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Abstract

Metallothionein (MT) gene therapy leads to resolution of liver fibrosis in mouse model, in which the activation of collagenases is
involved in the regression of liver fibrosis. MT plays a critical role in zinc sequestration in the liver suggesting its therapeutic effect
would be mediated by zinc. The present study was undertaken to test the hypothesis that zinc supplementation suppresses liver
fibrosis. Male Kunming mice subjected to bile duct ligation (BDL) resulted in liver fibrosis as assessed by increased a-smooth
muscle actin (x-SMA) and collagen | production/deposition in the liver. Zinc supplementation was introduced 4 weeks after BDL
surgery via intragastric administration once daily for 2 weeks resulting in a significant reduction in the collagen deposition in the
liver and an increase in the survival rate. Furthermore, zinc suppressed gene expression of -SMA and collagen | and enhanced
the capacity of collagen degradation, as determined by the increased activity of total collagenases and elevated mRNA and
protein levels of MMP13. Therefore, the results demonstrate that zinc supplementation suppresses BDL-induced liver fibrosis

through both inhibiting collagen production and enhancing collagen degradation.
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Introduction

In an attempt to explore experimental therapy for liver
fibrosis, we tested the efficacy of metallothionein (MT)
gene therapy for carbon tetrachloride-induced liver fibrosis
in mice." We used adenovirus-mediated human MT-IIA
(hMT-ITA) gene transfection as our therapeutic approach.
Mice treated with carbon tetrachloride for 4 weeks devel-
oped liver fibrosis that was reversible upon removal of the
chemical stimulus, correlating with a high level of hepatic
MT. In contrast, mice treated with carbon tetrachloride for
8 weeks developed irreversible liver fibrosis along with low
levels of hepatic MT. Additionally, carbon tetrachloride
treatment for 4 weeks resulted in irreversible liver fibrosis
in MT knockout (MT-KO) mice. Adenoviral delivery of
hMT-IIA gene reversed the fibrosis along with increased
hepatocyte regeneration in both WT and MT-KO mice
with irreversible fibrosis. In the MT treated liver, the activity
of collagenases was significantly elevated.

MT is an important zinc-binding protein involved in zinc
metabolism and homeostasis.?> The interaction of MT with
a number of oxidants causes a release of zinc bound to the
protein,”*® and the released zinc would thus affect the
activities of enzymes involved in fibrogenesis and
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fibrinolysis in the liver. Among the enzymes and proteins
that require zinc for their activation are matrix metallopro-
teinases (MMPs), which have a zinc active center.’
Therefore, the activity of these zinc-dependent enzymes is
highly dependent on the availability of zinc.”°

Since MT gene therapy would increase the availability of
zinc in the liver, it is reasonable to speculate that zinc sup-
plementation would be also effective in the treatment of
liver fibrosis in mice. Therefore, the present study was
undertaken to test the hypothesis that zinc supplementation
suppresses liver fibrosis. To accomplish this, we used a bile
duct ligation (BDL)-induced irreversible liver fibrosis
mouse model and initiated zinc supplementation after the
development of liver fibrosis. We thus examined the thera-
peutic effect, as opposed to the preventive effect, of zinc on
irreversible liver fibrosis.

Materials and methods

Animals and BDL

Male Kunming mice, 8 weeks old and weighing 30-35g,
were obtained from Chengdu Da-Shuo experimental

animal breeding research center. This strain of mice was
selected as they are less susceptible to the potentially
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lethal effects of BDL than other tested strains. Animals were
allowed free access to standard AIN-76 rodent chow and
mineral-free DD-water. All the mice were treated according
to the experimental procedure approved by the
Institutional Animal Care and Use Committee. BDL/sham
operation was done as previously described."" Briefly, mice
were anesthetized by inhalation using 2-3% isofluorane
mixed in oxygen. The abdomen was opened by a midline
laparotomy and the bile duct was separated from portal
vein and hepatic artery, then ligated by three pieces of 5.0
mersilk (Ethicon); two at the upstream of bile outflow and
one at the downstream. The bile duct was cut above the last
ligation site followed by abdomen closure using an inverted
interrupted suture. In sham-operated controls, the bile duct
was identified but not ligated or transected. To test the effect
of zinc on BDL-induced liver fibrosis, mice were divided
into four groups 4 weeks after the BDL surgery: (1) sham,
(2) sham+ zinc, (3) BDL, and (4) BDL + zinc. These mice
received vehicle solution (group 1 and 3) or zinc sulfate
solution (5mg zinc/kg, group 2 and 4) by intragastric
administration once a day for 2 weeks. At the end of the
experiment, all mice were sacrificed, and liver and blood
samples were collected for analyses.

Zinc concentrations in the blood and liver

Plasma and hepatic zinc concentrations were determined
by atomic absorption spectrometry (Thermo Scientific iCE
3500) after lyophilization and digestion with nitric acid
following the procedure described previously.'?

Analysis of liver fibrosis

Collagen deposition was identified in formalin-fixed, par-
affin-embedded liver tissue sections after Masson’s
trichrome staining and Sirus red staining. Semi-quantifica-
tion of collagen deposition was performed by randomly
selecting five non-overlapping areas in each slide at x 100
magnification under Nikon Eclipse 80i microscope and the
collected images were analyzed using Image-pro plus 6.0
software.

Measurement of hepatic hydroxyproline concentration

The hydroxyproline content in the liver tissue was mea-
sured by a hydroxyproline assay kit (Nanjing Jiancheng
Bioengineering Research Institute, Nanjing, China) accord-
ing to the manufacture’s instruction. The absorbance of the
purple complex formed was measured at 550 nm using a
standard spectrophotometer. Hydroxyproline was used as
the standard to calculate the sample content of free hydro-
xyproline. Values are expressed as hydroxyproline
(ng)/liver tissue (mg).

Immunohistochemical analysis

Liver tissues were fixed with 4% paraformaldehyde and
sectioned in 5um portions. The sections were deparaffi-
nized in xylene and dehydrated in alcohol. After treatment
with 3% (vol/vol) hydrogen peroxide in methanol to elim-
inate non-specific reactions, the samples were incubated
with anti-a-SMA antibody (Abcam, USA) overnight

at 4°C. Samples were then processed using a DAB kit
(Zhongshan Golden Bridge Inc., Beijing, China) according
to the manufacturer’s instruction. Phosphate-buffered
saline was used as negative control. The cells with brown
staining in the cytoplasm were considered positive.

Real-time quantitative reverse-transcription
polymerase chain reaction (RT-PCR)

Total RNA was extracted from liver tissues with Trizol
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instruction. RNA concentration was
quantified using a Gene Quant pro (GE Healthcare,
Waukesha, WI). Complementary DNAs (cDNAs) were
synthesized using an iScript cDNA Synthesis Kit (Bio-
Rad, USA) in MJ] mini personal thermal cycler (Bio-Rad,
USA). The amount of cDNA corresponding to 50ng of
RNA was amplified using a SYBR green PCR kit (Bio-Rad,
USA) with the primers for a-SMA, collagen type Io1, colla-
gen type Illoal, MMP8, MMP13, transforming growth factor-
B1, tissue inhibitors of metalloproteinase 1, tissue inhibitors
of metalloproteinase 2, and B-actin. The primer sequences
(Table 1) were designed and synthesized by Invitrogen
(Invitrogen Trading Co., Ltd, Shanghai, China).

Western blot analysis of proteins

Livers were removed and immediately stored in liquid
nitrogen. Frozen livers were homogenized in lysis buffer
(50mM Tris-HCI, pH 8, 150 mM NaCl, 0.5% sodium deox-
ycholate, 1% NP-40, and 0.1% SDS) supplemented with 1%
complete EDTA-free protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) and 1mM phenyl-
methanesulfonyl fluoride. The homogenates were centri-
fuged at 12,000 g/ min for 20 min at 4°C. The supernatants
were carefully collected and protein content was deter-
mined using Pierce® BCA Protein Assay Kit (Pierce
Biotechnology, Rockford, USA). A 50ug protein sample

Table 1 Primer sequences used for real-time RT-PCR

B-actin 5-AGATTACTGCTCTGGCTCCTAGC-3’  (Forward primer)
5’-ACTCATCGTACTCCTGCTTGCT-3’ (Reverse primer)
a-SMA 5’-TCTGCCTCTAGCACACAACTG-3’ (Forward primer)
5’-CTAGGCCAGGGCTACAAGTT-3’ (Reverse primer)
COL1A1  5-AGGCCACGCATGAGCCGAAG-3’ (Forward primer)
5’-GCCATGCGTCAGGAGGGCAG-3’ (Reverse primer)
COL3A1  5-ACCTGCAGGACCCACTGGCA-3’ (Forward primer)
5’-GACCACGCCCACCGGGAAAG-3’ (Reverse primer)
MMP8 5’-TGCCTCGATGTGGAGTGCCTGA-3'  (Forward primer)
5’-GCCCTTGACAGCTGTGGCGT-3’ (Reverse primer)
MMP13  5-ACAGGCTCCGAGAAATGCAA-3’ (Forward primer)
5’-CCACATCAGGCACTCCACAT-3’ (Reverse primer)
TGF-B1 5’-TTGCCCTCTACAACCAACACAA-3’ (Forward primer)
5-GGCTTGCGACCCACGTAGTA-3’ (Reverse primer)
TIMP1 5’-TGATTTCCCCGCCAACTCCGC-3’ (Forward primer)
5’-TGCCAGAGATGCAAAGGGGGC-3’ (Reverse primer)
TIMP2 5’-AGCCCTCCCTGAGCCGTGTT-3’ (Forward primer)
5’-AGAGCCAAACCGAGCCGTGC-3’ (Reverse primer)




was resolved in 10% SDS-PAGE and transferred to polyvi-
nylidene fluoride membrane (Bio-Rad, USA). Transferred
proteins were blocked with 5% non-fat dry milk in Tris-
HCI buffer solution containing Tris-HCI (50 mM), NaCl
(150 mM), and Tween-20 (0.1%) for 1 h at room temperature.
The blots were then incubated with respective primary anti-
bodies (anti-a-SMA, anticollagen I, Abcam, USA) in block-
ing solution, according to the vender’s recommendations.
After incubation, the blots were washed with TBS-T six
times for 5min each followed by incubation with appropri-
ate secondary antibody for 1h. Target proteins were visua-
lized using a chemiluminescent horseradish peroxidase
substrate (Millipore, USA) and analyzed by densitometry
using Quantity One Software (Bio-Rad, USA).

Determination of collagenase activity

The total enzyme activity of collagenases MMP1, 8, and 13
was determined in liver homogenates using an EnzCheck
Gelatinase/Collagenase Assay kit (Molecular Probes, USA)
according to the manufacturer’s instruction. Fluorescently
labeled collagen type I was used as substrate with purified
collagenase from clostridium histolyticum as the control.
Fluorescence (excitation 495nm, emission 515nm) was
measured using a microplate reader (BioTek Synergy?2).
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Statistics

The data were analyzed using SPSS/19.0 software and com-
parisons between groups were made using one way ana-
lysis of variance followed by Dunnett’s T3 test. The value
P <0.05 was considered as statistically significant.

Results

Effect of zinc supplementation on zinc concentrations
in the blood and liver

BDL significantly depressed zinc concentrations in the liver,
but only slightly decreased zinc concentrations in the blood.
Zinc supplementation not only replenished zinc concentra-
tions in the liver, but also increased zinc concentrations in
the blood in BDL mice (Figure 1). In contrast, zinc supple-
mentation significantly increased zinc concentrations in the
blood, but did not affect liver concentrations in the sham-
operated control mice (Figure 1).

Effect of zinc supplementation on survival and liver
fibrosis in BDL mice

A gradual increase in animal death was observed in the
BDL mice, and zinc supplementation markedly suppressed
the mortality (Figure 1). The survival rate was 27% in the
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Zinc concentrations in blood (a) and liver tissue (b) in the sham-operated and BDL groups with or without zinc supplementation and changes in mortality

rates of mice within these groups (c). Mice were subjected to BDL for 4 weeks and then divided into four groups as shown. Zinc supplementation started at the end of 4
weeks after BDL and lasted for 2 weeks. Animals were harvested at the end of 2 weeks of zinc supplementation. Data were obtained from six mice in each treatment
group (A and B) and expressed as mean + SD; *significantly different from sham-operated controls (P < 0.05). The mortality in the BDL only group at the end of the
experiment (n =30 each group) was significantly different from other groups (P < 0.05)
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mice subjected to BDL without zinc supplementation. After
zinc supplementation for 2 weeks the survival rate
increased to 72%.

Zinc supplementation significantly reduced collagen
deposition in the liver as revealed by Masson and Sirus
red staining and semi-quantitative analysis (Figure 2). In
addition, immunohistochemical analysis showed a remark-
able a-SMA-positive staining in the liver of the BDL mice,
which was significantly reduced after zinc supplementation
(Figure 2). Furthermore, zinc supplementation significantly
reduced hydroxyproline concentrations in the livers of BDL
mice (Figure 2) confirming the suppression effect of zinc on
BDL-induced liver fibrosis.

Zinc supplementation on a-SMA and collagen |
expression in the liver

To further understand the effect of zinc supplementation on
BDL-induced liver fibrosis, the expressions of a-SMA and
collagen I in the livers of mice subjected to BDL with or
without zinc supplementation were assessed by real-time
RT-PCR and Western blot analysis. The mRNA levels of
oa-SMA and collagen Ial were significantly increased in
the BDL mice, which were significantly suppressed by
zinc (Figure 3(a)). Western blot analysis showed the same
effect, i.e. zinc supplementation significantly reduced the
protein levels of a-SMA (Figure 3(b)) and total collagen I
(Figure 3(c)).

Zinc supplementation on the activity of collagenases
and the expression of MMP13

To probe possible mechanisms by which zinc supplemen-
tation suppressed the progression of liver fibrosis induced
by BDL, we measured the effect of zinc supplementation on
the activity of collagenases (MMP1, 8, and 13) in the liver.
The total activity of collagenases in the BDL mice supple-
mented with zinc was significantly elevated in comparison
with that of the BDL mice or sham-operated controls
(Figure 4). Zinc supplementation did not affect the activity
of collagenases in the livers of sham-operated controls.
Furthermore, the mRNA and protein levels of MMP13
were significantly increased in response to zinc supplemen-
tation in the BDL mice, but not in the sham-operated con-
trols (Figure 4).

Discussion

We previously demonstrated that MT gene therapy
reversed liver fibrosis induced by carbon tetrachloride in
a mouse model." It is important to understand the mechan-
ism by which MT gene therapy imparts reversibility on
irreversible liver fibrosis. Since interstitial collagenases
including MMP1, 8, and 13 are important metalloproteases
involved in the liver fibrinolysis, several studies have eval-
uated the role of collagenases in the recovery of established
liver fibrosis. For instance, human MMP8 delivered by an
adenovirus vector (AdMMP8) was shown to effectively
reverse liver fibrosis."> The same AAMMPS8 system was
also shown to be effective in reducing liver fibrosis in bile
duct-ligated cirrhosis rats.'"* A similar approach using

MMP1 delivered by an AAMMP1 construct was also effect-
ive in reversing liver fibrosis in rats."

Treatment with carbon tetrachloride for 4 weeks causes
liver fibrosis, which is reversible upon secession of the treat-
ment. Therefore, to define the effect of intervention on the
progression and regression of liver fibrosis requires the con-
comitant presence of carbon tetrachloride. However, con-
tinuous treatment with carbon tetrachloride during the
intervention confounds the interpretation of the result; the
direct and indirect effects are indistinguishable. In contrast,
BDL for 4 weeks causes irreversible liver fibrosis. Therefore,
the improvement after intervention in BDL mice is not con-
founded by the self-recovery process or through interaction
with the cause. A negative feature of this approach is severe
mortality in several strains of mice (including parent strains
of 129, C57BL/6, and FVB/N), which impedes observation
of the progression and intervention following BDL-induced
liver fibrosis. The strain of Kunming mice is much more
tolerant of the lethality induced by BDL allowing a long-
term observation after BDL treatment. This model provides
a convenient experimental tool for more comprehensive
understanding of BDL-induced liver fibrosis and potential
intervention. We took advantage of the hardiness of these
mice with respect to BDL treatment to observe the interven-
tion effect of zinc supplementation.

Zinc supplementation increased its blood levels in both
sham-operated and BDL mice suggesting that zinc absorp-
tion is not affected by BDL and that increasing zinc avail-
ability through oral supplementation in secondary biliary
cirrhosis is possible. Further, zinc levels were replenished in
the BDL mice, but zinc supplementation did not increase
hepatic zinc concentrations in the sham-operated mice. This
suggests the regulation of hepatic zinc homeostasis in BDL
mice remains functional in secondary biliary cirrhosis and
that increasing the availability of zinc in the blood
replenishes the depleted zinc in the liver.

It is important to note that zinc supplementation remark-
ably increased the survival of BDL mice; especially when
supplementation was introduced after BDL-induced liver
fibrosis (4 weeks after BDL) rather than prior to BDL treat-
ment. This simple intervention is fairly achievable in clin-
ical setting. Provided that the regulation of hepatic
homeostasis remains functional, oral zinc supplementation
would improve the condition of secondary biliary cirrhosis.
The suppressed progression of liver fibrosis through zinc
supplementation was observed by reduced collagen depos-
ition, decreased hydroxyproline accumulation, and dimin-
ished a-SMA staining in the liver. These factors indicate that
intervention is effective in suppressing the progression of
secondary biliary cirrhosis, although it is also possible that
this treatment can reverse BDL-induced liver fibrosis.

Several prior studies examined the effects of multiple
intervention procedures on BDL- or carbon tetrachloride-
induced liver fibrosis in mice or rats.'®! In addition to the
gene therapies for liver fibrosis described earlier,'3-1618
approaches include blocking the fibrogenesis signaling
pathways with treatments such as rapamycin in rat model
of BDL-induced biliary cirrhosis.?! However, these inter-
vention procedures were all applied immediately following
BDL and demonstrated preventive effect on liver fibrosis.
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Figure 2 Effect of zinc supplementation in the sham-operated and BDL groups on liver hydroxyproline content (a), and collagen and «-SMA deposition (b).
Immunostaining of collagen and «-SMA (b) appeared positive in BDL mice and semi-quantitative analysis revealed a significant increase in collagen content and «-SMA
concentrations, which were significantly reduced by zinc supplementation. Data were obtained from nine mice in each treatment group (a) and expressed as

mean + SD. The mean density of Masson’s trichrome staining, Sirus red staining, and «-SMA staining was obtained from six animals; three different section slides from
each mouse and the images of five randomized and non-overlapping areas at x100 (Masson’s trichrome staining, Sirus red staining) or x400 (x-SMA staining)
magnification in each slide were captured and calculated. Data are shown as the mean + SEM; *significantly different from sham-operated controls (P < 0.05), #sig-
nificantly different from both sham-operated controls and BDL treated only (P < 0.05). (A color version of this figure is available in the online journal.)
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Figure 3 Gene expression profile of the livers of mice in the sham-operated and BDL groups with or without zinc supplementation (a) and the protein content of o-
SMA (b) and collagen | (c) in the livers. The mRNA levels for different proteins as labeled were determined by real-time PCR (a). Western blot analyses for «-SMA (b) and
collagen | (c) were also subjected to semi-quantitative analysis as shown. The data were obtained from seven mice in each group (a) and four mice in each treatment
(b and c) and expressed as mean + SD; *significantly different from sham-operated controls (P < 0.05), #significantly different from sham controls and BDL only

(P <0.05)

In an attempt to examine the effect of zinc treatment on
ongoing liver fibrosis, Kono et al.** used polaprezinc to treat
thioacetamide (TAA)-induced liver fibrosis in rats. The rats
were treated with TAA for 20 weeks and polaprezinc was
administrated daily during the last 10 weeks. It was found
that polaprezinc treatment reduced liver fibrosis.
Interestingly, zinc sulfate administrated in the equal quan-
tities of zinc found in polaprezinc failed to show any pro-
tective effect on TAA-induced liver fibrosis. This may be
due to direct or indirect interaction between TAA and
zinc sulfate that limits zinc availability, which interferes
with the effect of zinc on liver fibrosis similar to the effect
of zinc on carbon tetrachloride-induced liver fibrosis.

The present study reveals that zinc suppresses the pro-
gression of liver fibrosis in BDL mice through inhibition of
collagen production and deposition, as well as through
enhanced collagen degradation. First, we observed that
zinc supplementation suppressed the expression of colla-
gen I, as determined by reduced levels of mRNA and pro-
tein. Second, the levels of mRNA and protein of a-SMA
were also significantly reduced. Since up-regulation of
both collagen I and a-SMA is involved in the fibrogenesis
in the liver, zinc suppression on their expression suggests a
common inhibitory mechanism in the BDL mice. The
understanding of this inhibitory mechanism will be
included in our future studies.
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Figure 4 The effect of zinc supplementation on the activity of collagenases (a) and the protein content of MMP13 (b) in mice subjected to BDL versus the sham-
operated control. The data were obtained from six mice in each treatment group (a) and three mice in each group (b) and expressed as mean =+ SD; *significantly

different from sham-operated controls (P < 0.05)

The increase in the activity of collagenases by zinc sup-
plementation plays a critical role in the regression of liver
fibrosis. Inhibition of collagen production leads to
depressed collagen deposition. However, the preexisting
collagen deposition requires a degradation process for its
removal. It was known that zinc is a critical co-factor for the
activity of collagenases.”*® Therefore, it is not unexpected
that replenishment of zinc pool in the BDL liver increased
activity of collagenases. However, this is not the only mech-
anism for the enhanced activity. Zinc supplementation also
increased the expression of MMP13, a major collagenase, as
demonstrated by the increase in both mRNA and protein
levels. It should be noted that zinc alone does not trigger
up-regulation of collagenases, as demonstrated by that
unaltered expression of MMP13 and the consistent activity
of collagenases following zinc supplementation in the
sham-operated controls.

The present study demonstrates the role of zinc in block-
ing the progression of BDL-induced liver fibrosis. However,
a comprehensive understanding of the mechanism by
which zinc suppresses liver fibrosis remains limited.
While this study clearly demonstrated zinc suppression of
the progression of BDL-induced liver fibrosis, it cannot
exclude the possibility that zinc reverses liver fibrosis in
the presence of BDL. Differentiating these modes of zinc
action requires further studies. Additionally, it is important
to understand the mechanism by which zinc suppresses the
expression of pro-fibrotic genes in BDL mice. Furthermore,
the up-regulation of MMP13 and perhaps other MMPs is
another important role of zinc that requires further mech-
anistic understanding. Lastly, zinc supplementation may
affect copper transportation in the liver. In particular,
copper accumulation in the liver is a factor for liver fibrosis.
Zinc replenishment in the liver may help copper excretion.
These unsolved and emerging issues will be the foci of our
future studies.

In summary, the present study exploits the high toler-
ance of Kunming mice to the lethal action of BDL to under-
stand zinc suppression of BDL-induced liver fibrosis and
the subsequent lethality. Zinc supplementation not only
suppressed liver fibrosis, but it also remarkably improved
the survival of mice subjected to BDL. The suppression of
liver fibrosis was well correlated with the suppressed col-
lagen production and deposition and enhanced activity
of collagenases. However, it remains to be
determined whether zinc supplementation reverses liver
fibrosis and how zinc down-regulates the expression
of pro-fibrotic genes and up-regulates the collagenolytic
genes.
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