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Abstract

AIM: To improve hepatic differentiation of human mes-
enchymal stem cell (MSC) using insulin growth factor 1
(IGF- 1), which has important role in liver development,
hepatocyte differentiation and function.

METHODS: Bone marrow of healthy donors was aspi-
rated from the iliac crest. The adherent cells expanded
rapidly and were maintained with periodic passages
until a relatively homogeneous population was estab-
lished. The identification of these cells was carried
out by immunophenotype analysis and differentiation
potential into osteocytes and adipocytes. To effectively
induce hepatic differentiation, we designed a protocol
based on a combination of IGF-1 and liver specific
factors (hepatocyte growth factor, oncostatin M and
dexamethasone). Morphological features, hepatic func-
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tions and cytological staining were assessed to evaluate
transdifferentiation of human marrow-derived MSCs.

RESULTS: Flow cytometric analysis and the differentia-
tion potential into osteoblasts and adipocytes showed
that more than 90% of human MSCs which were isolat-
ed and expanded were positive by specific markers and
functional tests. Morphological assessment and evalu-
ation of glycogen storage, albumin and o-feto protein
expression, as well as albumin and urea secretion re-
vealed a statistically significant difference between the
experimental groups and control.

CONCLUSION: In vitro differentiated MSCs using IGF-
I were able to display advanced liver metabolic func-
tions, supporting the possibility of developing them as
potential alternatives to primary hepatocytes.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

Acute hepatic failure, despite recent therapeutic advances,
remains associated with significant morbidity and mortal-
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ity. The World Health Organization estimates that 20 mil-
lion people wotldwide have cirrhosis of the liver and/or
liver cancer, arising predominantly among the estimated
500 million people (nearly 10% of the world population)
who are afflicted with persistent hepatitis B (HBV) or
hepatitis C (HCV) viral infection' .

Liver transplantation has become the effective life-
saving treatment for patients with end-stage chronic liver
diseases. Due to the scarcity of donor organs, < 30% of
patients on waiting lists receive a transplant. Furthermore,
the majority of patients are not even placed on the trans-
plant waiting list due to multi-organ failure, sepsis, psycho-
social reasons or lack of adequate health care™. Since little
can be done to access appropriate donors, new therapeutic
approaches have gained importance in recent years.

It has been suggested that cell-based therapy is an
alternative to whole organ transplantation. Cell transplan-
tation is less invasive than whole-organ transplantation
and can be performed repeatedly™’. However, one major
limitation of cell-based therapy for liver diseases is the
availability of human hepatocytes. The storage of donor
hepatocytes, the difficulties for large scale hepatocyte
amplification, and function maintenance limit the clinical
application of this cell-based therapy'”.

After MSCs were first described by Fridenstein e7 a/”, in
1976 as clonal, plastic adherent cells, interest in MSCs has
rapidly grown with expanding knowledge about their excep-
tional characteristics and usefulness in the clinic by means
of their differentiation potential under 7 vitro conditions™,

MSCs can differentiate into cells of all mesodermal ori-
¢gins, including adipocytes, osteocytes, chondrocytes, myo-
cytes and endothelial cells"”. Besides these, MSCs are also
capable of “transdifferentiation” into other cell lines, sug-
gesting that MSCs belong to multipotent adult stem cells.
Schwartz es al'" isolated a non-hematopoietic stem cell
subset (CD45 GlyA ™ in humans or CD45 Ter119 ™ in mice)
from bone marrow, termed multipotent adult progenitor
cells (MAPC). Under appropriate conditions, MAPC were
induced into cells with morphological, phenotypic and
functional characteristics of hepatocytes 7 vitro.

Recently, 7z vitro hepatogenic differentiation of adult
stem cells has been the subject of different reports”™ ',
Although there have been some protocols for hepato-
genic differentiation of MSCs available up until now, it is
essential to develop a well-defined protocol for cellular
differentiation into hepatic lineage, followed by selective
isolation and 7 witro proliferation. This project was de-
signed for transdifferentiation of human MSCs into liver
cells using insulin-like growth factor 1 (IGF- 1), which,
despite its important role in liver development, has not
been used for 7 vitro hepatic differentiation until now.

MATERIALS AND METHODS

Isolation and culture of human MSCs

Bone marrow aspirates (5 mL) were obtained from the
iliac crests of human donors ranging in age from 19 to 42
years at Bone Marrow Transplantation Center, Nemazi

(49

Boishidongs  WJSC | www.wignet.com

114

Hospital, Shiraz, Iran. They donated bone marrow to
a related patient after obtaining approval of the Ethics
Committee. Written informed consent was also obtained,
allowing analysis of the clinical data and the testing men-
tioned in this study. The aspirates were diluted 1:1 with
Dulbecco’s modified Eagle’s medium (DMEM)-low glu-
cose (1000 mg/L) (Invitrogen, Merelbeke, Belgium) and
layered over about 5 mL of ficoll (Lymphoprep; Oslo,
Norway). The isolation method was according to a previ-
ously reported method"" with some modifications which
will be mentioned. After centrifugation at 2000 r/min for
20 min, the mononuclear cell layer was removed from the
interface. The cells were suspended in DMEM and cen-
trifuged at 1200 r/min for 15 min and then resuspended
in basal DMEM medium containing 10% fetal calf serum
(Invitrogen, Merelbeke, Belgium), 1% penicillin (Invitro-
gen, Merelbeke, Belgium), 1% streptomycin (Invitrogen,
Merelbeke, Belgium) and 2 mmol/L glutamine (Invitro-
gen, Merelbeke, Belgium). The cells were seeded at a den-
sity of 80 000/ cm’ in 25 cm’ T-flasks and maintained at
37 C in an atmosphere of 5% CO2. Following 3 or 4 d
of incubation, the non-adherent cells were removed and
the media were changed every 3 d. In order to expand
the MSC cells, the adhered monolayer was detached with
trypsin-EDTA (Invitrogen, Merelbeke, Belgium) for 5
min at 37 C, after 14 d for the first passage and every 3-4
d for successive passages. During 7z vitro passaging, the
cells were seeded at a density of (5-10) X 10’ cells/cm®
and expanded for several passages until they no longer
reached confluence.

Adipogenic and osteogenic differentiation of human
MSCs
To induce adipogenic differentiation, the 4th passage cells
were treated with adipogenic medium for 3 wk. Adipo-
genic medium consisted of DMEM supplemented with
1 M/L hydrocortisone (Sigma-Aldrich, St. Louis, United
States), 0.05 g/L ascorbic acid, 0.05 g/L indomethacin
(Sigma-Aldrich, St. Louis, United States) and 10° M/L
dexamethasone, according to a previous method"”. Adi-
pogenesis was assessed by Oil Red O-staining. Medium
changes were performed twice weekly for the two assays.
For osteogenic differentiation, the 4th passage cells
were treated with osteogenic medium for three weeks.
Osteogenic medium consisted of DMEM supplemented
with 10°* M/L dexamethasone (Sigma-Aldrich, St. Louis,
United States), 10 mmol/L glycerol phosphate (Sigma-Al-
drich, St. Louis, United States), 3.7 g/L sodium bicarbon-
ate (Sigma-Aldrich, St. Louis, United States) and 0.05 g/L
ascorbic acid (Sigma-Aldrich, St. Louis, United States)"”.
Osteogenesis was assessed by alizarin red staining,

Flow cytometric analysis

Flow cytometric analysis was according to a previously
reported method"”, with some modifications which will
be mentioned. The human bone marrow MSCs were de-
tached from the tissue culture flasks at the third passage
and counted. About 1 X 10° cells were incubated on ice
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for 30 min with goat serum, resuspended in phosophate-
buffered saline (PBS) and pelleted by centrifugation
for 4 min at 2000 r/min. Subsequently, the cells were
stained for 30 min at 4 ‘C with fluorescent isothiocyanate
(FITC)-conjugated CD40, CD45, CD80, CD90 and hu-
man leukocyte antigen class I (HLA-DR). An isotype
control with FITC-labeled was included in each experi-
ment and specific staining was measured from the cross
point of the isotype with the specific antibody graph.
The labeled cells were thoroughly washed with PBS
and analyzed on a flow cytometer (FACS Calibur Bec-
ton, Dickinson, United States) using WinMidi software
(Scripps Research Institute; San Diego, United States).

Hepatogenic differentiation protocol

For hepatogenic differentiation, 3rd passage cells, 2 X
10" cells / cm’ were seeded on 24 well plastic cell culture
plates. Hepatic differentiation was performed using a 2
step protocol. In the first step which lasted seven days,
the cells were cultured in medium consisting of DMEM
supplemented with 10% FBS, 20 ng/mL IGF- I (Pepro-
tech, Paris, France), 20 ng/mL HGF (Peprotech, Patis,
France) and 107 M/L dexamethasone. At the second
phase, oncostatin M (Peprotech, Paris, France) was added
to the mentioned media at a concentration of 10 ng/mL
and continued until 21 d of differentiation. The culture
media were changed twice weekly. Control cultures with-
out the differentiation stimuli were maintained parallel to
the differentiation experiments in the same manner.

Immunocytochemistry analysis

After 3 wk of differentiation, the cultured cells were
washed twice with PBS and fixed with 4% paraformalde-
hyde for 30-45 min at room temperature and permeabi-
lized with 0.4% Triton X-100 (Sigma-Aldrich, St. Louis,
United States) for 10 min. After blocking with bovine
serum albumin, the washed cells were incubated over-
night at 4 'C with primary antibodies, including mouse
anti-human albumin (1:1000) and mouse anti-human
a-feto protein (AFP) (1:500) (Sigma-Aldrich, St. Louis,
United States). Subsequently, the cells incubated with
fluorescence labeled secondary goat anti-mouse IgG were
marked with PE and FITC (Sigma-Aldrich, St. Louis,
United States) at 37 'C for 3 h in a dark room. The cells
were then incubated with DAPI (4°,6-diamidino-2-
phenylindole; 1:1000) for nuclear staining. Between each
incubation, the samples were washed with PBS-0.05%
Tween. The ratio of immunopositive cells to the total
number of cell nuclei labeled with DAPI was recorded.

Glycogen storage

Intracellular glycogen was analyzed by Periodic Acid-
Schift (PAS) staining. Culture dishes containing the cells
were fixed in 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100 for 10 min. The samples were
then oxidized in 1% periodic acid for 10 min, rinsed 3
times in deionized water (dH20), treated with Schiff’
s reagent for 20 min at room temperature and rinsed in
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dH20 for 5 to 10 min. The nuclei were stained with May-
er’s hematoxylin for 1 min, rinsed in dH20 and assessed
under a light microscope.

Urea production

Differentiated cells were incubated with the medium con-
taining 5 mmol/L NH4Cl for 24 h in 5% COzat 37 C on
day 21 of differentiation. Following incubation, the ob-
tained supernatant was collected and urea concentration
was measured by a colorimetric assay according to the
manufacturer’s instructions (Quantichrom Urea assay kit,
Bioassay Systems, Brussels, Belgium). This assay is based
on the reduction of ammonia produced via urea hydroly-
sis. Undifferentiated MSCs were used as negative control.

Albumin secretion
Albumin concentration, secreted into the culture media
on days 0, 7, 14 and 18, was assayed by a quantitative

enzyme-linked immunosorbent assay kit (ELISA)"",

Statistical analysis

Triplicate samples obtained from the differentiated and
undifferentiated cells were analyzed in duplicate for de-
termination of albumin and urea. Statistical analysis were
performed using two-way Anova test for albumin secre-
tion and Kruskal-Wallis analysis for urea production. The
significance level was set at 0.05.

RESULTS

Characterization of isolated human MSCs

Human bone marrow MSCs were cultivated from the
mononuclear cell fraction of bone marrow samples. To
ensure removal of contamination, the cells were selected
based on plastic adherence and passaged 3 times prior to
experiments.

To evaluate whether the culture-expanded cells were
genuine MSCs, their mesodermal differentiation potential
into osteogenic and/or adipogenic-specific agents and
immunophenotyping profile were examined.

Alizarin red staining confirmed the deposition of a
mineralized extracellular matrix in the culture plates that
can be detected after osteogenic differentiation. Likewise,
lipid droplets in differentiated adipocytes were located by
Oil Red O-staining (Figure 1A-B) whereas undifferenti-
ated MSCs were negative in staining procedure (data were
not shown).

Flow cytometric analysis showed that the human bone
marrow MSCs were negative for hematopoietic markers
CD45 (95.49%), the human leukocyte antigen class Il
(HLA-DR) (98.15%) and the costimulatory molecules
CDA40 (97.62%) and CD80 (95.97%), whereas they were
positive for CD90 (Figure 2). These results indicate that
the isolated cells have the basic properties of the MSCs.

To evaluate transdifferentiation of MSCs to the
hepatocyte-like cells, morphological features, cytological
staining to detect specific biological matkers, and hepatic
functions were assessed.
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Figure 1 Osteogenic and adipogenic differentiation of bone marrow mesenchymal stem cells in the 4th passage. A: Osteogenic differentiation was positive for
alizarin red staining; B: The adipose droplet in differentiated cells after staining with oil red.
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Figure 2 Immunophenotyping of bone marrow derived mesenchymal stem cells in the 3rd passage. A: The black histogram shows the profile of the isotype
control; B-E: The cells were negative for CD40, CD80, CD45 and HLA-DR respectively; F: The cells were positive for CD90.

Morphological observations

Figure 3 shows the morphological changes of bone mar-
row MSCs. The cells obtained from human culture before
differentiation (day 0) exhibited a fibroblast-like morphol-
ogy (Figure 3A). Under hepatogenic conditions, the fibro-
blastic morphology of MSCs gradually progressed toward
the polygonal morphology of hepatocytes in a time-de-
pendent manner. Although the epithelial cells appeared in
the culture from day 6 on, these cells were still surrounded
by spindle-shaped cells (Figure 3B). After 18 d, less fi-
broblastic cells were seen and binucleated cells appeared
(Figure 3C). After 20 d, the mature cuboidal morphology
with granulated structures fully developed in cultures and
the cells exhibited a polygonal shape with cytoplasmic
granules (Figure 3D and E).

Immunocytochemical staining

Hepatic differentiation from human bone marrow MSCs
was confirmed by showing expression of albumin (the
most abundant protein synthesized by functional hepato-
cytes) and AFP (a protein indicative of hepatocyte moz-
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phology) in our cell population. This analysis showed posi-
tive staining for albumin (Figure 4A) and AFP (Figure 4B).
The nuclear staining is shown in (Figure 4C and D). The
percentage of albumin and AFP positive cells were 52%
T 6% and 22% * 4% in differentiated cells. These matk-
ers were not expressed in MSCs as the control group.

Function assays

In order to assess whether these hepatocyte-like cells
derived from the bone marrow also acquired typical func-
tional hepatic features, albumin secretion, glycogen stor-
age and urea production were evaluated.

Albumin secretion: Albumin was secreted in the culture
media and was analyzed on days 0, 7, 14 and 18 of dif-
ferentiation. Hepatogenic-treated MSCs produced signifi-
cantly higher levels of albumin compared to undifferenti-
ated cells (P < 0.001) (Figure 5).

Glycogen storage: Upon treatment with hepatogenic
media, glycogen uptake was first seen after 21 d of the
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Figure 3 Morphological features of the hepatogenic differentiated cells. A: The mesenchymal stem cells obtained from human culture before differentiation; B:
The differentiated cells under hepatogenic conditions on day 7; C: The binucleated cells on day 19; D: The differentiated cells with cuboidal morphology on day 21; E:

These cells exhibited a polygonal shape with cytoplasmic granules.

culture. Intracellular glycogen was analyzed by Periodic
Acid-Schiff (PAS) staining (Figure 6A and B).

Ureogenesis: The urea production was significantly in-
creased over the culture time compared to undifferentiated

cells (P < 0.001) (Figure 7).

DISCUSSION

Liver development is accomplished by a sequential array
of biological events. Each step of cell growth and differ-
entiation is tightly regulated by cell autonomous mecha-
nisms and extracellular signals, including cytokines and
growth factors"”. Previously, Schwartz ¢ al' described a
population of cells in postnatal rat bone marrow which

was capable of differentiating into cells of endodermal
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(hepatocytes) origin upon exposure to defined-hepato-
genic factors. Lee ef a/"”' have described hepatic differ-
entiation of human MSCs upon exposure to hepatocyte
growth factor (HGF), fibroblast growth factor (FGF)
and basic fibroblast growth factor (bFGF). Snykers ez al'”
have indicated hepatogenic differentiation of rat MSCs
by using growth factors such as HGF, FGF, oncostatin M
(OSM) and insulin-transferrin-selenium. Although such
liver-specific cytokines and growth factors have been
used for in vitro differentiation of stem cells into hepato-
cyte-like cells from adipose tissue”, peripheral blood"™”
and human bone marrow sources in further studies”™,
attempts at using various approaches to enhance the ef-
fectiveness of cell therapy have become a challenge.

In the present study, an attempt was made to improve
the hepatic differentiation process under exposure of hu-
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Figure 4 The immunocytochemistry analysis of the hepatogenic differentiated cells at day 21. A: PE-fluorescent staining for albumin; B: FITC-fluorescent stain-
ing for a-feto protein; C-D: Nuclear staining using DAPI for albumin and a-feto protein respectively.
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Figure 5 Albumin levels in hepatogenic differentiated cells (test) in com-
parison to undifferentiated cells (control) by enzyme linked immunosor-
bent assay. Albumin levels are expressed as ug/mL (Y-axis) on days 0, 7, 14
and 18 of differentiation (X-axis). The treated cells produced significantly higher
levels of albumin compared to undifferentiated cells (P < 0.001).

man bone marrow MSCs in a novel culture composition
media using HGEF, OSM and dexamethasone in combina-
tion with IGF- T .

HGF is a multifunctional factor, can promote cell sur-
vival and regeneration, inhibit the apoptosis of stem cells
and increase the survival rate of the transplanted cells™,
OSM is a member of the interleukin-6 family cytokines
which demonstrates the progression of hepatocyte de-

. 23 .
velopment toward maturation”. Dexamethasone is a
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synthetic glucocorticoid hormone active in induction of
enzymes concerned with gluconeogenesis in the liver?.
IGF-1 is a potent cytoprotective and anabolic hormone,
synthesized mainly in the liver. Once IGF- 1 binds to
IGF- 1 receptor, the receptor autophosphorylates and ac-
tivates phosphatidyl-inositol (PI) 3 kinase or mitogen-ac-
tivated protein (MAP) kinase cascades that regulate genes
involved in cell survival, growth and differentiation of
stem cells™. In rat, the expression of IGF- I appears in
the mesenchyme of the septum transversum where hepa-
toblasts originate on the 9th day of gestation and diminish
at 11 d after birth™. In human liver, the expression of
IGF- I is more abundant in the fetus than in adults, with
the peak from around birth until the age of 9 mo™.
Interestingly, the expression of IGF- I appears
slightly earlier than CAAT/Enhancer-Binding Protein (C/
EBP) in the proximity of hepatoblasts, suggesting that
IGF- I might influence C/EBP”". The liver-enriched
transcription factor of C/EBP belongs to a family of
“Leucine Zipper” DNA-binding proteins. The six mem-
bers of the C/EBP family (C/EBPa to C/EBPJ) all
play central roles in the growth and differentiation of he-
patocytes and regulating the expression of liver-specific
genes””. Furthermore, it was reported that in liver cir-
rhosis, as the result of hepatocellular insufficiency, there
is a marked reduction in the levels of IGF- 1" and
IGF- I gene transfer to the cirrhotic liver improves liver
function and causes a marked reduction of liver fibro-
sis™. This indicates that IGF- T is deeply involved in he-
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Figure 6 Periodic Acid-Schiff staining assay in hepatogenic differentiated cells. A: Glycogen uptake by the cells was first seen after 21 d upon treatment; B:

Nuclei were stained with haematoxylin.
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Figure 7 Production of urea in hepatogenic differentiated cells (group-1)
compared to undifferentiated cells (group-2). The urea production as mg/dL
(Y-axis) was significantly increased over culture time (P < 0.001).

patocyte differentiation and function, but little is known
about IGF- I effect on 7 vitro hepatic differentiation.

Here, we report our experience in the development
of a novel strategy which allows hepatic differentiation
of human bone marrow derived MSCs to functional he-
patocytes, based on a protocol with sequential addition
of IGF- I in combination with the growth factors HGE,
OSM and dexamethasone. Under these culture conditions,
human MSCs were successful in all examinations related
to hepatogenic differentiation, including morphology,
albumin and a-feto protein expression, glycogen storage,
urea production and albumin secretion. Furthermore,
more than 50% of these epithelioid cells expressed liver-
associated protein albumin. Indeed, functional character-
ization of the differentiated cells at different time points
were consistent with the morphological changes, with the
exception of albumin which is strongly detectable by the
protein level secretion and immunocytochemical analysis
at all time points (days 7, 14, 18 and 21).

It is well documented that cytokines and growth
factors act cooperatively and synergistically to promote
liver-specific gene transcription in differentiated cells'™”
It was previously shown that HGF combined with IGF
improves expression of GATA-4 in MSCs"!. GATA-4
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is the earliest known transcription factor to bind the
albumin gene enhancer in liver precursor cells, reflect-
ing liver-specific functions"™™. The functional assays for
hepatocytes are mainly urea and albumin synthesis; the
synthesis of urea is performed only by hepatocytes and
not by yolk sac and should be fit as a test for hepatocytes
onlym]. In this regard, differentiated cells in our study ac-
quired hepatocyte functions, including urea secretion and
glycogen storage after 4 wk, and were sustained to 6 wk
postinduction or later. Furthermore, exposure of the cells
under zn vitro conditions featured highly differentiated
hepatic morphological changes. According to these find-
ings, the mature cuboidal morphology with cytoplasmic-
granulated structure was fully developed before 4 wk of
postinduction. It has been indicated that MSCs acquired
morphological features (polygonal-shaped and binucleat-
ed cells) similar to those of primary hepatocytes. Indeed,
the cells shared typical characteristics with hepatocytes
including albumin secretion and urea production which
was statistically significant, as well as cytoplasmic storage
of glycogen.

In this study, we have reported a novel strategy which
allows hepatic differentiation of human bone marrow
derived MSCs to functional hepatocytes. This model
opens new perspectives: it may be applicable not only to
the study of cell fate and trans-differentiate uncommitted
cells towards endodermal lineages, but also indicates that
the growth factors may have a great potential in clinical
cell therapy.
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Background

Mesenchymal stem cell (MSC) therapies have gained importance as a suitable
potential substitution for liver transplantation. Although there have been some
protocols for hepatogenic differentiaion of MSCs available up till now, it is es-
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sential to develop well-defined protocols for cellular differentiation into hepatic
lineage. This project was designed to transdifferentiation of human MSCs into
the liver cells using insulin-like growth factor 1 (IGF- 1) which despite of its
important role in liver development, has not been used for in vitro hepatic dif-
ferentiation till now.

Research frontiers

The research hotspot is to improve hepatic differentiation of human MSC using
IGF- T which has important role in liver development, hepatocyte differentiation
and function.

Innovations and breakthroughs

In the present study, the authors report a novel strategy for the hepatogenic
differentiation of bone marrow-derived human MSCs, which allows the hepatic
differentiation from progenitor cells to functional hepatocytes, based on using a
combination of IGF- I and cytokines. Morphological assessment and evaluation
of glycogen storage, albumin and o-feto protein expression as well as albumin
and urea secretion revealed a statistically significant difference between the ex-
perimental groups and control. The current study demonstrates that the in vitro
differentiated MSCs using IGF- I are able to display advanced liver metabolic
functions supporting the possibility to develop them as potential alternatives to
primary hepatocytes.

Applications

The present study may not only be helpful for the clinical application of hepato-
cyte transplantation, but also it is indicating that the growth factors may have a
great potential in the clinical cell therapy.

Terminology

The IGF- 1 is a potent cytoprotective and anabolic hormone, synthesized main-
ly in the liver. According to the data, IGF- I is deeply involved in hepatocyte
differentiation and function, but little is known about IGF- I effect on in vitro
hepatic differentiation.

Peer review

To improve the protocols for hepatogenic differentiation is an important area
for research as these cells are potential alternatives to primary hepatocytes for
future clinical application.
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