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Construction of bone marrow mesenchymal cells-derived engineered hepatic tissue and
its therapeutic effect in rats with 90% subtotal hepatectomy
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Abstract

Engineered hepatic tissue (EHT) is considered as a promising strategy for healing acute liver failure (ALF), therefore, in the present study we evaluated the therapeu-
tic potential of the EHT which engaged with bone marrow mesenchymal cells (BMSCs) derived hepatocytes (BMSCs-Hepas) in ALF rats. After characterization of
isolated BMSCs, we seeded passage 3 BMSCs which have being cultured in medium containing 20 ng/ml hepatocyte growth factor (HGF) and 10 ng/ml epidermal
growth factor (EGF) for 14 days on three scaffolds individually in Transwell system, and then cultured for more than 3 days to construct three kinds of EHT named
EHTI1, EHT2, and EHT3. Based on morphology and urea production assays, we chose an optimal one and transplanted it into ALF rat with 90% subtotal hepatectomy
and assessed its therapeutic potential by survival time, hepatic encephalopathy score (HES) and related liver function test. The remnant liver was acquired, sectio-
ned and identified by con-focal scanning microscopy. The isolated cells possessed basic properties of BMSCs, when cultured in hepatogenic medium for 2 weeks,
BMSCs would restore to the functional properties of primary rats’ hepatocytes, expressing albumin (ALB) and alpha fetoprotein (AFP) simultaneously. Transplan-

tation of EHT3 significantly prolonged the survival time, increased HES, and ameliorated the liver function. BMSC will be a newly cell source for the construction

of EHT. Importantly, the EHT transplantation may be an effective strategy to treat ALF in clinic.
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Introduction

Acute liver failure (ALF) remains a challenge in mo-
dern medicine with a mortality over 85 percent (1,2), till
now; there are no effective means in curing it. Although
orthodox liver transplantation gives the chance for cu-
ring (3), shortage of donor liver, high cost, and long-
term immune suppression limit the clinical application
of this therapy. Artificial liver support system (ALSS)
including mechanical ALSS and bio-ALSS would be
alternative choices at this moment. However, improved
survival of patients with ALF is seldom documented
after the application of mechanical ALSS (4,5). Addi-
tionally, acquiring vital hepatocytes, and high cost are
all drawbacks of bio-ALSS. Furthermore, risk factors of
ALSS include hemodynamic instability, bleeding, and
etc. (6).

As a simple form of adjunct internal liver support,
hepatocyte transplantation (7) confronts to shortage of
donors’ hepatocytes, cellular loss, and time lag. Thus,
it is urgent to search a safe, effective, and low cost
method. Engineered hepatic tissue (EHT) would be a
promising substitute for its facilitated controlling, low
cost, and safety. Nevertheless, series of issues are used
to construct EHT (8), including acquisition of vital he-
patocyte, choices of scaffold and culture system, and
nutrition supply for the EHT. Among them, acquiring
vital hepatocyte is of importance.

Due to the characteristics that bone marrow mesen-
chymal stem cells (BMSCs) can be readily isolated and
expanded in the culture and their multi-differentiation
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potential, and the immunosuppressive properties of
BMSCs make it probably allogeneic, as well as autolo-
gous, BMSC is becoming an attractive cellular tool in
many clinical applications, including regenerative me-
dicine, immune modulation and tissue engineering (9).

Recently, studies have demonstrated that in vitro
BMSCs can differentiate into a variety types of cells,
including myocytes (10), neurons (11) and hepatocytes
(12,13), depending on the appropriate stimuli and mi-
croenvironment. In the present study we try to explore
the possibility of constructing a BMSCs derived EHT
in vitro and to evaluate its therapeutic efficiency in the
treatment of ALF rats.

Materials and methods

Isolation and culture of BMSCs

Bone marrow cells were obtained from healthy male
Sprague-Dawley rats weighing 250+£25g as descri-
bed previously (14). All the animal experiments were
conducted in accordance with the national guidelines for
the care and use of laboratory animals. This study was
approved by the Ethnic Committee of Renmin Hospi-
tal of Wuhan University (Wuhan, China). The acquired
BMSCs were confirmed when they differentiated into
osteocytes and adipocytes after the additional adding
of specific differentiation media as before (15), and the
immunophenotype was assayed by flow cytometry after
a co-incubation with fluorescein isothiocyanate (FITC)/
phycoerythrin (PE)-conjugated monoclonal antibodies
including CD29, CD34, CD44, CD45, CD80 and CD86
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(BD Biosciences, Sparks, MD, USA) as described pre-
viously (15).

BMSCs trans-differentiation

After the labeling with CM-Dil, BMSCs were cultu-
red in mesenchymal stem cell growth medium (BMSCs-
GM, Osiris therapeutics company, USA) containing
10% FBS, 20 ng/ml HGF (Sigma company, USA), and
10 ng/ml EGF (Sigma, USA). Meanwhile, BMSCs-
GM that only contained 10% FBS served as a control.
Cells were cultured successively for 21 days, and then
detected by the morphologic examination, immunocy-
tochemical analysis, and RT-PCR at 7, 14, and 21 day
respectively.

BMSCs were co-incubated with anti-rat monoclo-
nal antibody ALB or AFP (1:100) (Abcam, Cambridge,
UK) and followed by incubation with FITC-conjugated
secondary antibody goat anti-rabbit IgG (1:1000) (Bos-
ter Biotech, Wuhan, China). Cells were analyzed using
the con-focal scanning microscope. Specimen that incu-
bated with 0.01M PBS (pH 7.4) instead of monoclonal
antibody served as a negative control.

For RT-PCR analysis, total RNA was extracted from
cells using Trizol reagent (Gibco Co., USA) accor-
ding to the manufacturer’s instructions, and was used
for RT-PCR assay with the following primes: ALB,
Forward: 5’-AAGGCACCCCGATTACTCCG-3’, Re-
verse: 5’-TGCGAAGTCACCCATCACCG-3’; AFP,
Forward:  5’-AGGCTGTACTCATCATTAAACT-3’,
Reverse: 5’-ATATTGTCCTGGCAT TTCG-3’; B-actin
was served as an internal control, Forward: 5’-AGAG-
GGAAATCGTCGCTGAC-3’, Reverse: 5’-AGGAGC-
CAGGGCCAGTAATC-3".

The following PCR amplification was performed for
30 cycles. The reaction condition included denaturation
at 95°C for 1 min and annealing at 58°C, 60°C, 55°C
for ALB, AFP, and B-actin respectively; the rest of the
conditions included denaturation at 94°C for 1 min fol-
lowed by extension at 72°C for 1 min. The PCR pro-
ducts containing ethidium bromide were assayed using
2.0% agarose gel electrophoresis at 120 V for 30 min.
Images of the gels were analyzed by Gel-1000 Single
Wavelength Mini-Transluminitor (BioRad, USA).

Construction of EHT

EHT was respectively constructed by three scaffolds
named scaffold 1, 2, and 3 including denuded amnio-
tic membrane, DACRON PATCH cadio-vascular mesh
(Braun Co., German) and bio-surgery mesh (Guanhao
Bio-tech Co., Guangzhou, China). The consequential
sterile denuded amniotic membrane was cut into pieces
with a diameter of approximately 1.5cm and sutured
onto a piece of PET membrane, with the basement
membrane facing up, in the wells of the 24-well Trans-
well system. The DACRON PATCH -cardiovascular
mesh and bio-surgery mesh were washed with 0.01 M
PBS (pH7.4) under sterile conditions and cut and sutu-
red onto PET membrane in Transwell system for use as
denuded amniotic membrane. Before the construction,
the three scaffolds were examined by an H-9500 trans-
mission electron microscopy (TEM) (Hitachi, Tokyo,
Japan).

The BMSCs which had been cultured in BMSCs-
GM containing HGF and EGF for 14 days were seeded
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in the Transwell system in which three scaffolds were
placed in advance, and then the BMSCs were cultured
in the medium for more than 3 days to construct three
kinds of EHT. The consequential EHT were named
EHT]I, 2 and 3 according to the scaffold order.

After the construction, the three kinds of EHT were
evaluated by con-focal scanning microscope, scan
electronic microscopy (SEM) assays. For con-focal
scanning microscope assay, three kinds of EHT were
freeze-sliced and morphologically examined by con-fo-
cal scanning microscopy. Three kinds of scaffold were
carried out SEM examination.

For assessment of urea production, EHTs were ex-
posed to the medium containing 10 mM NH,Cl for 24 h
at 37°C in an atmosphere of 5% CO, (13). The rates of
conversion of ammonia into urea nitrogen were deter-
mined by an automatic biochemically analyzer.

The therapeutic role of EHT for ALF rats

The model of ALF rat with 90% subtotal hepatec-
tomy was established as following. Briefly, the rats
were anaesthetized with a compound of chloral hydrate
and ketamine (0.01 ml/kg), A 2-cm abdomen midline
incision was made and the left and median lobes were
exposed. The lower and upper parts of the right lobe
were isolated, ligated, and resected, leaving the caudate
lobe only. The incision was then closed. After the rats
recovered from anesthesia, 20% glucose drinking water
was given for 24 hours.

30 rats were randomly divided into 3 groups (10/
group): group 1, only ALF, served as a control; group
2, ALF in combination with scaffold transplantation;
group 3, ALF in combination with EHT transplantation.
Optimal EHT was transplanted onto the wound of liver
or in omentum with induced cells (1x10°) immediately
after the establishment of ALF; and 1 ml of saline was
injected through tail vein on the operation day and day
1 and 2 post the operation.

The survival and psychometric hepatic encephalopa-
thy score (PHES) of each rat were evaluated on 8§ a.m
everyday. PHES is a battery of neuropsychological tests
used in the diagnosis of minimal hepatic encephalopa-
thy (MHE). Blood samples were collected via femo-
ral artery prior to and after the surgery daily. Plasma
samples were prepared and ALB, amino alanine transfe-
rase (ALT), and aspartate amino transferase (AST) were
determined.

Data presentation and statistical analysis

All experiments were performed at least three times.
Data were expressed as means + standard deviations.
ANOVA analysis was used to analyze the differences
among groups, and Kaplan-meier analysis was used for
the animal survival assay.

Results

Isolation, culture and labeling of BMSCs

BMSCs population originating from the bone mar-
row of the rats was successfully isolated, passaged in
monolayer culture, and then characterized. The BMSCs
were cultured for 3-5 passages and then the characters
of BMSCs were further confirmed by immunopheno-
type determination and specific abilities of osteogenic
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and adiogenic differentiation.

With the CM-Dil labelled, red autofluorescence was
identified by using the con-focal laser scanning micros-
cope. Staining efficacy with CM-Dil was good in terms
of both quality (good intensity) and quantity, as more
than 98% of cells were stained.

The ALB and AFP expressed by BMSCs were
conformed by immunofluorescence microscopy on
day 14, the induced cells would become round or oval
shape with yellow fluorescence which combined with
the red fluorescence of CM-Dil and green of ALB or
AFP, while the staining of AFP or ALB was negative in
untreated cells (Fig. 1).

Trans-differentiation of BMSCs

When passage 3 BMSCs were cultured in hepatic
inducing medium for a week, cells could transform
from fusiform shape to triangle or oval shape, and more
adherent to flasks. On the second week, cells became
round and enlarged, with poor proliferation, and assem-
bled to form whirlpool structure, or to be concentrically
arranged. On the third week, cells assemble became
obscure, and apoptosis took place. On the contrary,

. .
s SC-ALD

Figure 1. The expression of ALB/AFP in induced cells. The ALB
and AFP expression was conformed by immunofluorescence micros-

copy on day 14, the induced cells would become round or oval shape
with yellow fluorescence which combined with the red fluorescence
of CM-Dil and green of ALB (B, Bar=20 um) or AFP (D, Bar=20
um). While the staining of AFP or ALB was negative in untreated
cells (A, Bar=50 pm; C, Bar=50 um).
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Figure 2. RT-PCR assays of ALF and AFP. Total RNA was extrac-
ted, and then RT-PCR was performed. The signals for ALF, AFP and
B-actin were integrated on a Gel Doc 1000 Mini-Transilluminator
(Bio-Rad, USA). The experiment was performed for three times.
Lane 1: Untreated marrow mesenchymal cells; Lane 2: Marrow
mesenchymal cells after the induction for 7 days; Lane 3: Marrow
mesenchymal cells after the induction for 14 days; Lane 4: Marrow
mesenchymal cells after the induction for 21 days. "P<0.01 versus
Untreated; "P<0.05, 7'P<0.01 versus Induction for 7 days; {P<0.01
versus Induction for 14 days.

BMSCs keep its characteristic elongated shape in the
control group.

The ALB and AFP expressions were confirmed by
immunofluorescence microscopy on day 14. The in-
duced cells would become round or oval with yellow
fluorescence, which combined with the red fluorescence
of CM-Dil and green of AFP or ALB. The staining of
ALB or AFP was negative in untreated cells (Fig. 1).

RT-PCR analysis revealed that on day 7, there is a
weak expression of ALB, which increased along with
with the prolongation of time and arrived a summit on
day 21, however, AFP reached a peak on day 14 and
began to slightly decrease on day 21 (Fig. 2), suggesting
that the induced cells were immature ones between the
fetal and mature hepatocytes.

EHT selection for transplantation

After construction for 3 days in the Transwell sys-
tem, three kinds of EHTs were evaluated by morpholo-
gic and functional assays. After that, cells were found
only on the surfaces of EHT1 and EHT2. Furthermore,
compared with EHT1 (Fig. 4A and 4B), cells on the sur-
face of the scaffold were loose, with lower affinity and
poor cell morphology in EHT2 (Fig. 3 and Fig. 4C-4F).
However, in EHT3, cells were not only on the surface
of scaffold, but also in its pores (Fig. 3 and Fig. 4G-4J).
In addition, the urea production was largest in EHT3
(Data not shown), suggesting the suitability of EHT3
for following studies.

The EHTS3 transplantation prolongs the survival time
and improved liver function of the ALF rats

ALF model was successfully induced in 90% hepa-
tectomized rats and then confirmed by the clinical fea-
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Figure 3. Con-focal scanning microscopy finding of three kinds
of EHT. From con-focal scanning microscopy, cells were found
only on the surface of EHT1 and EHT2, furthermore, compared
with EHT 1, cells on the surface of scaffold were loosen, with lower
affinity and poor cell morphology in EHT II. In EHT III, cells were
found to locate inside of the scaffold. (A: amniotic membrane, B:
DACRON PATCH cadio-vascular mesh, C: Biosurgery mesh; cross-
sectional (1-3) and longitudinal (4-6) images show BMSCs-Hepa in
EHT I (A, bar=50 um), II (B, bar=50 um), and III (C, 1-3, bar=200
um; 4-6, bar=50 pm). Images show CM-Dil labeling (images 1 and
4), phase-contrast microscopy (images 2 and 5), and both CM-Dil
labeling and phase-contrast microscopy (images 3 and 6).

ture of floppy, drowsiness, anorexia, and etc.

The EHT3 transplantation in the ALF rats could
significantly prolong survival time. In brief, the rats
in the EHT3 group died within 6 days, but the rats in
ALF alone group and ALF in combination with Scaffold
transplantation group died with in 3 days. Further, there
were significant differences in survival rate between
ALF plus EHT and ALF alone and ALF plus Scaffold
transplantation (P<0.01, Kaplan-meier analysis) (Fig.
5a). Meanwhile, Transplantation of EHT3 increased
PHES (Fig. 5b) and improved liver function including
ALT, AST, and ALB (Fig. 5c-e).

Discussion

The unique characters of BMSCs including readily
being harvested, isolated with plastic adherence, ex-
panded in culture, genetically engineered, differentia-
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Figure 4. SEM finding of scaffold and EHT.
A: The surface of scaffold I (amniotic membrane) is made of fila-
mentous collagen fibers (2000, bar=20 pum). B: Round or polygo-
nal cells with short and rough microvilli can be seen growing on
the filamentous collagen fibers of scaffold I with high affinity, cells
contact each other by cytoplasmic processes, with gauze-like or gra-
nular matrix peripherally (x3000, bar=20 pm). C: Cross-sectional
image: the surface of scaffold II (DACRON PATCH cadio-vascu-
lar mesh) is made of the dense fibrous structure, with the wool-like
appearance and small fiber micropore (1500, bar=20 um). D: Lon-
gitudinal section image: the normal fibrous structure of the scaffold
IT was broken and shows blade-like scratches (x 2000, bar=20 pm).
E-F: Few polygonal cells with microvilli can be seen growing on
the scaffold II with loose affinity (x 1000, bar=50 pm (E); x 3000,
bar=20 pum (F)). G: Cross-sectional image: the surface of scaffold I1I
(bio-surgery mesh) is made of the fibrous structure, with small fiber
micropore (x 1500, bar=10 pum). H: Longitudinal section image:
Obviously delamination with cross array fiber in scaffold III can be
seen (%2000, bar=20 pum). I: Cross-sectional image: More round or
polygonal cells with short microvilli can be seen growing on the
filamentous collagen fibers of scaffold III with high affinity, cells
contact each other by cytoplasmic processes, there is matrix existing
peripherally (x2000, bar=20 pum). J: Longitudinal section image:
round or polygonal cells with short microvilli can be seen filling
in the cracks between the delamination of scaffold III, with cells
contact each other by cytoplasmic processes, and matrix periphe-
rally (x 2500, bar=20 pm)

ted across germ layers, and handled in vitro makes it
variable in regeneration medicine. Here, in case of the
general manipulation would alter or influence BMSCs’
natural phenotype, we selected a relatively primary po-
pulation of 3- passage BMSCs and confirmed that the
subsequent cells retained the characteristics of BMSCs
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Figure 5. The therapeutic role of EHT in rats with ALF

A: Survival analysis of ALF rats in groups. The rats in ALF + EHT group were dead within five days, while counterpart in ALF and ALF + Scaffold
transplantation were dead within three days, there was a significant difference after Kaplan-meier analysis; B: PHES of ALF rats among groups.
On day 1, there is significant difference among HES of three group which indicates HES in ALF + EHT transplantation group is higher than the
other two group; C-E: Liver function of ALF rats in groups. On day 1, there are significant differences among liver function of the three groups
which indicates ALF + EHT transplantation group has better liver function compared with the other two. "P<0.05, "P<0.01 versus ALF, P<0.05,

7P<0.01 versus ALF + Scaffold transplantation.

after their immunophenotyping profile and mesodermal
differentiation potential in mesenchymal-supportive
conditions containing osteogenic and/or adipogenic-
specific agents (16).

The pivotal issue from BMSCs differentiating into
hepatocytes is to create a suitable microenvironment for
it, thus, we selected HGF and EGF as inducers for they
modulate liver cellular proliferation, differentiation, and
interactions among cell, mesenchyme, and extracellular
matrix-related differentiation events that occurred (17).
Here, we have shown that BMSCs can be differentia-
ted into hepatocytes within 14 days and can obtain the
functional properties of primary rats’ hepatocytes, and
our result is similar to the study of Stock (18), which
displayed an acquired feature of the induced adult cell
as well as fetal rats’ hepatocytes.

Scaffold is an important complementary element in
regenerative medicine and tissue engineering, besides
good biocompatibility and biodegradability, scaffold
should meet the following criteria: (i) a stable 3-D spa-
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tial microenvironment to mimic the organized architec-
tures of native liver; (ii) a pre-estblished vascular bed
for sufficient nutrients and oxygen delivery, as well as
timely elimination of wastes; and (iii) highly porous
structures for organ regeneration (19). So far, two kinds
of scaffold are well progressed: one is natural matrices,
which have been used in liver tissue engineering from
stem cells (20,21), these natural polymers are suitable
for cellular interactions, however, scaffolds fabricated
purely from these molecules exhibit poor mechanical
strength and are not easy to handle; another is synthe-
tic matrices that attributed to advance in polymer che-
mistry, however, well-organized scaffold with polymer
chemistry is difficult to fabricate (19).

In the present study we displayed three kinds of scaf-
fold, denuded amniotic membrane, DACRON PATCH
cadio-vascular mesh, and bio-surgery mesh. Among
them, denuded amniotic membrane is a natural macro-
molecule sheet, which is rich in nutritional factors,
such as EGF, B-TGF, interleukins and collagens, widely
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used in engineered cornea fabrication (22). DACRON
PATCH cadio-vascular mesh is a proceeded filamen-
tous tubular vascular prostheses, with highly compliant,
porosity and a micropore size around 50 cc/min-cm?,
which shows wool-like structure from SEM, is widely
used in cadio-vascular surgery, such as arterial recons-
tructions and heart repair. And the bio-surgery mesh, is
the resilient tissue which is extracted from porcine and
proceeded by a series of steps, such as patented techno-
logy, and low-temperature drying treatment, exhibiting
excellent biocompatibility and low immunogenicity. To
our amazement, the bio-surgery mesh exhibits a com-
paratively stronger mechanical strength to become an
optimal substitute in hernia repair.

Our results show, there is degraded collagen in bio-
surgery mesh from TEM, and BMSCs-Hepa exists not
only on the surface, but also among the pore, further-
more, there are lots of cellular connections from SEM
and immunofluorescence microscopy assay, which are
the reasons for the more urea production compared with
the former two kinds of EHT. All the results indicate
that the EHT3 is the optimized one for the following
transplantation.

As far as transplantation site was concerned, we se-
lected the remnant liver as the first choice, which was
different from other studies (23-26), in hopes of the
inflammatory procedure would stimulate or maintain
vigor of BMSCs-Hepa in EHT, as the results showed
that compared with the control group, the survival time
was significantly prolonged in EHT group, and it was
also found that the BMSCs-Hepa with red fluorescence
surrounding the remnant liver by immunofluorescence
microscopy.

Although transplantation of EHT3 has effects on
ameliorating liver function and increasing HES level on
day 1, EHT prolongs the survival time of ALF few or
no, which makes significant difference with former re-
searches and also frustrates us. Navarro-Alvarez found
that the engineered hepatic grafts provided life-saving
support in models of acute, fulminant, and chronic liver
failure (27). In addition, Soto-Gutierrez also reported
that a kind of EHT prolonged the survival of liver fai-
lure-induced mice without adverse effects (26). We spe-
culate the next three points should be responsible for
this. The first one is the functional difference between
the BMSCs-Hepa and hepatocytes. Although AT-MSC-
Hepa was similar to liver with regard to gene expres-
sion with a round epithelial cell-like shape, BMSCs-
Hepa could not be genuine hepatocyte functionally (28),
besides, the amount of BMSCs-Hepa would be insuffi-
cient because cell apoptosis would take place on day 21
and cell loss would be exist during the transplantation.
The second one is the culture system, although Trans-
well system is the optimal system in stationary culture,
rotary cell culture system and perfusion culture system
should be preferred, for the latter is genuine 3-D culture
system which can make cells and scaffold contact com-
pletely. The third one is how to maintain the function of
EHT, one is to induce neovascular formation in EHT,
just like Yokoyama (25), whose research describes a
pre-established vascular bed for EHT to facilitate suf-
ficient nutrients and oxygen delivery, as well as timely
waste removal. Another is to induce or maintain the
high function of hepatocyte via co-culture (28) or some
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stimulator such as oncostatin M (29), although some re-
sults in EHT research are unsatisfactory (30), long-term
studies are needed to reevaluate the potential efficacy of
growth factor releasing system in maintenance of hepa-
tocyte functions in EHT.

In conclusion, successful fabrication of BMSCs
derived EHT and prolonging survival time of rats with
ALF were demonstrated herein, which holds potential
interest in the curing ALF in future. Next, great efforts
should be devoted to the different parts of EHT inclu-
ding selecting scaffold, maintenance of BMSCs-Hepa,
and optimizing culture system with a view to construct
perfect EHT.

Acknowledgement

National Natural Science Funds (No0.81100664);
WuHan Science and Technology Dawn Project
(N0.2014070404010222); Wuhan University inde-
pendent research project (No0.2042014kf0259); Open
project of the State Key Laboratory of Ophthalmology,
Zhongshan Ophthalmic Center (303060202400306).

References

1. Ichai, P. and Samuel, D., Etiology and prognosis of fulminant
hepatitis in adults. Liver. Transpl. 2008, 14: S67-S79. doi: 10.1002/
1t.21612.

2. Auzinger, G. and Wendon, J., Intensive care management of
acute liver failure. Curr: Opin. Crit. Care. 2008, 14: 179-188. doi:
10.1097/MCC.0b013e3282f6a450.

3. Adam, R. and Hoti, E., Liver transplantation: the current situation.
Semin. Liver. Dis. 2009, 29: 3-18. doi: 10.1055/s-0029-1192052.

4. McKenzie, T.J., Lillegard, J.B. and Nyberg, S.L., Artificial and
bioartificial liver support. Semin. Liver. Dis. 2008, 28: 210-217. doi:
10.1055/s-2008-1073120.

5. Phua, J. and Lee, K.H., Liver support devices. Curr. Opin. Crit.
Care. 2008, 14: 208-215. doi: 10.1097/MCC.0b013e3282f70057.
6. Demetriou, A.A., Brown, RS, Jr., Busuttil, R.W., Fair, J., McGuire
BM, Rosenthal, P., Am, Esch, JS, 2nd., Lerut, J,, Nyberg, S.L.,
Salizzoni, M., Fagan, E.A., de, Hemptinne, B., Broelsch, C.E.,
Muraca, M., Salmeron, J.M., Rabkin, J.M., Metselaar, H.J., Pratt,
D., De, La, Mata, M., McChesney, L.P., Everson, G.T., Lavin, P.T.,
Stevens, A.C., Pitkin, Z. and Solomon, B.A., Prospective, rando-
mized, multicenter, controlled trial of a bioartificial liver in treating
acute liver failure. Ann. Surg. 2004, 239: 660 —667. doi: 10.1097/01.
s1a.0000124298. 74199.e5.

7. Han, B., Lu, Y., Meng, B. and Qu, B., Cellular loss after alloge-
nic hepatocyte transplantation. Transplantation. 2009, 87: 1-5. doi:
10.1097/TP.0b013e3181919212.

8. Ohashi, K., Liver tissue engineering: The future of liver thera-
peutics. Hepatol. Res. 2008, 38: S76-S87. doi: 10.1111/j.1872-
034X.2008.00431 .x.

9. Gnecchi, M. and Melo, L.G., Bone marrow-derived mesenchymal
stem cells: isolation, expansion, characterization, viral transduction,
and production of conditioned medium. Methods. Mol. Biol. 2009,
482: 281-294. doi: 10.1007/978-1 -59745-060-7 18.

10. Iop, L., Chiavegato, A., Callegari, A., Bollini, S., Piccoli, M.,
Pozzobon, M., Rossi, C.A., Calamelli, S., Chiavegato, D., Gerosa,
G., De, Coppi, P. and Sartore, S., Different cardiovascular potential
of adult- and fetal-type mesenchymal stem cells in a rat model of
heart cryoinjury. Cell. Transplant. 2008, 17: 679-694. doi: 10.3727/
096368908786092739.

11. Dharmasaroja, P., Bone marrow-derived mesenchymal stem
cells for the treatment of ischemic stroke. J. Clin. Neurosci. 2009,

21



J. Yu et al. / Engineered hepatic tissue in liver failure.

16: 12-20. doi: 10.1016/j.jocn.2008. 05. 006.

12. Pan, R.L., Chen, Y., Xiang, L.X., Shao, J.Z., Dong, X.J. and
Zhang, G.R., Fetal liver-conditioned medium induces hepatic spe-
cification from mouse bone marrow mesenchymal stromal cells: a
novel strategy for hepatic transdifferentiation. Cytotherapy. 2008,
10: 668-675. doi: 10.1080/14653240802360704.

13. Kazemnejad, S., Allameh, A., Gharehbaghian, A., Soleimani,
M., Amirizadeh, N. and Jazayeri, M., Efficient replacing of fetal
bovine serum with human platelet releasate during propagation and
differentiation of human bone-marrow-derived mesenchymal stem
cells to functional hepatocyte-like cells. Vox. Sang. 2008, 95: 149—
158. doi: 10.1111/j.1423-0410.2008.01075..x.

14. Lei, Z., Yongda, L., Jun, M., Yingyu, S., Shaoju, Z., Xinwen,
Z. and Mingxue, Z., Culture and neural differentiation of rat bone
marrow mesenchymal stem cells in vitro. Cell. Biol. Int. 2007, 31:
916-923. doi:10.1016/j.cellbi.2007.02.006.

15. Yan, Y., Xu, W., Qian, H., Si, Y., Zhu, W., Cao, H., Zhou, H,.
and Mao, F., Mesenchymal stem cells from human umbilical cords
ameliorate mouse hepatic injury in vivo. Liver. Int. 2009, 29: 356—
365. doi: 10.1111/5.1478-3231.2008.01855.x.

16. Liu, Z.C. and Chang, T.M., Transdifferentiation of bioencapsula-
ted bone marrow cells into hepatocyte-like cells in the 90% hepatec-
tomized rat model. Liver: Transpl. 2006, 12: 566 —572. doi: 10.1002/
1t.20635.

17. Tomiya, T., Omata, M., Imamura, H. and Fujiwara, K., Impai-
red liver regeneration in acute liver failure: the significance of
cross-communication of growth associated factors in liver rege-
neration. Hepatol. Res. 2008, 38: S29-S33.doi: 10.1111/.1872
-034X.2008.00423 x.

18. Stock, P., Staege, M.S., Miiller, L.P., Sgodda, M., Volker, A.,
Volkmer, 1., Liitzkendorf, J. and Christ, B., Hepatocytes derived
from adult stem cells. Transplant. Proc. 2008, 40: 620 -623. doi:
10.1016/j.transproceed.2008.01.058.

19. Jiankang, H., Dichen, L., Yaxiong, L., Bo, Y., Hanxiang, Z., Qin,
L., Bingheng, L. and Yi, L., Preparation of chitosan-gelatin hybrid
scaffolds with well-organized microstructures for hepatic tissue en-
gineering. Acta. Biomater. 2009, 5: 453-461.

doi: 10.1016/j.actbio.2008.07.002.

20. Ong, S.Y., Dai, H. and Leong, K.W., Inducing hepatic differen-
tiation of human mesenchymal stem cells in pellet. Biomaterials.
2006, 27: 4087-4097. doi: 10.1016 /j.biomaterials.2006.03.022.

21. Baharvand, H., Hashemi, S.M., Ashtiani, K. and Farrokhi, S.A.,
Differentiation of human embryonic stem cells into hepatocytes in
2D and 3D culture systems in vitro. In. J. Dev. Biol. 2006, 50: 645—
652. doi: 10.1387/ijdb.052072hb.

22. Libera, R.D., de, Melo, G.B., Lima, Ade, S., Haapalainen, E.F.,

Copyright © 2014. All rights reserved.

Cristovam, P. and Gomes, J.A., Assessment of the use of cryopre-
served x freeze-dried amniotic membrane (AM) for reconstruction
of ocular surface in rabbit model. Arq. Bras. Oftalmol. 2008, 71:
669-673. doi: 10.1590/S0004-27492008000500011.

23. Ohashi, K., Waugh, J.M., Dake, M.D., Yokoyama, T., Kuge, H.,
Nakajima, Y., Yamanouchi, M., Naka, H., Yoshioka, A. and Kay,
M.A., Liver tissue engineering at extrahepatic sites in mice as a po-
tential new therapy for genetic liver diseases. Hepatology. 2005, 41:
132-140. doi: 10.1002/hep.20484.

24. Aoki, T., Jin, Z., Nishino, N., Kato, H., Shimizu, Y., Niiya, T,
Murai, N., Enami, Y., Mitamura, K., Koizumi, T., Yasuda, D., [zumi-
da, Y., Avital. I., Umehara. Y., Demetriou, A.A., Rozga, J. and Kusa-
no, M., Intrasplenic transplantation of encapsulated hepatocytes de-
creases mortality and improves liver functions in fulminant hepatic
failure from 90% partial hepatectomy in rats. Transplantation. 2005,
79: 783-790. doi: 10.1097/01.TP.0000156319.47645.3B.

25. Yokoyama, T., Ohashi, K., Kuge, H., Kanehiro, H., Iwata, H., Ya-
mato, M. and Nakajima, Y., In vivo engineering of metabolically ac-
tive hepatic tissues in a neovascularized subcutaneous cavity. Am. J.
Transplant. 2006, 6: 50-59. doi: 10.1111/.1600-6143.2005.01155 .
26. Soto-Gutierrez, A., Navarro-Alvarez, N., Rivas-Carrillo, J.D.,
Tanaka, K., Chen, Y., Misawa, H., Okitsu, T., Noguchi, H., Tanaka,
N. and Kobayashi, N., Construction and transplantation of an engi-
neered hepatic tissue using a polyaminourethane-coated nonwoven
polytetrafluoroethylene fabric. Transplantation. 2007, 83: 129-137.
doi : 10.1097/01.tp.0000250561.14108.03.

27. Navarro-Alvarez, N., Soto-Gutierrez, A., Chen, Y., Caballero-
Corbalan, J., Hassan, W., Kobayashi, S., Kondo, Y., Iwamuro, M.,
Yamamoto, K., Kondo, E., Tanaka, N., Fox, I.J. and Kobayashi, N.,
Intramuscular transplantation of engineered hepatic tissue constructs
corrects acute and chronic liver failure in mice. J Hepatol. 2010, 52 :
211-219. doi: 10.1016/j.jhep.2009.11.019.

28. Nussler, A., Konig, S., Ott, M., Sokal, E., Christ, B., Thasler,
W., Brulport, M., Gabelein, G., Schormann, W., Schulze, M., Ellis,
E., Kraemer, M., Nocken, F., Fleig, W., Manns, M. and Strom, S.C.,
Hengstler JG.Present status and perspectives of cell-based thera-
pies for liver diseases. J. Hepatol. 2006, 45: 144-159.doi: 10.1016
/j.jhep.2006.04.002.

29. Ehashi, T., Miyoshi, H. and Ohshima, N., Oncostatin M stimu-
lates proliferation and functions of mouse fetal liver cells in three-
dimensional cultures. J. Cell. Physiol. 2005, 202: 698-706. doi:
10.1002/jcp.20167.

30. Smith, M.K., Riddle, K.W. and Mooney, D.J., Delivery of he-
patotrophic factors fails to enhance long-term survival of subcuta-
neously transplanted hepatocytes. Tissue. Eng. 2006, 12: 235-244.
doi: 10.1089/ten.2006.12.235.

22



