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ABSTRACT Cell techniques find increasing application in modern clinical practice. The II and III phases of clinical 
trials are already under way for various cellular products used for the restoration of the functions of the cornea, 
larynx, skin, etc. However, the obtainment of functional cell types specific to different organs and tissues still 
remains a subject of laboratory research. Liver is one of the most important organs; the problems and prospects 
of cellular therapy for liver pathologies are currently being actively studied. Cellular therapy of liver patholo-
gies is a complex multistage process requiring a thorough understanding of the molecular mechanisms occur-
ring in liver cells during differentiation and regeneration. An analysis of the current cellular therapy for liver 
pathologies is presented, the use of various cell types is described, the main molecular mechanisms of hepatocyte 
differentiation are analyzed, and the challenges and prospects of cell therapy for liver disorders are discussed in 
this review.
KEYWORDS cell transplantation; cellular therapy; differentiation; liver.
ABBREVIATIONS ES cells – embryonic stem cells; iPS cells – induced pluripotent stem cells; HSC – haematopoietic 
stem cells, MSC – mesenchymal stem cells; SP cells – side population cells.

INTRODUCTION
the treatment of liver diseases is a significant prob-
lem of modern medicine. the statistical data tell us that 
more than 200,000 people are diagnosed with various 
chronic and acute liver diseases in the russian Federa-
tion annually. Despite the progress achieved in modern 
medicine, conventional therapeutic approaches remain 
insufficient for treating chronic and acute liver pathol-
ogies; the mortality rate thus remains at the level of 
80–90%.

transplantation of liver or its parts remains the ma-
jor method for treating severe pathologies. the shortage 
of donor material has spurred an active search for ap-
proaches of cell therapy for liver diseases. A large body 
of data accumulated over recent years attests to the fact 
that cell therapy can be considered as one of the priority 
areas in modern biomedicine and biotechnology.

cell therapy has a number of significant advantages:
1. As opposed to sophisticated surgery, cell trans-

plantation is technically a much simpler and less inva-
sive procedure; it has no risk of rejection or other com-
plications.

2. Donor material for cell therapy is easier to obtain; 
it can be prepared beforehand and cryopreserved for 
long-term storage.

3. cell transplantation not only compensates for the 
organ dysfunction and facilitates restoration of the 
function of a patient’s own cells, but it also impedes the 
emergence of fibrosis in damaged tissues by filling the 
missing cell niche.

4. the cells, upon autologous transplantation, are not 
eliminated by the immune system and can give a pro-
longed (or permanent) effect. In the case of allogeneic 
transplantation for inherited disorders, the donor ma-
terial can compensate for the recipient’s genetic defect 
as normal proteins are synthesized by donor cells.

the efficiency of substitution of tissue defects, abil-
ity to stimulate a recipient’s own organ repair, the ab-
sence of a risk of emergence of fibroses mainly depend 
on the cells being used. It has been demonstrated in 
a number of studies that cells of different types can 
express hepatocyte-specific markers under certain 
growth conditions. However, the true functionality 
of particular cells still needs proof. the question that 
emerges is what criteria does a transplanted cell need to 
meet in order to provide efficient compensation for the 
dysfunction of the damaged liver? Firstly, that would 
be the ability to carry out synthetic and detoxication 
functions. the cells need to be capable of expressing 
hepatocyte-specific proteins, such as cytochromes P450 
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and albumin, as well as storing glycogen, synthesizing 
urea, binding bilirubin, etc. the search for the optimal 
cell sources and obtainment of functionally active types 
of cells in amounts sufficient for transplantation obvi-
ously remain among the main challenges of cell biology. 
the cells need to be easy to obtain and capable of rapid 
in vitro proliferation, endure long-term cryostorage, be 
immunocompatible and capable of differentiating into 
functionally active hepatocyte-like cells.

repair success also depends on participation of the 
growth factors, cytokines and chemokines, which are 
part of the complex signalling system coordinating cell 
behavior. For this reason, the cells capable of identify-
ing the proper growth factor combination can be pro-
posed for the stimulation and correction of the repair of 
certain tissue defects. On the other hand, the cells be-
ing used may make a significant contribution (in many 
cases, the contribution is crucial) to the repair process 
due to transdifferentiation into target-differentiated 
and functional-tissue cells.

MECHANISMS OF LIVER CELL REGENERATION
the liver possesses a high degree of self-restoration 
and a considerable capability of repair even after re-
section of its largest part. these properties are provided 
by a complex regeneration system (Fig. 1). Its major 
features include the proliferative capability of differ-
entiated hepatocytes, as well as their ability to produce 
mature hepatocytes and transdifferentiate into cholan-
giocytes [1]; regeneration from the reserve stem cells; 
repair with haematopoietic cells via fusion of myeloid 
cells with damaged hepatocytes and/or differentiation 
of bone marrow mesenchymal stem cells into hepato-
cyte-like cells [2, 3].

Hepatocytes are differentiated polyploid cells; how-
ever, their capability to proliferate and population 
maintenance makes them similar to stem cells. In adult 
liver, hepatocytes mostly remain in a dormant state (G0 
phase of the cell cycle); however, if regeneration be-
comes necessary, hepatocytes start dedifferentiating, 
proliferating, and reproducing differentiated hepato-
cytes. For example, after biliary cells in rat liver were 
damaged, hepatocytes exhibited a certain degree of 
phenotypic plasticity and were capable of transdiffer-
entiation into cholangiocytes [1]. the hepatocyte popu-
lation increases without the participation of stem cells 
during the postnatal growth [4]. During the fetal and 
early postnatal periods, hepatocytes undergo mitosis, 
followed by the process of mitotic polyproidization, re-
sulting in an increase in the number of hepatocytes and 
their ploidity. cytotomy does not occur in the first cycle 
after DnA replication, giving rise to a binuclear hepa-
tocyte. the next mitotic cycle after DnA duplication 
includes synchronous nuclear division; chromosomes 

aggregate to yield a single mitotic plate, giving rise to 
two mononuclear tetraploid cells. the alternation of 
these two cycles with a gradually increasing hepatocyte 
ploidity occurs subsequently [5]. In order to make pos-
sible postnatal growth of the liver, the initially diploid 
hepatocytes undergo five or six polyploidizing mitoses. 
However, in the cases requiring rapid regeneration (e.g., 
after exposure in toxic or infectious conditions, etc.) mi-
toses without cytokinesis are temporarily eliminated 
and cell fission proceeds via the conventional pathway. 
this protects liver cells against excessive polyploidiza-
tion. the major factors regulating hepatocyte prolifera-
tion in liver regeneration include interleukin-6 (IL-6) 
and the tumor necrosis factor α (tnF-α) secreted by 
Kupffer cells, as well as the hepatocyte growth factor 
(HGF) secreted by stellate cells. these factors initiate 
hepatocyte transition from the G0 to the G1 phase. the 
transforming growth factor β (tGF-β) suppresses the 
entrance of hepatocytes into mitosis upon completion 
of regeneration. HGF, the vascular endothelial growth 
factor (VeGF), and the fibroblast growth factors 1 and 
2 (FGF1, FGF2) secreted by endothelial cells play an 
important role in the replication and viability mainte-
nance of hepatocytes as well [6, 7]. the major molecular 
mechanisms making possible hepatocyte proliferation 
are schematically shown in Fig. 2.

Hepatic stem cells also play a significant role in the 
regeneration process if the hepatocyte population 
proves incapable of repairing the damaged liver (after 
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liver. Taken and modified from [2, 3]. The scheme is hypo-
thetical.
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the resection of the critical part of the organ, upon ex-
tensive toxic, infectious, etc. lesions). the postnatal liver 
contains a number of stem cells whose hierarchical re-
lationship is still under discussion [8]. Oval cells are the 
major precursors of hepatocytes and cholangiocytes. 
the term “oval cells” is usually used to refer to a popu-
lation of small cells (about 10 µm) that possess bipotent 
differentiation potential and are characterized by a 
high nuclear-cytoplasmic ratio. Oval cells presumably 
originate from the canals of Hering, which are believed 
by some authors to exclusively consist of stem cells [9]. 
Oval cells express albumin, α-fetoprotein, cytokeratin 
19, the specific surface marker OV6 (А6 in mice), and 
the embryonic marker Delta-like/Pref-1 that is also 
typical of hepatoblasts [10]. In addition, oval cells pro-
duce stem cell markers, such as c-Kit, Sca-1, nestin, and 
cD90 (thy-1). In all likelihood, the population of these 
cells is heterogeneous and may contain cells of different 
origins. Some cells carry the cD45, c-Kit, cD90 mark-
ers and albumin. these cell populations presumably 
consist of haematopoietic stem cells that penetrate into 
the liver from the blood flow [11]. In general, the pop-
ulation of true oval cells expressing the markers OV6 

and cytokeratin 19 is the population of committed, tem-
porarily proliferating hepatic stem cells. An assumption 
was made that the adult liver has a compartment with 
less differentiated cells, the original stem cells of the 
postnatal liver. A population of stem cells expressing 
the epithelial cell adhesion molecule epcAM was ob-
tained in [12]. these cells were referred to as hepatic 
stem cells epcAM+ (hHpScs); in the fetal liver, they act 
as hepatoblast precursors; in the postnatal liver, they 
reside in the canals of Hering. Hepatic stem cells also 
express ncAM, c-Kit, cD133/1, cD44H, cytokeratin 
19 and are weakly positive with respect to albumin. He-
patic stem cells do not express α-fetoprotein, cD45, or 
mature hepatocyte markers (cytochromes Р450, intra-
cellular adhesion molecules IcAM-1, transferrin). With 
in vitro differentiation induced, the cells proved capa-
ble of synthesizing α-fetoprotein and IcAM-1. trans-
plantation of hepatic cells to nOD/ScID mice induced 
the synthesis of proteins typical of mature hepatocytes 
(albumin, transferrin). It was assumed that these cells 
are stem cells in the fetal and postnatal liver and may 
presumably be precursors of oval cells [12]. the general 
hierarchy of hepatic stem cells is shown in Fig. 3.
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Bone marrow stem cells can also contribute to liver 
regeneration. the liver is known to serve as a haemat-
opoietic organ during the fetal and early postnatal pe-
riods. In the adult liver, part of the population of oval 
cells is made up of haematopoietic cells that are cD34-, 
cD45-, and cD133-positive; the liver can become an 
organ of extramedullary haematopoiesis upon certain 
pathological processes. It has been demonstrated that if 
bone marrow from male mice is transplanted to lethally 
irradiated female mice, 1–2% of hepatocytes carry the 
Y-chromosome marker 6 months following the trans-
plantation. these hepatocytes express albumin and can 
be either diploid or polyploid [13]. When studying the 
biopsy material obtained from the liver of six women 
who received haematopoietic cells obtained from the 
peripheral blood of male donors, the Y-chromosome 
was revealed in hepatocytes at an s frequency varying 
from 0 to 7% [14]. Haematopoietic stem cells were as-
sumed to be capable of differentiating into hepatocytes; 
however, a number of studies have demonstrated that 
haematopoietic cells can fuse with a recipient’s hepa-
tocytes, thus preventing their death and stimulating 
regeneration [15, 16]. Myelocytary cells, granulocytes, 
and macrophages/monocytes also undergo fusion with 
hepatocytes [16]. the relative contribution of transdif-
ferentiation and cell fusion to liver repair by haemat-
opoietic stem cells is currently being discussed. there 
is a possibility that both these processes occur in the 
organism.

USE OF CELLS ISOLATED FROM DONOR LIVERS
Hepatocyte transplantation can serve as an alterna-
tive approach to the liver transplantation that is con-
ventionally used in modern clinical practice. It is a 
commonly known fact that liver transplantation may 
include the substitution of either the entire liver with 
a donor organ or part of it. However, the shortage of 
donor organs, the poor implant survival rate, and sig-
nificant complications due to rejection or insufficient 
functioning of the transplanted liver limit the appli-
cability of this method to a significant extent. Fur-
thermore, a sufficiently efficient procedure enabling 
long-term storage of the liver as a whole organ has not 
been elaborated thus far. Due to these reasons, trans-
plantation of hepatocytes isolated from a donor liver 
becomes a promising direction of cell therapy for liver 
disorders. the advantages of this approach include 
the possibility of using both freshly isolated cells and 
cells subjected to long-term cryostorage; donor cells 
can compensate for the pathologies caused by genetic 
disorders and act as gene therapy vectors. Hepatocyte 
transplantation is a significantly less invasive proce-
dure; it virtually has no risk of rejection. the trans-
planted hepatocytes fill the cell niches that remain 

empty as a result of mass death of the patient’s own 
cells (e.g., after acute exposure to toxic or infectious 
conditions), which considerably reduces the risk of fi-
brosis formation. Moreover, hepatocyte transplanta-
tion does not require resection; thus, regeneration of 
the patient’s own organ is possible (e.g., upon acute 
hepatic failure).

the hepatocyte transplantation procedure includes 
a number of conventional techniques elaborated in ac-
cordance with the GMP (Good Manufactured Prac-
tice) requirements [17]. A donor liver that cannot be 
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used for transplantation due to fatty dystrophy (over 
40–50% of the organ), chronic ischemia, mechanical 
damage, liver capsule rupture, blood group mismatch, 
damaged blood vessels or biliary ducts can serve as a 
hepatocyte source [18–20]. Fetal liver can be used for 
transplantation in rare cases [21]. the cell sources may 
include the liver from non-heart-beating donors, liver 
affected with atherosclerosis or fibrosis. the standard 
hepatocyte isolation procedure includes liver perfusion, 
enzymatic treatment to disintegrate the intercellular 
substance, and washing of the resulting cell suspension. 
the isolated hepatocytes are typically characterized 
by an approximately 70–90% viability and (1—17) х 
106 cells/g of tissue (hepatocytes with at least 60% vi-
ability are recommended for use for clinical purposes). 
the cells obtained are cooled to +4°С and immediate-
ly re-suspended in an infusion solution to be directly 
transplanted or in a freezing solution for subsequent 
cryostorage [22, 23]. the metabolic characteristics of 
the hepatocytes are checked based on the activity of 
the cytochromes Р450 (cYP1A2, cYP2A6, cYP3A4, 
cYP2c9, and cYP2e1) and their ability to synthesize 
urea [24].

Hepatocytes are typically transplanted via the portal 
vein, the splenic vein, or via an intraperitoneal cath-
eter. Direct transplantation into the peritoneal cavity, 
pancreatic gland, or hepatic parenchyma demonstrates 
a poorer survival rate of hepatocytes. Introduction via 
the portal vein is regarded as the best method of trans-
plantation; however, when performing this procedure, 
one needs to control the pressure in the portal vein to 
prevent its obstruction [25, 26]. Introduction of hepato-
cytes into the spleen is typically used in patients with 
chronic liver disorders, when fibrosis impedes cell en-
graftment. the amount of cells required for transplan-
tation depends on the type of pathology and is equal to 
about 5–10% of the theoretical liver weight ((2–4) х 108 
cells/kg of body weight); however, no more than 1% 
of the amount of a patient’s hepatocytes is introduced 
per procedure. the adult human liver contains ap-
proximately 2.8 x 1011 hepatocytes; therefore, the rec-
ommended amount of donor cells to be introduced per 
transplantation procedure is (2–4) x 109 [27]. According 
to some reports, the amount of cells to be transplant-
ed can be lower in case of chronic disorders, whereas 
it needs to be increased for the therapy of inherited 
pathologies. A stable therapeutical effect is achieved 
on week 4–8 following transplantation and lasts for 6–9 
months.

At the moment of writing, donor hepatocytes have 
been transplanted to more than 80 patients in 13 medi-
cal centres [18, 19, 28–30]. Among them, about 30 (in-
cluding children) had inherited metabolic disorders 
of the liver, such as ornithine transcarbamylase de-

ficiency or glycogenosis. Hepatocyte transplantation 
significantly improved the condition of patients with 
inherited disorders. It has also been demonstrated that 
hepatocyte transplantation can stabilize the condition 
of children awaiting donor liver transplantation [29, 
31]. In a series of case reports, e.g., in patients with the 
crigler-najjar disease, the amount of cells required to 
achieve a stable clinical effect is equal to 12% of the pa-
tient’s liver weight; therefore, repeated transplanta-
tions are needed because of the limited amount of cells 
that can be introduced per transplantation. Hepatocyte 
transplantation in patients with disorders of bilirubin 
metabolism can be a successful alternative to whole 
liver transplantation during a period of over 11 months 
[32–34]. restoration of normal glucose levels has been 
observed in patients with glycogenosis (both children 
and adults) [19, 35].

the major drawback of this method is a shortage of 
donor material. the priorities in this field include the 
improvement of the quality of the isolated hepatocytes, 
optimization of cryostorage procedures, and enhance-
ment of the efficiency of liver “accommodation.” no 
optimal immunosuppressive procedures have been de-
signed thus far as well: the transplanted donor hepa-
tocytes are known to be eliminated from the liver in 
6–9 months. Approaches may include selecting optimal 
populations of hepatic stem cells capable of prolifera-
tion and significant in vitro division followed by dif-
ferentiation, and designing proper cell lines [36]. On the 
other hand, the search for an optimal alternative source 
of cells (including authologous sources) for the therapy 
of liver disorders remains a priority.

ALTERNATIVE SOURCES OF CELLULAR MATERIAL
the demand for alternative sources of cellular material 
for the therapy of liver disorders is mainly fuelled by 
the shortage of donor organs and low availability and 
insufficient amount of hepatocytes that can be used for 
transplantation. Moreover, cells obtained from alterna-
tive sources can be used for autologous transplantation. 
It has been demonstrated that different cell types are 
to a certain extent capable of differentiating into hepa-
tocyte-lineage cells; however, no functionally active he-
patic cells have been obtained thus far [37]. embryonic 
stem (eS) cells and induced pluripotent stem (iPS) cells 
[38–41], as well as hepatic stem and progenitor cells, 
[12, 42] are the best studied both experimentally and 
clinically at this moment. Mesenchymal cells from bone 
marrow [43, 44] and adipose tissue [45–47], amniotic 
fluid cells [48–50], etc. have been studied as cells capa-
ble of differentiation into hepatocytes. However, only 
partial transdifferentiation has been observed in these 
studies; the functionally active state that is typical of 
hepatocytes has not been attained.
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Pluripotent ES and iPS cells
the interest in embryonic stem cells is mainly rooted 
in their broad differentiation potential: embryonic 
stem cells isolated from the inner cell mass of blas-
tocysts retain their pluripotent properties upon long-
term in vitro cultivation and can produce cells of all 
three germ layers. At the time of writing, a large 
amount of studies have been devoted to the differen-
tiation of eS cells into various cell types of the adult 
organism. Meanwhile, the practical use of eS cells can 
be limited by a number of unsolved problems, such as 
the risk of teratoma formation, ethical issues related 
to the destruction of embryos, long-run and labor-
intensive differentiation protocols, etc. the low im-
munogenicity of human eS cells has been reported, 
which may also be of interest. However, it remains 
unclear whether these cells retain their low immuno-
genicity after differentiation into a certain lineage is 
induced [51].

the hepatocyte differentiation protocols of eS cells 
include several major stages imitating the processes oc-
curring during liver development [52–54]. the major 
stages of the process are given in Table.

Various demethylating agents are used to en-
hance the differentiation efficiency. the idea of using 
demethylating agents is based on their ability to acti-
vate gene expression by DnA demethylation: demeth-
ylation of the promoter regions activates gene expres-
sion, which significantly broadens the differentiation 
potential of cells. However, since DnA demethylation 
is a random process, the combination of demethylating 
agents and growth factors or cytokines is used to com-
mit cells into a certain lineage [32]. the differentiation 
efficiency of murine eS cells was successfully increased 
using valproic acid inhibiting histone deacetylase [57]. 
Hepatocyte-like cells capable of synthesizing albumin, 
cytochromes P450 and accumulating glycogen have 
thus been obtained. Differentiation without valproic 

acid yielded structures resembling biliary duct cells. 
However, in this case, the injection of eS cells differ-
entiated into the hepatocyte lineage to Balb/c nude 
mice resulted in teratoma formation [57]. It should be 
mentioned that no teratomas have been observed after 
human eS cells differentiated into hepatocytes are in-
jected to immunodeficient mice, whereas the injection 
of undifferentiated eS cells has resulted in teratoma 
formation [55, 58].

Another source of hepatocyte-like cells is iPS cells. 
iPS cells are induced pluripotent stem cells that are ar-
tificially obtained from the somatic cells of the human 
organism, into which certain genes and factors that are 
important to attain the pluripotent state are introduced 
[59]. Identically to eS cells, iPS cells can differentiate 
into cells of all three germ layers; however, opposite 
to eS cells, it is possible to obtain autologous iPS cells 
for substitutive cellular therapy and iPS cells from 
patients with various inherited disorders to simulate 
the pathological process in vitro and test therapeutic 
agents [60, 61].

In general, the hepatocyte differentiation protocols 
of iPS and eS cells are similar. In vitro differentiation 
of human iPS cells into hepatocyte lineage cells using 
cytokines and adenoviral vectors expressing the Hex 
gene, which plays a significant role in hepatocyte de-
velopment, yielded hepatocyte-like cells expressing 
the endoderm markers Hnf-3β and Sox17, as well as 
albumin and cytochromes P450 [60]. It was also shown 
[54] that 60% of the cells start producing albumin and 
α-fetoprotein on day 7 of the differentiation of human 
iPS cells using the standard protocol; by day 20, the 
cells were capable of synthesizing urea (approximately 
15% of the level of urea synthesis by hepatocytes) and 
storing glycogen [54], but the percentage of hepatocyte-
like cells was low (about 10%). However, the absence of 
an oncogenic potential for using these cells has not been 
demonstrated.

The major stages of differentiation of ES cells into hepatocytes [55, 56]

Differentiation stage Duration, 
days

Major differentiation  
markers

Hepatocyte markers characteristic  
for this stage

Induction of endoderm  
formation 3–4 Activin A Sox17.

Hnf-3β

cell commitment  
to the hepatocyte lineage 4–7 BMP2, FGF4 Hnf-3β,

alpha fetoprotein

Proliferation  
of hepatoblast-like cells 5–10 HGF, KGF Albumin, alpha fetoprotein, G6P, tAt

Maturation  
of hepatoblast-like cells 8–15 Oncostatin M,  

dexamethasone, n2, B27
Albumin, G6P, tAt, PePcK, tDO, 

cYPP450, etc.
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Somatic cells

Hepatic stem and progenitor cells. Multipotent postna-
tal hepatic and progenitor cells can be an alternative 
source for cellular therapy. they actively proliferate in 
vitro (and/or in vivo), enabling one to obtain significant 
amounts of such cells from a small bioptate. these cells 
retain viability for a considerably longer time period 
and better endure cryostorage compared to mature 
hepatocytes; furthermore, they are characterized by 
a lower immunogenicity. Hepatic stem cells are both 
capable of in vivo differentiation into hepatocytes and 
population maintenance; this fact may prolong the 
therapeutic effect of their introduction. Stem cells are 
already committed to hepatocytes and require no addi-
tional time-consuming differentiation procedures. the 
major problem impeding the widespread use of these 
cells is the shortage of donor material.

Specific attention is given today to methods consist-
ing in the isolation of hepatic stem cells and searching 
for optimal cell populations possessing the highest re-
generative potential. Hepatic cells carrying the surface 
marker and epithelial cell adhesion molecule epcAM 
were isolated by continuous-flow fluorometry. the per-
centage of such cells in donors of all ages is 0.5–2.5% of 
the hepatic parenchyma cells. these cells can undergo 
over 150 in vitro passages and are positive with respect 
to cytokeratins 8, 18 and 19, cD133/1, cD44H, and 
weakly positive with respect to albumin. Hepatic cells 
do not express α-fetoprotein, adult hepatocyte markers 
(cytochromes P450), intracellular adhesion molecules 
IcAM-1, markers of haematopoietic (cD45) and mes-
enchymal cells (desmin, VeGFre). After differentiation 
is induced, these cells acquire the capability of synthe-
sizing α-fetoprotein and IcAM-1. transplantation of 
hepatic epcAM+ cells to nOD/ScID mice has resulted 
in the formation of hepatic structures from human cells 
and in the synthesis of proteins that are typical of ma-
ture hepatocytes. thus, it has been assumed that these 
cells act as stem cells of the postnatal liver and can be 
used for substitutive cellular therapy [12]. In another 
study, a thy-1 (cD90)-positive cell population was iso-
lated from the adult donor liver via immunomagnetic 
sorting. In all likelihood, this population was heteroge-
neous and contained cells that were positive with re-
spect to markers of progenitor cells, namely, haemat-
opoietic cells – cD34, stem cells – cD117, cK19, duct 
cells – cK14, and oval cells – OV6. the population of 
thy-1-positive cells possessed a higher differentia-
tion potential compared to that of the thy-1-negative 
population and was capable of differentiating both into 
hepatocytes and duct cells. the functional activity of 
these cells is supported by the expression of HepPar 1 
and human albumin after they are injected to immu-

nodeficient mice [42]. the isolation of the so-called SP 
(side population) cells via continuous flow fluorometry 
can be considered as another approach. A number of 
types of stem cells were shown to contain the AtP-de-
pendent ABc transporters responsible for the elimina-
tion of various cytostatics and drugs, whose activity 
results in the development of the multiple-drug-resist-
ance phenomenon, from the cell. Dye Hoechst 33342 is 
one of the compounds eliminated from stem cells; the 
use of this dye allows one to sort unstained small cells 
(referred to as SP cells) on a continuous-flow cytofluo-
rimeter. cD45- and Hoechst 33342-negative SP cells 
capable of colony formation upon in vitro growth have 
been derived from the human liver. Large cells con-
taining a large number of granules, intracellular lipo-
fuscin and, rather frequently, the ambiguous nucleus 
emerged in the colonies after 2–3 weeks of cultivation. 
the cultured cells were positive with respect to human 
hepatocyte markers: namely, HepPar, cytokeratins 8 
and 18, cytochromes Р450 and albumin. thus, SP cells 
isolated from an adult donor liver are capable of in vitro 
differentiation into hepatocyte lineage cells [62]/

HSC and MSC obtained from bone marrow, cord blood 
and adipose tissue. the interest towards bone marrow 
stem cells as a potential source of hepatocytes appeared 
in early studies carried out by Petersen et al. [63]. Donor 
cells were found in the liver of irradiated mice after 
transplantation of the bone marrow; these cells subse-
quently differentiated into hepatocyte-like cells. these 
experiments have cast doubt on the previous assump-
tion that hepatocytes can be obtained exclusively from 
endodermal sources. It turned out that hepatocytes 
with a male karyotype could be detected in women 
transplanted with bone marrow derived from male do-
nors [13]. It remains unclear whether hepatocytes are 
formed from bone marrow cells via transdifferentia-
tion, fusion, or lateral gene transfer; this question re-
mains a subject for discussion [64].

Haematopoietic stem cells (HSc) can be easily sorted 
based on cD31 and cD34 markers and isolated from 
the bone marrow, cord blood, or, in certain cases, from 
peripheral blood. It has been demonstrated that upon 
hepatic lesions, transplanted human HSc become capa-
ble of producing albumin-synthesizing cells in murine 
liver and repairing hepatic defects both via fusion [15] 
and without fusion with the host cells [65]. Yet, the cell 
fusion phenomenon has not been observed in bone mar-
row-derived mesenchymal stem cells (MSc) [66]. MSc 
derived from bone marrow, cord blood, and adipose tis-
sue exhibit immunosuppressive and anti-inflammatory 
properties, can be easily grown in vitro, and synthesize 
a number of cytokines and growth factors capable of 
stimulating the repair of a patient’s own cells. Because 
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of these properties, MSc are often regarded as a con-
venient cellular source for substitutive cellular therapy 
[67–69]. the condition of mice with acute hepatic fail-
ure induced by carbon tetrachloride was shown to im-
prove after the transplantation of bone marrow MSc. 
A significantly higher survival rate of hepatocytes was 
observed in the experimental group compared to the 
control group, despite the fact that MSc engraftment 
had not occured by the time of the observation. the 
positive effect of MSc introduction is attributed to 
their stimulating and anti-inflammatory action [70]. In-
tact MSc from human cord blood were also introduced 
into fetal sheep liver; expression of human albumin was 
detected 56–70 days following the transplantation; the 
percentage of human cells in lamb liver varied from 2.6 
to 12.5% [71].

MSc have been differentiated into hepatocyte-like 
cells in a number of studies. expression of α-fetoprotein 
and albumin was achieved through treatment of MSc 
from human adipose tissue with HGF, oncostatin M, 
and dexamethasone [45]. In another study, a hepato-
cyte culture medium and a demethylating agent (20 
µM 5-azacytidine) were used to differentiate rat adi-
pose tissue-derived MSc into cells expressing albumin, 
α-fetoprotein, cytochromes Р450 1А1, and cytokeratins 
18 and 19 [46]. these cells were also capable of synthe-
sizing urea. In vitro hepatocyte differentiation could 
not be induced upon differentiation of MSc derived 
from human bone marrow using FGF4, HGF, and dex-
amethasone. However, the addition of the demethyl-
ating agent trichostatin A (1 µM) inhibiting histone 
deacetylase yielded epithelium-like cells expressing 
cytokeratin 18. the cells also synthesized albumin, and 
they were characterized by enhanced cytochrome P450 
activity and urea secretion [43].

thus far transplantation of bone marrow cells for 
the therapy of liver disorders has been performed on 
several occasions [72]. the granulocyte colony-stimu-
lating factor (G-cSF) was used in some of the trans-
plantations to immobilize patients’ own bone marrow 
stem cells and to stimulate liver regeneration without 
isolating bone marrow [73, 74]. transplantation of au-
tologous bone marrow-derived stem cells to 27 patients 
with chronic hepatic disorders or cirrhosis resulted in 
an increase in albumin secretion and a decrease in the 
bilirubin level [75–77].

Despite some degree of success in using bone mar-
row-derived stem cells in patients with liver diseases, 
the mechanism underlying their action remains un-
clear. the problems related to safety have not been 
solved, including those associated with possible MSc-
induced fibrosis, which may worsen the course of the 
disease [78]. the impact of these cells on damaged liver 
and their mechanisms of action need elucidation prior 

to making any attempts at using them in clinical prac-
tice.

Amniotic fluid cells. Amniotic fluid contains a heteroge-
neous population of cells of fetal origin with stem cells 
positive with respect to mesenchymal markers (cD29, 
cD44, cD73, cD90, cD105), neutral markers (nestin, 
β-3-tubulin, neFH), and certain pluripotency markers 
(Oct4, nanog). these cells are of interest mostly due to 
their broad differentiation potential: they can undergo 
in vitro osteogenic, adipogenic, neutral, endothelial, 
hepatocyte, etc. differentiation [50, 79–82]. It has re-
cently been demonstrated that amniotic fluid stem cells 
can express epithelial markers (keratin 19, keratin 18, 
and р63) simultaneously with the mesenchymal mark-
ers [83]. this fact has disproved the previous concept 
that amniotic fluid stem cells are MSc. Although the 
status of these cells is being actively discussed, an as-
sumption can be made that the ability to form fibrous 
lesions upon introduction of amniotic fluid cells will be 
lower than that for cells of truly mesenchymal origin. 
the drawbacks of this cellular source include the low 
availability of these cells, the limited amount of donor 
material, and the requirement to collect cells at a cer-
tain stage of the pregnancy, which is not always pos-
sible.

the possibility of hepatocyte differentiation of 
amniotic fluid cells has been demonstrated. the cells 
were grown in matrigel- or collagen-coated plates in 
the presence of HGF, FGF4, insulin, oncostatin M, and 
dexamethasone. cell morphology was altered by day 7 
of differentiation: the cells acquired a polygonal shape 
without spikes. Synthesis of albumin, α-fetoprotein, 
Hnf-4α, and HGF receptor c-Met was observed on day 
45. the level of synthesized urea increased from 50 
ng/h per cell in the control culture to 1.21 х 103 ng/h 
per cell in the differentiated culture [49]. the differen-
tiation abilities of human bone marrow-derived MSc 
and amniotic fluid stem cells were compared. cells were 
grown in collagen I coated plates in the presence of dif-
ferentiating agents: days 0–2 – FGF4, days 3–5– HGF, 
days 6–18 – HGF + insulin-transferrin-selenite + dex-
amethasone and trichostatin A (histone deacetylase in-
hibitor). Morphological changes were observed in both 
cultures starting on day 7: the cells became rounder 
and polygonal in shape. the shape of amniotic fluid 
cells subsequently changed to that of epithelial cells in a 
more rapid and stable fashion. It was demonstrated by 
quantitative Pcr that the original expression of hepa-
tocyte markers, such as α-fetoprotein, albumin, cytok-
eratin 18, Hnf-1α, c/eBPα, and cYP1A1, was either 
negligible or absent in both cell cultures. the expression 
of these markers remained virtually unaltered at the 
initial stage of differentiation. However, at the stage of 
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hepatocyte maturation expression of hepatocyte mark-
ers increased significantly; on day 14 of the differen-
tiation, expression of all the markers in the amniotic 
fluid cell culture was considerably higher than that in 
the bone marrow-derived MSc culture. expression of 
all markers, with the exception of α-fetoprotein, in-
creased at the stage of hepatocyte maturation. expres-
sion of α-fetoprotein reached a maximum by day 14 of 
the differentiation, followed by a decrease, whereas 
maximum albumin expression was observed by day 28 
of the differentiation. Albumin expression in amniotic 
fluid cells was approximately 1.3 times higher than that 
in bone marrow-derived MSc. An immunophenotypic 
analysis revealed that the percentage of cells that are 
positive with respect to hepatocyte markers is reliably 
higher than that in the MSc culture. these cells were 
also capable of synthesizing urea and accumulating 
glycogen [50].

All these data attest to the high potential of using 
amniotic fluid stem cells in cellular therapy; however, 
a better understanding of their differentiation status 
and fibrosis formation ability is required.

Cells of endodermal origin. the possibility of cell 
transdifferentiation within the same developmental 
germ layer lineage is currently being actively studied. 
the advantages of this approach are obvious: cells of 
close histogenetic origin exhibit a considerably higher 
phenotypic plasticity within the same developmental 
germ layer lineage; they can be more rapidly and deep-
ly transdifferentiated into other cell types of the same 
developmental germ layer lineage without time-con-
suming and labor-intensive differentiation protocols.

A sufficient body of data pertaining to in vitro and in 
vivo transdifferentiation of endodermal cells has been 
accumulated. Pancreatic ductal cells transplanted into 
the rat liver differentiate into hepatocytes [84]. Oval 
cells can also differentiate into endocrine and exocrine 
pancreatic cells [85]. Islet cells in an in vitro culture can 
differentiate into hepatocytes if the seeding density in-
creases [87]. thus, endodermal cells are capable of mu-
tual transdifferentiation and can compensate for the 
functional insufficiency of another tissue within the en-
doderm germ layer. However, the problem of shortage 
of donor material exists both for hepatic and pancreatic 
cells. For this reason, the search for an optimal source 
of endodermal cells for substitutive cellular therapy 
remains rather topical.

Salivary gland cells are one of the potential sourc-
es of endodermal cells. the salivary gland is usually 
formed during the embryonic stage as an ectodermal 
bud; cells of endodermal origin subsequently migrate 
into it [88]. Since salivary gland cells are functionally 
identical to exocrine pancreatic cells, they can be used 

as a convenient source of endodermal cells for substi-
tutive therapy in patients with hepatic and pancreatic 
disorders. A sufficiently large body of data pertaining 
to in vitro cultivation of salivary gland cells isolated 
from humans and animals has been accumulated. the 
in vitro cultured salivary gland cells represent an ac-
tively proliferating culture that is capable of undergo-
ing a significant number of passages [89]. Salivary gland 
cells in humans and animals (mouse, rat, pig) are posi-
tive with respect to cytokeratins 18 and 19 and often 
with respect to α-fetoprotein [90, 91]. Salivary gland 
cells become capable of synthesizing albumin under 
certain conditions [92]. However, this source of cellular 
material remains relatively poorly studied. thorough 
elucidation of the mechanisms of hepatocyte differen-
tiation of salivary gland cells and their contribution to 
the treatment of liver diseases is still to be performed.

Direct differentiation technique: the use of genetic 
constructs for somatic cell reprogramming
the direct technique of cellular differentiation is based 
on using genetic constructs for the re-programming of 
various cell types directly into the target cells, bypass-
ing the return to their pluripotent state. One of the ma-
jor advantages of this approach over using pluripotent 
eS and iPS cells consists in the absence of risks of ter-
atoma formation. Being a relatively new approach, it 
requires thorough understanding of the molecular and 
genetic mechanisms of a certain cellular differentiation 
and has been recently undergoing active development.

A number of studies have been carried out that 
demonstrate that direct re-programming of cells of dif-
ferent origins is possible [93]. For instance, functioning 
β-cells can be obtained from murine exocrine pancreat-
ic cells. the minimum gene set (Ngn3, Pdx1 and Mafa) 
required to re-program differentiated cells derived 
from an adult organism into cells exhibiting the proper-
ties of endocrine pancreatic cells has been determined 
experimentally by the in vivo re-expression of key reg-
ulatory genes. these cells are identical to endogenous 
β-cells in terms of their size, shape, and ultrastructure; 
they express the genes required for β-cell function and 
can reduce hyperglycemia by actively secreting insulin 
and facilitating the rearrangement of local blood ves-
sels [94].

As for hepatic cells, there are only very few studies 
devoted to the obtainment of functionally active hepa-
tocyte-like cells via direct differentiation. this can be 
mainly attributed to the complexity and multistage-
ness of hepatocyte differentiation, which impedes the 
search for the key differentiation genes. However, the 
first success in this area has already been achieved. 
the lentiviral transfection of 14 genes playing a key 
role in liver development was used to induce hepato-
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cyte differentiation of fibroblasts obtained from mouse 
tail-tip [95]. After the analysis of the published data, 
two gene sets inducing the epithelial phenotype in fi-
broblasts and expression of hepatocyte markers were 
selected. the first set consisted of six genes: Foxa2, 
Foxa3, Hnf-1α, Hnf-4α, Hnf-6, and Gata4; the second 
one contained eight genes, including Foxa1 and Hlf [96, 
97]. A significant increase in the number of epithelial-
like colonies was observed after Hnf-6 was eliminated 
from the gene set, whereas elimination of Hnf-4α pro-
moted the formation of epithelial-like colonies to an 
even greater degree. the remaining genes were also 
divided into two sets: Gata4, Hnf-1α, Foxa3 and Gata4, 
Hnf-1α, Foxa2; the former set showed a better result. 
It is interesting to note that the use of the Gata4, Hnf-
1α and Foxa3 gene set provided endogenous Foxa2 and 
Foxa3 expression, whereas the elimination of any gene 
from this set blocked hepatocyte re-programming. the 
induced hepatocyte-like cells were called iHep. these 
cells were positive with respect to e-cadherin and the 
tight-junction protein tjp1. On day 14, 23% of the epi-
thelial-like cells were albumin-positive. iHep were also 
positive with respect to α-fetoprotein, cytokeratins 18 
and 19, Hnf-4α, and cytochromes Р450. no pancreatic 
differentiation markers were detected; iHep did not 
exhibit the properties of cell types other than hepato-
cytes. iHep were also capable of accumulating glycogen 
and secreting albumin into the medium. An intrasplenic 
injection of iHep cells to Fah-/- mice with disturbed ty-
rosine metabolism, which can survive only if their food 
contains 2-(2-nitro-4-trifluoromethylbenzene)-1,3-cy-
clohexandione, resulted in considerable liver re-popu-
lation (from 5 to 80%). these mice could survive without 
receiving 2-(2-nitro-4-trifluoromethylbenzene)-1,3-
cyclohexandione, whereas an injection of the intact 
fibroblasts caused death of mice and did not result in 
liver re-population [95]. All these data attest to the 
efficiency of the direct differentiation of murine fi-
broblasts into hepatocyte-like cells via the regulatory 
factors Gata4, Hnf-1α, and Foxa3. nevertheless, this 
approach requires further investigation, since the use 
of re-programmed fibroblasts is associated with an in-
creased risk of fibrosis formation in the culture. there 
can be another optimal set of regulatory genes if cells 
with a minimum tendency to develop fibrosis are used.

Another approach to stimulating liver regeneration 
is to use genetic vectors carrying the key genes enhanc-
ing hepatic cell proliferation (Fig. 2), reducing apopto-
sis, or compensating for the gene defects of the liver 
function [7]. However, this approach requires thorough 
investigation; including designing optimal and safe vec-
tors for gene transfer, elaborating methods for the de-
livery of vectors to the liver, etc.

MOLECULAR AND GENETIC MECHANISMS 
OF HEPATOCYTE DIFFERENTIATION
the definitive endoderm spawns most digestive tract 
organs, including the liver [53]. Prior to the activation 
of the organo-specific genes, only several early endo-
derm markers (including Otx2, Hesx1, Hex, cdx2) are 
activated. Mesoendoderm cells in the primitive streak 
subsequently begin producing a number of factors, 
such as GSc, Hnf-3β, cxcr4, Sox17a/b, Brachyury, 
e-cadherin, VeGer2, Ve- cadherin, PDGFra, Gata4, 
and Gata6 determining the differentiation of the cells 
of the definitive endoderm and the mesodermal pre-
cursors. the liver emerges from the lateral endoderm 
of the developing ventral compartment of the fore in-
testine (approximately at the e8.5 stage of mouse em-
bryo development and week 3 of human pregnancy) 
[97]. the growth factors secreted by cardiac mesoderm 
and the mesenchyme of the transverse septum (FGF, 
BMP) stimulate further differentiation of the under-
lying endoderm into hepatocyte-like cells. expression 
of the Hnf-3 (Foxa) genes triggers hepatocyte differ-
entiation in endoderm, which is induced by FGF sig-
nals [98]. However, Wnt and FGF4 expression in the 
mesoderm of the dorsal intestine compartments at this 
stage inhibits hepatocyte differentiation [99]. contra-
riwise, at the late stages (upon formation of hepato-
cytes and cholangiocytes), Wnt stimulates prolifera-
tion and differentiation. HGF, which is required for 
further growth and proliferation of cells of the liver 
bud, plays a crucial role for fetal hepatic cells. this type 
of regulation is performed via the HGF receptor c-Met. 
HGF impedes hepatoblast commitment into cholan-
giocytes via blockage of notch signalling. endothelial 
cells have been shown to stimulate liver development 
(among other factors, due to HGF secretion) [100]. the 
Tbx3 gene promotes hepatoblast development via sup-
pression by p19ArF [101]. During hepatoblast forma-
tion, their shape changes from a cubic to a prolonged 
one; a pseudo-multilayered epithelium is subsequently 
formed. this process is regulated by the Hex gene. the 
basement membrane is subsequently destroyed, and 
the cells proliferate in the surrounding stroma. these 
and the later morphological changes are regulated by 
the Prox1, Hnf-6/OC-1, and OC-2 genes. Hnf-6 and 
Oc-2 are regulated by e-cadherin, trombospondin-4, 
and Spp1, which control cell adhesion and migration in 
a number of tissue types [102]. notch provides switch-
ing of hepatoblast development from the hepatocyte 
direction towards bile duct formation [103]. Haemat-
opoiesis also plays an important role in the hepatocyte 
maturation process. After the liver bud begins to pro-
trude from the endodermal canal, haemopoietic cells 
secreting oncostatin M and IL-6 migrate into it [104]. 
Oncostatin M stimulates the expression of hepatocyte 
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differentiation markers, induces morphological chang-
es in cells of the liver bud, promotes activation of the 
synthetic and detoxication properties of the liver, and 
controls cell adhesion. Glucocorticoids also promote 
liver maturation and maintain the proliferation and 
functioning of differentiated hepatocytes. It has been 
demonstrated that physiological concentrations of dex-
amethasone (a synthetic glucocorticoid) in fetal liver 
suppress α-fetoprotein production, initiate albumin 
synthesis [104], and promote glycogen accumulation 
[105]. Figure 4 shows the major stages of development 
of hepatic cells.

A specific transcription profile that is typical of hepa-
tocytes is maintained by a number of genes, including 
the Hnf family, which encodes hepatocyte nuclear 
factors. the key genes of this family include Hnf-1, a 
member of the family of POu homeobox genes; Hnf-3, 
a DnA-binding domain; Hnf-4, a member of the super-
family of steroid hormones; and Hnf-6.

the Hnf-1α and Hnf-1β (or vHnf-1) variants of the 
Hnf-1 factor interact with homo- or heterodimeric 
DnA. these proteins have identical DnA-binding do-
mains, but they activate the transcription of differ-
ent genes. Hnf-1β is expressed in the endoderm of the 
fore intestine (at stage e5–e6 in mice), whereas Hnf-
1α is activated later (at stage e11 in mice), when the 
parenchyma of the liver is formed. Hnf-1α expression 
in the fetal liver is lower compared to that of Hnf-1β; 
however, the Hnf-1α expression level increases after 
birth. Hnf-1 activates over 1,000 liver-specific genes 
containing the binding site of this factor in the promot-
er region; meanwhile, Hnf-1 negatively regulates its 

own expression. Hnf-4 is a positive regulator of Hnf-
1, which is capable of activating the expression of this 
gene; however, the expression of the target genes is in-
dependently regulated by these factors [106].

the Hnf-3 subfamily consists of three proteins: Hnf-
3α, Hnf-3β , and Hnf-3γ (or Foxa1, Foxa2, and Foxa3, 
respectively), which bind to monomeric DnA. the 
members of this subfamily are characterized by strict 
homology in the area of DnA-binding domains; they 
can recognize the same nucleotide sequences. Hnf-3α 
and Hnf-3β regulate gene expression in hepatocytes 
and in gastric, intestinal, and bronchial epithelium. 
Hnf-3γ also plays a significant role in gene expression 
in hepatic, intestinal, and testicular cells. Hnf-3β is 
formed in the primitive streak on day 7 of mouse em-
bryo development, and Hnf-3α has a similar expression 
dynamics; however, its concentration is lower. Hnf-3γ 
expression starts at stage e12 of mouse embryo devel-
opment.

Hnf-4 consists of three major members (Hnf-4α, 
Hnf-4β, and Hnf-4γ) and numerous transition vari-
ants. Hnf-4 belongs to the superfamily of nuclear ster-
oid hormone receptors; it binds to homodimeric DnA. 
Hnf-4β has a lower DnA-binding activity and is a 
weaker transactivator compared to Hnf-4α. Hnf-4α is 
expressed in the liver, kidney, and pancreas. Hnf-4β is 
also expressed in these organs, as well as in the stom-
ach, intestine, lungs, ovaries, and testicles, whereas 
Hnf-4γ is expressed in the kidney, pancreas, testicles, 
but not in the liver. Hnf-4 is the key regulator of tissue-
specific gene expression in visceral endoderm, which is 
required for normal expression of the secreted factors, 
such as α-fetoprotein, apolipoproteins, the retinol-bind-
ing protein, etc. Some researchers believe that Hnf-4α 
plays a key role by triggering a reaction cascade and 
maintaining hepatocyte-specific transcription. Hnf-4α 
binds to approximately 12% of the genes expressed in 
hepatocytes, whereas the other transcription factors 
can bind to no more than 2.5% of the promoter regions 
[106]. Being one of the earliest endodermal markers, 
Hnf-4α emerges in mouse embryos on day 5 of develop-
ment. Prior to stage e9, Hnf-4α expression is confined 
to the extra-embryonic visceral endoderm; then it is 
formed in the liver and intestine. In an adult organism, 
Hnf-4α is expressed in the liver, kidney, intestine, and 
pancreas.

Hnf-6 belongs to the family of Onecut transcription 
factors (also known as Oc-1). Hnf-6 binds to the creB-
binding protein (cBP) and is expressed in the liver, 
pancreas, and the nervous system. Hnf-6 is detected on 
day 6 of fetal development. Between days 12.5 and 15 it 
disappears from the mouse embryonic liver to emerge 
there again after day 15. In an adult organism, Hnf-
6 is expressed in the liver, pancreas, encephalon, and 
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Fig. 4. The main stages of liver cell development. Taken 
and modified from [97, 116].
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Fig. 5. Transcriptional hierarchy of hepatocyte nuclear 
factors. The interconnections possessing the most univer-
sal character are denoted by continuous lines; the dotted 
lines show the regulation revealed at certain stages of 
development. Taken from [108].

testicles. It is an interesting fact that Hnf-3β and Hnf-6 
potentially regulate the expression of the same genes; 
they are crucial to hepatocyte functioning. Hnf-6 rec-
ognizes the –138 to –126 region of the Hnf-3β promot-
er; it is required to activate this promoter. Meanwhile, 
Hnf-3β is capable of binding to the Hnf-6 promoter and 
represses it [107]. Hnf-6 promotes hepatoblast differ-
entiation into biliary duct cells, whereas Hnf-3β plays a 
key role in hepatocyte differentiation and functioning.

expression of nuclear hepatocyte factors and other 
markers of visceral endoderm during the fetal devel-
opment is induced by Gata6. tGF-β family growth fac-
tors are also capable of inducing the expression of these 
markers. the hypothetical regulatory pathways en-
suring the maintenance of the pattern of liver-specific 
gene expression are shown in Fig. 5 [108].

PROBLEMS AND PROSPECTS
One of the major problems emerging upon transplanta-
tion of donor hepatocytes is poor engraftment and elim-
ination by the immune system within several months 
after the transplantation. the extracellular matrix has 
been shown to play an important role in the survival 
and engraftment of transplanted cells. either collagen 
or fibronectin was intraportally injected into rat liver 
prior to the transplantation of donor cells in a study in-
vestigating the effect of the extracellular matrix on the 
engraftment of donor hepatocytes. Four days following 
the transplantation, the percentage of hepatocytes that 
survived in the liver had increased more than tenfold 
when either collagen or fibronectin was preliminarily 
introduced [109]. Simultaneous introduction of hepato-
cytes and transformation growth factors (tGF-α) can 

also increase the number of survived cells [110]. cell 
survival is known to depend on the presence of a cor-
responding “cellular niche.” temporary blockage of 
the portal vein inducing ischemia and the partial death 
of hepatic cells was used in experiments on macaque 
monkeys. upon subsequent transplantation of donor 
hepatocytes, their percentage in the recipient’s liver 
was about 10% of its weight [111]. However, it remains 
disputable whether it is reasonable to use this approach 
in clinical practice.

In order to increase the lifespan of transplanted 
hepatocytes in a patient’s organism, ABO and HLA 
compatible donors are selected. Immunosuppression is 
now frequently achieved using anti-IL-6 monoclonal 
antibodies in combination with small doses of the drugs 
tacrolimus and sirolimus [112]. natural killer (nK) cells 
play an important role in the elimination of introduced 
hepatocytes. It has been shown that blockage of nK 
cells in the liver by specific or local immunosuppres-
sion enhances the survival rate and proliferation of the 
transplanted hepatocytes [113]. Moreover, the use of 
hepatic stem cells can have a longer-term effect due to 
the fact that frequently stem cells are not eliminated by 
the recipient’s immune system and can maintain their 
population for a long time, giving rise to a population of 
differentiated cells.

Improving the quality of the isolated hepatocytes is 
another topical problem. the use of a celsior® solution 
to store and transport liver bioptates prevents hepato-
cyte degradation and death [22]. Perfusion of the donor 
tissue with n-acetylcysteine has also made it possible 
to improve the quality of the isolated cells [114].

Biological safety and efficacy remain the key issues 
in modern cellular therapy. A reliable protocol for the 
elimination of undifferentiated cells from the trans-
plant is required when pluripotent (eS and iPS) cells 
are used, since pluripotent eS and iPS cells are capa-
ble of teratoma formation. the assessment of the risk 
of fibrosis formation when certain cell types are used 
remains problematic, as well. the percentage of donor 
MSc and their degree of hepatocyte differentiation 
have been determined in a study of the ability of bone 
marrow MSc to restore hepatic cells upon acute and 
chronic lesions. the contribution of the donor cells four 
weeks following the transplantation turned out to be 
low (about 0.08% and 3–4% of the total number of he-
patic cells upon acute and chronic lesion, respectively); 
only 5–10% of them had a hepatocyte phenotype. A 
significant percentage of donor cells (about 35%) had 
a myofibroblast phenotype; most of the cells resided 
within septal fibrosis areas [78]. It becomes obvious that 
a quantitative assessment of the efficiency of hepato-
cyte differentiation is required prior to using certain 
cell types, as well as elucidating whether there is a risk 
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in fibrosis formation by these cells. One of the key tasks 
of cellular biology is to search for an available source of 
cells with a low pro-fibrogenic potential and high hepa-
tocyte differentiation ability. Moreover, there should 
be an opportunity to use these cells for both allogenic 
and autologous transplantation.

Direct cell differentiation seems to have a high po-
tential; however, one needs a thorough understanding 
of the molecular mechanisms of the processes occur-
ring upon hepatocyte development and differentiation 
to elaborate standard protocols. One of the key tasks in 
this field is to determine the key differentiation genes 
that would be optimal for the transdifferentiation of 
cells of various histogenetic origins.

CONCLUSIONS
A number of fundamentally different approaches to 
the therapy of liver disorders are currently being de-

veloped. Various cell types are being tested in vitro and 
in vivo, and the optimal differentiation procedures are 
being selected. Despite some encouraging results ob-
tained on laboratory animals, a sufficiently safe and ef-
ficient method is still to be found. A shortage of donor 
liver and donor hepatocytes stimulates the search for 
alternative sources of cellular material; however, no 
cells that could be able to perform hepatocyte functions 
to an adequate degree have been obtained thus far. A 
search for the optimal cell type and development of dif-
ferentiation procedures that would satisfy the biologi-
cal safety and functional efficiency criteria is needed. 

This work was supported  
by the Russian Foundation for Basic Research  

(grant № 11-04-12061-ofi-M-2011).

reFerenceS
Michalopoulos G.K., Barua L., Bowen W.c. // Hepatology 1. 

2005. V. 41. № 3. P. 535–544.
uryvaeva I.V. Stem cells in liver regeneration. the stem 2. 

cells biology and cellular technologies. Medicine, 2009. V. 2. 
P. 456.
conigliaro A., Brenner D.A., Kisseleva t. // Stem cells and 3. 

cloning: Advances and Applications. 2010. V. 3. P. 39–47.
Dabeva M.D., Shafritz DA. // Semin. Liver Dis. 2003. V. 23 4. 

№ 4. P. 349–362.
uryvaeva I.V. // tsitologiia. 1979. V. 21. № 12. P.1427–1437.5. 
roskams t. // J. Hepatol. 2006. V. 45 № 1. P. 1–4.6. 
Hussein M.A. // World J. Gastroenterol. 2010. V. 28. № 16. 7. 

P. 4019–4030.
Michalopoulos G.K. // J. cell Physiol. 2007. V. 213. № 2. 8. 

P. 286–300.
thorgeirsson S.S., Factor V.M., Grisham J.W. // Handbook 9. 

of Stem cells. 2004. V. 2. P. 497–512.
Jensen c.H., Jauho e.I., Santoni-rugiu e., Holmskov u., 10. 

teisner B., tygstrup n., Bisgaard H.c. // Am. J. Pathol. 
2004. V. 164. № 4. P. 1347–1359.

corcelle V., Stieger B., Gjinovci A., Wollheim c.B., Gauthi-11. 
er B.r. // exp. cell res. 2006. V. 10. № 312. P. 2826–2836. 

Schmelzer e., Zhang L., Bruce A., Wauthier e., Ludlow J., 12. 
Yao H., Moss n., Melhem A., Mcclelland r., turner W., et 
al. // J. exp. Med. 2007. V. 204. № 8. P. 1973–1987.

theise n.D., Badve S., Saxena r., Henegariu O., Sell S., 13. 
crawford J.M., Krause D.S. // Hepatology. 2000. V. 31. № 1. 
P. 235–240.

Korbling M., Katz r.L., Khanna A., ruifrok A.c., rondon 14. 
G., Albitar M., champlin r.e., estrov Z. // n. engl. J. Med. 
2002. V. 7. № 346. P. 738–746.

Wang X., Willenbring H., Akkari Y., torimaru Y., Foster 15. 
M., Al-Dhalimy M., Lagasse e., Finegold M., Olson S., 
Grompe M. // nature. 2003. V. 24. № 422. P. 897–901. 

camargo F.D., Finegold M., Goodell M.A. // J. clin. Invest. 16. 
2004. V. 113. № 9. P. 1266–1270.

Pareja e., Martinez A., cortes M., Bonora A., Moya A., 17. 
Sanjuan F., Gomez-Lechon M.J., Mira J. // cirugia espa-
nola. 2010. V. 87. № 3. P. 139–147.

Bilir B.M., Guinette D., Karrer F., Kumpe D.A., Krysl J., 18. 
Stephens J., McGavran L., Ostrowska A., Durham J. // 
Liver transpl. 2000. V. 6. P. 32–40.

Muraca M., Gerunda G., neri D., Vilei M.t., Granato A., 19. 
Feltracco P., Meroni M., Giron G., Burlina A.B. // Lancet. 
2002. V. 359. P. 317–318.

Alexandrova K., Griesel c., Barthold M., Heuft H.G., Ott 20. 
M., Winkler M. // cell transplant. 2005. V. 14. P. 845–853.

Habibullah c.M., Syed I.H., Qamar A., taher-uz Z. // 21. 
transplantation. 1994. V. 58. P. 951.

Donato M.t., Serralta A., Jimenez n., Perez G., castell 22. 
J.V., Mir J. // Drug Metab. Dispos. 2005. V. 33. P. 108–114.

Gomez-Lechon M.J., Lahoz A., Jimenez n., Bonora A., 23. 
castell J.V., Donato M.t. // cell transplantation. 2008. V. 17. 
P. 887–897.

Donato M.t., Lahoz A., Montero S., Bonora A., Pareja e., 24. 
Mir J. // cell transplantation. 2008. V. 17. P. 1211–1219.

Baccarini u., Adani G.L., Sanna A., Avellini c., Sainz-Bar-25. 
riga M., Lorenzin D. // transpl. Int. 2005. V. 18. P. 750–754.

Sokal e.M. // J. Inherit Metab. Dis. 2006. V. 29. P. 426–430.26. 
Selden c., Hodgson H. // transpl. Immunol. 2004. V. 12. 27. 

P. 273–288.
Horslen S.P., Mccowan t.c., Goertzen t.c., Warkentin 28. 

P.I., cai H.B., Strom S.c., Fox I.L. // Pediatrics. 2003. V. 111. 
P. 1262–1267.

Dhawan A., Mitry r.r., Hughes r.D., Lehec S., terry c., 29. 
Bansal S., Arya r., Wade J.J., Verma A., Heaton n.D., et al. 
// transplantation. 2004. V. 78. P. 1812–1814.

Horslen S.P., Fox I.J. // transplantation. 2004. V. 77. 30. 
P. 1481–1486.

Mitry r.r., Dhawan A., Hughes r.D., Bansal S., Lehec S., 31. 
terry c., Heaton n.D., Karani J.B., Mieli-Vergani G., rela 
M. // transplantation. 2004. V. 77. P. 1614–1616.

Khan A.A., Parveen n., Mahaboob V.S., rajendraprasad 32. 
A., ravindraprakash H.r., Venkateswarlu J., rao P., Pande 
G., narusu M.L., Khaja M.n., et al. // transplant. Proc. 
2008. V. 40. P. 1148–1150.

Lysy P.A., najimi M., Stephenne X., Bourgois A., Smets F., 33. 
Sokal e.M. // World J. Gastroenterol. 2008. V. 14. P. 3464–
3470.



reVIeWS

 VOL. 4  № 3 (14)  2012  | ActA nAturAe | 29

Smets F., najimi M., Sokal e.M. // Pediatr. transplant. 34. 
2008. V. 12. P. 6–13.

Lee K.W., Lee J.H., Shin S.W., Kim S.J., Joh J.W., Lee D.H., 35. 
Kim J.W., Park H.Y., Lee H.H., et al. // cell transplant. 2007. 
V. 16. P. 629–637. 

Fitzpatrick e., Mitry r.r., Dhawan A. // Journal of Inter-36. 
nal Medicine. 2009. V. 266. P. 339–357.

Snykers S., Henkens t., De rop e., Vinken M., Fraczek J., 37. 
De Kock J., De Prins e., Geerts A., rogiers V., Vanhaecke t. 
// Journal of Hepatology. 2009. V. 51. P. 187–211.

rambhatla L., chiu c.P., Kundu P., Peng Y., carpenter 38. 
M.K. // cell transplant. 2003. V. 12. № 1. P. 1–11.

Soto-Gutierrez A., navarro-Alvarez n., rivas-carrillo 39. 
J.D., chen Y., Yamatsuji t., tanaka n., Kobayashi n. // cell 
transplant. 2006. V. 15. № 4. P. 335–341.

Hay D.c., Fletcher J., Payne c., terrace J.D., Gallagher 40. 
r.c., Snoeys J., Black J.r., Wojtacha D., Samuel K., Han-
noun Z., et al. // Proc. natl. Acad. Sci. uSA. 2008. V. 26. 
№ 105. P. 12301–12306. 

Mizumoto H., Aoki K., nakazawa K., Ijima H., Funatsu K., 41. 
Kajiwara t. // transplant. Proc. 2008. V. 40. № 2. P. 611–613.

Weiss t.S., Lichtenauer M., Kirchner S., Stock P., Aurich 42. 
H., christ B., Brockhoff G., Kunz-Schughart L.A., Jauch 
K.W., Schlitt H.J., et al. // Gut. 2008. V. 57. P. 1129–1138.

Snykers S., Vanhaecke t., De Becker A., Papeleu P., 43. 
Vinken M., Van riet I., rogiers V. // BMc Dev. Biol. 2007. 
V. 2. № 7. P. 24.

De Kock J., Vanhaecke t., rogiers V., Snykers S. // Aatex. 44. 
2008. V. 14. P. 605–611.

Seo M.J., Suh S.Y., Bae Y.c., Jung J.S. // Biochem. Bio-45. 
phys. res. commun. 2005. V. 328. P. 258–264.

Sgodda M., Aurich H., Kleist S., Aurich I., Konig S., 46. 
Dollinger M.M., Fleig W.e., christ B. // exp. cell res. 2007. 
V. 313. P. 2875–2886.

Stock P., Staege M.S., Muller L.P., Sgodda M., Volker A., 47. 
Volkmer I., Lutzkendorf J., christ B. // transplant. Proc. 
2008. V. 40. P. 620–623.

Davydova D.A., Vorotelyak e.A., Smirnova Y.A., Zino-48. 
vieva r.D., romanov Y.A., Kabaeva n.V., terskikh V.V., 
Vasiliev A.V. // Acta naturae. 2009. V. 2. P. 112–119.

Dawn M.D., De coppi P., Bartsch G., Atala A. // Methods 49. 
in enzymology. 2006. V. 419. P. 426–438.

Zheng Y.B., Gao Z.L., Xie c., Zhu H.P., Peng L., chen J.H., 50. 
chong Y.t. // cell Biology International. 2008. V. 32. № 11. 
P. 1439–1448.

Drukker M., Katchman H., Katz G., even-tov Friedman 51. 
S., Shezen e., Hornstein e., Mandelboim O., reisner Y., 
Benvenisty n. // Stem cells. 2006. V. 24. P. 221–229.

Agarwal S., Holton K.L., Lanza r. // Stem cells. 2008. 52. 
V. 26. P. 1117–1127.

charles e.M., Gordon K. // cell. 2008. V. 132. P. 661–680.53. 
Song Z., cai J., Liu Y., Zhao D., Yong J., Duo S., Song X., 54. 

Guo Y., Zhao Y., Qin H., et al. // cell research. 2009. V. 19. 
P. 1233–1242.

cai J., Zhao Y., Liu Y., Ye F., Song Z., Qin H., Meng S., 55. 
chen Y., Zhou r., Song Y., et al. // Hepatology. 2007. V. 45. 
P. 1229–1239.

Kheolamai P., Dickson A.J. // BMc Molecular Biology. 56. 
2009. V. 10. P. 35.

Dong X.J., Zhang G.r., Zhou Q.J., Pan r.L., chen Y., 57. 
Xiang L.X., Shao J.Z. // World J. Gastroenterol. 2009. V. 7. 
№ 15. P. 5165–5175.

Lavon n., Yanuka O., Benvenisty n. // Differentiation. 58. 
2004. V. 72. P. 230–238.

takahashi K., Yamanaka S. // cell. 2006. V. 126. P. 663–676.59. 

Inamura M., Kawabata K., takayama K., tashiro K., 60. 
Sakurai F., Katayama K., toyoda M., Akutsu H., Miyagawa 
Y., Okita H., et al. // Molecular therapy. 2011. V. 19. № 2. 
P. 400–407.

chun Y.S., chaudhari P., Jang Y.Y. // Int. J. Biol. 2010. 61. 
V. 14. № 6. P. 796–805.

Hussain S.Z., Strom S.c., Kirby M.r., Burns S., Langeme-62. 
ijer S., ueda t., Hsieh M., tisdale J.F. // Dig. Dis. Sci. 2005. 
V. 50. № 10. P. 1755–1763.

Petersen B.e., Bowen W.c., Patrene K.D., Mars W.M., Sul-63. 
livan A.K., Murase n., Boggs S.S., Greenberger J.S., Goff 
J.P. // Science. 1999. V. 284. P. 1168–1170.

Brulport M., Schormann W., Bauer A., Hermes M., elsner 64. 
c., Hammersen F.J., Beerheide W., Spitkovsky D., Harting 
W., nussler A., et al. // Hepatology. 2007. V. 46. P. 861–870.

Jang Y.Y., collector M.I., Baylin S.B., Diehl A.M., Sharkis 65. 
S.J. // nat. cell Biol. 2004. V. 6. P. 532–539.

Aurich I., Mueller L.P., Aurich H., Luetzkendorf J., tisljar 66. 
K., Dollinger M.M., Schormann W., Walldorf J., Hengstler 
J.G., Fleig W.e., et al. // Gut. 2007. V. 56. P. 405–415.

Lange c., Bassler P., Lioznov M.V., Bruns H., Kluth D., 67. 
Zander A.r., Fiegel H.c. // transplant. Proc. 2005. V. 37. 
P. 276–279.

ryan J.M., Barry F.P., Murphy J.M., Mahon B.P. // J. In-68. 
flamm. 2005. V. 26. № 2. P. 8.

Le Blanc K., ringden O. // J. Intern. Med. 2007. V. 262. 69. 
P. 509–525.

Kuo t.K., Hung S.P., chuang c.H., chen c.t., Shih Y.r., 70. 
Fang S.c., Yang V.W., Lee O.K. // Gastroenterology. 2008. 
V. 134. P. 2111–2121.

chamberlain J., Yamagami t., colletti e., theise n.D., 71. 
Desai J., Frias A., Pixley J., Zanjani e.D., Porada c.D., 
Almeida-Porada G. // Hepatology. 2007. V. 46. P. 1935–1945.

Houlihan D.D., newsome P.n. // Gastroenterology. 2008. 72. 
V. 135. P. 438–450.

Gaia S., Smedile A., Omede P., Olivero A., Sanavio F., 73. 
Balzola F., Ottobrelli A., Abate M.L., Marzano A., rizzetto 
M., et al. // J. Hepatol. 2006. V. 45. P. 13–19.

Gordon M.Y., Levicar n., Pai M., Bechellier P., Dimarakis 74. 
I., Al-Allaf F., M’Hamdi H., thalji t., Welsh J.P., Marley 
S.B., et al. // Stem cells. 2006. V. 24. P. 1822–1830.

Lyra A.c., Soares M.B., da Silva L.F., Fortes M.F., Silva 75. 
A.G., Mota A.c., Oliveira S.A., Braga e.L., de cervalho 
W.A., Genser B., et al. // World J. Gastroenterol. 2007. V. 13. 
P. 1067–1073.

Mohamadnejad M., namiri M., Bagheri M., Hashemi S.M., 76. 
Ghanaati H., Zare Mehrijardi n., Kazemi Ashtiani S., Male-
kzadeh r., Baharvand H. // World J. Gastroenterol. 2007. 
V. 13. P. 3359–3363.

Levicar n., Pai M., Habib n.A., tait P., Jiao L.r., Marley 77. 
S.B., Davis J., Dazzi F., Smadja c., Jensen S.L., et al. // cell 
Prolif. 2008. V. 41. P. 115–125.

Di Bonzo L.V., Ferrero I., cravanzola c., Mareschi K., 78. 
rustichell D., novo e., Sanavio F., cannito S., Zamara e., 
Bertero M., et al. // Gut. 2008. V. 57. P. 223–231.

Prusa A.r., Marton e., rosner M., Bernaschek G., Heng-79. 
stschlager M. // Hum. reprod. 2003. V. 18. P. 1489–1493.

tsai M.S., Hwang S.M., tsai Y.L., cheng F.c., Lee J.L., 80. 
chang Y.J. // Biol. reprod. 2006. V. 74. P. 545–551.

Perin L., Sedrakyan S., Da Sacco S., De Filippo r. // 81. 
Methods in cell biology. 2008. V. 86. P. 85–99.

Zhang P., Baxter J., Vinod K., tulenko t.n., Dimuzio P. // 82. 
Stem cells Develop. 2009. V. 18. P. 1299–1308.

Davydova D.A. // Biology Bulletin. 2010. V. 37. № 5. 83. 
P. 437–445. 



30 | ActA nAturAe |  VOL. 4  № 3 (14)  2012

reVIeWS

Dabeva M.D., Hwang S.G., Vasa S.r., Hurston e., no-84. 
vikoff P.M., Hixson D.c., Gupta S., Shafritz D.A. // Proc. 
nat.l Acad. Sci. uSA. 1997. V. 8. № 94. P. 7356–7361.

Slack J.M. // nat. rev. Mol. cell Biol. 2007. V. 8. № 5. 85. 
P. 369–378.

Zulewski H., Abraham e.J., Gerlach M.J., Daniel P.B., 86. 
Moritz W., Muller B., Vallejo M., thomas M.K., Habener J.F. 
// Diabetes. 2001. V. 50. P. 521–533.

tosh D., Shen c.n., Slack J.M. // Hepatology. 2002. V. 36. 87. 
P. 534–543.

Babaeva A.G., Shubnikova e.A. Structure, function and 88. 
adaptive growth of salivary glands. M.: MSu. 1979. 192 p.

Gvazava I.G., Vasilev A.V., Balan O.V., terskikh V.V. // 89. 
tsitologiia. 2011. V. 53. № 2. P. 129–134.

Hisatomi Y., Okumura K., nakamura K., Matsumoto S., 90. 
Satoh A., nagano K., Yamamoto t., endo F. // Hepatology. 
2004. V. 39. P. 667–675.

Sato A., Okumura K., Matsumoto S., Hattori K., Hattori 91. 
S., Shinohara M., endo F. // cloning Stem cells. 2007. V. 9. 
P. 191–205.

Matsumoto S., Okumura K., Ogata A., Hisatomi Y., Sato A., 92. 
Hattori K., Matsumoto M., Kaji Y., takahashi M., Yamamoto 
t., et al. // cloning Stem cells. 2007. V. 9. P. 176–190. 

Vierbuchen t., Ostermeier A., Pang Z.P., Kokubu Y., Sudhof 93. 
t.c., Wernig M. // nature. 2010. V. 25. № 463. P. 1035–1041.

Zhou Q., Brown J., Kanarek A., rajagopal J., Melton D.A. 94. 
// nature. 2008. V. 2. № 455. P. 627–632. 

Huang P., He Z., Ji S., Sun H., Xiang D., Liu c., Hu Y., 95. 
Wang W., Hui L. // nature. 2011. V. 475. P. 386–389.

Kyrmizi I., Hatzis P., Katrakili n., tronche F., Gonzalez 96. 
F.J., talianidis I. // Genes Dev. 2006. V. 20. P. 2293–2305.

Zaret, K.S. // nature rev. Genet. 2008. V. 9. P. 329–340.97. 
Lee c.S., Friedman J.r., Fulmer J.t., Kaestner K.H. // 98. 

nature. 2005. V. 16. № 435. P. 944–947.
McLin V.A., rankin S.A., Zorn A.M. // Development. 99. 

2007. V. 134. № 12. P. 2207–2217.
Lecouter J., Moritz D.r., Li B., Phillips G.L., Liang X.H., 100. 

Gerber H.P., Hillan K.J., Ferrara n. // Science. 2003. V. 299. 
P. 890–893.

Suzuki A., Sekiya S., Buscher D., Izpisua Belmonte J.c., 101. 
taniguchi H. // Development. 2008. V. 135. P. 1589–1595.

Margagliotti S., clotman F., Pierreux c.e., Beaudry J.B., 102. 
Jacquemin P., rousseau G.G., Lemaigre F.P. // Develop-
mental Biology. 2007. V. 311. P. 579–589.

Zong Y., Panikkar A., Xu J., Antoniou A., raynaud P., 103. 
Lemaigre F., Stanger B.Z. // Development. 2009. V. 136. 
P. 1727–1739.

Soto-Gutierrez A., navarro-Alvarez n., caballero-cor-104. 
balan J., tanaka n., Kobayashi n. // Acta Med. Okayama. 
2008. V. 62. P. 63–68.

Yabaluri n., Bashyam M.D. // J. Biosci. 2010. V. 35. 105. 
P. 473–484.

nagaki M., Moriwaki H. // Hepatology research. 2008. 106. 
V. 38. P. 961–969.

rausa F.M., tan Y., costa r.H. // Molecular and cellular 107. 
Biology. 2003. V. 23. P. 437–449.

Lazarevich n.L. // Biochemistry. 2000. V. 65. P. 117–133.108. 
Kumaran V., Joseph B., Benten D., Gupta S. // Gastroen-109. 

terology. 2005. V. 129. P. 1643–1653.
Kosone t., takagi H., Horiguchi n., Kakizaki S., Sato 110. 

K., Watanabe Y., Mori M. // J. Gastroenterol. Hepatol. 2008. 
V. 23. P. 260–266.

Dagher I., Boudechiche L., Branger J., coulomb-Lher-111. 
mine A., Parouchev A., Sentilhes L., Lin t., Groyer-Picard 
M.t., Vons c., Hadchouel M., et al. // transplantation. 2006. 
V. 82. P. 1067–1073.

Shapiro A.M., Lakey J.r., ryan e.A., Korbutt G.S., toth 112. 
e., Warnock G.L., Kneteman n.M., rajotte r.V. // n. engl. J. 
Med. 2000. V. 343. P. 230–238.

Wesolowska A., Olszewski W.L., Durlik M. // transplant. 113. 
Proc. 2003. V. 35. P. 2358–2360.

Sagias F., Mitry r.r., Hughes r.D., Dhawan A. // 40th 114. 
Annual Meeting of espghan. 2007. V. 3. P. 58

Walkup M.H., Gerber D.A. // Stem cells. 2006. V. 24. 115. 
P. 1833–1840.

Behbahan I.S., Duan Y., Lam A., Khoobyari S., Ma X., 116. 
Ahuja t.P., Zern M.A. // Stem cell rev. and rep. 2011. V. 7. 
P. 748–759.


