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Zinc Supplementation Enhances Hepatic Regeneration
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Subjected to Long-Term Ethanol Administration
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Alcoholic liver disease is associated with sustained
liver damage and impaired regeneration, as well as
significant zinc deficiency. This study was undertaken
to examine whether dietary zinc supplementation
could improve liver regeneration by increasing the
expression of genes involved in hepatic cellular pro-
liferation in a mouse model of alcoholic liver disease.
Adult 129S6 mice fed an ethanol-containing liquid diet
for 6 months developed alcoholic liver disease as
measured by serum alanine transferase activity and
histopathological changes. Zinc supplementation to
ethanol-exposed mice enhanced liver regeneration as
indicated by increased numbers of proliferation cell
nuclear antigen (PCNA)-positive and bromodeoxyuri-
dine (BrdU)-labeled hepatocytes. Zinc-enhanced liver
regeneration was associated with an increase in he-
patocyte nuclear factor-4� (HNF-4�), a liver-enriched,
zinc-finger transcription factor. Studies using cul-
tured HepG2 cells showed that zinc deficiency sup-
pressed cell proliferation and cell proliferation-re-
lated proteins, including hepatocyte growth factor
(HGF), insulin-like growth factor I (IGF-I), insulin-like
growth factor binding protein 1 (IGFBP1), metallothio-
nein (MT), and cyclin D1, as well as HNF-4�. HNF-4�
gene silencing inhibited cell proliferation in association
with decreased protein levels of IGF-I, IGFBP1, MT, and
cyclin D1. The present study provides evidence that zinc
supplementation enhances liver regeneration at least in
part by HNF-4� through the up-regulation of cell prolif-
eration-related proteins, suggesting that dietary zinc
supplementation may have beneficial effects in alco-
holic liver disease. (Am J Pathol 2008, 172:916–925; DOI:

10.2353/ajpath.2008.070631)

Zinc deficiency is well documented in alcoholic liver
disease.1,2 Clinical studies showed that alcoholic pa-
tients have lowered zinc levels in serum and liver,
which is associated with decrease in zinc absorption
from the intestine and increase in zinc excretion from the
urine.3,4 Zinc is well known as one of the most important
trace elements in the body. Dietary zinc deficiency is
associated with a variety of physiological defects includ-
ing anorexia, skin lesion, and growth retardation.5 Mech-
anistic studies demonstrated that zinc deficiency affects
a large number of hepatic genes involved in multiple
cellular functions. In particular, zinc deficiency has been
shown to down-regulate hepatic gene expression of me-
tallothionein (MT), insulin-like growth factor I (IGF-I), in-
sulin-like growth factor binding protein 1 (IGFBP1), and
cyclin D1, which are involved in cell proliferation.6–8 Al-
though the significance of zinc deficiency in the patho-
genesis of alcoholic liver disease has not been fully un-
derstood, our previous studies demonstrated that zinc
supplementation prevents ethanol exposure-induced
liver injury.9,10 Zinc supplementation inhibited ethanol-
induced oxidative stress in the liver.10 Zinc also sup-
pressed the hepatotoxicity induced by lipopolysaccha-
ride and tumor necrosis factor-�, which are critical
mediators in alcoholic liver disease.11,12

The liver has a remarkable capacity to regenerate in
response to injury.13 However, experimental investiga-
tions have demonstrated that the regeneration capacity
of liver is impaired after long-term ethanol intake.14–16

Clinical studies demonstrated an imbalance between he-
patocyte apoptosis and proliferation in alcoholic pa-
tients.17–19 Chronic ethanol intake suppresses cell growth
factors and cell cycle proteins, such as hepatocyte
growth factor (HGF) and cyclin D1.20,21 Data from alco-
holic hepatitis patients also demonstrated a positive cor-
relation between HGF and hepatocyte proliferation and
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survival.22,23 Although zinc deficiency is known to inhibits
cell growth, the link between hepatic zinc deficiency and
ethanol-impaired liver regeneration response has not
been defined.

Increasing evidence from both in vitro and in vivo studies
suggest that zinc plays an important role in gene expression
through modulating transcription factors.11,12,24–28 Zinc is a
critical component in the zinc finger motif of zinc finger
transcription factors, and the release of zinc from the zinc
finger motif leads to a loss of the DNA binding ability of
zinc finger transcription factors.29,30 Hepatocyte nuclear
factor-4� (HNF-4�), a zinc finger protein, is a liver-en-
riched transcription factor,31 and has been reported to
bind the promoters of more than 1000 genes involved in
most aspects of hepatocyte function including cell prolif-
eration.32 Both human and animal data demonstrate that
HNF-4� is essential for maintaining liver gene expression
and a decrease in HNF-� correlates with the severity of
liver damage.33–36 Our recent studies demonstrated that
preservation of HNF-4� is associated with the protective
effect of zinc in TNF-�-induced hepatotoxicity, indicating
a link between zinc homeostasis and HNF-4� function.12

The present study was undertaken to determine specifi-
cally the role of zinc in liver regeneration and the possible
link to HNF-4� in a mouse model of alcoholic liver
disease.

Materials and Methods

Animals and Treatments

129S6 mice were obtained from Taconic (Germantown,
NY). All of the mice were treated according to the exper-
imental procedures approved by the Institutional Animal
Care and Use Committee. Twelve-week-old male 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 maltose dex-
trin. Animals were randomly assigned to 4 groups using a
2 � 2 factorial design, ethanol � zinc. The content of
ethanol in the diet (%, w/v) was gradually increased over
a 6-month feeding period, starting at 3.1%, increasing
0.3% every month, and reaching 4.6% at the end. Ac-
cordingly, the calorie contribution of ethanol started at
22% of total calories, and reached 32% at the end of
6-month feeding. Zinc supplementation was conducted
through the 6-month feeding by adding zinc sulfate to the
liquid diet at 75 mg elemental zinc/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 Avertin (300 mg/kg), and plasma and liver
tissue samples were harvested for assays.

HepG2 Cell Culture

HepG2 cells obtained from American Type Culture Col-
lection (Rockville, MD) were grown in Dulbecco’s modi-
fied Eagle medium (DMEM, Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum and penicillin
(100 U/ml)/streptomycin sulfate (100 �g/ml) (Invitrogen,

Carlsbad, CA). To observe the effect of zinc deficiency
on cell proliferation and HNF-4� function, zinc depriva-
tion was induced by N,N,N�,N�-tetrakis (2-pyridylmethyl)
ethylenediamine (TPEN) at 2 �mol/L, and cells were cul-
tured for 4 days. Zinc sulfate was added at 50 and 100
�mol/L elemental zinc 2 hours after TPEN treatment to
confirm the specificity of TPEN-induced zinc deprivation.
To define the link between zinc and HNF-4�, gene silenc-
ing for HNF-4� was performed by siRNA transfection.
HepG2 cells were cultured for 3 days with Silencer pre-
designed human HNF-4� siRNA and Negative Control #1
siRNA (Ambion, Austin, TX) using Lipofectamine 2000
transfection reagent (Invitrogen, Carlsbad, CA) following
the manufacturer’s instructions. Zinc sulfate was added
at 20 �mol/L elemental zinc 6 hours after HNF-4� siRNA
transfection.

Zinc Concentrations in the Liver

Hepatic zinc concentrations were determined by induc-
tively coupled argon plasma emission spectroscopy (Jar-
rel-Ash, Model 1140, Waltham, MA) after lyophilization
and digestion of the tissues with nitric acid and hydrogen
peroxide.10

Liver Damage

Alanine aminotransferase (ALT) activity in the plasma
was measured following a colorimetric procedure.37 For
observing histopathological changes, liver tissues were
fixed in 10% formalin, and paraffin sections were stained
with H&E.

Assessment of Liver Regeneration

Liver regeneration was assessed by immunohistochemi-
cal staining of proliferating cell nuclear antigen (PCNA)
and bromodeoxyuridine (BrdU) incorporation. For immu-
nohistochemical staining of PCNA, sections were treated
with microwaves to unmask the antigen. Polyclonal rabbit
anti-PCNA (Santa Cruz Biotechnologies, Santa Cruz, CA)
was used as primary antibody and incubated overnight at
4°C. After rising with PBS, the sections were incubated
with DAKO EnVision� Labeled Polymer-HRP (horserad-
ish peroxidase) anti-rabbit antibody (DAKO, Carpinteria,
CA) for 30 minutes. Diaminobenzidine was used as HRP
substrate for visualization. For in vivo measurement of
hepatocyte proliferation, two doses of BrdU (Roche Ap-
plied Science, Indianapolis, IN) were administrated by
i.p. injection at 50 mg/kg 24 and 2 hours before sacrific-
ing. The incorporated BrdU in the nuclei of hepatocytes
was detected by immunohistochemical staining. In brief,
deparaffinized sections were incubated with monoclonal
mouse anti-BrdU antibody (Roche Applied Science)
overnight at 4°C. Then the sections were incubated with
DAKO EnVision� Labeled Polymer-HRP anti-mouse anti-
body (DAKO) for 30 minutes. The PCNA- and BrdU-
positive cells were accounted under a 20� objective,
and the data were expressed as number of positive cells
per 1000 hepatocytes. For quantitative assay of PCNA-
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positive cells, only the cells with intense nuclear staining
were accounted because these cells are known to rep-
resent S-phase cells.38

Real-time RT-PCR Assay

The gene expression of HNF-4� in the liver was assessed
by real-time RT-PCR. In brief, the total RNA was isolated
and reverse transcribed with the Moloney murine leuke-
mia virus reverse transcriptase and oligo-dT primers. The
forward and reverse primers of HNF-4� were designed
using Primer Express Software (Applied Biosystems, Fos-
ter City, CA): NM_008261-3203F sequence: 5�-CGGA-
GCCCCTGCAAAGT-3�, NM_008261-3298R sequence:
5�-CCAGTCTCACAGCCCATTCC-3�. The SYBR green PCR
Master Mix (Applied Biosystems, Foster City, CA) were
used for real-time RT-PCR analysis. The relative differ-
ences of gene expression among groups were evaluated
using cycle time values and expressed as relative
changes, setting the values of control mice as one.

Immunohistochemical Staining of HNF-4�

Localization of HNF-4� in the liver was performed by an
immunohistochemical procedure. Liver sections were in-
cubated overnight at 4°C with a polyclonal rabbit anti-
HNF-4� (Santa Cruz Biotechnologies, Santa Cruz, CA)
followed by incubation with DAKO EnVision� Labeled
Polymer-HRP anti-rabbit antibody (DAKO) for 30 minutes.
Visualization was conducted using diaminobenzidine as
HRP substrate.

Cell Proliferation Assay

Cell proliferation was estimated by measuring cell num-
ber with a Cell Proliferation Kit I from Roche Applied
Science (Indianapolis, IN) following the manufacturer’s
instructions. In brief, HepG2 cells were incubated for 4
hours with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide solution. Cells were washed with PBS,
followed by the addition of dimethylsulfoxide. Aliquots
(200 �l) of the resulting solutions were transferred in
96-well plates, and absorbance at 560 nm, which directly
correlates to the cell number according to the instruction,
was recorded.

Western Blotting

Nuclear extract of liver tissues was prepared as de-
scribed previously18 and whole cell extracts from
HepG2 cells were prepared using a kit from Active
Motif (Carlsbad, CA). Aliquots containing 30 �g protein
were loaded on to a 12% SDS-polyacrylamide gel.
After electrophoresis, protein was transferred to poly-
vinylidene fluoride membrane. The membrane was
probed with rabbit or goat polyclonal antibodies
against HNF-4�, HGF, IGF-I, IGFBP-1, and cyclin D1
(Santa Cruz Biotechnologies), and a monoclonal
mouse anti-MT-I (Invitrogen) antibody. The membrane

was then processed with HRP-conjugated donkey anti-
rabbit IgG, donkey anti-goat IgG, or sheep anti-mouse
IgG (GE Healthcare, Piscataway, NJ) antibodies. The
protein bands were visualized by an enhanced chemi-
luminescence detection system (GE Healthcare) and
quantified by densitometry analysis.

Assessment of HNF-4� Function

Nuclear extracts from HepG2 were prepared using a kit
from Active Motif. The HNF-4� function was assessed by
measuring the DNA binding ability with a Trans AM HNF
Family Transcription Factor ELISA Kit from Active Motif.
The kit consists of a 96-well plate into which oligonucle-
otide containing the HNF-4� consensus site (5�-TG-
GACTTAG-3�) is immobilized. The HNF-4� bound to this
consensus site is recognized by a rabbit polyclonal an-
tibody against HNF-4�, followed by a horseradish perox-
idase-conjugated secondary antibody for the colorimetric
quantification. Results were expressed as percentages of
the control.

Statistics

All data are expressed as mean � SE. The data were
analyzed by analysis of variance (ANOVA) and Newman-
Keuls’ Multiple-Comparison Test. Differences between
groups were considered significant at P � 0.05.

Results

Zinc Supplementation Normalized Hepatic
Zinc Level and Suppressed Ethanol
Exposure-Induced Liver Injury

Ethanol exposure for 6 months caused a significant de-
crease in zinc concentrations in the liver (Figure 1A). Dietary
zinc supplementation did not elevate the basal levels, but
prevented ethanol-induced decrease in hepatic zinc con-
centration. Liver injury was assessed by measuring serum
ALT activity and histopathological changes. Ethanol expo-
sure significantly elevated serum ALT activity, which was
partially inhibited by zinc supplementation (Figure 1B).
Corresponding to the serum ALT changes, light micros-
copy showed that ethanol exposure induced hepatic tis-
sue damage including macrovesicular steatosis, hepato-
cyte necrosis, and leukocytes infiltration (Figure 1C). All
these histopathological changes were attenuated by di-
etary zinc supplementation.

Zinc Supplementation Enhanced Hepatocyte
Proliferation

To determine whether zinc supplementation stimulates
liver regeneration under ethanol exposure, expression of
PCNA and BrdU incorporation were examined by immu-
nohistochemistry. As shown in Figure 2, PCNA immuno-
histochemistry showed positive cells in the liver of all
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treatments, and the majority of PCNA-positive cells are
hepatocytes. In comparison with the control (0.52 � 0.38
‰, positive cells per 1000 hepatocytes) and zinc (0.59 �
0.4‰), ethanol exposure increased the number of PCNA-
positive cells in the liver (2.58 � 0.71‰), but zinc supple-
mentation further increased the number of PCNA-positive
hepatocytes (3.78 � 1.21‰). Examination of S-phase
hepatocytes by BrdU incorporation showed that BrdU-
labeled hepatocytes were extremely rare in groups of
control (0.24 � 0.23‰) and zinc (0.29 � 0.31‰), and
ethanol exposure increased the BrdU-labeled hepato-
cytes (1.02 � 0.49‰). However, zinc supplementation to
ethanol-fed mice significantly increased the number of
BrdU-labeled hepatocytes (1.60 � 0.31‰).

Zinc Supplementation Preserved HNF-4� in the
Liver

To understand how zinc enhances liver regeneration, the
protein and mRNA levels of HNF-4� in the liver were
determined. As shown in Figure 3, ethanol exposure in-
duced a marked decrease in HNF-4� staining in some
hepatocyte nuclei, which was inhibited by zinc supple-
mentation (Figure 3A). Western blotting analysis demon-
strated that ethanol exposure decreased the protein level
of HNF-4� in the nuclear extract of liver, and zinc pre-
treatment attenuated ethanol-induced decrease in HNF-4�

protein (Figure 3B). The mRNA level of HNF-4� was not
significantly affected by ethanol or zinc supplementation,
determined by real-time RT-PCR (Figure 3C).

HNF-4� Partially Mediated Zinc Action on
Regulation of Cell Proliferation and Cell
Proliferation-Related Proteins in HepG2 Cells

To explore the possible link between zinc deficiency and
HNF-4� suppression in hepatocyte proliferation, HepG2
cell cultures were used. As shown in Figure 4A, zinc
deprivation by TPEN suppressed cell proliferation, which
was reversed by zinc supplementation. Western blotting
showed that the protein level of HNF-4� was not affected
by TPEN (Figure 4B). However, zinc deprivation by TPEN
remarkably inhibited the DNA binding ability of HNF-4�,
which was fully recovered by zinc supplementation (Fig-
ure 4C). Western blotting of cell proliferation-related pro-
teins demonstrated that zinc deprivation by TPEN de-
creased HGF, IGF-I, IGFBP1, MT, and cyclin D1, and zinc
supplementation reversed the effect of TPEN (Figure 5).

To assess the role HNF-4� in gene regulation and the
link to zinc, gene silencing for HNF-4� by siRNA trans-
fection was conducted with or without zinc supplemen-
tation. Western blotting demonstrated that HNF-4� siRNA
transfection produced a decrease in HNF-4� protein

Figure 1. Effect of zinc supplementation on hepatic zinc concentrations and liver injury in 129S6 mice chronically fed ethanol for 6 months. A: Normalization
by zinc supplementation of ethanol-induced zinc deficiency in the liver. Zinc concentrations in the liver were measured by inductively coupled argon plasma
emission spectroscopy. B: Inhibition by zinc supplementation of ethanol-induced elevation of serum ALT activities. C: Attenuation by zinc supplementation of
ethanol-induced histopathological changes. Arrows: lipid droplets. Arrowhead: necrosis. Framed area: leukocytes infiltration. Inset is higher magnification of
the framed area. H&E staining. Original magnification, �130; inset, �280. Results in A and B are means � SD (n � 6). Significant differences (P � 0.05) among
a, b, and c are determined by ANOVA.
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level, and zinc supplementation increased HNF-4� pro-
tein level only in control cells (Figure 6A). Importantly,
HNF-4� siRNA transfection remarkably suppressed cell
proliferation, and zinc supplementation stimulated cell
proliferation in control cells but not in HNF-4� siRNA-
transfected cells (Figure 6B). HNF-4� siRNA transfection
decreased the protein levels of IGF-I, IGFBP1, MT, and
cyclin D1 (Figure 6C). Zinc supplementation increased
the protein levels of IGF-I and MT, which was abrogated
by HNF-4� siR�	 transfection.

Discussion

The results obtained from the present study demon-
strated that alcohol-induced liver injury is associated with
zinc deficiency in the liver, and dietary zinc supplemen-
tation not only replenishes liver zinc concentrations, but
also enhances liver regeneration. The enhanced liver
regeneration is associated with a preservation of HNF-4�
in the liver. Studies in HepG2 cells further demonstrated
that zinc deficiency remarkably suppresses cell prolifer-
ation and cell proliferation-related proteins including
HGF, IGF-I, IGFBP1, MT, and cyclin D1, which is associ-
ated with HNF-4� dysfunction. Furthermore, gene silenc-
ing for HNF-4� in HepG2 cells leads to inhibition of IGF-I,
IGFBP1, MT, and cyclin D1. These results thus suggest
that zinc supplementation enhances liver generation un-

der the condition of a long-term ethanol exposure through
up-regulating cell proliferation-related proteins by pre-
serving the activity of HNF-4�.

Chronic ethanol intake is well known to impair liver
regeneration. Several models have been used to define
the effect of ethanol on liver regeneration. Partial hepa-
tectomy or toxic chemicals such as D-galactosamine has
been used as models of injury-initiated liver regenera-
tion.14–16 Primary hepatocyte cultures were used to in-
vestigate the effect of ethanol on hepatocyte proliferation
stimulated by growth factor such as epidemic growth
factor, insulin, and HGF, and cytokines such as TNF and
IL-6.39–43 All of the studies demonstrated that chronic
ethanol intake inhibits liver regeneration and/or hepato-
cyte proliferation in response to different stimuli. How-
ever, the status of liver regeneration after a long term etha-
nol exposure without second stimuli is poorly understood.
Clinical studies demonstrated that both the apoptotic index
and proliferating cell numbers were higher in patients with
chronic alcoholic disease than controls, indicating the in-
duction of hepatocyte proliferation by liver damage.17–19

However, the number of proliferating cells was less than the
apoptotic cells, suggesting an imbalance between hepato-
cyte death and proliferation. Experimental data showed that
rats exposed to ethanol for 5 weeks had higher numbers of
PCNA-positive hepatocytes at weeks 1, 2, and 3, in com-
parison with controls, followed by a mild decrease in ALT

Figure 2. Effect of zinc supplementation on liver regeneration in 129S6 mice chronically fed ethanol for 6 months. PCNA: Immunohistochemical staining of
PCNA-positive cells in the liver. Zinc supplementation enhanced ethanol-induced increase in the number of PCNA-positive cells (Arrows). Original magnification,
�130. Insets are higher magnification (�280) of the framed areas. BrdU: Immunohistochemical detection of BrdU incorporation in the hepatocyte nuclei after
BrdU injection. Zinc supplementation increased the number of BrdU-labeled hepatocytes (Arrows) in ethanol-fed mice. Original magnification, �130.
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activities at 4 and 5 weeks.44 The present study also
showed that the number of proliferating hepatocytes in the
livers of ethanol-fed mice is greater than that of controls.
These findings suggest that chronic ethanol intake indeed
induces hepatocyte proliferation, but it is not sufficient to
recover ethanol-induced liver damage. Dietary zinc supple-
mentation to ethanol-fed mice further increased the number

of proliferating hepatocytes. We also observed that long-
term ethanol exposure induces hepatocyte apoptosis and
zinc supplementation reduced the number of apoptotic
hepatocytes.45 Overall, zinc supplementation decreased
the ratio of apoptosis to proliferation in the liver of mice after
long-term ethanol exposure, thereby providing beneficial
effects on alcoholic liver injury.

Figure 3. Effect of zinc supplementation on HNF-4� in the liver of 129S6 mice chronically fed ethanol for 6 months. A: Immunohistochemical staining of HNF-4�.
B: Western blotting of HNF-4� protein (Upper panel). The bands were quantified by densitometry analysis (Lower panel). Significant differences (P � 0.05)
between a and b are determined by ANOVA. C: Real-time RT-PCR assay of the mRNA levels of HNF-4�. Results in B and C are means � SD (n � 3 in B, n �
4 in C).

Figure 4. Effects of zinc deprivation on cell proliferation and HNF-4� function in HepG2 cells. TPEN was added at 2 �mol/L with or without zinc supplementation
at 50 and 100 �mol/L elemental zinc. Cells were incubated for 4 days. A: Cell proliferation assay. Cell proliferation was measured using a Cell Proliferation Kit
I from Roche Applied Science as described in the Materials and Methods. B: Western blotting of HNF-4�. The bands were quantified by densitometry analysis
(Lower panel). C: HNF-4� function assay. The DNA binding ability of HNF-4� was assessed by a Trans-AM HNF Family Transcription Factor ELISA Kit. Results
are means � SD (n � 12 in A, n � 2–3 in B, n � 6 in C). Significant differences (P � 0.05) among a, b, and c are determined by ANOVA.
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Liver regeneration in response to the loss of hepatic
tissue involves large number of factors, mainly growth
factors and cytokines.46,47 Mechanistic studies on etha-
nol-impaired liver regeneration also demonstrated that
chronic ethanol exposure affects multiple pathways in-
volved in the process of liver regeneration. Early investi-
gations have shown that chronic ethanol intake impairs
partial hepatectomy-induced liver regeneration in asso-
ciation with an inhibition of the induction of ornithine
decarboxylase (the rate-limiting enzyme for polyamine
biosynthesis) and polyamines.48–50 The role of cytokines
such as TNF-� and IL-6 in liver regeneration has also
been studied under the condition of ethanol exposure.
Although ethanol feeding inhibited recovery of liver mass
after hepatectomy, the expressions of TNF-� and IL-6 in
liver and adipose tissue were increased by ethanol.43,51

However, the induction by hepatectomy of cell cycle-
related proteins including cyclin D1, cyclin D3, cdk-1,
and p53 were uniformly inhibited by ethanol consump-
tion.43 Chronic ethanol feeding inhibited activation of
p42/44 MAPK, p38 MAPK and JNK induced either by
partial hepatectomy or by cell growth factors such as
epidermal growth factor, insulin, HGF and TNF.39 – 41

These data indicate that chronic ethanol intake impairs
liver regeneration through multiple pathways involved
in a variety of factors. The present study determined
the effect of zinc on liver regeneration without second
stimulus. The regulator for the liver regeneration is
likely HNF-4�.

HNF-4� is one of the most abundant transcription factors
in the liver, and it is involved in regulation of more than one
thousand of genes.32 Previous studies have shown that
deficiency in hepatic HNF-4� correlates with the cirrhotic
liver damage and hepatoma progression.35,36 Zinc defi-
ciency in the liver is one of the most consistent biochemical/
nutritional complication of alcoholic liver disease, as well as
other chronic liver diseases.1,2,10 However, the relation be-
tween hepatic zinc homeostasis and HNF-4� function has
not been defined. We have shown that HNF-4�, at least
partially, mediates the protective effect of zinc on D-galac-
tosamine/TNF-� hepatotoxicity.12 The present study dem-
onstrated that chronic ethanol intake caused hepatic zinc
deficiency and decreased the protein level of HNF-4�. Zinc
supplementation normalized hepatic zinc levels and par-
tially preserved HNF-4� protein level. However, the mRNA
levels of HNF-4� were not affected by ethanol or ethanol
plus zinc. The results suggest that chronic ethanol
exposure suppresses the protein level of HNF-4� at a
posttranscriptional level. Our previous report has shown that
chronic ethanol exposure generates reactive oxygen species
in the liver.10 It is known that oxidation of zinc finger motif by
reactive oxygen species can cause zinc release, leading to
dysfunction and degradation of zinc finger transcription
factors.29,30 Clinical data from alcoholic patients has
shown that the imbalance between cell death and pro-
liferation in the liver correlates inversely with glutathi-
one levels and directly with lipid peroxidation.19 Our
previous report also showed that zinc supplementation

Figure 5. Effects of zinc deprivation on cell proliferation-related proteins in HepG2 cells. TPEN was added at 2 �mol/L with or without zinc supplementation
at 50 and 100 �mol/L elemental zinc. Cells were incubated for 4 days. A: Western blotting. B: Densitometry analysis of Western blotting bands. Results are means �
SD (n � 2–3). Significant differences (P � 0.05) among a, b, and c are determined by ANOVA.
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normalizes zinc levels and inhibits oxidative stress in
the liver of mice chronically fed ethanol.10 Therefore,
the preservation of HNF-4� protein level by zinc could
result from both the normalization of zinc level in the
liver and the protective effect on zinc finger motifs from
oxidative stress.

The in vitro data from the present study demonstrated
a direct link of zinc status to HNF-4� in regulating hepa-

tocyte proliferation and cell proliferation-related proteins.
First, zinc deficiency by TPEN decreased the protein
levels of HGF, IGF-I, IGFBP1, MT, and cyclin D1 in asso-
ciation with inhibition of hepatocyte proliferation. These
results indicate that zinc status critically regulates cell
proliferation by modulating cell proliferation-related pro-
teins. Second, zinc deficiency by TPEN decreased the
DNA binding ability of HNF-4� without affecting its pro-

Figure 6. Effects of HNF-4� siRNA transfection on cell proliferation and cell proliferation-related proteins in HepG2 cells. HepG2 cells were transfected with
human HNF-4� siRNA and control siRNA and incubated for 3 days with or without zinc supplementation at 20 �mol/L. A: Western blotting of HNF-4�. The bands
were quantified by densitometry analysis (Lower panel). B: Cell proliferation assay. Cell proliferation was measured using a Cell Proliferation Kit I from Roche
Applied Science as described in the Materials and Methods. C: Western blotting of cell proliferation-related proteins. The bands were quantified by densitometry
analysis (Right panel). Results are means � SD (n � 2–3 in A and C, n � 12 in B). Significant differences (P � 0.05) among a, b, and c are determined by ANOVA.
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tein levels. Reversal of TPEN effect by zinc supplemen-
tation fully restored HNF-4� function. This finding indi-
cates that removal of zinc from the zinc finger motif will
lead to loss of the DNA binding function of HNF-4�.
Third, HNF-4� siRNA transfection inhibited hepatocyte
proliferation in association with down-regulation of
IGF-I, IGFBP1, MT, and cyclin D1. These results indi-
cate that HNF-4� is a critical factor in regulation of
hepatocyte proliferation. Interestingly, HNF-4� siRNA
transfection not only caused MT depletion, but also
abrogated the zinc induction of MT. MTs are low-molec-
ular weight proteins involved in many physiological pro-
cesses, including cell proliferation.52 Induction and nuclear
translocation of MT have been observed in rat liver regen-
eration after hepatic injury.53 Impaired hepatic regeneration
was found in MT-null mice after partial hepatectomy.54 Our
studies have shown that MT has a protective role in ethanol-
induced liver injury and chronic ethanol exposure reduced
MT levels in the liver.10,55 These data suggest that MT
deficiency in the liver could be an important factor in etha-
nol-impaired liver regeneration.

In conclusion, the present study provides evidence
that alcohol-induced liver damage initiates hepatocyte
proliferation, and zinc supplementation accelerates liver
regeneration through up-regulating cell proliferation-re-
lated proteins. Preservation of HNF-4� is likely an impor-
tant mechanism involved in the zinc effect on hepatocyte
proliferation. These results suggest that dietary zinc sup-
plementation may have beneficial effects in alcoholic liver
disease through enhancing liver regeneration.
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