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Although the translocation of metallothionein (MT) from cyto-
plasm to nucleus has been demonstrated in liver during times of
high requirement for zinc (fetal development and the neonatal
period), the role of MT in celiular growth is not well understood.
In this study, a potential role of MT in liver regeneration was
investigated in wild type (WT) and MT-l and MT-II gene knockout
(MT-null) mice after 35% partial hepatectomy (PH) or sham
laparotomy. Hepatic MT levels and proliferation index were
measured at 0, 5, 15, 24, 36, 48, and 60 hrs after PH and 48 hrs
after sham laparotomy (control). MT levels were increased in WT
mice (peak at 24 hrs after PH) and declined to normal levels by 60
hrs after PH. Inmunohistochemical staining for MT in WT mice
indicated the presence of MT in both nucleus and cytoplasm of
hepatocytes at 24 hrs after PH, whereas MT was present mainly
in the cytoplasm at 36-60 hrs after PH and 48 hrs after sham
laparotomy. Hepatic proliferation index in both WT and MT-null
mice, as determined by argyrophilic nucleolar organizing region
staining and proliferating cell nuclear antigen immunohisto-
chemical staining, reached a peak at 48 hrs and declined by 60
hrs after PH. Cell proliferation was significantly less in MT-null
mice as compared to WT mice during liver regeneration after PH.
These results suggest that MT may play a positive role in hepatic
regeneration after PH. Exp Biol Med 230:61-67, 2005
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Introduction

Unlike many other organs, the liver has a high capacity
for regeneration after injury. The rodent liver, for example,
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will regenerate 100% of its lost mass within 8 days of
surgical resection (1). Liver regencration is a highly
synchronized multistep process consisting of three phases:
initiation, proliferation, and termination (2). In the initiation
phase, quiescent hepatocytes are primed to respond to
growth factors via the action of cytokines, such as tumor
necrosis factor o (TNF-a) and interfeukin 6 (IL-6). This
priming stage marks the transition from G, to G, stage of
the cell cycle, bringing hepatocytes into a state of replicative
competence. In the proliferation phase, hepatocytes enter S
phase of the cell cycle by stimulation of mitogens such as
hepatocyte growth factor (HGF), transforming growth factor
o (TGF-a), and epidermal growth factor (EGF). The
termination phase is initiated by upregulation of trans-
forming growth factor B (TGF-$) and activin, which
suppress epithelial cell growth (3).

Metallothioneins (MTs) are low—molecular weight
intracellular proteins involved in many physiological
processes, including zinc homeostasis. Among their many
putative functions, MTs may play a role in the intracellular
storage of zinc. In addition, MTs can donate zinc to zinc
finger proteins involved in cellular signaling and transcrip-
tional regulation. /n vitro studies have shown that MT can
supply zinc to the zinc finger transcription factors Spl,
TFIHIA, estrogen receptor, and tramtrack (4-7). This
reaction may occur by direct donation of zinc from MT
through a protein-protein interaction (8). Because of its high
thiol content, MT can also function as an antioxidant. In
vitro studies suggest a direct reaction of hydrogen peroxide
with the sulthydryl groups of MT (9, 10). It has been shown
that MT, especially bound to zinc, has a higher capacity to
protect against radiation-induced DNA damage than
glutathione, another antioxidant (11).

High levels of MT bound to zinc and copper have been
detected in liver during fetal development and the neonatal
period, when there is a high requirement for zinc in cellular
growth (12-14). A transient nuclear localization of MT has
been demonstrated in human, rat, and mouse hepatocytes
during the fetal/neonatal period (15~17). Studies have
shown that MT is induced during liver regeneration, a time
of extensive hepatocellular proliferation and high require-
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ment for essential metals such as zinc. Tohyama et al. (18)
and Tsujikawa et al. (19) demonstrated the induction and
nuclear localization of MT in rat hepatocytes after partial
hepatectomy (PH). Theocharis et al. (20) demonstrated the
induction of MT in regenerating rat liver after hepatic injury
with administration of carbon tetrachloride.

Because there are few studies on the role of MT in
cellular growth, this study was undertaken with MT-I and
MT-II gene knockout (MT-null) mice to investigate
potential roles for MT in liver regeneration after PH. The
changes in hepatic proliferation index in wild type (WT) and
MT-null mice were compared with argyrophilic nucleolar
organizing region (AgNOR) staining and proliferating cell
nuclear antigen (PCNA) immunohistochemical staining
techniques at different time points after PH. Immunohis-
tochemical staining for MT was used to examine changes in
the subcellular localization of MT after PH.

Materials and Methods

Animals and Surgical Procedures. Homozygous
MT-I/MT-II null transgenic (129s7/SvEv-Brd-Mt]1'™!B"
Mt2'™'Briy and WT mice (129s3/SvimJ) were obtained from
Jackson Laboratories (Bar Harbor, ME) and were bred in the
animal facilities at the University of Western Ontario.
Animals were housed four per cage and were maintained in
a controlled temperature and humidity environment of
12:12-hr light:dark cycles. All animals were fed mouse
chow (Harlan Teklad 2018) and water ad libitum. PH was
performed in 8- to 16-weeks-old male and female mice, as
described previously (21) with few modifications. Briefly,
mice were anesthetized with an intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (5 mg/kg) (K4X), and a
midline incision was made. The left lower lobe, comprising
approximately 35% of total liver weight, was ligated with a
silk suture and resected. The peritoneum was then
reapproximated followed by closure of the skin with a
running nylon suture. To replace fluid loss from bleeding
and fluid shifts the mice were given approximately 0.3 ml
sterile saline subcutaneously on the back after closure of the
abdomen. Animals were observed postoperatively for pain
(vocalization, hunched posture) and were given a subcuta-
neous injection of buprenorphine (0.07 mg/kg) every 8 hrs,
if needed for analgesia. Laparotomized mice, which under-
went the same procedure as described above without liver
resection, served as sham-operated controls.

Groups of three or six mice were killed at different time
points (0, 5, 15, 24, 36, 48, and 60 hrs) after PH or 48 hrs
after sham laparotomy, and the liver remnants were
removed, weighed, and either frozen at —80°C for MT
quantification or processed for histology. For immunohis-
tochemistry and proliferation index determination, liver
samples were fixed in 10% formalin overnight and
embedded in paraffin. All procedures were performed in
accordance with the guidelines of the Canadian Council on
Animal Care.

MT Measurement by Cadmium-Hemoglobin
Assay. Hepatic MT levels were determined by a cadmi-
um-hemoglobin (Cd-heme) assay as described previously
(22). The method used radioactive '"’Cd, and the concen-
tration of MT was calculated in each sample by measure-
ment of '™Cd radioactivity with a gamma counter (1272
Clinigamma, LKB Wallac; Turku, Finland). This was
converted to MT concentration on the basis of 7 g-atoms
of Cd per molecule of MT. The total hepatic MT
concentrations were expressed as micrograms per gram of
wet tissue.

AgNOR Staining. Cell proliferation was determined
with the AgNOR staining method as described previously
(23) with few modifications. Briefly, paraffin-embedded
liver samples were sectioned at 3 um, followed by
deparaffinization and rehydration with sequential passes
through xylene and ethanol. The tissue sections were
incubated with the staining solution, which consisted of a
50% (w/vol) silver nitrate solution (Fisher Scientific,
Nepean, Canada) and a 2% (w/vol) gelatin solution (J.T,
Baker Chemical Co., Phillipsburg, NJ) mixed at a ratio of
two to one, in a darkroom for 20 mins. The slides were then
fixed with a 2% (w/vol) thiosulfate solution (BDH Inc.,
Toronto, Canada) for 60 seconds followed by dehydration
and mounting. The number of hepatocytes with three or
more silver staining nucleolus organizer regions (AgNORs)
and the total number of hepatocytes were counted by two
independent observers in five random microscopic fields
(X400 magnification) per section. The proliferation index
was calculated by dividing the number of hepatocytes with 3
or more AgNORs by the total number of hepatocytes per
section. Results are expressed as means =SD of the total
number of sections (one section per mouse) examined for
each time point.

PCNA Immunohistochemistry. Cell proliferation
was also determined with PCNA immunohistochemica]
staining as described previously (24) with few modifica-
tions. Briefly, paraffin-embedded liver samples sectioned at
5 um were stained with a mouse anti-PCNA monoclonal
antibody at a concentration of 2.5 ug/ml (EMD Biosciences,
Inc., La Jolla, CA) for 60 mins at room temperature. Tissye
sections were counterstained with hematoxylin for detection
of PCNA-negative nuclei and sections stained without
primary antibody served as negative controls. The number
of hepatocytes with PCNA-positive nuclei and the total
number of hepatocytes were counted by two independent
observers in five random microscopic fields (X400 magn;-
fication) per section. The proliferation index was calculated
by dividing the number of hepatocytes with PCNA-positive
nuclei by the total number of hepatocytes per section,
Results are expressed as means £SD of the total number of
sections (one section per mouse) examined for each time
point.

Immunohistochemical Detection of MT. The
subcellular localization of MT was determined with MT
immunohistochemical staining as described previously (17),
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Briefly, paraffin-embedded liver samples sectioned at 5 pm
were stained with a mouse anti-MT serum E9 monoclonal
antibody (DAKO Corporation, Carpinteria, CA) at 1:40
dilution overnight at 4°C. Tissue sections were counter-
stained with hematoxylin and sections stained without
primary antibody served as negative controls.

Statistical Analyses. Statistical analysis of results
was performed using the Student’s two-tailed, unpaired ¢ test
for comparisons between groups. Differences were consid-
ered significant when P < 0.05 (group size, n = 3 or 6).

Results

Quantification of MT by the Cd-heme assay showed
increasing levels of hepatic MT protein with time in WT
mice after PH (Table 1). Hepatic MT levels in WT mice
peaked at 24 hrs after PH, and were about 12 times higher
than hepatic MT levels of control sham laparotomized mice.
However, MT levels eventually declined to basal levels in
WT mice by 60 hrs after PH. There was no change in the
low basal levels of hepatic MT detected in MT-null mice,
and they were still within the detection limit of the Cd-heme
assay (Table 1).

Immunohistochemical staining for MT in WT mice
showed localization of MT in both nucleus and cytoplasm
of hepatocytes at 24 hrs after PH (Fig. 1A). At 36-60 hrs
after PH or 48 hrs after sham laparotomy (control), MT was
present mainly in the cytoplasm of hepatocytes in WT mice,
which is similar to the cellular localization pattern for MT
observed in adult mouse liver (Fig. 1B-D). There was no
immunohistochemical detection of hepatic MT in livers of
MT-null mice after PH or sham laparotomy.

The hepatic proliferation index was determined by two
methods: AgNOR staining and PCNA immunohistochem-
ical staining. There was no detectable proliferation of
hepatocytes in WT and MT-null mice at 0, 5. and 15 hrs
after PH, as measured by both AgNOR and PCNA staining
techniques. The AgNOR staining technique showed about
10% (MT-null mice) and 15% (WT mice) of hepatocytes
as proliferating at 48 hrs after sham laparotomy (control)
(Fig. 2C). Proliferation index for WT mice was about 40%
at 24 and 36 hrs, and peaked at about 55% at 48 hrs after
PH. This was followed by a decline to about 40% by 60
hrs after PH (Fig. 2C). At every time point examined (24,
36, 48, and 60 hrs after PH), proliferation index for WT
mice was significantly higher than that for MT-null mice
(P < 0.007). Proliferation rates for both WT and MT-null
mice at 48 hrs after PH were significantly higher than those
for their respective controls at 48 hrs after sham
laparotomy (P < 0.016). Hepatic proliferation index levels
for MT-null mice were similar (about 18%-25%) at every
time point examined after PH and did not change much
during liver regeneration (Fig. 2C). At 24 hrs after PH,
proliferation index for MT-null mice was similar to the low
level (about 15%) observed for WT mice, which under-
went sham laparotomy (control).

Table 1. Hepatic Metallothionein (MT) Protein Levels
in Wild Type (WT) and MT-null Mice After Partial
Hepatectomy (PH)?

MT levels (ug/g liver tissue)

Time (hrs) after PH WT mice MT-null mice
0 19.7 = 8.7° 9859
5 97.6 = 57.0 16.3 + 13.7
15 1755 = 41.9° 104 + 3.0
24 743.7 + 290.5° 19.9 = 219
36 197.8 + 40.7° 1.1+ 1.4
48 939 + 26.3 87 4.2
60 62.9 = 100.4 27+25
Sham laparotomy (control)  60.8 = 6.7 72+ 30

@ Hepatic MT levels were measured with the Cd-heme assay as
described in Materials and Methods. Laparotomized mice served as
sham-operated controls. The values shown are expressed as means
+ 8D for 3 mice at 48 hrs after sham laparotomy, 3 mice at 5 and 15
hrs after PH, and 6 mice at 0, 24, 36, 48, and 60 hrs after PH.

b Significantly different from the value of control sham laparotomized
WT mice (P < 0.05).

The low hepatic proliferation index for both WT and
MT-null mice at 48 hrs after sham laparotomy (control) was
confirmed by PCNA immunohistochemical staining, and
was about 6% (Fig. 3C). Proliferation index for WT mice was
about 20% at 24, 36, and 60 hrs, and 45% at 48 hrs after PH
(Fig. 3C). The results showed a sharp peak in proliferation
index for WT mice at 48 hrs after PH. At 36, 48, and 60 hrs
after PH, proliferation index for WT mice was significantly
higher than that for MT-null mice (P < 0.004). Proliferation
rates for both WT and MT-null mice at 48 hrs after PH were
significantly higher than those for their respective controls at
48 hrs after sham laparotomy (P < 0.004). Hepatic
proliferation index levels for MT-null mice were similar
(about 10%—15%) at 24, 36, and 60 hrs, reaching a peak at 48
hrs after PH (Fig. 3C).

Discussion

The data presented here demonstrate an impairment of
liver regeneration following PH in a MT-null mouse model.
A previous study has shown low levels of hepatocyte
proliferation after PH, as measured by PCNA immunoblot-
ting, in rats treated with MT-directed antisense oligonucleo-
tides. Although this technique reduced the levels of hepatic
MT, these rats still had detectable levels of MT in the liver
(25). Therefore. it is difficult to conclude any specitic role
for MT in liver regeneration from this study. In this study,
we have used MT-null mice where both the major isoforms
of MT (MT-I and MT-II) are deleted, and there was no
positive immunohistochemical staining for hepatic MT in
these mice. Moreover, hepatocyte proliferation after PH was
measured by two methods. The data show that although cell
proliferation occurred in both WT and MT-null mice after
PH, the hepatocyte proliferation index for MT-null mice
was much lower than that for WT mice. In addition, the
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Figure 1. Effect of partial hepatectomy (PH) and hepatic regeneration on metallothionein (MT) protein expression in mouse iiver.
Immunohistochemical staining of wild-type mouse liver sections using a mouse MT-specific monoclonal antibody at (A) 24, (B) 36, (C) 48, and
(D) 60 hrs after PH. Positive staining for MT in the nucleus (open arrows) and cytoplasm (closed arrows) of hepatocytes was detected at 24 hrs,
while positive staining for MT was detected mainly in the cytoplasm at 36—60 hrs after PH. Magnification, x400.

induction of MT and its transient nuclear localization in
hepatocytes of WT mice after PH suggest that MT, as a zinc
storage protein, could accumulate zinc in the nucleus during
rapid cellular growth.

We have used both AgNOR staining and PCNA
immunohistochemical staining to assess hepatocyte prolif-
eration because these two techniques can measure markers
at different stages of the cell cycle. The AgNOR technique
stains the nucleolus organizer region (NOR), which is the
region of a chromosome containing the major ribosomal
RNA (rRNA) genes (26). Morton et al. (27) demonstrated
that the AgNOR stain intensity directly reflects rRNA gene
transcriptional activity as measured by tritiated uridine
incorporation into 18S and 28S rRNA in cultured
fibroblasts. Thus, it was concluded that the number of
AgNORs reflects the level of TRNA synthesis, which is

known to increase in responsc to an increase in mitotic rate,
During M phase of the cell cycle, the chromosomes begin to
rearrange themselves and eventually separate, as seen in
anaphase. Therefore, the presence of multiple sma])
AgNORs is believed to be indicative of M phase, whereag
during quiescence, the individual AgNORs coalesce into
one large AgNOR (28). Because PCNA is a component of
the DNA polymerase 8 machinery, immunostaining for
PCNA is specific to S phase of the cell cycle. Because
AgNOR and PCNA are indicative of different stages of the
cell cycle, proliferation index as measured by these two
techniques showed different values. However, they showed
similar patterns, and at 48 hrs after PH, proliferation index
measured with both PCNA and AgNOR techniques was at
maximum. This supports the findings that DNA replication
and mitosis peak at about 44 hrs after PH in mice (29).
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Figure 2. Argyrophilic nucleolar organizing region (AgNOR) staining
of (A) wild-type and (B) metallothionein (MT)-null mouse liver
sections at 48 hrs after partial hepatectomy (PH). Proliferating
hepatocytes are those with enlarged nuclei containing three or more
AgNORs (open arrowheads) and quiescent hepatocytes are those
with smaller nuclei containing only one or two AgNORs (closed
arrowheads). Magnification, x400. (C) Hepatic proliferation index in
wild-type and MT-null mice at different time points after PH as
determined by AgNOR staining. Control mice represent proliferation
index at 48 hrs after sham laparotomy. Data are expressed as means
+8D for groups of six mice at 24, 36, 48, and 60 hrs after PH and
three mice for the control group. *Significantly different from the value
of the MT-null mice at same time points after PH (P < 0.05).

There are many possible explanations on impaired
hepatic regeneration in MT-null mice after PH as compared
to WT mice. Because of extensive TNF-a signaling and the
increased metabolic activity of hepatocytes to maintain
homeostasis after PH, the levels of reactive oxygen species
(ROS) are augmented during liver regeneration (29).
Because the rapidly proliferating cells of the regenerating
liver are extremely susceptible to oxidant damage, the
generation of ROS can result in cell cycle arrest. Studies have
shown the induction of uncoupling protein-2 (UCP-2) in
response to TNF-a mediated mitochondrial oxidant produc-
tion in regenerating rodent liver after PH (30, 31). UCP-2 is
an inner mitochondrial membrane protein that can act as a
channel for protons, thereby dissipating the electrochemical
gradient and decreasing oxidant production. MT may also
play a role in reducing ROS levels during the regenerative
process after PH, but by a different mechanism. For instance,
by scavenging excess of ROS, MT may modulate oxidative
stress-induced cell cycle arrest and apoptosis, thereby
allowing cell proliferation during hepatic regeneration. An
in vivo study using MT-overexpressing transgenic mice
showed that hepatic MT could protect against alcoholic liver
injury through inhibition of oxidative stress (32). Although
studies have shown that they are normal with similar growth
patterns as WT mice, MT-null mice are more sensitive to
oxidative stress-inducing agents such as cadmium, strepto-
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Figure 3. Immunohistochemical staining of PCNA with a mouse
PCNA-specific monoclonal antibody in (A) wild-type and (B)
metallothionein (MT)-null mouse liver sections at 48 hrs after par-
tial hepatectomy (PH). Proliferating hepatocytes are stained positive
for PCNA (open arrowheads) and quiescent hepatocytes are
negative for PCNA (closed arrowheads). Magnification, x400. (C)
Hepatic proliferation index in wild-type and MT-null mice at different
time points after PH as determined by immunohistochemical
staining for PCNA. Control mice represent proliferation index at
48 hrs after sham laparotomy. Data are expressed as means *SD
for groups of six mice at 24, 36, 48, and 60 hrs after PH and three
mice for the control group. Significantly different from the value of
the MT-null mice at same time points after PH (P < 0.05).

zotocin, carbon tetrachloride, and acetaminophen than WT
mice (33-36). However, there are no reports on impairment
of cellular growth in MT-null mice.

During the initiation phase of liver regeneration,
quiescent hepatocytes are primed to respond to growth
factors. During this priming phase, the hepatocytes enter
into a state of replicative competence. In IL-6 null mice, it
has been established that IL-6 plays a pivotal role in the
induction of hepatic MT after PH (37). Because IL-6 is one
of the main cytokines implicated in the priming phase of
liver regeneration, MT may be involved in the priming of
hepatocytes after PH. In addition, previous in vitro studies
have shown that a translocation of MT from the cytoplasm
to the nucleus occurs during S through G»-M phases of the
cell cycle (38, 39). Furthermore, the transient nuclear
localization of MT after PH, as shown in this study, supports
a potential role for MT as a zinc donor to various
transcription factors during liver regeneration. Thus, MT
may play a role in the priming of hepatocytes after PH by
donating zinc to nuclear zinc finger transcription factors and
metallo-enzymes (DNA polymerase, RNA polymerase)
involved in the regulation of DNA synthesis. Indeed, many
proteins depend on zinc for proper folding, and essential
structural and catalytic stability. Also, in vitro studies have
shown that oxidized glutathione (GSSG) can enhance the
transfer rate of zinc from MT to metallo-proteins (40, 41).
Because of augmented ROS levels after PH, a low GSH/
GSSG ratio may occur in regenerating liver (42). Thus, the
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elevated GSSG levels may facilitate release of zinc ions
from MT, which is a zinc and copper storage protein, and
thereby increase the availability of zinc ions for various zinc
requiring metallo-proteins.

The positive role of MT in liver regeneration may have
clinical applications. Because there is remarkable similarity
between the process of hepatic regeneration in laboratory
animals and humans (43), induction of MT could have the
potential to augment liver regeneration in patients after
surgical resection (i.e., transplantation, tumor removal, etc.).
In summary, we have demonstrated a positive role for MT
in liver regeneration after PH, using a MT-null mouse
model. The mechanisms involved in liver regeneration have
been studied in various laboratories but further studies are
required to understand the exact role of MT in various
stages of cellular regeneration.

We thank Sean Jiang and Weihua Liu for their technical assistance in
this work.
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