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Although cell sheet technology has recently been developed for use in both animal experiments and in the
clinical setting, it remains unclear whether transplanted hepatocyte sheets improve the liver function in vivo.
Radiation-induced liver damage (RILD) combined with partial hepatectomy (PH) has been reported to sup-
press the proliferation of host hepatocytes and induce critical liver failure. The aim of this study was to improve
the liver function in the above-mentioned diseased rat model (RILD + PH) using multilayered hepatocyte sheet
transplantation. In this study, we used Fischer rats as a donor for primary hepatocytes and dermal fibroblast
isolation. Cocultured multilayered hepatocyte sheets were generated by disseminating hepatocytes onto fibro-
blasts cultured beforehand on temperature-responsive culture dishes. Four cell sheets were transplanted into
the recipient rats subcutaneously. Prior to transplantation, RILD (50 Gy) with 2/3PH was induced in the recipi-
ents. The same model was applied in the control group without transplantation. The serum was collected each
week. The rats in both groups were sacrificed at 2 months after transplantation for the histological analysis.
Consequently, the serum albumin concentrations were significantly higher in the transplant group than in the
control group (54.3+9.6 vs. 32.7+5.7 mg/ml; p<0.01) after 2 months and comparable to the serum albumin
levels in the normal rats (58.1+6.4 mg/ml). In addition, treatment with the transplanted sheets significantly
improved the survival rate (57% vs. 22%, p<0.05), and the hepatocyte sheets showed the storage of albumin,
glycogen, and bile canaliculus structures. Some hepatocytes and fibroblasts were positive for Ki-67, and vas-
cularization was observed around the cell sheets. Transplanted multilayered hepatocyte sheets can survive with
additional proliferative activity, thereby maintaining the liver function in vivo for at least 2 months, providing

metabolic support for rats with RILD.
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INTRODUCTION

Liver transplantation is the only established treat-
ment for patients with end-stage liver failure. However,
due to the shortage of donors, alternative treatments are
required. Hepatocyte transplantation (HT) and hepatic
tissue engineering have been established as promising
alternatives to liver transplantation. Many previously
reported studies have shown that HT can be an alternative
treatment to liver transplantation; however there remain
unresolved issues before this type of treatment can be
widely introduced in clinical practice (1,6-8,13,17,19).
Severe complications can occur after the intrasplenic or
intraportal transplantation of hepatocytes, such as por-
tal vein thrombosis and portal hypertension resulting
from the obstruction of sinusoids and hepatic infarc-
tion (8,13). Owing to the low survival rate of primary
hepatocytes, it is necessary to transplant these cells as

soon as possible after isolation (6,28). In addition, it is
difficult to obtain histological evidence of transplanted
hepatocytes, which is required to detect possible cellu-
lar rejection (13).

Although cell sheet technology was recently devel-
oped and has already been applied in both in vitro and
in vivo studies (16,20-23), it is still unclear how trans-
planted hepatocyte sheets may improve the liver function
and survival in diseased models. We previously reported
our rapid fabricating technique for generating multilay-
ered human hepatic cell sheets by using fibroblasts as
feeder cells on temperature-responsive culture dishes
(TRCDs) (22,23). This technique shows the significant
advantage of using cocultured hepatic cell sheets, with
a more favorable survival and higher liver-specific func-
tion in vitro (22) and in vivo (23), compared with sheets
consisting of only hepatocytes.
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Radiation-induced liver damage (RILD) combined
with partial hepatectomy (PH) has been used in previ-
ous experiments with HT in animal models and shown
to suppress the proliferation of host hepatocytes. In addi-
tion, transplanted hepatocytes are allowed to proliferate
following PH, which improves the survival rate (7,17).

Considering previously reported results, in the cur-
rent study we fabricated multilayered hepatocyte sheets
from primary isolated rat hepatocytes and fibroblasts.
We investigated the in vitro liver-specific function of
cocultured hepatocytes long term for 1 month after pri-
mary hepatocyte isolation. The main goal of the study
was to investigate whether multilayered hepatocyte sheet
isogenic transplantation improves the liver-specific func-
tion and survival of rats with RILD in vivo.

MATERIALS AND METHODS
Animals

We used male F344 wild-type rats (male, 7-8 weeks,
weighing 160-200 g) purchased from Japan SLC (Hama-
matsu, Japan), both as donors (hepatocytes and fibroblasts)
and recipients. The rats were housed in a temperature-
controlled environment with a 12-h light/dark cycle and
given free access to standard rat chow and water. In all
procedures, the rats were anesthetized with either 2-2.5%
isoflurane (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) inhalation or the intraperitoneal injection of pen-
tobarbital sodium (1 ml/kg; Kyoritsu Seiyaku Corp.
Tokyo, Japan). All experimental protocols were approved
by the Animal Experimentation Committee of Nagasaki
University.

Hepatocyte Isolation

Hepatocyte isolation was performed using a modi-
fied two-step collagenase perfusion method from donor
rats according to previous reports (24). This procedure
involved sequential perfusion of the liver with calci-
um-free Hank’s balanced salt solution (HBSS; Sigma-
Aldrich, St. Louis, MO, USA) and HBSS containing
calcium (Sigma-Aldrich) and collagenase (130 U/ml;
Wako Pure Chemical). The isolated cells were filtered
through a cotton mesh membrane and 45-um stainless
mesh and then purified three times via centrifugation at
50x% g for 2 min each. Subsequently, the cell suspension
was applied over 45% Percoll isodensity purification (GE
Healthcare) via centrifugation at 50 x g for 20 min. In all
experiments, we used only those hepatocytes exhibiting
viability of at least 90%, as estimated according to a try-
pan blue (Gibco, Life Technologies Corp., Carlsbad, CA,
USA) exclusion test.

Fibroblast Isolation

Rat dermal fibroblasts (DFs) were isolated using a
modified protocol according to a previous report (26). In
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brief, under sterile conditions, skin samples of approxi-
mately 1 cm? were obtained from the underarm area of
the donor rats. The tissue was divided into small pieces
and then digested in 800 U/ml of collagenase type I
(Worthington Biochemical Corp., Lakewood, NJ, USA)
and 0.12 mg/ml of dispase (Gibco, Life Technologies
Corp.) in a 37°C water bath for 40 min. The digestion
was stopped by adding 10 ml of Minimum Essential
Medium (MEM; Gibco, Life Technologies Corp.) sup-
plemented with 10% FBS (Gibco, Life Technologies
Corp.), 2 mM L-glutamine, 100 U/ml of penicillin, and
100 pg/ml of streptomycin (penicillin—streptomycin—
glutamine; Gibco, Life Technologies Corp.), and the
supernatant was removed after centrifugation for two
times at 500 x g for 5 min. The pellets were resuspended
in 10 ml of MEM and filtered through a 100-um nylon
cell strainer (BD Falcon, Franklin Lakes, NJ, USA). The
obtained supernatant was resuspended with MEM in a
10-cm culture dish and then placed in a tissue culture
incubator. For the experimental culture, DFs were used
after at least five passages.

Fabrication of Multilayered Hepatocyte Sheets

Fabrication of the multilayered hepatocyte sheets was
performed according to our previously described proto-
col (22,23). In brief, on day 3, the DF cell suspension was
inoculated onto 35-mm temperature-responsive culture
dish (TRCD) (UpCell; CellSeed Inc., Tokyo, Japan) at a
density 2.0x 10° cells/dish and cultured in MEM (Fig. 1).
After the DFs formed a confluent monolayer within
3 days of culture, on day 0, primary hepatocytes were
isolated from the donor rats and inoculated onto the DF
monolayer at a density of 8.0x 10° cells/dish, after which
they were cultured in Hepato-STIM medium (Hepatocyte
Defined Medium; BD Biosciences, Franklin Lakes, NJ,
USA) supplemented with 10% FBS, 10 ng/ml of epider-
mal growth factor (EGF; Corning; Discovery Labware,
Inc., Bedford, MA, USA), 2 mM vL-glutamine, 100 U/ml
of penicillin, and 100 pg/ml of streptomycin. On culture
day 3, the cocultured multilayered DFs and hepatocytes
were detached as a cell sheet from the TRCD by lowering
the culture temperature from 37°C to 20°C for 20 min.

Evaluation of the Liver-Specific Function In Vitro

The rat albumin synthesis in the multilayered hepa-
tocyte sheets was evaluated and compared with that
observed in monolayered hepatocyte-only sheets as a
control group 1 month after primary hepatocyte isola-
tion. In order to make the monolayered hepatocyte-only
sheets, on day 0, primary hepatocytes were inoculated
onto the FBS-coated TRCD at a density 8.0x 10° cells/
dish. In both groups, the culture medium (2 ml) was
collected and replaced with new medium every 48 h.
Thereafter, the concentrations of the rat albumin in the
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Figure 1. Protocol for multilayered hepatic cell sheet fabrication and transplantation in rats with RILD. Schematic representation of

our experimental protocol.

culture medium were determined using an enzyme-
linked immunosorbent assay (ELISA). Goat anti-rat
albumin (6 pg/ml) and peroxidase-conjugated sheep
anti-rat albumin (10 pg/ml) antibodies (MP Biomedicals,
LLC-Cappel products, Irvine, CA, USA) were used to
detect rat albumin.

RILD With PH and Multilayered Hepatocyte
Sheets Transplantation

The rats were randomly divided into two experimental
groups: the transplant (RILD +PH + Transplantation) and
control (RILD +PH) groups. Each group consisted of 14
rats. In addition, a sham group was created in which the
animals underwent laparotomy only (n=35).

On day 0, RILD with subsequent PH was performed
in the rats (Fig. 1). In brief, after anesthesia was induced,
the abdomen was opened via a midline incision and lead
shields (2 mm thick) were gently placed to protect all
other abdominal organs. Thereafter, RILD of the whole
liver was performed using an X-ray irradiation device
(ISOVOLT Titan 320; GE Inspection Technologies,
Tokyo, Japan) at 50 Gy (320 kVP, 5 mA, and 0.5 mm
Cu+0.5 mm Al filtration at a dose rate of 0.87 Gy/min).
Immediately after RILD, a standard PH of two thirds
(median and left lateral liver lobes) was performed, and
the abdomen was closed. In the transplant group, on
day 3 (Fig. 1), four generated multilayered hepatocyte
sheets were immediately transplanted into one recipient
rat subcutaneously using a Cell Shifter (CellSeed Inc.)
on both sides of the previously created midline incision.
All four sheets were implanted separately from each
other in the subcutaneous cavity. In the control group,
RILD with PH was performed without further transplan-
tation. The surviving rats in all groups were sacrificed at
2 months after transplantation.

For the assessment of the rat serum albumin concen-
trations, the sera from all rats were collected every week
at the same time (from 9:00 to 10:00 am) for 2 months
after transplantation, and the assessment was performed
with ELISA using the same antibodies as was described
earlier in the in vitro study.

Morphological and Functional Investigations In Vivo

Parts of the subcutaneous tissue areas treated with the
transplanted multilayered hepatocyte sheets and whole
livers were harvested at 2 months after transplantation.
All tissue samples were fixed with 4% paraformalde-
hyde (Wako Pure Chemical Industries, Ltd.) in phos-
phate buffer solution and embedded in paraffin (Paraplast
Plus; Leica Biosystems Richmond Inc., Richmond, IL,
USA) with subsequent slicing into 5-um-thick sections.
Hematoxylin and eosin (H&E; Muto Pure Chemicals Co.,
Ltd., Tokyo, Japan) staining was performed according to
the standard staining protocol, and detection of the gly-
cogen storage was performed using periodic acid-Schiff
staining (PAS) according to the manufacturer’s protocol
(PAS staining kit; Merck KGaa, Darmstadt, Germany).
For immunological staining, deparaffinized tissue sec-
tions were treated with either autoclave or microwave
antigen retrieval in | mM EDTA buffer solution in 10 mM
Tris-HCI (pH 9.0; Wako Pure Chemical Industries, Ltd.).
Then the slides were allowed to cool at room temperature
for approximately 1 h and blocked with 5% bovine serum
albumin for 30 min. The primary antibodies were anti-rat
albumin (1:100 dilution), Ki-67 (1:100 dilution), CK8
(1:100 dilution), CK18 (1:100 dilution; all from Abcam,
Cambridge, MA, USA), CD26 (1:100 dilution; Santa
Cruz Biotechnology Inc., Dallas, TX, USA), and CD31
(1:50 dilution; Hycult Biotech Inc., Uden, Netherlands)
incubated at 4°C overnight. Secondary antibodies (1:300



552

dilution; all from Sigma Aldrich,) were incubated for 1 h
at room temperature. The slides were then visualized with
the 3,3’-diaminobenzidine (DAB) substrate-chromogen
system (Dako, Carpinteria, CA, USA). The results of
staining were assessed, and images were acquired using an
inverted microscope (Nikon Eclipse Ti-U, Tokyo, Japan).

Statistical Analysis

All data are expressed as the mean=+standard devia-
tion and presented for at least six time points in two inde-
pendent cell preparations. Comparisons between three
groups were performed using the multiple comparisons
test after a repeated measures two-way ANOVA analy-
sis. A Kaplan—Meier log-rank analysis was performed for
the survival study. The statistical analysis was performed
using the GraphPad Prism 6 version software program
(GraphPad Software, San Diego, CA, USA). In all analy-
ses, p<0.01 and p<0.05 were taken to indicate statistical
significance.

RESULTS
Multilayered Hepatocyte Sheet Morphology

Changes in the hepatocyte morphological characteris-
tics on TRCD in each group are shown in Figure 2. On
day 1, primary hepatocytes were found to be attached and
spread on the FBS-coated TRCD as a flattened monolayer
and demonstrated a cuboidal cell morphology with a bright
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intercellular border (Fig. 2A, B). On day 3, the hepato-
cytes formed a confluent monolayer; however, morpho-
logical degradation was evident compared with that seen
in the day 1 culture (Fig. 2C). In the other group, on day
1, after the primary hepatocytes adhered to the confluent
DF cell monolayer, a spindle-like morphology repeating
the shape of the DF cells in the more three-dimensional
morphology was observed (Fig. 2E, F). On day 3, the
multilayered hepatocyte sheets reached confluence with
a maintained morphology, while most of the hepatocytes
remained viable and attached (Fig. 2G).

Furthermore, on day 3, the primary hepatocytes under
both conditions were detached as cell sheets from the
TRCD. It should be noted that for monolayered hepatocyte
sheet formation, 3—5 h of incubation at 20°C was needed,
and further gentle pipetting was required due to the high
fragility to achieve complete detachment (Fig. 2D). In
contrast, for multilayered hepatocyte sheet formation, 20
min was enough, without the need for further pipetting for
complete detachment, and the structure of the cell sheet
was stronger due to the greater thickness (Fig. 2H).

Albumin Concentrations in the Culture Medium

Changes in the albumin synthesis rate in vitro in each
group are shown in Figure 3. On culture day 3, the albumin
synthesis activity was not significantly different between
the two groups; however, the levels in the multilayered

Coatingwith FBS

Cell sheet after
detachment

Figure 2. Cell morphologies of hepatocytes treated with and without fibroblast coculture on TRCD. Phase-contrast micrographs show
the morphology of the monolayered (A—C) and multilayered (E-G) hepatocytes on days: 0 (A, E), 1 (B, F), and 3 (C, G). Macroscopic
observation of the fabricated monolayered (D) and multilayered (H) hepatocyte sheets after detachment from the TRCD. Scale bars:

200 um.
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Figure 3. In vitro comparison of the rate of albumin synthesis between the multilayered and monolayered hepatocytes. Quantitation
using ELISA revealed significantly high albumin concentrations in the culture medium of the multilayered hepatocytes (black bars) in
comparison with the monolayered hepatocytes (gray bars) during the observation period, **p <0.01.

hepatocyte sheet group (black bars) started to continu-
ously increase and reached the highest peak on day 11, at
which time they were significantly higher than that seen
under the control conditions (140.33+13.9 vs. 10.5+6.5
pg/sheet/day; p<0.01). Subsequently, the albumin levels
in the multilayered hepatocyte sheets began to slowly
decrease and showed a value of 95.9+8.9 ug/sheet/day
after 1 month of observation, whereas the levels in the
monolayered hepatocyte sheets were only 0.5+0.3 ug/
sheet/day (p<0.01). Nevertheless, even after 1 month of
culture, the levels of albumin synthesis in the multilay-
ered hepatocyte sheets in vitro were significantly higher
than those observed initially on day 3 (95.9+£8.9 vs.
62.9+6.4 ng/sheet/day; p<0.01).

The multilayered hepatocyte sheets had a significantly
greater hepatocyte-specific function and maintained this
function in vitro for at least 1 month after primary isola-
tion. In addition, after 30 days in culture, the morphol-
ogy of the primary isolated multilayered hepatocytes was
maintained, and most of the hepatocytes remained viable
and attached (Fig. 4A). Moreover, after 30 days of cul-
ture, it was still easy to fabricate cell sheets, and the stor-
age of the glycogen and albumin in the cell sheets was
confirmed immunohistochemically (Fig. 4B-D).

Morphological Characteristics of the Multilayered
Hepatocyte Sheets After Transplantation

At 2 months after transplantation, the multilayered
sheets proliferated, and multiple new tissue layers with
hepatocytes were observed in the subcutaneous cavity in
the recipient rats, which expressed the hepatocyte-specific
marker CK8/18, as confirmed by immunohistochemistry
(Fig. 5A, B). Furthermore, the transplanted multilayered

sheets showed the storage of glycogen (Fig. 5C) and albu-
min (Fig. 5D) and the existence of bile canaliculus structures
(Fig. 5E). Some hepatocytes and fibroblasts were still posi-
tive for the proliferation marker Ki-67 (Fig. 5F). Moreover,
multiple areas of vascularization around and permeated
inside the cell sheets were observed (Fig. 5G, H).

These data show the possibility that the transplanted mul-
tilayered sheets respond to regenerative stimuli after per-
forming RILD with PH. Moreover, the further proliferative
activity of the hepatocytes with maintenance of their func-
tional ability and a healthy morphology were confirmed.

Serum Albumin Concentrations

After performing RILD and PH, in both groups, the
serum albumin concentrations declined sharply (Fig. 6A);
however, in the transplant group, the levels of serum albu-
min reached the lowest level at 1 week and then started to
recover, being significantly higher than that seen in the con-
trol group by 5 weeks after transplantation (41.0+ 11.84 vs.
26.4+7.14 mg/ml; p<0.01). After an observation period
of 2 months, the serum albumin levels remained signifi-
cantly higher than those in the control group (54.3+9.6
vs. 32.7+5.7 mg/ml; p<0.01) and were comparable to the
serum albumin levels in the normal rats (58.2 +6.4 mg/ml)
(Fig. 6A). The serum albumin levels were significantly
different between the control and sham groups during all
observation periods, except on day —3 (Fig. 6A).

Survival Rate

After the 63-day observation period, only 22% of the
rats survived in the control group, in which the rats received
only RILD and PH (Fig. 6B). In the transplant group,
treatment with the transplanted multilayered hepatocyte
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Figure 4. Morphological changes in the multilayered hepatocytes and fabricated cell sheets after 30 days in culture in vitro. (A) The
morphology of the multilayered hepatocytes was maintained, and most of the hepatocytes remained viable and attached. The fabricated
multilayered hepatocyte sheets after 30 days (B) showed glycogen storage (C) and albumin synthesis (D). Scale bars: 100 um.

sheets significantly improved the survival rate of the rats
receiving RILD and 2/3PH up to 57% (p<0.05).

Analysis of the Liver Function

Figure 7 shows the morphological and functional
changes in the liver after the 2-month observation period.
In both the transplant and control groups, H&E staining
showed severe histopathological changes, with liver cell
atrophy and a reduction in the number of hepatocytes
(Fig. 7A, D). Massive portal and sinusoidal fibrosis with
an expanded portal tract and bile duct proliferation were
also observed. In addition, in both groups, large numbers
of hepatocytes were negative for glycogen and albumin
(Fig. 7B, C and E, F). In contrast, the examination of the
liver tissues from all sham rats revealed a normal cellular
architecture and functionality with a widespread glyco-
gen and albumin expression (Fig. 7G-I).

DISCUSSION

The first animal experiments showed that suspension
of hepatocytes subcutaneously transplanted into synge-
neic rats can maintain specific histochemical differentia-
tion with the formation of bile canalicular structures in
extrahepatic sites for prolonged periods (14), and the stim-
ulus with partial hepatectomy enhanced the probability of
nodule formation in hepatocytes (15). On the other hand,

we previously reported (23) that multilayered hepatocyte
sheets show significantly higher liver specific function in
vivo compared to the cosuspension of hepatocytes and
fibroblasts. Thus, liver tissue engineering has become an
attractive target for regenerative medicine. The properties
of cell sheets obtained via engineering using hepatocytes
have recently been characterized in both in vitro and in
vivo studies as well (16,20-23). However, no studies have
successfully investigated the treatment of liver disease in
models utilizing cell sheet engineering therapy. The cur-
rent study showed that multilayered hepatocyte sheets
generated from isogenic primary hepatocytes and primary
skin fibroblasts are able to proliferate after transplantation
into the subcutaneous cavity in a diseased rat model and
thereby support the host liver function while improving
the serum albumin level up to the normal range within 2
months. The improvement in the survival rate, which was
the second main goal of the current study, indeed indicates
the high potential of hepatocyte cell sheet therapy.
Previous studies have demonstrated various methods of
coculturing hepatocytes with fibroblasts that enhance the
hepatocyte function and viability compared to cultures of
hepatocytes only (3,4,18). Although the detailed mecha-
nisms of the cell—cell interactions between hepatocytes and
fibroblasts have not been investigated, it is assumed that
fibroblasts express essential cytokines and extracellular
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Figure 6. Analysis of the liver function and survival rate after transplantation. (A) Comparison of the serum albumin concentrations
between the groups assessed using ELISA during the 2-month observation period (#Transplant vs. Control, §Transplant vs. Sham;
*p<0.05, #¥p<0.01). The levels of serum albumin were significantly different between the Sham and Control groups during all obser-
vation periods, except on day —3. (B) The Kaplan—Meier survival curve shows that treatment with the transplanted hepatocyte sheets
significantly improved the survival rate of the rats receiving RILD and 2/3PH (log-rank test *p <0.05).

Transplant Control
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Albumin

Figure 7. Morphological and functional characteristics of the liver 2 months after transplantation. H&E shows severe histopathological
changes in the transplant (A) and control (D) groups. Massive portal and sinusoidal fibrosis with an expanded portal tract and bile duct
proliferation (black arrowheads) were observed. In both groups, large numbers of hepatocytes were negative for glycogen (B, E) and
albumin (C, F). In contrast, the sham group showed a normal cellular architecture and functional capacity (G, H, I). Scale bars: 200 pm.
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matrix components following direct contact with hepa-
tocytes (2,11,23). These heterotypic cellular interactions
have been shown to play essential roles in improving the
hepatocyte function. As we described previously, our tech-
nique of fabricating multilayered hepatic cell sheets using
fibroblasts as feeder cells has the additional advantage of
preserving high viability and functionality in vitro (22) and
in vivo (23). Considering the large place for transplantation
in the subcutaneous cavity and the ability to fabricate ade-
quate amounts of cell sheets, it is not necessary to achieve
layer-by-layer sheet deposition, high-density cultures, or
cell proliferation. Moreover, after cell sheet detachment
from the TRCD, no destruction of the originating cell—cell
and cell-extracellular matrix interactions formed during
cocultivation was observed, which is essential for high
functionality and structural support.

We performed RILD in the recipient animals in order
to inhibit the proliferative and regenerative capacity of the
host hepatocytes after PH and, at the same time, provide
transplanted cells for further proliferation. At 2 months after
transplantation, newly proliferated multiple hepatocyte
layers were observed subcutaneously, although initially
the cell sheet consisted of only one layer of hepatocytes.
Furthermore, after 2 months, large numbers of Ki-67-
positive hepatocytes remained. A similar phenomenon has
been previously reported, wherein long-term proliferation
(40 weeks) of host hepatocytes is evident and confirmed
based on an elevated Ki-67 labeling index following lower
dose (30 Gy) RILD in a rat model (12). Therefore, we spec-
ulate that after severe damage to host hepatocytes induced
by 50 Gy of RILD, the remaining proliferative impact in
the host liver influences the transplanted hepatocytes to
proliferate for a long time after transplantation.

Hypoxia is a major cause of poor hepatocyte sur-
vival soon after transplantation. In the current study, we
observed vascularization in and around the cell sheets
in the subcutaneous cavity only 1 week after transplan-
tation (data not shown). Therefore, immediately after
transplantation, all transplanted cells are supplied only
with oxygen from surface diffusion because of the lack
of capillary vessels, and the tissue size of the cell aggre-
gates and thickness of the cell tissues is very important
in terms of cell viability and functionality (22,23,25,27).
After 2 months, the transplanted hepatocyte sheets were
permeated with multiple capillary vessels. Therefore, the
hepatocytes were close to blood vessels, confirming that
vascularization is crucial for their survival and function.

We confirmed that the multilayered hepatic cell sheets
showed dramatically higher albumin expression levels in
vitro during 1 month after transplantation compared to
that seen in the cultures of hepatocytes only, and after the
observation period it was still easy to fabricate and handle
the cell sheets. These findings provide a large opportu-
nity to prolong the use of primary isolated hepatocytes
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while preserving high viability and metabolic functional-
ity, which remain as unsolved problems for HT, requiring
the immediate transplantation of primary hepatocytes. In
recent years, HT-based procedures have been established
and increasingly characterized (1,6-8,13,17,19,25). How-
ever, there continue to be many limitations preventing
their wide use (9,10,28). Only a small amount of hepa-
tocytes can be transplanted into the portal system at one
time in order to prevent serious complications, such as
portal vein thrombosis, portal hypertension resulting
from obstruction of the sinusoids and hepatic infarction
(9,10). Furthermore, most of the transplanted hepatocytes
die due to anoikis, hypoxia, or phagocytosis. In contrast,
our technique allows for easy fabrication and implanta-
tion of a sufficient amount of hepatocyte sheets, as we
achieved with the transplantation of four cell sheets
(4.0x 108 cells) into each recipient rat. In addition, after
HT, there is no possibility of controlling the transplanted
hepatocytes with further histological analyses, which may
be necessary in cases of cellular rejection after transplan-
tation (13). Despite the fact that the liver is considered
an optimal place for transplantation, the implantation of
cell sheets into the subcutaneous cavity has advantages in
terms of minimizing invasiveness, monitoring the trans-
planted cells, and promptly removing the cell sheets in
cases of rejection. Therefore, the subcutaneous cavity
may be considered the optimal place for transplantation
in the era of cell sheet-based therapy.

We believe that hepatocyte sheet transplantation tech-
nology offers a great therapeutic opportunity both for
the treatment of metabolic liver diseases and providing
support for the liver function in patients with end-stage
liver failure. It has been reported that the replacement
of approximately 5% of a theoretical liver mass may
restore a sufficient metabolic function in humans (5,10).
However, in addition to the above-mentioned problems in
the field of HT, it still remains unclear as to precisely how
many functioning engrafted cells remain after HT (10).
Therefore, further studies in large-animal models should
be conducted to determine the sufficient number and size
of required cell sheets to perform successful transplanta-
tion in humans and also confirm the effectiveness of cell
sheet technology in future clinical applications. In addi-
tion, several liver failure models should be performed
including a mild liver disease status, to clarify the poten-
tial of the liver disease treatment.

In conclusion, the current observations suggest that
transplanted multilayered hepatocyte sheets maintain the
liver-specific function with a further proliferative activity
in vivo for at least 2 months and thus provide metabolic
support in rats with radiation-induced liver damage. We
speculate that the further development of this protocol
will have great potential in the field of cell-based therapy
for metabolic liver disease.
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