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In Vitro Differentiation of Mouse Bone Marrow Stromal
Stem Cells Into Hepatocytes Induced by Conditioned
Culture Medium of Hepatocytes
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Abstract The differentiation potential of adult stem cells has long been believed to be limited to the tissue or germ
layer of their origin. However, recent studies have demonstrated that adult stem cells may encompass a greater potential
than once thought. In the present study, we examined whether murine bone marrow derived stromal stem cells (BMSSCs)
are able to differentiate into functional hepatocytes in vitro. BMSSCs were isolated from murine femora and tibiae, and the
mesodermal multilineage differentiation potentials of these cells were functionally characterized. To effectively induce
hepatic differentiation, we designed a novel protocol by using hepatocyte-conditioned medium. Hepatic differentiation
from mouse BMSSCs was examined by a variety of assays at morphological and molecular levels. Morphologically, mouse
BMSSCs became round and epithelioid, binucleated after induction. Differentiated cells were harvested on Days 0, 10,
and 20 and subjected to examination of hepatocyte characteristics by reverse transcription-polymerase chain reaction
(RT-PCR) and immunocytochemistry. We detected AFP, HNF-3, CK19, CK18, ALB, TAT, and G-6-Pase atthe mRNA and/
or protein levels, hepatocyte-like cells by culture in conditioned medium further demonstrated in vitro functions
characteristic of liver cells, including glycogen storage, and urea secretion. Moreover, transplantation of the differentiated
cellsinto liver-injured mice partially restored serum albumin level and significantly suppressed transaminase activity. Our
findings indicated the transdifferentiation potential of mouse BMSSCs developing into the functional hepatocyte-like cells
by conditioned culture medium and, hence, may serve as a model system for the study of mechanisms involved in the
transdifferentiation, and a cell source for cell therapy of hepatic diseases. J. Cell. Biochem. 102: 52-63, 2007.
© 2007 Wiley-Liss, Inc.
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Recently, a number of studies readily demon-
strated that adult stem cells encompass a
plasticity of multiple cell lineages and, hence,
promise to have tremendous therapeutic poten-
tial in tissue repair and organ regeneration
[Wagers et al., 2002; Horwitz, 2003; Turhan, 2003;
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Wagers and Weissman, 2004; Quesenberry
etal., 2005;Bedada et al., 2006]. In bone marrow
(BM), there are certain populations of stem cell
sources including hematopoietic stem cells (HSCs),
bone marrow stromal stem cells (BMSSCs), and
multipotent adult progenitor cells (MAPCs)
[Muguruma et al., 2003; Wang et al., 2004]. In
in vivo studies, cross-sex/cross-strain and whole
liver transplantation indicated that the bone
marrow would be an alternative source of
hepatocyte progenitors [Petersen et al., 1999;
Alison et al., 2000; Lagasse et al., 2000; Theise
etal.,2000]. It also has been reported that under
proper treatments or in a suitable microenvir-
onment, bone marrow-derived cells expressed
albumin and a-fetoprotein (AFP) at mRNA level
invitro [Avital et al., 2001; Miyazakiet al., 2002;
Okumoto et al.,, 2003]. These studies have
convincingly demonstrated that adult bone
marrow contains cells capable of differentiating
into liver epithelial cells.
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BMSSCs (also known as mesenchymal stem
cells [Gronthos et al., 2006]), widely studied
over the past decade, are readily accessible from
bone marrow and have been shown to be capable
of differentiating into mesoderm cell lineages
such as osteoblasts and adipocytes in vivo
and in vitro [Pittenger et al., 1999; Hamada
et al., 2005; Luk et al., 2005; Wislet-Gendebien
et al., 2005; Zhang et al., 2005]. In the past
3 years, several reports have demonstrated one
or more types of mesenchymal cells may rarely
acquire the hepatocyte phenotype [Lee et al.,
2004; Wanget al., 2004; Honget al., 2005; Lange
et al., 2005; Seo et al., 2005; Ong et al., 2006;
Snykers et al., 2006], however, little evidence
for mouse BMSSCs differentiating into hepatic
cells has been shown yet. So that further studies
are needed.

Up to now, the mechanism of adult stem cell
transdifferentiation is unclear. Most research-
ers believe that microenvironment plays an
important role in differentiation of stem cells
[Watt and Hogan, 2000; Tosh and Slack, 2002],
as stem cells have reciprocity with neighboring
cells, ECM, and cytokines. The present study
aims to examine whether mouse BMSSCs have
the potential to differentiate into any hepato-
cyte-like phenotype when cultured in a hepatic
conditioned medium in vitro.

MATERIALS AND METHODS
Experimental Animals

Eight- to ten-weeks-old male ICR mice
obtained from the Laboratory Animal Unit
of Zhejiang Academy of Medical Sciences
(Hangzhou, People’s Republic of China) were
used in the experiments. Animals were housed
under specified pathogen-free conditions. All
animal experiments were done in accordance
with a legal regulation, which includes approval
by a local ethical committee.

Isolation and Long-Term Culture of Stromal
Stem Cells From Mouse Bone Marrow

The mice were sacrificed by CO, inhalation
and femora and tibiae isolated. After dissection
of attached muscle and connective tissue from
the bones, the marrow was extruded by clipping
of the epiphysial ends of the bones and flushing
using a 26-gauge needle with Iscove’s modified
Dulbecco’s medium (IMDM, Sigma, St. Louis,
MO), supplemented with 10% fetal bovine
serum (FBS, Hyclone, Rockville, MD), 100 U/ml

penicillin (Gibco BRL, Rockville, MD), and
100 pg/ml streptomycin (Gibco BRL) (Medium
A) at 37°C and 5% CO.,. After 72 h, non-adherent
cells and debris were removed, and the adherent
cells were cultured continuously. Cells were
harvested by 0.25% trypsin-EDTA (Sigma)
when they grew to 90% confluence, and seeded
at a density of 5 x 10° cells per 25 cm? flask as
the first passage. BMSSCs at passage 3 were
used for differentiation studies.

Flow Cytometric Analyses of Isolated BMSSCs

To determine the antigen expression profile of
the BM-derived adherent cells, cells at passages
3 were harvested by trypsinization for 5 min at
37°C, washed, counted and resuspended in 0.1%
BSA/PBS, and incubated with the following
primary antibodies: phycoerythrin-conjugated
rat monoclonal antibody to mouse CD44 (Caltag
Laboratories); FITC-conjugated rat monoclonal
antibody to mouse CD45 (Caltag Laboratories);
phycoerythrin-conjugated rat monoclonal anti-
body to mouse CD90 (Caltag Laboratories);
monoclonal rat anti-mouse CD105 (eBioscience);
and CD11b (eBioscience). Non-conjugated mAbs
were stained after washing in 0.1% BSA/PBS
with FITC-conjugated anti-rat IgG (1:400,
Chemicon). After washing, cell fluorescence
signals were determined immediately using a
FACScan flow cytometer (Becton Dickinson,
San Jose, CA) equipped with an argon laser
emission of 488 nm. At least 10,000 events were
collected. The analysis was performed using
Cell Quest Software (Becton Dickinson).

Functional Identification of BMSSCs by
Multi-Lineage Differentiation

To verify the multipotential mesenchymal
characteristics, the generated cells at passage
3 were analyzed for osteogenic, adipogenic, and
myogenic potential. Before inductive media
were added, cultures were grown to confluence
after which Medium A was replaced with the
inductive media.

To induce osteogenic differentiation, cells
were daily fed with Medium A in which 10 mM
B-glycerophosphate (Sigma), 50 pg/ml ascorbic
acid (Sigma), and 107° M dexamethasone
(Sigma) were added for up to 3 weeks. Miner-
alized deposits were visualized by von Kossa.

To induce adipogenic differentiation, the cells
were cultured for 2—4 weeks in Medium A with
addition of 5 pg/ml insulin (Sigma) and 102 M
dexamethasone. The medium was refreshed
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every 3 days. Adipocytes were easily discerned
from the undifferentiated cells by phase-
contrast microscopy. To further confirm their
identity, cells were washed twice with phos-
phate-buffered saline (PBS), fixed in 10%
formalin neutral buffer solution for 30 min at
room temperature and rinsed with distilled
water. They were then stained with Oil Red O
(six parts 0.6% Oil Red O dye in isopropanol, and
four parts water) for 1 h and washed with
distilled water.

Myotube formation was induced by the addi-
tion of 1.5 pg/ml amphotericin B (Sigma) to the
culture medium for approximately 2—3 weeks
followed by withdrawal of the fungicide after
which the cells were cultured for another 1—
2 weeks.

Hepatocyte Isolation and Preparation
of Conditioned Medium

Hepatocytes were isolated by two-step col-
lagenase perfusion. Briefly, donor animals
received 25 U heparin (Sigma) prior to cell
isolation. After cannulation of the portal vein,
the liver was perfused with a calcium-free
buffer solution, flow 3 ml/min at 37°C for
10 min. Then, the liver was perfused with
0.025% collagenase IV (Invitrogen, Carlsbad,
CA), flow 2 ml/min at 37°C for 15 min. The
perfused liver was resected, and the cells were
released by gentle shaking and collected in
20 ml IMDM. The supernatant cell suspension
was filtered using a 200 pm nylon mesh and
filtrate was washed twice with PBS by centri-
fugation at 50g for 45 s to remove cell debris,
damaged cells, and non-parenchymal -cells.
After washing, the hepatocytes were cultured
in IMDM supplemented with 10% FBS at
5 x 10* cells/em?. Forty-eight hours later, the
supernates were collected and passed through a
0.25 um filter. The filtrate was finally defined as
hepatocyte-conditioned medium and stored in
aliquots at -20°C for future use.

Induction of Hepatogenic Differentiation of
BMSSCs by Hepatocyte Conditioned Medium

BMSSCs of passage 3 were inoculated in
differentiation medium at 5 x 10* cells/cm? on
50 ng/ml type I collagen-coated culture flasks.
The differentiation medium consisted of 50%
fresh Medium A and 50% hepatocyte-condi-
tioned medium. As a negative control, BMSSCs
were cultured in Medium A only. Cells were

cultured in a humidified atmosphere of 5% CO
and 95% air at 37°C. Cultures were maintained
by medium exchange every 3 days. Cell mor-
phology was observed under an Olympus phase-
contrast microscope (CKX31, Olympus Beijing
Industry & Technology Limited, Beijing,
China).

Identification of Hepatogenic Differentiation

RNA isolation and reverse transcription-
polymerase chain reaction. RNA isolation
and reverse transcription-polymerase chain
reaction (RT-PCR) was used to determine
mRNA transcripts in BMSSCs after treatment
for 10 or 20 days. In brief, total RNA was
isolated using TRIZOL (Invitrogen) according
to the manufacturer’s instructions and quanti-
fied by UV spectroscopy. One microgram of total
RNA wasreverse transcribed to complementary
DNA using SuperScript III first-strand synth-
esis system (Invitrogen) with oligo (dT) and
random hexamer primers. Gene-specific pri-
mers for AFP, HNF3p, CK19, CK18, ALB, TAT,
and G-6-p were designed using the Primer
Premier software as listed in Table I. PCRs
were performed by using Taq DNA polymerase
(Gibco BRL). Complementary DNA was ampli-
fied at 95°C for 30 s, at annealing temperature
for 30 s, and 72°C for 30 s for a total of 35 cycles
and final extension at 72°C for 10 min using
Gene Amp PCR 9600 (Perkin-Elmer Corpora-
tion, Norwalk, CT). The PCR products were
fractionated by 1.2% agarose gel electrophoresis
and visualized after staining with ethidium
bromide under UV illumination. The gel images
were captured and analyzed by the Kodak Gel
Logic 200 Imaging System (Kodak Molecular
Imaging Systems).

Immunofluorescence staining. Cell cul-
tures were washed with PBS twice and fixed
with 4% paraformaldehyde in PBS for 10 min at
room temperature, then permeabilized with
cold methanol for 20 min. After several washes
with PBS, cells were then incubated at 4°C
overnight with following primary antibodies,
including rabbit anti AFP (1:100; Dako,
Glostrup, Denmark), mouse anti CK19 (1:100;
Dako), and sheep anti albumin (1:100;
Biodesign, Saco, Maine). The secondary anti-
bodies including FITC-conjugated bovine anti-
sheep IgG (1:200; Santa Cruz Biotechnology,
Santa Cruz, CA), FITC-conjugated goat anti-
rabbit IgG (1:200; Sigma), TRITC-conjugated
goat anti-mouse IgG (1:200; Sigma) were used
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TABLE I. Primers and Annealing Temperatures Used for RT-PCR

Gene Sequence (5'-3') Product size Annealing temperature
B-actin-F TTCCTTCTTGGGTATGGAAT 200 bp 55°C
B-actin-R GAGCAATGATCTTGATCTTC

AFP-F CACTGCTGCAACTCTTCGTA 300 bp 52°C
AFP-R CTTTGGACCCTCTTCTGTGA

HNF3B-F GACCTCTTCCCTTTCTACCG 551 bp 51°C
HNF3B-R TTGAAGGCGTAATGGTGC

CK19-F GTCCTACAGATTGACAATGC 570 bp 55°C
CK19-R CACGCTGGATCTGTGACAG

CK18-F GTTGTCACCACCAAGTCTGC 415 bp 52°C
CK18-R CCACTCTGCCATCCACGA

ALB-F TCTTCGTCTCCGGCTCTG 475 bp 55°C
ALB-R CTGGCAACTTCATGCAAA

TAT-F CTTCAGTCCTGGATGTTCGC 619 bp 55°C
TAT-R CAGGGATTGGACGGGTTGTT

G-6-P-F TCAATCTCCTCTGGGTGGC 602 bp 54°C
G-6-P-R GGCAAAGGGTGTAGTGTCAAG

AFP, a-fetoprotein; HNF3p (alternatively called FOXA2), hepatocyte nuclear factor 3p; CK19, cytokeratin
19; CK18, cytokeratin 18; ALB, albumin; TAT, tyrosine aminotransferase; G-6-P, glucose 6-phosphatase.

according to the manufacturer’s instructions.
The samples were incubated at 37°C for 45 min.
After further washings with PBS and counter-
stained with DAPI solution, the cells were
visualized and photomicrographed under a
confocal laser-scanning microscope (LSM 510;
Carl Zeiss, Inc., Oberkochen, Germany).

Periodic acid-Schiff (PAS) stain for
glycogen. Culture dishes containing differen-
tiated cells were fixed in 95% alcohol for 10 min.
Samples were then oxidized in 1% periodic acid
for 5 min, rinsed three times in deionized (d)
H,0, treated with Schiff’'s reagent for 15 min,
and rinsed in dH5O for 5 min. Finally, the
preparations were assessed under light micro-
scope.

Evaluation of urea synthesis. BMSSCs
were plated at 2 x 10* cells/cm? on collagen-
coated six-well plates in differentiation medium
or control medium. After washing extensively
with PBS, cells (differentiated at Days 3, 6, 9,
12, 15, 18, and 21) were incubated in 2 ml of
serum-free Hanks’ buffered salt solution con-
taining 5 mM/L NH,CI for 2 h at 37°C. After
incubation, the urea concentrations in the
supernatant were measured.

Transplantation experiments. Cells cul-
tured in conditioned medium for 3 weeks were
detached from the plate by trypsin treatment.
ICR mice aged 4 weeks were treated with CCl,
(5 pl per g (body weight) of a 10% solution in
mineral oil injected intraperitoneum, i.p.), and
1x10° cells prepared were transplanted by
injection into the tail vein. After the transplan-
tation, the mice were treated with CCl, twice a
week. Mice were killed 7 days after transplant

and serum was collected to analyze serum
albumin level, serum aspartate aminotransfer-
ase (AST), and alanine aminotransferase (ALT).
(assays were done by standard automated
instrumentation)

Statistical Analysis

All experiments were replicated a minimum
of three times; data were expressed as mean +
standard deviation.

RESULTS
Isolation and Characterization of BMSSCs

The BMSSCs-like adherent cells were
observed on Day 1-2 after inoculation. By
continuous changes of medium, the suspending
cells were completely removed from the med-
ium. The adhered cells were fibroblast-like and
grew as a whirlpool (Fig. 1A). When the primary
culture cells reached confluence on Day 10—12,
the cells were sub-cultured at a ratio of 1:3.
The sub-cultured cells that reached confluence
8—10 days later were much pure and fibroblast-
like (Fig. 1B). Try to rule out the contamination
of macrophages and hematopoietic cells which
may interfere the results, immunophenotypic
analyses was performed. As shown in Figure 2,
majority of the adherent fibroblastic cells of
passage 3 were negative for CD11b, CD45, Thy-1;
and positive for known cell-surface antigens
of mesenchymal cells (CD44, CD105) [Baddoo
et al., 2003; Meirelles Lda and Nardi, 2003;
Rombouts and Ploemacher, 2003; Wang et al.,
2006].
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In order to examine whether these obtained
cells were BMSSCs, differentiation potential of
these cells into osteogenic, adipogenic, and
myogenic cells were functionally identified. To
induce osteoblastic differentiation, cells were
cultured in an osteoblastic-inductive medium as

described in the “Materials and Methods.” In
the initial culture, no mineralized cell was
detected (data not shown). Three weeks after
culturing, some mineralized cells were found
using von Kossa staining (Fig. 1C). To further
confirm the osteoblastic differentiation, the

Fig. 1. Photomicrograph of the in vitro differentiation of the
‘BMSSCs-like’ cells. Cells isolated from ICR mice were expanded
in IMDM supplemented with 10% FBS (A), the sub-cultured cells
reached confluence 8-10 days later were much pure and
showed homogeneous fibroblastoid morphology (B). Differen-
tiation of mouse ‘BMSSCs-like” cells: 3rd passage cells were
cultured in differentiation inducing media as described in
Materials and Methods. We could observe a trilineage differ-
entiation toward: osteoblasts, the cells were incubated in
osteogenic medium for 4 weeks, and mineralized deposits were

detected by von Kossa staining (C). Concomitantly, cells
expressed alkaline phosphatase (D); adipocytes, as early as after
1 week of inducement, lipid droplets were detectable, as shown
by phase-contrast microscopy (E), and lipid accumulation then
increased along with the inductive periods. After 3 weeks, lipid
accumulation was stained with Oil Red O (F); myotubes, under
myogenic conditions, myotubes could be observed in this phase-
contrast photomicrograph (G). (Original magnification: A 40x;
B~ G 100x) [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Fig. 1.

expression of alkaline phosphatase (ALP) was
examined (Fig. 1D). To induce adipocytic differ-
entiation, the cells were cultured in an adipo-
cytic-inductive medium as described in the
“Materials and Methods.” One prominent char-
acteristic of cell differentiation into adipocytes
is the accumulation of triglyceride-containing
vesicles in the cell cytosol. As early as 1 week
after inducement, lipid droplets were detect-
able, and lipid accumulation thereafter
increased along with the inductive periods.
Intracellular fat droplets were observed by
phase-contrast light microscopy (Fig. 1E) and

(Continued)

were chemically stained by Oil Red O (Fig. 1F).
We also demonstrated the mesenchymal multi-
lineage differentiation potential of the cells into
myotubes (Fig. 1G), albeit in low frequencies.

Morphological Changes of BMSSCs Differentiated
into Hepatocyte-Like Cells

After being treated with hepatocyte-condi-
tioned medium, the spindle-shaped morphology
of BMSSCs was lost and cells developed into a
broadened, flattened morphology. One week
post-induction, a retraction of elongated ends
was observed with the increasing time of
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Flow cytometric analyses of isolated BMSSCs. Cells were harvested and labeled with Abs against

CD44, CD45, Thy-1, CD105, CD11b, or control 1gGs, and analyzed by FACS. Histograms showing the
relative staining intensity of BMSSCs for various cell surface antigens. Cells (98.5%) express CD105, 88.2%
of cells express CD44, and 0.2% of cells express Thy-1; none of the cells express CD45 and CD11b. Black
line, control immunoglobulin; red line, specific antibody. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

differentiation (Fig. 3A). Two weeks post-induc-
tion, the cuboidal morphology of hepatocytes
developed (Fig. 3B). After prolonged culture, the
hepatocytic morphology further matured with
the appearance of abundant granules in the
cytoplasm. On Day 20, approximately 75% of
the cells were epithelioid with large and rich
intracellular structures, and the presence of
binucleated cells was observed (Fig. 3C). The
size of the differentiated cells was 20—25 ym in

diameter, which was consistent with the size of
cultured control hepatic cells.

Hepatic Gene and Protein Expression Analysis
of the Differentiated Cells

Reverse transcription polymerase chain reac-
tion analysis showed the expression of AFP,
HNF38, and CK19 by Day 10, while TAT, a late
marker gene of hepatocytes, was detected by
Day 20. Expression of CK18 and ALB was
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Fig. 3. Morphological observation of BMSSCs differentiated into hepatocyte-like cells. (A) BMSSCs
induced by hepatocyte-conditioned medium showed a retraction of elongated ends on Day 8; (B) Two weeks
post-induction, the cuboidal morphology of hepatocytes developed; (C) The morphological change
was further progressed during the differentiation process, most of treated cells assumed hepatocyte-like
morphology with rich intracellular structures on Day 20. (Original magnification: A, B 100x; C 200x) [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

detected at all time points and increased with
time of differentiation, whereas undifferen-
tiated BMSSCs expressed none of these genes
(Fig. 4). The B-actin housekeeping gene was
included in all experiments as an internal
control. As differentiation progressed, the pro-
tein expression of AFP, CK19, and ALB were
detected by indirect immunofluorescence stain-
ing, in accordance with the results obtained at
the RNA level. Consequently, after 20 days of

culture, 82 +6, 77 + 3, and 88 + 7% of the cells,
respectively, stained positive for these markers
(Fig. 5).

Functional Characterization of
the Differentiated Cells

Intracellular glycogen accumulation, one fea-
ture of adult liver cells, was analyzed by
staining the cells with the PAS reagent. The



60 Chen et al.

L]
o

10d  20d Liver

p-actin

AFP

HNF 3p

CKI19

CK18

ALB

TAT

G-6-p

Fig. 4. RT-PCR analyses of the expression of transcriptional
factors and lineage-specific markers in the mouse BMSSCs before
and after differentiation. BMSSCs were treated with hepatocyte-
conditioned medium and total MRNA was extracted for RT-PCR.
Mouse B-actin mRNA was used as control for production of
cDNA, and liver cells were used as positive control. The results
showed that differentiated cells express hepatocyte-specific
marker genes at the indicated time points. The experiments were
repeated at least thrice and similar findings were observed.

result showed that an accumulation of glycogen
was detected in the course of differentiation
(Fig. 6A), while no accumulation of glycogen
was found in the negative control (data not
shown). In addition, we also assessed the urea
production, another feature of the liver cells, at
various time points throughout the differentia-
tion. The results demonstrated that the dif-
ferentiated cells produced urea in a time-
dependent manner till they reached at the
maximum level (Fig. 6B). To demonstrate
the hepatic function in vivo, differentiated cells
were transplanted in liver injured models. We

tested serum ALB, AST, and ALT at 7 days
after transplantation (Table II). AST and ALT
was increased by CCl, treatment, indicating
liver parenchymal damage; albumin, which
is exclusively synthesized in liver, was decreas-
ed after CCl, treatment. Transplantation of the
differentiated cells into liver-injured mice par-
tially restored their serum albumin level and
significantly suppressed transaminase activity.

DISCUSSION

Adult stem cells are an attractive source of
cells for tissue therapy, and thought to have
developmental potentials or plasticity of multi-
ple cell lineages. BMSSCs, first described by
Friedenstein et al. [1976], have attracted
intense attention in the past two decades. These
cells are capable of clonal expansion in culture,
supporting hematopoietic stem cell prolifera-
tion, and demonstrating extensive differentia-
tion capacity both in vivo and in vitro [Pittenger
et al., 1999; Wang et al., 2004].

For cultures of mature hepatocytes, it has
been shown that important stimuli for an
adequate maintenance of cellular function
in vitro are (1) addition of growth hormones
and cytokines, (2) cell-to-matrix contacts, and
(3) coculture with other cell types [Shimaoka
et al., 1987; Watt and Hogan, 2000; Fiegel et al.,
2003]. Thus, an optimal in vitro condition might
play a partial role in initiating the liver specific
differentiation. Here, we employed conditioned
medium of hepatocytes to induce the hepato-
genic differentiation. The results showed that
mouse bone marrow BMSSCs induced by this
medium differentiated into hepatocyte-like
cells that expressed primitive and mature
marker genes in a time-dependent manner.
During the course of differentiation, the fibro-
blastic morphology of BMSSCs gradually pro-
gressed toward the polygonal morphology of
hepatocytes and further acquire in vitro func-
tions characteristic of liver cells including
albumin production, glycogen storage, and urea
secretion. Moreover, transplantation of the
differentiated cells into liver-injured mice par-
tially restored serum albumin levels and sig-
nificantly suppressed transaminase activity.

The nature of the adult stem cells involved
and the mechanisms responsible for acquisition
of a hepatocyte phenotype are still controversial
[Thorgeirsson and Grisham, 2006]. This work
suggested that the conditioned medium of
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Fig. 5. Immunofluorescence analysis for hepatocyte specific
markers of the differentiated cells. The fluorescent images were
visualized and photomicrographed under a confocal laser-
scanning microscope. The results reveal that hepatocyte-like
cells by culture in conditioned medium were stained positive
with anti-AFP labeled with FITC (A), anti-CK19 with TRITC

TABLE II. Changes in Blood Serum ALT,
AST, and Albumin Concentration in
Cell-Transplanted Mice

7 day CCly &
Normal 7 day CCly Transplantation
ALT 4249 308 +62 152 +£25%
AST 96 + 6 396 +90 187 + 34*
ALB 31.2+1.3 253+1.1 27.5+1.5%

Mice were treated with CCl, 1 day before transplantation. After
the transplantation, mice were treated with CCl, twice a week.
CCly-treated mice showed blood chemistry abnormalities con-
sistent with acute liver injury. Each value represents the
mean+ SD. By Student’s #-test, values are significant at
"P<0.05 when comparing mice 7 days after transplantation
(7 day CCly & Transplantation) to control mice treated with CCly
alone.

(B); (C) figures (A) and (B) are overlaid; (D) ALB-positive signals
were detected in the cytoplasm of differentiated cells; binu-
cleated cells were noted by white arrows and sections were
counterstained with DAPI. (Scale bars represent 20 um). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

hepatocytes has a stimulatory effect for the
differentiation of BMSSCs toward liver cells,
which was probably mediated by soluble factors.
It provided an ideal model system for the study
of mechanisms involved in the transdifferentia-
tion from BMSSCs into hepatocytes. Also this
system has numerous potential advantages in
clinical application: first, there is no problem of
limited donors as BMSSCs are readily accessi-
ble from bone marrow and can be expanded
tremendously in vitro; second, the use of adult
stem cells is favorable over embryonic stem cells
regarding ethical issues; third, differentiated
hepatocyte-like cells can be sustained for
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Fig. 6. In vitro functional characterization of hepatocyte-like cells differentiated from BMSSCs. A: The
polygonal cells had magenta staining in the region on Day 20 post-induction, indicating storage of glycogen.
(Original magnification, 100x) B: Urea production was measured through a colorimetric assay kit.
Differentiated BMSSCs produce urea in a time-dependent manner, whereas no urea was detected in cultural
BMSSCs. Gray area represents urea levels that were produced by 4 h-cultured adult mice hepatocytes. Data
represent means £SD, n=4. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

8 weeks or more with functions, making it an
ideal candidate for pharmacological and toxico-
logical studies. We hope that these findings will
contribute to the improvement of cell-based
therapies for acute and chronic end-stage liver
disease. Amore detailed characterization study,
nevertheless, is needed on the molecular
mechanism to uncover the mechanisms that
regulate the differentiation of BMSSCs into
hepatocytes.
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