injury. Disruption of intestinal
barrier function and endotoxemia are common features
associated with liver inflammation and injury due to
acute ethanol exposure. Zinc has been shown to inhibit
acute alcohol-induced liver injury. This study was de-
signed to determine the inhibitory effect of zinc on
alcohol-induced endotoxemia and whether the inhibi-
tion is mediated by metallothionein (MT) or is indepen-
dent of MT. MT knockout (MT-KO) mice were adminis-
tered three oral doses of zinc sulfate (2.5 mg zinc ion/kg
body weight) every 12 hours before being administered
a single dose of ethanol (6 g/kg body weight) by gavage.
Ethanol administration caused liver injury as deter-
mined by increased serum transaminases, parenchy-
mal fat accumulation, necrotic foci, and an elevation of
tumor necrosis factor (TNF-�). Increased plasma endo-
toxin levels were detected in ethanol-treated animals
whose small intestinal structural integrity was compro-
mised as determined by microscopic examination. Zinc
supplementation significantly inhibited acute ethanol-
induced liver injury and suppressed hepatic TNF-� pro-
duction in association with decreased circulating endo-
toxin levels and a significant protection of small
intestine structure. As expected, MT levels remained
undetectable in the MT-KO mice under the zinc
treatment. These results thus demonstrate that zinc
preservation of intestinal structural integrity is as-
sociated with suppression of endotoxemia and liver
injury induced by acute exposure to ethanol and the
zinc protection is independent of MT. (Am J
Pathol 2004, 164:1959–1966)

Endotoxemia is an important cofactor in alcohol-induced
liver injury.1 Transient increases in circulating endotoxins
are associated with increased liver injury in experimental
animals exposed to acute bolus doses of alcohol.2 En-
dotoxins are glycolipid components of the outer wall of

gram-negative bacteria that colonize the small and large
intestines. Circulating endotoxins are removed from the
blood by Kupffer cells, the resident macrophage popu-
lation of the liver.3,4 Kupffer cells become activated on
exposure to endotoxins and subsequently produce proin-
flammatory mediators such as cytokines, prostaglandins,
and reactive oxygen species.5,6 In rats, alcohol-induced
liver injury was significantly inhibited when Kupffer cells
were eliminated using gadolinium chloride before alcohol
insult.7 Furthermore, sterilization of the intestines of rats
with polymixin B and neomycin prevented ethanol-in-
duced liver injury.8,9 These data suggest that inhibition of
endotoxemia is an important approach to preventing al-
cohol-induced liver injury.

Under normal physiological conditions, the small intes-
tine serves as an efficient barrier to large antigens such
as endotoxins, however, acute ethanol exposure elicits
an increase in intestinal permeability to bacterial prod-
ucts.10 Structural damage to intestinal villi (eg, loss of
enterocytes and mucosal blebbing) may play a critical
role in the increased permeability to endotoxins and in-
deed has been reported experimentally in rodent models
of acute ethanol intoxication.11 Specifically, rats treated
acutely with high doses of ethanol were found to have
significantly elevated levels of plasma endotoxins com-
pared to those animals treated with low-dose ethanol and
the endotoxemia was positively correlated with increased
intestinal injury.10 Thus, it appears that structural alter-
ations of the small intestine, induced by high doses of
ethanol, are associated with abnormalities in barrier func-
tion. Therefore, agents that protect the structural integrity
of the small intestine may prevent alterations in barrier
function to endotoxins under alcohol challenge.

Zinc supplementation has been illustrated to improve
barrier dysfunction in many pathophysiological condi-
tions of the small intestine such as chronic inflammatory
bowel or Crohn’s disease (IBD) and ulcerative colitis.12,13

Typically, zinc salts (eg, zinc sulfate) are administered to
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patients with intestinal permeability disturbances as an
adjunct therapy at doses ranging from 100 to 400 mg/
day.12,14,15 However, the efficacy of zinc as therapy for
alcohol exposure remains unclear due to the fact that alco-
holics generally develop intestinal malabsorption syn-
dromes.16 Alcoholics and patients with inflammatory bowel
disease are commonly known to be zinc deficient, which
may be attributed to chronic intestinal injury and altered
trace element homeostasis.17,18 Sturniolo et al12 showed
that individuals with chronic intestinal permeability distur-
bances have plasma zinc concentrations below 100 �g/dL
before zinc therapy. After eight weeks of oral zinc sulfate
(110 mg three times a day) the average plasma zinc level
increased to 130 �g/dL. Importantly, the intestinal perme-
ability was restored in greater than 80% of the patients
treated with zinc.

The mechanisms of zinc protection are difficult to study
due to the myriad organic ligands that bind this vital trace
element (eg, metallothionein (MT)). In response to inflam-
matory stimuli such as endotoxins, “acute phase” pro-
teins such as MT are induced, however, the effects of
many of these endogenous agents following alcohol ex-
posure remain unclear.19,20 A study conducted by Ta-
kano et al21 found that MT acted as a cytoprotectant
against gastroduodenal mucosal injury caused by etha-
nol in mice. In that study, MT knockout (MT-KO) mice, in
which the MT-I and MT-II genes were interrupted, were
treated orally with ethanol and gastric and duodenal le-
sions were compared with wild-type mice. The number
and severity of gastroduodenal lesions were significantly
higher in MT-KO mice versus wild-type mice. The results
suggested the involvement of intrinsic MT in cytoprotec-
tion against ethanol-induced gastroduodenal mucosal in-
jury.

Our recent studies have shown that MT prevents acute
alcohol-induced liver injury by inhibition of oxidative
stress.22 Further studies have revealed that supplemen-
tation of zinc significantly inhibited hepatocyte cell death
following ethanol exposure.23,24 Interestingly, we have
observed that supplementation of MT-KO mice with zinc
also inhibited alcohol-induced liver injury.23 Several stud-
ies have shown that MT releases zinc under stress con-
ditions that involve changes in the intracellular redox
potential.25,26 Thus, it is possible that zinc may mediate
the protective action of MT and MT would function as an
endogenous zinc reservoir. The lack of MT in the MT-KO
mice would cause a shortage of endogenous storage of
zinc and exogenous supplementation with zinc would
overcome the shortage.

MT-KO mice suffer more gastrointestinal damage from
acute bolus doses of alcohol than wild-type mice.21 It is
interesting to know whether this enhanced toxic effect of
alcohol in the small intestine is due to the lack of endog-
enous zinc that would be stored in MT in the wild-type
mice and released under oxidative stress condition, as
observed in the liver.23 The present study was thus un-
dertaken using the MT-KO mouse model to address spe-
cifically whether zinc can provide protection from alco-
hol-induced intestinal injury in the absence of MT.

Materials and Methods

Animals

Homozygous MT-KO mice (20 to 25 g, 8 to 10 weeks of
age) produced on the 129/Sv genetic background were
obtained from Jackson Laboratories (Bar Harbor, Maine).
MT-KO mice are phenotypically identical to their wild-
type counterparts under normal control conditions. In
addition, growth and development as well as reproduc-
tive characteristics are unaltered by the MT null mutation.
The mice were housed in the animal quarters at the
University of Louisville Research Resources Center. They
were maintained at 22°C with a 12-hour light/dark cycle
and had free access to rodent chow and water. The
experimental procedures were approved by the Institu-
tional Animal Care and Use Committee, which is certified
by the American Association for Accreditation of Labora-
tory Animal Care.

Acute Ethanol Challenge

A binge drinking model developed by Carson and Pru-
ett27 was followed for acute ethanol challenge. This
model was designed to achieve blood alcohol levels that
would produce physiological effects comparable to
human binge drinking. Animals were divided into four
treatment groups in a 2 � 2 factorial design (�/� zinc,
�/� ethanol): 1) isocaloric maltose water control, 2) eth-
anol, 3) zinc plus isocaloric maltose water, and 4) zinc
plus ethanol. The concentration of zinc used in this study
was determined from preliminary examination of the in-
duction of increased liver enzyme activity (eg, alanine
aminotransferase, ALT) and/or alterations in parenchymal
tissue architecture as a function of increasing levels of
ZnSO4 (0 to 10 mg/kg). Mice in groups 3 and 4 were
given ZnSO4 (Sigma, St. Louis, MO) intragastrically at a
dose of 2.5 mg zinc ion/kg body weight, in 12-hour inter-
vals for a total of three doses. In groups 1 and 2, mice
were given sterile saline intragastrically following the
same schedule as a vehicle control. The animals were
fasted for 16 hours and subsequently received the third
and final dose of zinc in groups 3 and 4. One hour after
the last pretreatment, mice in groups 2 and 4 were ad-
ministered ethanol (30% w/v) (Sigma-Aldrich, Milwaukee,
WI) in a single dose of 6 g/kg body weight by gavage and
mice in groups 1 and 3 received isocaloric maltose water
by the same route on the same schedule. The time of
necropsy for determination of plasma endotoxin levels
and analysis of duodenum histopathology was 1.5 hours
following ethanol or maltose water administration. For
examination of liver TNF-�, liver histopathology, and se-
rum enzymes, the time of necropsy was 6 hours following
ethanol or maltose water. Mice were anesthetized with
sodium pentobarbital (0.05 mg/g body weight; Abbott
Laboratories, North Chicago, IL). Blood was drawn from
the dorsal vena cava, livers were perfused and har-
vested, and 1.0- to 3.0-cm sections of the duodenum
were obtained for analysis. Stored tissues were first flash-
frozen in liquid nitrogen and then placed in �80°C until
analysis.

1960 Lambert et al
AJP June 2004, Vol. 164, No. 6



Histopathological Examination

Liver and intestinal histological slides were prepared as
described previously23 and hematoxylin and eosin stain-
ing of liver and intestinal sections were observed by light
microscopy.

Plasma Endotoxins

Blood samples were drawn from the dorsal vena cava via
sterile heparinized syringes. Platelet-rich plasma was ob-
tained by centrifuging the whole blood at 300 � g for 15
minutes at 4°C. Plasma samples were diluted 1:10 with
sterile nanopure water, mixed by vortex and placed in a
75°C water bath for 10 minutes. Samples were allowed to
cool to room temperature for 10 minutes before colori-
metric assay using the limulus ameobocyte lystate (LAL)
kit (Biowhittaker, Walkerville, MD). Standards and sam-
ples were incubated with LAL for 10 minutes at 37°C
followed by incubation with colorimetric substrate for 6
minutes. The reaction was stopped with 25% acetic acid
and the absorbance was read in a microplate reader
(BIO-TEK Instrument Inc., Winooski, VT) at 405 nm.

Liver TNF-�

Liver samples were minced thoroughly in ice-cold RIPA
buffer (150 mmol/L NaCl, 5 mmol/L EDTA, 50 mmol/L Tris
base, 0.3% Triton X-100, 0.03% sodium dodecyl sulfate,
0.3% Na-deoxycholate, and 1% protease inhibitor cock-
tail (pH 7.4)) followed by incubation on ice for 30 minutes.
The homogenates were then centrifuged at 15,000 � g
for 20 minutes at 4°C. The supernatants were removed to
clean tubes and centrifuged again at 15,000 � g for 20
minutes at 4°C. The supernatants of this spin were then
used for ELISA assay (Kit No. KMC3012; Biosource,
Camarillo, CA).

Alanine Aminotransferase Assay

Serum alanine aminotransferase (ALT, EC 2.6.1.2.) activ-
ity was colorimetrically measured using a Diagnostic Kit
(Procedure No. 505; Sigma, St. Louis, MO) according to
the manufacturer’s instructions.

Blood Alcohol

Blood alcohol levels (BAL) were determined by an alco-
hol dehydrogenase (ADH) assay (Procedure No. 332-UV,
Sigma).

Intestinal MT

Tissue MT levels were determined by a cadmium-hemo-
globin affinity assay. Briefly, intestinal tissues were ho-
mogenized in four volumes 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 was
transferred to microtubes for MT analysis as described
previously.23

Intestinal, Hepatic, and Plasma Zinc Levels

Zinc concentrations were determined by inductively cou-
pled argon plasma emission spectroscopy (Jarrel-Ash,
Model 1140, Waltham, MA) at the Grand Forks Human
Nutrition Research Center (GFHNRC), Grand Forks,
North Dakota. Briefly, intestinal and hepatic tissues were
lyophilized and subsequently digested with nitric acid
and hydrogen peroxide. Zinc concentrations were ex-
pressed as �g/g dry tissue for intestine and liver and
�g/dL for plasma.

Statistical Analysis

Data were expressed as mean � SD (n � 5 to 8) and
analyzed according to a 2 � 2 (zinc versus ethanol)
factorial experimental design. After a significant interac-
tion was detected by the two-way analysis of variance,
the significance of the main effects was further de-
termined. The level of significance was considered at
P � 0.05.

Results

The relationship between MT and zinc in protection from
acute ethanol-induced small intestinal injury was initially
characterized by measuring MT concentrations in the
duodenum following zinc and/or ethanol treatment.
MT-KO mice were administered three doses of zinc sul-
fate at 2.5 mg/kg by gavage in 12-hour intervals before a
single oral dose of ethanol (6 mg/kg). One and one-half
hours after ethanol administration, the animals were sac-
rificed. Snap-frozen sections of duodenal and ileal tissue
were subsequently processed for measurement of MT
concentration. As shown in Table 1, neither zinc nor
ethanol caused significant changes in MT in the duode-
num or ileum of MT-KO mice, in which MT concentrations
were near the detection limit of the assay. In contrast,
both zinc and ethanol caused significant increases in MT
levels in the intestine of wild-type mice (Table 1). To
determine whether the absence of MT affected zinc sta-
tus in the small intestine, total zinc levels of the duode-
num and ileum were examined. In general, compared to
wild-type mice, MT-KO mice had lower levels of zinc in all
tissues examined including plasma, however, these dif-
ferences were significant only in the duodenum and liver
(Table 2). MT-KO mice exhibited an interesting biodistri-
bution pattern of zinc where levels in the plasma of ani-
mals treated with zinc or ethanol alone were comparable
to controls. Paradoxically, in mice exposed to zinc plus
ethanol, a significant increase in plasma zinc was ob-
served (Table 2). In addition, acute ethanol exposure
appeared to decrease zinc concentrations in the ileum
and zinc treatment alone caused an increase. However,
the varying effects of the different treatments on zinc
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levels in the intestine did not appear to alter the amount of
zinc deposited into the liver, where it was found that zinc,
ethanol, and zinc plus ethanol produced approximately
equal increases in zinc content compared to control (Ta-
ble 2).

MT-KO mice were then used to evaluate the MT-inde-
pendent zinc effects on acute ethanol-induced intestinal
structural damage. The major route of ethanol metabo-
lism is through the zinc-dependent enzyme ADH. Several
isoforms of ADH exists in the liver and stomach. There-
fore, to eliminate potential effects of zinc on ethanol ab-
sorption from the gastrointestinal system as a mechanism
of protection, the BAL of mice 1.5 hours after acute
exposure to ethanol were measured. The results showed
that there were no significant differences in BAL between
ethanol-treated mice (0.52 � 0.22%, w/v) and zinc plus
ethanol-treated mice (0.47 � 0.03%, w/v).

Next, the effect of zinc on alcohol-induced lesions in
small intestine was examined. Hemorrhagic erosions of
the duodenum were observed in acute ethanol-treated
mice (data not shown). These macroscopic lesions were
observed over the entire length of the duodenum, in
varying degrees of severity, however, the most significant
damage was consistently observed in those areas adja-
cent to the pylorus. Zinc pretreatment prevented this
injury as evidenced by an absence of gross hemorrhage
in the duodenum. Closer examination of duodenal tissue
from acute ethanol-treated mice revealed significant
damage that included hemorrhage, desquamation of ep-
ithelial cells, and denudation and massive degeneration
of villi (Figure 1). The duodenum of mice pretreated with
zinc suffered similar cellular lesions, however, the sever-

ity was much less in comparison with those mice treated
with alcohol only.

The consequences of the ethanol-induced lesions in
small intestine and the effects of zinc were determined by
examining circulating endotoxin levels. As illustrated in
Figure 2, acute ethanol exposure elicited a fourfold in-
crease in plasma endotoxin (54.7 � 19.6 pg/ml) as com-
pared to control animals (14.4 � 2.2 pg/ml). Zinc treat-
ment alone appeared to be beneficial as shown by a
significant decrease in basal concentrations of circulat-
ing endotoxins (5.1 � 2.2 pg/ml) compared to controls.
More importantly, zinc pretreatment significantly inhibited
acute ethanol-induced elevation in plasma endotoxin
(10.8 � 5.0 pg/ml).

Since increased portal delivery of circulating endotoxin
leads to activation of Kupffer cells and subsequent pro-
duction of proinflammatory cytokines such as tumor ne-
crosis factor-� (TNF-�) in the liver, we examined the
effect of acute ethanol exposure on hepatic TNF-� levels.
As shown in Figure 3, acute ethanol exposure caused an
approximate threefold increase in the liver TNF-�
(886.8 � 240.3 pg/ml) as compared to control animals
(305.2 � 62.1 pg/ml). Zinc pretreatment completely abol-
ished this ethanol-induced elevation of liver TNF-� levels
(276.2 � 103.6 pg/ml).

Next, to determine whether zinc inhibition of endotox-
emia and the subsequent suppression of TNF-� cytokine
production correlate with reduced liver injury, serum lev-
els of alanine transaminase (ALT) were examined. Acute
ethanol exposure elicited a 10-fold increase in serum
(ALT) levels compared to control, and zinc pretreatment
prevented this alcohol-induced effect (Figure 4). To fur-

Table 1. Metallothionein Levels in Proximal and Distal Small Intestine of Mice

MT (�g/g tissue) Con EtOH Zn Zn�EtOH

KO
Duodenum 1.92 � 0.14 1.70 � 0.29 2.21 � 0.79 1.86 � 0.50
Ileum 1.07 � 0.37 1.66 � 0.66 0.84 � 0.15 0.71 � 0.42
WT
Duodenum 7.13 � 2.71* 26.42 � 15.02*† 22.44 � 8.54*† 5.45 � 2.51*
Ileum 1.85 � 0.21* 18.55 � 4.87*† 4.24 � 4.10 2.92 � 0.85*

Data are means � S.D. (n � 4).
*, Significantly different from corresponding KO (p � 0.05).
†, Significantly different from control (p � 0.05).

Table 2. Zinc Levels in Metallothionein-Knockout (KO) and Wild-Type (WT) Mice

Zn (�g/g tissue) Con EtOH Zn Zn�EtOH

KO
Duodenum 110.34 � 6.43 110.67 � 9.91 109.31 � 4.64 116.41 � 2.01
Ileum 95.53 � 7.35 87.93 � 14.87 115.36 � 25.75 89.06 � 13.85
Liver 82.94 � 4.64 92.15 � 4.68 91.43 � 3.12 90.18 � 4.10
Plasma (�g/dL) 97.40 � 13.01 129.0 � 26.23 113.37 � 16.01 136.03 � 14.68*
WT
Duodenum 128.12 � 9.49† 131.06 � 6.86† 141.91 � 14.22† 137.48 � 14.56†

Ileum 105.66 � 12.52 82.85 � 13.36 116.47 � 45.36 110.01 � 53.45
Liver 112.74 � 1.24† 111.75 � 10.31† 103.51 � 8.48† 113.18 � 8.57†

Plasma (�g/dL) 125.87 � 62.59 145.10 � 35.46 130.08 � 37.99 141.70 � 51.52

Data are means � S.D. (n � 4).
*, Significantly different from control (p � 0.05).
†, Significantly different from corresponding KO (p � 0.05).
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ther illustrate the protective effect of zinc on alcohol-
induced liver injury, hepatic histopathological changes
were examined, as shown in Figure 5. The primary his-
topathological change observed in mouse liver following
acute ethanol exposure was an accumulation of small fat
droplets (microvesicular steatosis) in hepatocytes. In ad-

dition, mild necrosis characterized by swollen hepato-
cytes with absence of or faded nuclei, particularly in the
perivenous regions of the liver, was observed. Zinc pre-
treatment decreased the number and volume of fat ves-
icles in the hepatocytes and diminished liver necrosis
induced by acute alcohol exposure.

Figure 1. Histopathological changes in the duodenum of MT-KO mice 1.5 hours after gastric administration of ethanol. A, isocaloric maltose water; B, zinc; C,
ethanol; D, zinc and ethanol. Ethanol treatment caused massive degeneration of duodenal villi and hemorrhage. Zinc pretreatment inhibited these morphological
anomalies. Hematoxylin and eosin staining; magnification, � 260.

Figure 2. Plasma endotoxin levels in MT-KO mice 1.5 hours after gastric
administration of ethanol. Con, control; EtOH, ethanol; Zn, zinc; Zn�EtOH,
zinc and ethanol. Data are mean � SD values (n � 5 to 8). Groups that do not
share the same letter are significantly different from each other (P � 0.05).

Figure 3. Intrahepatic tumor necrosis factor (TNF-a) levels in mice 6 hours
after gastric administration of ethanol. Con, control; EtOH, ethanol; Zn, zinc;
Zn�EtOH, zinc and ethanol. Data are mean � SD values (n � 5 to 8).
Groups that do not share the same letter are significantly different from each
other (P � 0.05).
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Discussion

Alterations in small intestinal barrier function are sug-
gested to play a critical role in alcohol-induced liver
injury.1,9,28,29 In the virtual absence of endotoxin translo-
cation across the intestinal epithelium (ie, gut steriliza-
tion), alcohol at concentrations of up to 17 g/kg/day has
been shown to cause insignificant liver damage in rat
models.30 The data obtained from this study using a
MT-KO mouse model revealed that treatment of these
mice with zinc significantly inhibited alcohol-induced en-
dotoxemia and liver injury. Pretreatment with zinc pre-
served the small intestinal structural integrity, corre-
sponding to a complete abolishment of endotoxemia and
inhibition of liver damage. Collectively, these results dem-

onstrated that zinc inhibition of acute alcohol-induced
liver inflammation and injury is associated with preserva-
tion of small intestinal barrier function and this inhibitory
effect of zinc is independent of MT.

It is well known that zinc is a potent inducer of MT
production in multiple organ systems.31,32 Thus, it has
long been proposed that zinc inhibition of tissue damage
is mediated by increased MT synthesis. Zinc supplemen-
tation indeed caused an elevation of MT concentrations
in the duodenum of wild-type mice (Table 1). However,
our results obtained from the MT-KO mouse model under
the identical treatment conditions brings into question the
involvement of MT in zinc cytoprotection. In our previous
studies, we have also shown that zinc supplementation
significantly inhibited ethanol-induced oxidative stress
and early alcohol liver injury in MT-KO mice.23 Therefore,
this present study together with our previous observa-
tions demonstrate the MT-independent protective effect
of zinc. However, the role of MT in cytoprotection cannot
be minimized. Several studies have shown that MT re-
leases zinc when the intercellular environment becomes
more oxidized.26,33 In our previous studies, we have also
observed that MT-KO mice suffer more liver damage from
acute ethanol exposure than wild-type mice, presumably
due to the difference in the availability of endogenously
stored zinc in MT.23 This present study indeed illustrates
that MT-KO mice have lower levels of endogenous zinc in
the small intestine compared to wild-type mice (Table 2),
but supplementation with zinc before alcohol exposure
led to an equal protection in both wild-type and MT-KO
mice. It is possible that MT serves as an important source
of labile zinc and without this endogenous reserve, the
organ systems would experience more damage unless
exogenously supplemented zinc is available, as demon-
strated in this study.

An intact intestinal mucosa is critical for barrier func-
tion. In this study, we found that zinc treatment inhibited
damage in the proximal small intestine in the absence of MT
production (Figure 1). In mice acutely exposed to ethanol,
we observed significant hemorrhagic lesions and massive
damage to the villi in the proximal duodenum, indicative of
severe mucosal injury (Figure 1). It has been proposed that
intestinal hemorrhage is associated with a significant local-
ized inflammatory response in the mucosa and serosa,
which may be attributed to intestinal endotoxemia.34,35

In general, there are two pathways of endotoxin permeabil-
ity, paracellular and transcellular.36 Previous data suggests
that exposure to acute doses of ethanol decreased barrier
function against small and large antigens, with the latter
implicating an increase in transcellular permeability via ep-
ithelial layer disruption.37,38 Some studies have even re-
ported the translocation of intact bacteria through the small
bowel following acute ethanol exposure.39 In this study,
we illustrated a significant protection of the structural integ-
rity of the duodenum in MT-KO mice treated with zinc be-
fore acute ethanol exposure (Figure 1) and this protection
was positively correlated with abrogation of endotoxemia
(Figure 2).

Bacterial lipopolysaccharides (LPS) flowing into the
liver from portal blood are effectively removed from the
circulation by Kupffer cells.3,4 LPS-binding protein (LBP)

Figure 4. Serum ALT levels in MT-KO mice 6 hours after gastric administra-
tion of ethanol. Con, control; EtOH, ethanol; Zn, zinc; Zn�EtOH, zinc and
ethanol. Data are mean � SD values (n � 5 to 8). Groups that do not share
the same letter are significantly different from each other (P � 0.05).

Figure 5. Histopathological changes in the livers of mice 6 hours after gastric
administration of ethanol. A, isocaloric maltose water; B, zinc; C, ethanol; D,
zinc and ethanol. The major histopathological change induced by ethanol in
mouse liver was microvesicular steatosis (arrows). In addition, ethanol
administration caused hepatocyte enlargement with nuclear dissolution in-
dicative of necrosis (arrowheads). Zinc pretreatment suppressed these
ethanol-induced alterations. CV, central vein. Hematoxylin and eosin stain-
ing; magnification, � 260.
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forms complexes with endotoxins, and these complexes
then serve as ligands for CD14 receptors on Kupffer
cells.40,41 Stimulated Kupffer cells subsequently produce
significant levels of prooxidants, via inducible nitric oxide
synthase (iNOS), and proinflammatory cytokines such as
TNF-� through activation of nuclear factor kappa-B (NF-
�B).3,5,6 Eliminating Kupffer cells with gadolinium chlo-
ride, knocking out p47PHOX or iNOS, or adenoviral deliv-
ery of I�B superrepressor gene have all been shown to
significantly inhibit alcohol-induced liver injury in experi-
mental animals.7,42–44 Therefore, inhibiting liver inflam-
mation upstream of Kupffer cell activation (ie, suppress-
ing endotoxemia) is an important aspect of therapeutic
intervention. Our results showed that zinc pretreatment
decreased acute ethanol-induced liver TNF-� production
to levels comparable to control animals (Figure 3). This
observation suggests that zinc inhibition of intestinal in-
jury and subsequent endotoxemia is significantly associ-
ated with the virtual quiescence of Kupffer cells following
acute ethanol exposure in mice. Furthermore, these zinc
effects correlate with suppressed pathological changes
in the liver parenchyma. Zinc treatment not only inhibits
hepatocyte necrotic cell death (Figures 4 and 5), but also
diminishes ethanol-induced fat accumulation. The mech-
anisms underlying these zinc effects in the liver remain
unclear and will be the focus of future investigation.

Although our results indicate zinc is protective inde-
pendent of MT, the possibility that other zinc-binding
proteins mediate the protective effect(s) of zinc is not
excluded. Several reports have provided evidence of
zinc involvement in structure/function of biological mole-
cules that are intimately involved in inhibition of liver injury
(eg, A20, ZAS3, Cu/Zn SOD).45–47 In addition, there are a
significant number of regulatory proteins whose dynamic
changes and their relation to Zn and MT status, particu-
larly during alcohol intoxication, are unclear.48 For exam-
ple, interleukin-6 (IL-6) induces uptake of zinc by hepa-
tocytes and is critically involved in inhibition of liver
inflammation and injury via STAT3 induction, which is
positively regulated by zinc binding proteins.49–51

A potential drawback of using zinc as therapy for al-
cohol-induced damage is the superphysiological con-
centrations of the salt required for protection. While zinc
concentrations administered to humans and experimen-
tal animals for treatment of intestinal permeability distur-
bances (eg, IBD) far exceeds the FDA recommended
daily allowance (9 to 11 mg elemental zinc/day), it has
previously been shown that ZnSO4 is not toxic in humans
at levels up to 650 mg/day (� 10 mg/kg/day).52 Further-
more, in rats, the lethal dose (LD50) of ZnSO4 has been
established to be 1370 mg/kg.53 Therefore, the oral dose
of 2.5 mg/kg ZnSO4 used in this mouse model is well
below what might be considered toxic in humans and
rodents.

In summary, the data obtained from this study clearly
demonstrate that zinc is a potent protective agent in the
small intestine and that this protection translates into
significant inhibition of acute ethanol-induced liver injury.
Furthermore, preservation of small intestinal structural
integrity is independent of MT. Future studies will exam-

ine the mechanisms of action of zinc in the cytoprotection
against alcohol toxicity.
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