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Alcoholic liver disease is associated with zinc de-
crease in the liver. Therefore, we examined whether
dietary zinc supplementation could provide protec-
tion from alcoholic liver injury. Metallothionein-
knockout and wild-type 129/Sv mice were pair-fed an
ethanol-containing liquid diet for 12 weeks, and the
effects of zinc supplementation on ethanol-induced
liver injury were analyzed. Zinc supplementation at-
tenuated ethanol-induced hepatic zinc depletion and
liver injury as measured by histopathological and ul-
trastructural changes, serum alanine transferase ac-
tivity, and hepatic tumor necrosis factor-a in both
metallothionein-knockout and wild-type mice, indi-
cating a metallothionein-independent zinc protec-
tion. Zinc supplementation inhibited accumulation of
reactive oxygen species, as indicated by dihydro-
ethidium fluorescence, and the consequent oxidative
damage, as assessed by immunohistochemical detec-
tion of 4-hydroxynonenal and nitrotyrosine and
quantitative analysis of malondialdehyde and protein
carbonyl in the liver. Zinc supplementation sup-
pressed ethanol-elevated cytochrome P450 2E1 activ-
ity but increased the activity of alcohol dehydroge-
nase in the liver, without affecting the rate of blood
ethanol elimination. Zinc supplementation also pre-
vented ethanol-induced decreases in glutathione con-
centration and glutathione peroxidase activity and
increased glutathione reductase activity in the liver.
In conclusion, zinc supplementation prevents alco-
holic liver injury in an metallothionein-independent
manner by inhibiting the generation of reactive
oxygen species (P450 2E1) and enhancing the activity

of antioxidant pathways. (Am J Pathol 2005,
166:1681-1690)

Zinc depletion in the liver has been well documented in
alcoholic patients as well as in animal models of ethanol-
induced liver disease.’™ Investigation of zinc metabo-
lism in alcoholics has demonstrated that ethanol con-
sumption leads to increased zinc excretion in urine and
decreased zinc absorption from intestine.** Although
zinc depletion has been suggested to play an important
role in alcoholic live injury,? the mechanistic insights into
the involvement of zinc depletion in the pathogenesis of
alcoholic liver disease have not been achieved.

Ethanol is mainly metabolized in the liver through three
major pathways with different subcellular locations: alco-
hol dehydrogenase (ADH) in the cytosol, aldehyde dehy-
drogenase (ALDH) in the mitochondria, and microsomal
ethanol-oxidizing system in the endoplasmic reticulum.®
All of the three pathways result in reactive oxygen spe-
cies (ROS) generation. However, the microsomal ethanol-
oxidizing system, especially the cytochrome P450 2E1
(CYP2E1), has been shown to play a critical role in eth-
anol-induced oxidative stress. Long-term ethanol expo-
sure significantly increases the CYP2E1 pathway.”° A
recent study using CYP2E1 transgenic mice has demon-
strated that overexpression of CYP2E1 enhances liver
damage by chronic ethanol exposure.’® Inhibition of
CYP2E1 activity by inhibitors reduced ethanol-induced
liver injury.™ "2 On the other hand, chronic ethanol expo-
sure has little effect on ADH activities,” although ADH is
a major pathway for ethanol metabolism under normal
physiological conditions. Thus, the shift from ADH to
CYP2E1 in ethanol metabolism under chronic ethanol
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exposure may account for the generation of ROS under
chronic ethanol exposure.

Many studies have demonstrated that zinc per se func-
tions as an antioxidant.® Importantly, zinc has catalytic
and structural roles in more than 300 metalloenzymes, as
well as regulatory roles in diverse cellular processes such
as signaling transduction and gene expression. ADH is a
zinc metalloenzyme, and removal of zinc from ADH led to
a complete loss of its catalytic activity. Thus, the ethanol-
induced zinc depletion is most likely linked to the altered
ethanol metabolic pathway, such that a shift from ADH to
CYP2E1 results in oxidative stress. Zinc also plays an
important role in regulation of cellular glutathione (GSH)
that is vital to cellular antioxidant defense.’® Therefore,
the present study was undertaken to determine whether
dietary zinc supplementation can improve hepatic zinc
status under chronic ethanol exposure, thereby prevent-
ing oxidative liver injury, and the possible mechanisms by
which zinc inhibits ethanol-induced oxidative stress, fo-
cusing on ethanol metabolic pathway and GSH-related
antioxidants. Because zinc is a potent inducer of metal-
lothionein (MT) synthesis and MT plays an important role
in zinc homeostasis, ' a MT-knockout (MT-KO) mouse
model and the wild-type (WT) 129/Sv controls were used
to define whether the action of zinc is MT-dependent or
MT-independent.

Materials and Methods

Animals

Homozygous MT-KO mice and WT controls were ob-
tained from Jackson Laboratories (Bar Harbor, ME). The
MT-KO mice lacking MT-I and MT-II, the major mouse
hepatic MT isoforms, were produced on the 129/Sv ge-
netic background by a gene-targeting technique.'® All of
the mice were treated according to the experimental
procedures approved by the Institutional Animal Care
and Use Committee.

Improved Chronic Ethanol Feeding Protocol

The Lieber-DeCarli ethanol liquid diet has been widely
used to establish animal models for alcoholic liver dis-
ease. According to our preliminary experiments, a long-
term feeding of mice with the Lieber-DeCarli ethanol lig-
uid diet causes decreases in food intake and body
weight gain. To eliminate the possible confounding of
malnutrition caused by decreased food intake, we estab-
lished an improved ethanol feeding protocol for mice. In
this protocol, a 1-day-stop on the last day of each week
was introduced in the ethanol feeding schedule by re-
placing ethanol diet with control diet. The content of
ethanol in the diet (%, w/v) was gradually increased
throughout a 12-week feeding period, starting at 3.2,
increasing 0.2% every 2 weeks, and reaching 4.2% at the
end. Accordingly, the calorie contribution of ethanol
started at 23% of total calories, and reached 30% at the
end of 12-week feeding.

Animal Treatments

Ten-week-old male MT-KO and WT 129/Sv mice (~25 g
body weight) were used. Animals were pair-fed with the
Lieber-DeCarli liquid diet (Bio-Serv, Frenchtown, NJ),
containing either ethanol or isocaloric dextrin maltose.
Animals were randomly assigned to eight groups using a
2 X 2 X 2 factorial design, MT X ethanol X zinc. Zinc
supplementation was conducted by adding zinc sulfate
to the liquid diet at 75 mg zinc element/L. Food intake and
body weight were recorded daily and weekly, respec-
tively. At the end of the experiment, the mice were anes-
thetized with sodium pentobarbital (50 mg/kg). Blood
was drawn using a heparinized syringe from the dorsal
vena cava, and serum was obtained by centrifugation.
The liver was perfused with saline and tissue samples
were processed for both pathological and biochemical
analysis.

Examination of Blood Ethanol Levels

Blood ethanol levels were examined at 9:00 a.m. in the
last week. Blood samples were taken from the tail vein
and immediately deproteinized with 6.25% trichloroacetic
acid solution. Ethanol concentrations were determined
using a Sigma Diagnostics Alcohol kit (procedure no.
332-UV; Sigma, St. Louis, MO).

Zinc and MIT Assays

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.'” MT concentrations in the liver were
determined by a cadmium-hemoglobin affinity assay.'®

Assessment of Liver Injury

Histopathological and ultrastructural changes in the liver
were examined by light and electron microscopy.' Se-
rum alanine aminotransferase (ALT) activity was colori-
metrically measured using a Sigma Diagnostic kit (pro-
cedure no. 505, Sigma). Liver tumor necrosis factor
(TNF)-a levels were detected by enzyme-linked immu-
nosorbent assay (ELISA) using a murine kit (BioSource
Int., Inc., Camarillo, CA).2°

Estimation of Oxidative Stress

Ethanol-induced oxidative stress in the liver was mea-
sured by microscopic detection of ROS, 4-hydroxynon-
enal (4-HNE), and nitrotyrosine, and by biochemical mea-
surements of lipid peroxidation and protein oxidation.
Dihydroethidium was used for in situ detection of ROS in
the liver according to a previous report.?' Nonfluorescent
dihydroethidium is oxidized by ROS to yield red fluores-
cent product that binds to nucleic acids, staining the
nucleus a bright fluorescent red. Cryostat sections of liver
were cut at 5 um and incubated with 5 umol/L dihydro-



ethidium (Molecular Probes, Eugene, OR) at 37°C for 30
minutes. The red fluorescence from dihydroethidium was
detected with a Nikon 2000S fluorescence microscope
(Nikon, Melville, NY).

Lipid peroxidation product, 4-HNE, and protein oxida-
tion product, nitrotyrosine, were detected by immunohis-
tochemical staining. Liver tissues were fixed with 4%
paraformaldehyde, and sections were cut at 5 um. A
rabbit anti-4-HNE antibody (Alpha Diagnostic, San Anto-
nio, TX) and a rabbit anti-nitrotyrosine antibody (Upstate,
Waltham, MA) in combination with a DAKO EnVision™
horseradish peroxidase-conjugated goat anti-rabbit IgG
(DAKO, Carpinteria, CA) were used for recognizing the
oxidative products. The negative controls were con-
ducted by omitting the primary antibody.

The extent of lipid peroxidation was quantitatively de-
termined by measuring the concentration of thiobarbituric
acid-reactive product malondialdehyde. ' Protein peroxi-
dation in the liver was quantified by measuring protein
carbonyl content using a sensitive ELISA.?®> Protein
derivatization was first performed by incubating 15-ul
samples (4 mg protein/ml) and 45 wl of 10 mmol/L dinitro-
phenylhydrazide. The detect system was a rabbit anti-
dinitrophenylhydrazide antibody (Molecular Probes) and
horseradish peroxidase-conjugated goat anti-rabbit IgG
(Sigma).

Measurements of Ethanol Metabolism and
Enzymes

The activities of CYP2E1, ADH, and ALDH in the liver
and the ethanol metabolic rate were measured. Micro-
somal CYP2E1 activity was estimated by colorimetri-
cally measuring the hydroxylation of p-nitrophenol to
4-nitrocatechol, a reaction catalyzed specifically by
CYP2E1.2® ADH activity was measured by detecting
the reduction of NAD+ at 340 nm in a reaction mixture
containing 0.5 mol/L Tris-HCI buffer (pH 7.2), 2.8
mmol/L NAD+, and 5 mmol/L ethanol.?* Mitochondrial
ALDH activity was measured by detecting the reduc-
tion of NAD+ at 340 nm in a reaction mixture contain-
ing 50 mmol/L sodium pyrophosphate (pH 8.8), 0.5
mmol/L NAD+, 0.1 mmol/L pyrazol, 5 mmol/L acetal-
dehyde, and 2 umol/L rotenone.?® The protein concen-
trations of CYP2E1 and ADH were quantitatively mea-
sured by an ELISA. The detect systems were a rabbit
anti-CYP2E1 antibody (Calbiochem, San Diego, CA) or
a mouse anti-ADH antibody (Chemicon, Temecula, CA)
in combination with horseradish peroxidase-conju-
gated anti-rabbit IgG or anti-mouse IgM (Sigma).

Ethanol metabolic rate was estimated by measuring
blood ethanol elimination during the last week of feeding.
Ethanol diets were replaced with control diets 1 day
before the measurement. Mice were given an intragastric
bolus of ethanol at 3 g/kg. Blood samples were taken
from the tail vein every hour for 4 hours, and the blood
ethanol levels were measured using a Sigma Diagnostic
Alcohol kit (procedure no. 332-UV, Sigma).
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Measurements of GSH and GSH-Related
Enzymes

For measurement of subcellular GSH levels, cytosolic
and mitochondrial fractions were separated from fresh
liver tissue. Briefly, the liver was homogenized in 10
mmol/L HEPES buffer, pH 7.4, containing 200 mmol/L
mannitol, 50 mmol/L sucrose, 10 mmol/L KCI, and 1
mmol/L ethylenediamine tetraacetic acid using a
Dounce glass homogenizer (Kontes, Vineland, NJ).
The crude homogenate was centrifuged at 700 X g,
and the supernatant was centrifuged further at
15,000 X g to give a cytosolic supernatant and a
mitochondrial pellet. The mitochondrial pellet was
washed twice and resuspended in the same buffer.
Metaphosphoric acid was used for deproteinization at
a final concentration of 5%. After centrifuging at
15,000 X g, the supernatants were used as mitochon-
drial fraction for GSH assay immediately. The GSH
concentrations were measured using a Bioxytech
GSH-400 assay kit (OXIS, Portland, OR). Glutathione
reductase (GR) activity was assayed by measuring the
rate of NADPH oxidation at 340 nm in the presence of
2.4 mmol/L GSSG with a glutathione reductase assay
kit (Calbiochem). Glutathione peroxidase (GPx) activity
was assayed by measuring the rate of NADPH oxida-
tion at 340 nm with a cellular glutathione peroxidase
assay kit (Calbiochem) based on the reduction of or-
ganic peroxide, tert-butyl hydroperoxide, by GPx in the
presence of GSH.

Statistics

All data are expressed as mean = SE (n = 4 to 6). The
data were analyzed by analysis of variance and New-
man-Keuls’ multiple comparison test. Differences be-
tween groups were considered significant at P < 0.05.

Results

Characterization of Mice under Chronic Ethanol
Exposure

Daily food intake was monitored in the ethanol-exposure
WT and MT-KO mice, and pair-fed mice were adjusted
for their food supply accordingly. The dietary ethanol
levels were increased by 0.2% (w/v) every 2 weeks and
the daily food intake showed an increase during the
12-week feeding period with an average of 445 g/kg/day
in WT and 434 g/kg/day in MT-KO mice (Figure 1). Ac-
cordingly, the calculated daily ethanol intake (g/kg) was
gradually increased. The average daily zinc intake was
33 mg/kg. The blood ethanol levels (mg/dl) measured at
9:00 a.m. in the last week were 221 = 45 in WT mice and
210 = 30 in MT-KO mice. The liver:body weight ratios at
the end of the experiment significantly increased in the
ethanol-fed mice (WT, 4.47 *= 0.36; MT-KO, 4.70 = 0.48)
related to the pair-fed groups (WT, 3.16 * 0.18; MT-KO,
3.22 = 0.29). No significant differences in all of the above
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Figure 1. Food and ethanol intakes in MT-KO and WT 129/Sv mice chron-
ically fed ethanol for 12 weeks. Food intake was recorded daily. Results are
means *+ SD (n = 4 to 6). FI, Food intake; EI, ethanol intake.

parameters were found between the MT-KO and WT
mice. Zinc supplementation to the ethanol-fed mice had
no significant effects on all of the parameters measured
above.

Zinc Supplementation Attenuated Ethanol-
Induced Zinc Decrease and Pathological
Changes in the Liver

As shown in Figure 2, chronic ethanol exposure caused a
significant decrease in hepatic zinc concentrations in
both WT and MT-KO mice with a lower value in the latter.
Dietary zinc supplementation did not elevate the basal
levels, but prevented ethanol-induced decrease, of the
hepatic zinc concentrations in both WT and MT-KO mice.
Because MT regulates cellular zinc homeostasis, MT
concentrations in the liver were measured. In the WT
mice, chronic ethanol exposure significantly decreased
MT concentrations in the liver. In contrast, the MT con-
centrations in the liver of mice chronically fed ethanol
were significantly increased by zinc supplementation,
although zinc did not increase MT concentrations in the
liver of pair-feeding WT mice. Only trace amounts of
hepatic MT were detected in all groups of MT-KO mice,
which represent the assay background.

The results presented in Figure 3 show the effects of zinc
supplementation on ethanol-induced liver injury. Examina-
tion by light microscopy found that zinc attenuated ethanol-
induced histopathological changes, including macrove-
sicular steatosis and focal inflammation in both WT and
MT-KO mice. Severe ultrastructural alterations were also
observed in the ethanol-exposed mouse liver, including
lipid droplet accumulation, enlargement and degeneration
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Figure 2. Effects of zinc supplementation on hepatic zinc and MT concen-
trations in MT-KO and WT 129/Sv mice chronically fed ethanol for 12 weeks.
Zinc and MT concentrations in the liver were measured by inductively
coupled argon plasma emission spectroscopy and by a cadmium-hemoglo-
bin affinity assay, respectively. Results are means = SD (n = 4 to 0).
Significant difference (P < 0.05) is identified by different letters. Cont,
Control; EtOH, ethanol.

of mitochondria, disorganization of rough endoplasmic re-
ticulum, and chromatin condensation. All these ultrastruc-
tural abnormalities of hepatocytes under chronic ethanol
exposure were primarily inhibited by zinc supplementation
in both WT and MT-KO mice (shown here only the data from
WT mice). Corresponding to the pathological changes, the
plasma ALT levels were significantly elevated in both WT
and MT-KO mice with a greater value in the latter. However,
zinc supplementation significantly inhibited ethanol-in-
duced ALT elevation equally in the WT and MT-KO mice
(Figure 3). Hepatic TNF-a levels were also increased by
ethanol exposure, which was abrogated by zinc supple-
mentation in both WT and MT-KO mice (Figure 3).
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Figure 3. Effects of zinc supplementation on liver injury in MT-KO and WT 129/Sv mice chronically fed ethanol for 12 weeks. Light microscopy (LM) shows
prominent steatosis (arrowhead) and inflammation (arrow) in the liver of ethanol-fed mice, but these histopathological changes were primarily inhibited by zinc.
H&E stain. Electron microscopy (EM) reveals ultrastructural alterations in the hepatocytes, including accumulation of lipid droplets (LD), enlargement and
degeneration of mitochondria (M), disorganization of rough endoplasmic reticulum (RER), and condensation of chromatin in the nucleus (N). All these
ultrastructural changes were suppressed by zinc. Serum ALT activities were measured using a Sigma Diagnostics kit. Hepatic TNF-a levels were measured using
an ELISA kit. Results in serum ALT and hepatic TNF-a levels are means * SD (1 = 4 to 6). Significant difference (P < 0.05) is identified by different letters. CV,
Central vein; Cont, control; EtOH, ethanol. Original magnifications: [times130 (LM row); X9800 (EM row).

Zinc Supplementation Inhibited Ethanol-Induced
Oxidative Stress in the Liver

To understand the possible mechanisms by which zinc
prevents ethanol-induced liver injury, the effect of zinc
supplementation on ethanol-induced oxidative stress in
the liver of WT mice was determined as shown in Figure
4. Chronic ethanol exposure enhanced the red fluores-
cence from dihydroethidium in the liver, but much less in

the liver of ethanol-fed mice with zinc supplementation.
Immunoperoxidase stain demonstrated that the immuno-
reactivities to 4-HNE and nitrotyrosine in the liver were
increased by chronic ethanol exposure. The positive
stain mainly localized around the central vein. Zinc
supplementation markedly diminished ethanol-induced
4-HNE and nitrotyrosine stains in the liver. The negative
controls showed no background staining on the sections
of all treatments. Quantitative measurements of malondi-
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Figure 4. Effect of zinc supplementation on oxidative stress in the liver of WT 129/Sv mice chronically fed ethanol for 12 weeks. ROS generation was detected
by dihydroethidium that yields red fluorescence in the nuclei on oxidation by ROS. Red fluorescence from dihydroethidium was strong in the liver of ethanol-fed
mice, but much less in mice treated by ethanol plus zinc. Immunohistochemical stains of 4-HNE and nitrotyrosine in the liver show a strong reactivity in ethanol-fed
mice, but a weak reactivity in mice treated by ethanol plus zinc. Lipid peroxidation in the liver was quantitatively measured by biochemical assay of
malondialdehyde concentration. Protein oxidation in the liver was quantitatively measured by ELISA assay of protein carbonyl concentrations. Results in lipid
peroxidation and protein carbonyl are means * SD (72 = 4 to 6). Significant difference (P < 0.05) is identified by different letters. Cont, Control; EtOH, ethanol;
CV, central vein. Original magnifications: X260 (ROS row); X130 (4-HNE and nitrotyrosine rows).
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Figure 5. Effect of zinc supplementation on alcohol metabolism in WT 129/Sv mice chronically fed ethanol for 12 weeks. CYP2E1 activity in the microsomes
was estimated by colorimetrically measuring hydroxylation of p-nitrophenol to 4-nitrocatechol. ADH activity in the cytoplasm was assayed spectropho-
tometrically using alcohol as substrate by measuring the reduction of NAD+ at 340 nm. ALDH activity in the mitochondria was measured using
acetaldehyde as substrate by measuring the reduction of NAD+ at 340 nm. The protein concentrations of CYP2E1 and ADH were quantitatively measured
by ELISA. Blood ethanol elimination after an intragastric bolus of ethanol at 3 g/kg was measured to estimate ethanol metabolic rate. Ethanol concentrations
were measured using a Sigma Diagnostics Alcohol kit. Results are means * SD (7 = 4 to 6). Significant difference (£ < 0.05) is identified by different letters.

Cont, Control; EtOH, ethanol.

aldehyde and protein carbonyl in the liver revealed that
zinc significantly diminished ethanol-induced oxidative
lipid and protein damages. Although the data presented
here were obtained from WT mice, the same results were
also obtained from MT-KO mice (data not shown).

The Effect of Zinc Supplementation on Ethanol
Metabolic Pathway

To determine whether zinc inhibits oxidative stress
through modulating ethanol metabolic pathways, the ef-
fect of zinc supplementation on ethanol metabolism was
determined in the WT mice. As shown in Figure 5, chronic
ethanol exposure caused a significant increase in the
hepatic CYP2E1 activity, which was significantly inhibited
by zinc supplementation. In contrast, the ADH activity in
the liver was not affected by chronic ethanol exposure,
but significantly increased by zinc supplementation. The
ALDH activities were significantly increased in mice
chronically fed ethanol alone or ethanol plus zinc. Next,
possible differences in the protein levels of CYP2E1 and
ADH between chronic ethanol-exposed and the zinc-
supplemented mice were determined. The protein con-
centrations of CYP2E1 in the liver were significantly in-
creased by chronic ethanol exposure, which was

primarily inhibited by zinc supplementation. In contrast,
the protein level of hepatic ADH was significantly higher
in mice treated with ethanol plus zinc than ethanol alone,
although the latter also induced a significant increase in
ADH protein level. To determine whether changes in
ethanol metabolic pathway affect ethanol metabolic rate,
the blood ethanol elimination was determined after an
intragastric bolus of ethanol at 3 g/kg. An increased
ethanol clearance was found in ethanol-fed mice, and
zinc supplementation did not affect the ethanol-elevated
elimination rate.

Zinc Supplementation Prevented Ethanol-
Induced Decreases in GSH and GSH-Related
Enzymes

To determine the effect of zinc on GSH and GSH-related
enzymes, hepatic GSH status, and enzymatic activities of
GSH reductase (GR) and GSH peroxidase (GPx) in the
WT mice were measured (Figure 6). Chronic ethanol
exposure induced a significant decrease in GSH concen-
trations in both cytosol and mitochondria, which was
attenuated by zinc supplementation. The hepatic GR ac-
tivity was not affected by chronic ethanol feeding. How-
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Figure 6. Effect of zinc supplementation on cytosolic and mitochondrial
GSH in the liver of WT 129/Sv mice chronically fed ethanol for 12 weeks. The
GSH concentrations in cytosol and mitochondria were measured using a
colorimetric Bioxytech GSH-400 assay kit. Activities of GR and GPx were
measured using assay kits from Calbiochem. Results are means * SE (n = 4
to 6). Significant difference (2 < 0.05) is identified by different letters. Cont,
Control; EtOH, ethanol.

ever, zinc supplementation significantly increased the
GR activity in the mice chronically fed ethanol. The GPx
activity in the liver was decreased in the ethanol-fed
mice. Zinc supplementation partially inhibited ethanol-
induced decrease in GPx activity.

Discussion

The results obtained demonstrated that dietary zinc sup-
plementation prevented ethanol-induced zinc decrease
in the liver and inhibited ethanol-induced oxidative liver
injury. The suppression of ethanol-induced oxidative in-
jury by zinc supplementation most likely resulted from
inhibition of ROS, in particular, superoxide accumulation.
The ROS accumulation apparently resulted from the
alcohol-enhanced CYP2E1 pathway, which has been
shown to be highly responsible for ROS generation.?®
Zinc supplementation inhibited the activation of the
CYP2E1 pathway and at the same time enhanced the
ADH pathway, thus leading to the prevention of the eth-
anol-induced metabolic shift that is in favor of ROS pro-
duction. Furthermore, zinc also prevented ethanol-in-
duced decreases in GSH and GPx, but increased GR.
These results thus indicate that zinc supplementation
results in suppression of alcohol-induced metabolic shift
favoring ROS generation and enhanced GSH antioxidant
capacity, thus inhibits alcohol-induced oxidative stress
leading to prevention of alcoholic liver injury.

The decrease in zinc concentrations in the liver is one
of the most consistent observations in alcoholic patients
and animal models of alcoholic liver injury.'® The con-
sequence of zinc depletion has not been well under-

stood, although it has been suggested that zinc defi-
ciency contributes to the pathogenesis of liver disease.?
MT is a metal-binding protein, and the role of MT in
cellular zinc homeostasis has long been recognized.’®
Under chronic ethanol exposure, MT concentrations in
the liver were found to significantly decrease along with
zinc depletion in the liver,?” but dietary zinc supplemen-
tation significantly increased MT concentrations in the
liver exposed to alcohol.?® Thus, the hepatoprotective
effects by zinc supplementation were ascribed to the MT
induction in the liver. However, our recent studies have
shown that zinc inhibition of acute alcohol liver injury is
independent of MT.2°32 By using the MT-KO mouse
model in the present study, we demonstrated again that
zinc supplementation prevented hepatic zinc decrease
and liver injury induced by chronic ethanol exposure in
an MT-independent manner. However, the zinc concen-
trations in the liver were lower in MT-KO mice than WT
mice under chronic ethanol exposure, indicating the im-
portance of MT in cellular zinc homeostasis. It is impor-
tant to note that there were no apparent side effects
observed in the mice under long-term zinc supplemen-
tation, providing solid evidence that supports the con-
cept that zinc has the advantage of being relatively non-
toxic, particularly if taken orally.33

Accumulation of ROS in the liver has been well docu-
mented in alcohol-induced liver injury. Dihydroethidium
fluorescence microscopy was performed to detect ROS
in the liver in the present study. Nonfluorescent dihydro-
ethidium is oxidized to generate red fluorescence prod-
uct that binds to DNA, leading to a red fluorescent stain-
ing on the nuclei. The red fluorescent product was
assumed as ethidium.®* However, recent studies with
fluorescence spectra, HPLC, and mass spectrometry
have shown that superoxide oxidizes dihydroethidium to
ared fluorescent product that differs from ethidium by the
presence of an additional oxygen atom in its molecular
structure, named oxyethidium.3>3® Hydrogen peroxide,
hydroxyl radical, and nitric oxide/superoxide-derived ox-
idants do not react with dihydroethidium to form this
characteristic fluorescent product, but these oxidants
can oxidize dihydroethidium to form other products.3®
Therefore, the red fluorescence from dihydroethidium ox-
idation may not solely be from its interaction with super-
oxide. In spite of these limitations, fluorescence micros-
copy with dihydroethidium is a useful technique for
general detection of intracellular ROS. Dihydroethidium
fluorescence microscopy in the present study showed
that chronic ethanol exposure enhanced the red fluores-
cence, which is inhibited by zinc supplementation. In an
agreement with this result, zinc supplementation attenu-
ated ethanol-induced lipid peroxidation and protein oxi-
dation products. These results suggest that inhibition of
ROS accumulation is involved in zinc prevention against
ethanol-induced liver injury.

Oxidative stress plays a critical role in the pathogene-
sis of alcoholic liver injury,® which is closely associated
with ethanol metabolism; in particular, the alteration in
ethanol metabolic pathways such as the shift from the
ADH to the CYP2E1 pathway, leading to the accumula-
tion of ROS in the liver. The effects of chronic ethanol



exposure on hepatic ADH activities have been investi-
gated in both ethanol-fed animals and human alcoholics.
Most studies demonstrated that chronic ethanol expo-
sure has little effect on ADH activity,® although some
reports showed decreased or increased ADH activi-
ty.37:38 ADH gene expression analysis has demonstrated
that chronic ethanol exposure significantly increases the
ADH mRNA level in the liver.3® The present study found
that the ADH protein level was increased after chronic
ethanol exposure, but the enzymatic activity remained
unchanged. This could be ascribed to the effect of zinc
decrease because ADH activity is zinc-dependent, as
shown in a previous study that rats fed a zinc-deficient
diet displayed a significant decrease in the hepatic ADH
activities.®® Thus, chronic ethanol exposure causes a
zinc decrease, which in turn leads to reduced ADH ac-
tivity. To keep the capacity of ethanol metabolism, an
adaptive response for the liver to ethanol exposure is to
increase CYP2E1 activity. CYP2E1 has been recognized
in most studies as a critical contributor to ethanol-in-
duced ROS generation.®~'2 Therefore, the shift of ethanol
metabolism from ADH to CYP2E1 pathway is highly re-
sponsible for oxidative stress, as shown in the present
study. Thus chronic alcohol exposure significantly in-
creased the hepatic malondialdehyde concentrations
and nitrotyrosine levels; both were inhibited by zinc sup-
plementation. The inhibitory effect of zinc on nitrotyrosine
formation likely reflects the indirect suppression of per-
oxynitrite, the product of the interaction between nitric
oxide and superoxide, which was highly suppressed by
zinc supplementation.

The impaired antioxidant defense in the liver has long
been recognized in the alcoholic liver disease.*® GSH is
the most important molecule involved in cellular antioxi-
dant defense, and selective GSH depletion in mitochon-
dria was repeatedly reported in chronically ethanol-fed
animals.*®*" Dietary supplementation with S-adenosyl-L-
methionine has been shown to replenish mitochondria
GSH pool, thereby attenuating mitochondrial dysfunction
and preventing ethanol-induced liver injury.*? A positive
correlation also has been found between zinc and GSH.
Zinc depletion with zinc chelator induced a dose-depen-
dent decrease in cellular GSH level in cultured keratino-
cytes, hepatocytes, and hepatic stellate cells.'**344 The
levels of GSH in blood and liver were also found to
correlate well with dietary zinc status.?®® In the present
study, zinc supplementation effectively prevented etha-
nol-induced GSH decrease in both cytosol and mitochon-
dria. Increase in GR activity by zinc supplementation
indicates that zinc protects the GSH pool at least partially
through enhancing GSSG reduction to GSH. GPx is one
of the primary antioxidant enzymes, and decrease in GPx
activity has been repeatedly reported in chronic ethanol
exposure.*”*® The present study demonstrated that zinc
supplementation prevents ethanol-induced decrease in
GPx activity.

TNF-a plays a critical role in the initiation and devel-
opment of alcoholic liver injury.*® Our recent studies with
acute ethanol or lipopolysaccharide hepatotoxicity mod-
els demonstrated that zinc suppresses hepatic TNF-«
production through protection of intestinal mucosa and
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inhibition of nuclear factor-kB activation in Kupffer
cells.*°732 |n the present study, attenuation by zinc sup-
plementation of TNF-a increases in the liver was ob-
served. Because abrogation of TNF-a pathway using
TNF-a receptor knockout mouse model has been shown
to reduce steatosis, necrosis, and inflammation under
chronic ethanol exposure,®® the attenuation of hepatic
TNF-a production by zinc supplementation is likely an
important action in zinc protection against alcoholic liver
injury. However, whether the inhibition of TNF-a produc-
tion results from the direct action of zinc on the liver such
as Kupffer cells or/and indirect action by preserving the
intestinal barrier’s integrity leading to inhibition of endo-
toxemia needs further investigation.

In conclusion, the present study demonstrated that
zinc supplementation prevented ethanol-induced liver
zinc decrease and alcoholic liver injury. The hepatopro-
tective effect of zinc on alcoholic liver injury most likely
results from inhibition of oxidative stress. Although multi-
ple factors could be involved in the zinc inhibition of
oxidative liver injury, the inhibition of CYP2E1 pathway
and the enhanced GSH-related antioxidant capacity by
zinc would make a significant contribution. These results
suggest that zinc may have a therapeutic potential in the
prevention and/or treatment of alcoholic liver disease.
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